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Agrip

bPekking a proskun og sérhaefingu vefja gefur innsyn i gen og proskunarferli
sem einnig gegna hlutverki vi® myndun krabbameina og frampréun
axlisvaxtar. | pessari ritgerd rannsakadi ég RNA sameindir sem ekki tja fyrir
préteinum (e. non-coding RNAs (microRNA og long noncoding RNA, IncRNA))
og hlutverk peirra i proskun og sérhaefingu brjostkirtilsfruma. Eg skodadi
einkum hlutverk peirra i bandvefsumbreytingu pekjufruma (e. epithelial to
mesenchymal transition, EMT) og i greinéttri formgerd (e. branching
morphogenesis). Auk pess rannsakadi ég hlutverk utanfrumupréteina i hegdun
og svipgerd brjéstrabbameinsfruma og i nysedamyndun. EMT og
pekjuvefsumbreyting bandvefsfruma (e. mesenchymal to epithelial transition,
MET) eru mikilveegir ferlar i fésturproska og i sjukdédmum & bord vid
krabbamein par sem peir hafa verid tengdir vid ifarandi voxt og
meinvarpamyndun. Greinétt formgerd i brjéstkirtlinum hefst ad mestu vid
kynproska kvenna og er kirtilinn i mikilli ummyndun i hverjum tidarhring fram
ad tidahvorfum. EMT og MET gegna mikilvaegu hlutverki i myndun greinéttrar
formgerdar i brjostkirtli. A sidustu arum hefur komid i ljés ad non-coding RNAs
hafa mikil ahrif & stjornun EMT og MET pé enn sé margt & huldu vardandi
hlutverk einstakra RNA sameinda i pessu ferli.

Rannséknarmddelid sem ég notadi byggir a brjéstpekjufrumulinunni D492
og dotturlinum hennar. D492 er stofnfrumulina sem getur myndad greinétta
formgerd i prividri reekt. D492M er bandvefs-lik dotturlina fra D492 sem hefur
undirgengist EMT. D492HER?2 er einnig komin fra D492, en i pessari détturlinu
er HER2 aexlisgenid yfirtjad; frumulina pessi getur myndad aexli i masum.
Pessar linur hafa allar sama erfdabakgrunn en dlika svipgerd og eru pvi
hentugar til rannsékna a greinoéttri formgerd, EMT og MET i edlilegum og
illkynja brjostkirtli.

Meginmarkmi® verkefnisins var ad rannsaka tjaningu og hlutverk RNA
sameinda sem ekki tja fyrir préteinum, baedi microRNA og IncRNA, i greindttri
formgerd, EMT og MET i brjostkirtli. Jafnframt var markmidid ad rannsaka ahrif
utanfrumupréteina sem seytt er fra D492HER2 a eexlisvoxt, svipgerd og
nyaedamyndun i frumuraekt.

i grein | kannadi ég hlutverk RNA sameinda sem eru stadsett 4 DLK1-DIO3
genasveaedinu (e. gene locus) a litningi 14 i EMT/MET, stjéornun svipgerdar
frumna og i brjostakrabbameinum. Helstu nidurstédur syndu ad RNA



sameindir pessar, par med talid MEG3 IncRNA og microRNA a pessu
genasvadi eru meira tjad i bandvefsfrumum en pekjufrumum og jafnframt ad
tjaning pessara RNA sameinda hefur ahrif a sérheefingu brjéstapekjufruma yfir
i bandvefsfrumur.

i grein Il var markmidid ad greina tjaningamynstur microRNA sameinda i
greinottri formgerd i prividri reekt og EMT. Nidurstédur okkar syna ad tjaning
microRNA 203a jokst margalt vid myndun greinéttrar formgerdar i D492 en var
leekkud i D492M bandvefsfrumulinunni. Vid syndum einnig fram a ad
sameindin  beelir tjaningu peroxidasin (PXDN) millifrumupréteinsins.
Nidurstddur okkar benda til pess ad microRNA203a sé mikilvaegur styrill vid
myndun greinoéttrar formgerdar og i myndun grunnhimnu i brjéstkirtli og pa
mdgulega i gegnum PXDN.

i grein Il og IV var markmi&id ad bera saman svipgerd D492 og D492M vid
D492HER2 frumulinuna sem olikt peim fyrrnefndu myndar eexli i
6naemisbaeldum muasum. Olikt D492M, sem hefur sterka EMT svipgerd, pa
synir D492HER?2 einungis EMT svipgerd ad hluta (e. partial EMT) og breytir
sinni svipgerd eftir ytri adsteedum, asamt pvi ad tjd mun meira af
bekjuvefstengdum microRNA sameindum en D492M. Auk bpess synir
D492HER2 mun meira skrid og ifarandi vaxtareiginleika en D492M. Med
massagreiningu og RNA radgreiningu greindum vid utanfrumuproéteinin YKL-
40 og ECM1 sem prétein sem mogulega geta studlad ad
krabbameinseiginleikum D492HER2. Jafnframt hafa YKL-40 and ECM1 ahrif
a nymyndun a&eda i frumuraektunum.

i ritgerd pessari hef ég rannsakad RNA sameindir sem ekki tja fyrir
préteinum fra DLK1-DIO3 genasveaedinu asamt microRNA203a og hlutverk
beirra i greinottri formgerd og i krabbameinum og synt fram a ad pessar RNA
sameindir gegna hlutverki i EMT/MET. Jafnframt hef ég unnid ad rannséknum
a hlutverki YKL-40 og ECM1 utanfrumuproteinanna i brjéstakrabbameinum og
synt fram & hlutverk peirra i i skridi eexlisfruma og i nysedamyndun.

Lykiloro:

Brjostkirtill, non-coding RNA, Utanfrumuprétein, Bandvefsumbreyting
pekjufruma, Greinétt formgerd D492, Brjéstakrabbamein



Abstract

A better understanding of normal organ development can give deeper insight
into which genes are harnessed by aberrant cells during cancer formation and
progression. In my thesis, | have investigated two seemingly different,
however, related, developmental processes in the breast gland: epithelial-to-
mesenchymal transition (EMT) and branching morphogenesis. EMT and its
reverse process mesenchymal-to-epithelial transition (MET), are important
processes during embryogenesis and in diseases, such as cancer, where
evidence suggests that they mediate processes such as cell invasion and
formation of metastasis. Branching morphogenesis is an essential
developmental process that in the breast gland mostly takes place postnatally.
Both processes are widely studied due to their importance in multiple fields.
However, the involvement of non-coding RNAs in the regulation of gene
expression during EMT and branching morphogenesis has recently been
appreciated and is a challenging field of study.

In my experimental approach, | mainly took advantage of a well-defined
series of cell lines referred to as the D492 cell lines, which include D492,
D492M and D492HER2. D492 is a breast progenitor epithelial cell line and a
model for branching morphogenesis. D492M is a non-tumorigenic cell line
derived from D492 through endothelial-induced EMT, while D492HER?2 is a
tumorigenic cell line derived from D492 through oncogene-induced EMT.
Together, D492 and D492M represent a unique in vitro cellular model, enabling
research on the phenotypic and functional changes occurring during EMT,
while D492M and D492HER?2 allow us to study differences in tumorigenicity.

The primary aim of this thesis was to study the expression and functional
role of non-coding RNAs during branching morphogenesis and EMT in the
human breast gland using the D492 and D492M cell lines. The secondary aim
was to study the role of extracellular matrix proteins secreted by D492HER?2
on cancer growth and angiogenesis.

In paper #, | addressed the role of non-coding RNAs from the DLK1-DIO3
locus in cellular plasticity, EMT and cancer. Here | used primary cells, cancer
patient's cohorts and the D492 cell lines. Using the CRISPRi and CRISPRa
approaches, we found out that this locus is a marker of mesenchymal cells and
affects the cellular plasticity of adult breast epithelial cells.



Paper #ll was focused on identifying miRNAs highly upregulated in D492
during branching morphogenesis but downregulated in D492M. We identified
MIR203a as a novel suppressor of peroxidasin (PXDN), a collagen
IV crosslinking agent. Our results indicate that MIR203a may be an essential
regulator of branching morphogenesis and basement remodelling in the
human breast gland, likely through its target PXDN.

Finally, in paper #lll and IV, we compared the two D492 derived cell lines
D492M and D492HER2. Compared to D492M, the tumorigenic D492HER?2
has a partial EMT phenotype, seen by increased expression of epithelial
mMiRNAs. D492HER2 shows higher migratory, invasive, proliferative and
angiogenic properties compared to both D492 and D492M. By means of mass
spectrometry and RNA sequencing analysis of D492M and D492HER2, we
identified extracellular matrix protein YKL-40 and ECM1 as potential
candidates contributing to tumorigenicity of D492HER?2 and to be partially
responsible for the functional differences between the cell lines. Moreover, we
showed that ECM1 induces crosstalk with endothelial cells through Notch
signalling.

Collectively, | have in my thesis partially uncovered the role of non-coding
genes from the DLK1-DIO3 locus and MIR203a in EMT and branching
morphogenesis. Furthermore, | have also, in collaboration with my co-workers,
identified the ECM proteins YKL-40 and ECM1 as potential inducers of cancer
growth and angiogenesis.

Keywords:

Mammary gland, non-coding RNA, extracellular matrix proteins, epithelial-to-
mesenchymal transition, D492
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the imprinted locus DLK1-DIO3 and its role in the EMT process. This
paper is the main part and focus of my PhD project. Here | am the first
author, and | contributed to the conceptualisation and design of the
study, data acquisition, analysis and writing of the manuscript. | joined
this project when part of the story and data was already generated,
mainly by Dr Bylgja Hilmarsdottir, the last author of the paper. After |
overtook the project, | continued with the initial ideas and
conceptualised new ideas. | spent a considerable amount of time with
optimisation of CRISPRi and CRISPRa methods for creating gain and
loss of function of MEG3 in D492 and D492M, respectively. |
functionally (using assays such as proliferation, apoptosis, migration,
invasion or 3D cultures) and molecularly (using gRT-PCR and western
blot) characterised the newly generated cell lines. | prepared the
samples for RNA sequencing and contributed to the analysis and
interpretation of the sequencing data. Moreover, | drafted the
manuscript and, together with other authors, performed the tasks
needed for finalising the manuscript. In addition to the published data
and material, | have also collected other preliminary data, which are a
part of the thesis.

MiR-203a is differentially expressed during branching
morphogenesis and EMT in breast progenitor cells and is a

repressor of peroxidasin.

In this paper, we describe the role of MIR203a in branching
morphogenesis and EMT in the breast gland and identified its novel
target gene peroxidasin (PXDN). My contribution to this paper, where |
am the second author, is performing laboratory work, including
optimisations of various experiments. | performed multiple gRT-PCR,
immunostaining, functional assays (proliferation assay, apoptosis
assay, anchorage-independent growth assay, migration assay,
invasion assay), transient transfections with miRNA mimics and
inhibitors, optimisation of luciferase assay, and finally silencing PXDN

25



with siRNAs and subsequent functional assays (proliferation and
apoptosis). | have also generated other cell lines with overexpression
of MIR203a in addition to the published data and material
(PMC42miR203a and D492HER2™MR2033) ysing lentiviral overexpression.
Finally, I also contributed to the finalisation of the manuscript.

. YKL-40/CHI3L1 facilitates migration and invasion in HER2
overexpressing breast epithelial progenitor cells and generates
a niche for capillary-like network formation

In this paper, we functionally and molecularly compared the two EMT-
derived cell lines called D492M and D492HER2, and we identified YKL-
40 as a facilitator of migration and invasion. | am the third author in this
study, and | contributed to the study with help in laboratory work: gRT—
PCR for analysing the miRNAs expression, the analysis and
optimisation of the newly established CRISPR cell lines. | also
performed angiogenesis assays, viability assay and some of the 3D
cultures. | also contributed to the finalisation of the manuscript and
general cell culture work.

V. ECM1 secreted by HER2-overexpressing breast cancer cells
generates vascular niche that accelerates migration and
invasion of cancer cells.

In this paper, we identified secreted protein ECM1 as an essential
player in angiogenesis in HER2-overexpressing cell lines. | am the third
author of this study, and | contributed with laboratory work such as
angiogenesis assays, qRT—PCR, design of the gRNAs for CRISPRi/a
and general cell culture work.

V. Mammary organoids and 3D cell cultures: Old dogs with new
tricks.

In this review, we summarise the 3D cell culture methods used in the
mammary gland field. The review comprises a wide range of topics,
including the comparison of mouse and human models, the methods
allowing to study processes like mammary gland development, branching
morphogenesis, lactation, and tumorigenesis in a physiological context. |
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1 Introduction

1.1 Human mammary gland

The mammary gland is a determining organ for the class Mammalia, which can
produce milk to feed the offspring. Unlike the development of other organs, the
female mammary gland is an organ undergoing significant cellular changes
postnatally, with the main periods of development during puberty, pregnancy,
lactation, and involution. The human breast gland is composed of branching
epithelial ducts surrounded by stromal tissue.

1.1.1 Epithelium

The mammary gland is made up of highly branching epithelial ducts, extending
from the nipple and terminating in the functional units called terminal duct
lobular units (TDLUs). TDLUs consist of two main epithelial cell types. The
inner layer is composed of luminal epithelial cells, which synthesise milk. The
outer layer comprises myoepithelial cells, whose contractions help to push out
the milk during lactation. Myoepithelial cells also contribute to the formation of
the basement membrane that surrounds the epithelial ducts. The histological
changes are enabled by breast progenitor cells with regenerative capacity,
located between luminal and myoepithelial cells (Gudjonsson et al., 2002;
Hammond et al., 1984; Shackleton et al., 2006) (Figure 1).

Several markers can distinguish breast epithelial cell types. Among
characteristic markers of luminal epithelial cells are keratin 8 (KRT8), keratin
19 (KRT19), EpCAM, and GATAS3. In contrast, the myoepithelial cells are
characterised by markers such as keratin 5 (KRT5), keratin 14 (KRT14), P-
cadherin (CDH3), p63 (TP63), alpha-smooth muscle actin (aSMA), and
vimentin (VIM) (Adriance et al., 2005; Gudjonsson et al., 2005; Gudjonsson et
al.,2002). Recently, further heterogeneity within the two epithelial cell types of
the breast has been revealed. Nguyen et al. (2018) reported, using single-cell
RNA sequencing, three distinct mammary epithelial cell clusters, one basal
and two luminal cell types, which were derived from the basal population.
Moreover, Fridriksdottir et al. (2017) revealed spatial heterogeneity in
myoepithelial progenitor cells.
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Figure 1. Breast anatomy and histology.

The breast gland is created by epithelial ductal tree surrounded by cellular rich stromal
tissue. Epithelial tissue includes the ducts and lobules. Each TDLU is composed of
myoepithelial and luminal epithelial cells, as well as of small percentage of mammary
stem cells. Stroma comprises the area between lobes (interlobular stroma) and inside
the lobes (intralobular stroma) and is formed by extracellular matrix (ECM) and stromal
cells (fibroblasts, adipocytes, macrophages, endothelial cells). Each cell type can be
distinguished by specific markers.

A small percentage of basal cells forms the mammary stem cells (MASCs),
the tissue progenitor cells with the ability to generate the breast's functional
units (Eirew et al., 2008). Mammary stem cells enable continuous tissue
remodelling throughout the lifetime, known as branching morphogenesis
(Arendt & Kuperwasser, 2015). In general, stem cells are defined by
asymmetrical division, unlimited self-renewal capacity and the ability to give
rise to more differentiated cells and are characterised by drug resistance,
guiescence (dormancy) and slow proliferation (Dean et al., 2005; Mikkers &
Frisen, 2005; Sottocornola & Lo Celso, 2012). It has been shown that breast
stem cells can be identified by CD44+/CD24-ov  CD49f (ITGa6), EpCAM and
ALDH1A3 (Aldehyde Dehydrogenase 1 Family Member A3) (Al-Hajj et al.,
2003; Makarem et al., 2013; Spike et al., 2012; Vassalli, 2019). In the human
mammary gland, mammary stem cells were found to be located in terminal
ducts near differentiated cells (Villadsen et al., 2007). Such specific localisation
is mediated by the crosstalk of stem cells and the stem cell niche. Stem cell
niche is a tissue-specific 3D microenvironment, which has a determining role
on stem cell properties.



1.1.2 Stroma

Stroma forms the microenvironment for the functional tissue and directly
affects the epithelial cells' cell fate (Ghajar & Bissell, 2008; Kleinman et al.,
2003; Wiesen et al., 1999). The ratio of stromal to epithelial compartment
changes during mammary gland development (Polyak & Kalluri, 2010). The
breast gland's stroma is composed of extracellular matrix (ECM) and stromal
cells. The human mammary stroma's cellular elements are represented by
fibroblasts, adipocytes, immune cells, and vascular endothelial cells. The most
common type of stromal cells are fibroblasts, which synthesise many ECM
proteins (Unsworth et al., 2014). The second most common cell type is
mammary gland-associated adipocytes, which serve as an energy reservoir
for milk production (Neville et al., 1998). Our research group has mainly
focused on endothelial cells and their role in the differentiation of mammary
epithelial cells. Endothelial cells line the luminal side of blood and lymph
vessels, and their primary function is providing nutrients and oxygen and
removing the waste products. However, as we and others have shown, the role
of endothelial cells goes beyond that. Endothelial cells follow the dynamic of
the mammary gland during the lifetime and support the branching and growth
of cells (Bergthorsson et al., 2013; Ingthorsson et al., 2010). Vasculogenesis,
which takes place during embryogenesis, is followed by angiogenesis, where
the blood vessels are formed.

Epithelial cells are separated from interstitial ECM by a basement
membrane, a specialised structure essential for tissue polarity (Bonnans et al.,
2014). The basement membrane is a sheet-like extracellular matrix, which
encapsulates the mammary gland epithelium. It is composed of collagen 1V,
laminins, perlecan and nidogen, while interstitial ECM is rich in proteins such
as collagen I, fibronectin, decorin and biglycan, and altogether of more than
300 molecules (Hynes & Naba, 2012; Insua-Rodriguez & Oskarsson, 2016).

The communication between epithelium and stroma is enabled by a
network of biochemical factors. The main biochemical components include
soluble proteins, growth factors, along with enzymes responsible for ECM
remodelling (matrix metalloproteinases - MMPs or tissue inhibitor
metalloproteinases - TIMPS). In this thesis, I, together with my co-workers,
identified secreted extracellular matrix proteins peroxidasin (PXDN), YKL-40
and extracellular matrix protein 1 (ECM1) playing an important role in various
properties, increasing the metastatic potential of epithelial cells. PXDN is a
secreted protein that facilitates crosslinking between collagen IV fibres by
catalysis of sulfilimine bonds and is involved in extracellular matrix formation
(Bhave et al., 2012; Cummings et al., 2016; Péterfi & Geiszt, 2014). YKL-40,
also called Chitinase 3 like 1 (CHI3L1), is a secreted glycoprotein, approximate
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40 KDa in size, associated with various biological functions and diseases, such
as inflammation or asthma (Erturk et al., 2017; Johansen et al., 2007; Kastrup,
2012). ECM1 is a secreted and transmembrane glycoprotein with a size of
about 85 kDa. In previous studies, it has been involved in many biologic
processes and functions, such as differentiation and angiogenesis (Wu et al.,
2018).

1.1.3 Branching morphogenesis

Crosstalk of epithelium and stroma plays a vital role in a developmental
program called branching morphogenesis. Unlike the branching development
in other organs such as lung, kidney or salivary gland, the human mammary
gland's branching develops in stages (Lu et al., 2006). The development starts
during embryogenesis with the rudimentary ductal tree. Later stages of
development, occurring during puberty and pregnancy, are hormone (estrogen
and progesterone) dependent. At puberty, the rudimentary tree develops
further into more elaborated branching structures. When pregnhancy occurs,
the branching morphogenesis further progresses and reaches the maximum
differentiation stage during lactation. The arborisation of the mammary gland
is an effective way of the spatial distribution of ducts and lobules. Branching is
a combination of cell proliferation, differentiation, migration and invasion
(Myllymaki & Mikkola, 2019; Zhang et al., 2014). Besides the principal role of
hormones, branching is coordinated by local bi-directional epithelial-stromal
crosstalk and by soluble factors from ECM (Fata et al., 2004; Kim & Nelson,
2012). For example, stromal transforming growth factor f (TGF() directs
branch point generation as an inhibitory morphogen by different concentrations
at duct and lobules (Nelson et al., 2006). Another important growth factor is
fibroblast growth factor 2 (FGF2), which controls the ductal elongation process,
while FGF10 regulates the branch initiation process (Unsworth et al., 2014).
Epithelial invasion is also facilitated by matrix metalloproteinases (MMPSs)
(Nelson et al., 2000). The unique postnatal developmental properties of the
mammary gland, which includes cycles of cell growth and death, and the
invasive essence, allow looking for parallels between normal mammary gland
development and breast cancer progression (Ghajar & Bissell, 2008). Also,
signalling pathways governing branching morphogenesis can be hijacked by
cancer cells that use these processes for invasion and metastasis (Lanigan et
al., 2007). Understanding the mechanism of branching morphogenesis is
essential to understand metastatic spreading in breast cancer.
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1.1.4 Angiogenesis

Vessel morphogenesis can be viewed as a parallel to mammary
morphogenesis in terms of processes involved in forming new
sprouts/branches. Vessels are formed by a single inner layer of endothelial
cells, which are wrapped by pericytes. Pericytes maintain the maturation of
endothelial cells and sustain the blood-brain barrier (Bergers & Song, 2005).
Endothelial cells can be distinguished by markers such as CD31, VE-cadherin
or VEGFR (Goncharov et al., 2017). In sprouting angiogenesis, there are three
kinds of specialised endothelial cells, called 'tip, stalk, and phalanx cells', which
differ in their role and marker expression. The 'tip cell' receives the pro-
angiogenic signal and release proteases that break down the vessel wall in
order to escape (migrate) to the extracellular matrix (Chappell et al., 2011). 'Tip
cells' are, among others, characterised by filopodia (Gerhardt et al., 2003). The
'stalk cell' is called the cell behind the 'tip cell' and is proliferating, causing the
elongation of the sprout as a response to a pro-angiogenic signal. A new vessel
fragment is formed when the 'tip cell' fuses with an existing vessel, and a lumen
is formed. The quiescent endothelial cells are called '‘phalanx cells’ and ensure
a tight barrier of the vessel.

Various stimuli act as pro-angiogenic factors, such as VEGF, FGF1, FGF2,
angiopoietins, MMPs. One of the most critical factors driving angiogenesis is
Notch signalling. It coordinates 'stalk/tip cell' specification, where it is inhibited
in the 'tip cell', whereas it is activated in the 'stalk cell' (Gridley, 2010).

1.2 Breast cancer

Breast cancer is the most diagnosed cancer in women, and the second most
common type of cancer overall (Ghoncheh et al., 2016). In the USA,
approximately 1,7 million cases are diagnosed per year, with approximately
0,5 million cancer-related death annually (Siegel et al., 2019).

Breast carcinoma originates in epithelial cells; however, epithelium only
comprises about 50 % of a tumour's cell mass (Lewis & Pollard, 2006). Tumour
tissue is usually very heterogeneous, formed by different amounts of malignant
cells and tumour microenvironment. The stromal compartment within the
tumour mass can be created by both normal and cancer-associated cells;
among them are tumour-associated macrophages (TAMs), carcinoma-
associated fibroblast (CAFs), cancer-associated adipocytes, immune cells and
endothelial cells (Conklin & Keely, 2012; Denton et al., 2018) (Figure 2).
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Figure 2. Breast cancer and formation of metastasis.

Cancer cells from a primary tumor can invade the circulatory system and establish
metastasis. The invasion occurs at the invasive front, in a stiff microenvironment, and
is a result of crosstalk of epithelial cells with stromal cells. Cancer-associated stroma is
created by a cell such as CAFs (carcinoma-associated fibroblasts), adipocytes, TAMs
(tumor-associated macrophages) and endothelial cells. The cancer cells can travel
through the body in a circulatory system (eg. blood vessels) as circulating cancer cells.
A cancer cell can reside in a breast metastatic site, such as bone, in a dormant state
as micrometastasis or grow out as macrometastases when the conditions formed by
the metastatic niche are convenient.

Every specific cell type can bring a particular advantage to the tumour.
CAFs, characterised by a-smooth muscle actin, are predominantly in the
wound healing state, producing greater amounts of matrix proteins than normal
fibroblasts (Mao et al., 2013). CAFs may have various cellular origin. Besides
normal fibroblast, they can arise from epithelial cells, endothelial or
mesenchymal stem cells (Chen & Song, 2019; Mishra et al., 2008; Zeisbherg et
al., 2007). Also, endothelial cells play an important role in promoting the
survival of cancer cells, for example, through secretion of tumour necrosis
factor a (TNFa) (Bussard et al., 2016; De Palma et al., 2017) or have the ability
to induce EMT (Ingthorsson et al.,2016; Sigurdsson et al., 2011). Increased
angiogenesis is a crucial ability of tumourigenic cells and one of the tumour
hallmarks (Hanahan & Weinberg, 2011). Blocking the angiogenesis has been
proposed numerous times as anti-tumour therapy and is already being used in
clinical practice (monoclonal antibody to VEGF, bevacizumab) (Carmeliet &
Jain, 2011). The blood supply is essential for the tumour to grow beyond 1-
2 mm3, with hypoxia as one of the best-known inducers of angiogenesis.
During metastasis formation, blood/lymph circulation serves as a highway for
the malignant cell towards the metastatic site. The abnormal ratio of pro-and
anti-angiogenic stimuli can result in chaotic and leaky vessels (McDonald &



Baluk, 2002). In general, the crosstalk between tumour cells and tumour-
adjacent cells can create a convenient environment for tumour progression
(Quiail & Joyce, 2013).

The heterogeneity of the tumour manifests itself in the treatment as mosaics
of cancer cells, with different sensitivity to the anti-cancer therapies (Cojoc et
al., 2015). The development of resistance to chemotherapy is one of the
biggest issues of current medicine. Intra-tumour heterogeneity arises from
genomic instability and selective pressure (such as microenvironmental -
acidic pH, lack of oxygen), resulting in spatial and temporal tumoral
heterogeneity (Martelotto et al., 2014).

Inter-tumour heterogeneity, representing patient to patient differences, is
commonly categorised into molecular subtypes based on hormone receptors'
expression or based on gene expression. Categorisation of breast tumours
enables targeted treatment (Turashvili & Brogi, 2017) (Figure 3).

Molecular Triple niegativell HER2+ LuminallB]  Luminalam
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Figure 3. Molecular subtypes of breast cancer.
About 60 % of all breast cancers are estrogen receptor-positive (ER+). About 40 % of
these are also progesterone receptor-positive (PR+). About 10 - 15 % of breast cancers
are Human Epidermal growth factor Receptor 2 positive (HER2+). About 15 - 20 % are
known as triple-negative  breast cancer (TNBC). Adapted from:
http://www.pathophys.org/wp-content/uploads/2012/12/breastcancer-copy.png

The most commonly recognised breast cancer groups are triple-negative
(including basal-like and claudin-low), HER2, luminal A, luminal B and normal-
like (Perou, 2010; Perou et al., 2000; Sorlie et al., 2001). The basal-like group
can be further divided by marker expression into two subgroups: basal A
(KRT5 and KRT14-positive) and basal B (VIM-positive) (Blick et al., 2010;
Neve et al., 2006). TNBC is a heterogeneous group and hard to treat, especially
once it has spread due to the lack of specific drug targets. It may be associated
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with an inherited mutation in BRCA1 and has the same incidence in young and
older women. Normal-like tumours have a high proportion of normal tissue and
low tumour cellularity, therefore resembles normal breast tissue in gene
expression (Prat & Perou, 2011; Yersal & Barutca, 2014).

Breast tumours samples can be classified using the PAM50 gene signature.
It is a 50-gene predictor panel in which normal and tumour tissue have
markedly different expression patterns (Elloumi et al., 2011; Troester et al.,
2009). Based on the PAM50, a genetic test called Prosigna assay is used,
which reports a risk of recurrence.

1.2.1 Carcinogenesis

Carcinogenesis is a process of transformation of normal cells into cancer cells.
There are two main concepts of carcinogenesis. The first model is based on a
clonal selection of cells with advantageous mutations (Greaves & Maley,
2012). The cellular origin must accumulate mutations in DNA or/and
epimutations in oncogenes and tumour suppressors, which drive
carcinogenesis. The second model is based on cell hierarchy, giving rise to the
cancer stem cell model (CSCs) (Meacham & Morrison, 2013). CSCs show
resistance to chemotherapy and radiotherapy, leading to relapse and formation
of metastasis (Vidal et al., 2014). One of the proteins associated with the
resistance of these cells is aldehyde dehydrogenase (ALDH), an enzyme
capable of metabolising drugs (Sakakibara et al., 2012). Cancer stem cells
share characteristic traits with normal stem cells, including the determining role
of the stem cell niche. It is not clear whether the cancer cell of origin
gained/acquired (from a differentiated cell) or inherited the capabilities (from
normal stem cell) leading to cancerous phenotype, but probably both concepts
can support carcinogenesis in the same tumour. In any case, the
microenvironment plays a vital role in carcinogenesis and potential subsequent
metastatic formation. In the case of breast cancer, the invasive transition from
ductal carcinoma in situ (DCIS) to invasive ductal carcinoma (IDC) is also
driven by genetic and epigenetic alternations and by tumour stroma (Cowell et
al., 2013; Sung et al., 2013).

1.2.2 Metastatic formation

The metastatic formation is a process of spreading the primary tumour into
secondary sites. Early metastatic formation steps occur at the invasive front,
where the cells are in direct contact with stromal cells, supporting the
importance of the crosstalk of epithelium and stroma (Brabletz et al., 2001).
The invasive front is a stiff part of a tumour that has been suggested to contain
putative cancer stem cells (Acerbi et al., 2015; Costa et al., 2015; Hermann et
al., 2007). Tumour cells can escape from the primary tumour mass, invade the
surrounding tissue, and intravasate into the blood or lymphatic vessels.
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Subsequently, cancer cells can colonise distant organs upon extravasation
and may remain as dormant micro-metastases or grow out as macro-
metastases (Nieto et al., 2016) (Figure 2). The most common sites of breast
cancer's distant spread are bone, lungs, regional lymph nodes, liver and brain
(Tungsukruthai et al., 2018). Despite the fact that distant metastasis formation
causes over 90 % of cancer-related deaths, there is a lack of treatment
preventing metastasis formation and treatments targeting the dormant
disseminated tumour cells (Ben-Jacob et al., 2012; Mehlen & Puisieux, 2006).

1.3 Epithelial to mesenchymal transition

One of the parallels between normal breast development and breast cancer
progression is a developmental program termed epithelial to mesenchymal
transition (EMT) and its reverse process mesenchymal to epithelial transition
(MET).

In the mammary gland, EMT takes place during branching morphogenesis.
Transient and partial EMT generates epithelial plasticity necessary for the
invasiveness of cells into ECM during the formation of new branch points
(Chakrabarti et al., 2012). One of the crucial regulators of branching
morphogenesis and EMT in the mammary gland is SPRY2 (Sprouty homolog
2) (Sigurdsson et al., 2013).

In cancer, EMT is proposed to be one of the processes leading to formation
the of metastasis in carcinomas (Moustakas & Heldin, 2007; Radisky et al.,
2007; Tsai & Yang, 2013; Zeisberg & Kalluri, 2004). EMT enables cells to
acquire increased migration, invasive properties, resistance to apoptosis,
anoikis and contributes to the gain of stem cell properties and drug resistance
(Cao et al., 2016; Celia-Terrassa et al., 2012; May et al., 2011; Meacham &
Morrison, 2013; Ye & Weinberg, 2015). EMT/MET leads to changes in
morphology, polarity and cell contacts, as summarised in Table 1.

EMT is a multi-stage reversible process, having on one end full epithelial
phenotype and on the other end full mesenchymal phenotype, with many
intermediate phenotypes (Ingthorsson et al., 2016; Meyer-Schaller et al.,
2019). The intermediate stages of EMT have been connected to epithelial
plasticity, stemness and increased metastatic risk (Grosse-Wilde et al., 2015).
Cellular plasticity can be described as a certain degree of differentiation or
dedifferentiation and serves for the dynamic adaptation of cells to the
microenvironment (Varga & Greten, 2017). The terms such as plasticity, hybrid
epithelial-mesenchymal phenotype or partial EMT all refer to a state with the
potential to lead to the metastatic formation and gain of stem cell properties
(Brabletz et al., 2018; Mani et al., 2008; Pastushenko et al., 2018; Polyak &
Weinberg, 2009) (Figure 4).
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Table 1. Differences characterising epithelial and mesenchymal cells.

Epithelial characteristics Mesenchymal characteristics
Morphology cuboidal shape spindle shape
non-polarized (front-back
Polarity polarised (apico-basal polarity) elongated)
adhere to each other (with cell-cell
contacts: adherent junctions, tight
Adhesion junctions, integrins) separated or loosely attached
Motility non-motile motile (migratory), invasive
Sensitivity to increased resistance to
apoptosis sensitive to apoptosis, anoikis apoptosis and anoikis
E
\ C jt ))L
\"“ o
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Figure 4. The spectrum of EMT.
Epithelial (E) cells can wundergo transition through hybrid stages

epithelial/mesenchymal (E/M) and mesenchymal/epithelial (M/E), also called partial
EMT, into cells with mesenchymal (M) phenotype. During this transition, cells acquire
mesenchymal characteristics and loose epithelial characteristics. There is a
hypothesis that partial EMT goes together with the acquisition of plasticity/stemness.
Adapted from Li and Kang (2016).

Targeting both EMT/MET, depending on the stage of cancer progression,
could represent one of the approaches for treating cancer's complexity
(Grosse-Wilde et al., 2015) (Figure 5).
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Figure 5. Potential targets to inhibit cellular plasticity.
The various states of plasticity produced during EMT provide several opportunities to
target cancer progression. In the early stages, it could be to sustain the epithelial
differentiation through blocking the EMT process, while in later stages of cancer
progression, it could be preventing MET and locking the cells in a mesenchymal state.
Further options might be to develop therapies that specifically target the unique aspects
of the hybrid epithelial-mesenchymal phenotype. Adapted from Williams et al. (2019a).
There are many different types of stimuli, which can induce EMT (Figure
6). Important inducers of EMT are intrinsic factors such as transcription factors
(TF: SNAIL, SNAI2, TWIST1, ZEB1 or ZEB2), which can lead to a fundamental
event in EMT, the cadherin switch from E-cadherin to N-cadherin. Among
inducers of EMT are also epigenetic mechanisms or non-coding RNAs, as
discussed in the following chapter. Several extrinsic factors or their signalling
pathways may also induce EMT, such as TGF@, epidermal growth factor
(EGF), FGFs, hepatocyte growth factor (HGF) or Wnt signalling factors
(Moustakas & Heldin, 2007; Peinado et al., 2007; Wang & Zhou, 2013;
Williams et al., 2019b). Other researchers have studied the EMT process
induced by stromal cells, and herein our research group has contributed
significantly (Sigurdsson et al., 2011; Soon et al., 2013). It has been shown
that different levels of EMT inducers enable different phenotypes, leading to
cellular heterogeneity (Lu et al., 2013).
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Figure 6. Types of EMT/MET stimuli.

EMT can be promoted by interaction with stromal cells, by microenvironmental factors
(for example, hypoxia, matrix stiffness), by metabolic factors, growth factors, by
activation of developmental pathways or by increase expression of non-coding genes
or by chemotherapeutic agents. Adapted from Williams et al. (2019a).
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It is important to note that the action of EMT/MET in cancer progression is
still debated. Some of the reasons for raising the discussions are that the
EMT/MET is challenging to detect in vivo, as the cells are indistinguishable
from mesenchymal cells in the body. Furthermore, its complexity and plasticity,
together with the transient nature of the process and suboptimal experimental
models, make it a complicated object to study. From the in vivo observations,
it has been shown, using mouse models (MMTV-PyMT), that the partial EMT
of cancer cells leads to metastasis and chemoresistance (Pastushenko et al.,
2018; Shibue & Weinberg, 2017). The most aggressive subtypes of breast
cancer are enriched for cells co-expressing epithelial and mesenchymal
markers and have more cancer circulating cells, indicating a strong association
between aggressiveness and partial EMT phenotype (Fedele et al., 2017; Prat
et al.,, 2010; Yu et al.,, 2013). Another evidence for EMT being the actual
dissemination process are sarcomas, which are cancers that originate directly
from stromal cells and are characterised by early metastasis formation
(Williams et al., 2019a). The EMT process has been very much studied in vitro,
most commonly induced by EMT-TF, which were however, shown to be tissue-
specific and have a pleiotropic role (Tran et al., 2014; Zheng et al., 2015).

Other cases of EMT/MET presence are in fibrosis or wound healing, and
for that reason, tumours have also been nicknamed wounds that fail to heal
(Schafer and Werner, 2008).


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2995612/#R77

1.3.1Endothelial to mesenchymal transition

In addition to epithelial cells, endothelial cells have the potential to differentiate
into the mesenchymal cell through endothelial to mesenchymal transition
(EndoMT), a specific form of EMT (Kovacic et al., 2019). Similarly to EMT, also
EndoMT gives rise to cells with the mesenchymal phenotype and helps to
acquire invasive characteristics (Nakajima et al., 2000). Such process is
proposed to be an important source of CAFs in cancer or as a source of
fibroblasts in fibrosis (Kalluri & Zeisberg, 2006; Potenta et al., 2008;
Widyantoro et al., 2010; Zeisberg et al., 2008) or contribute to heart valve
formation (Armstrong & Bischoff, 2004). Interestingly, the partial endothelial to
mesenchymal transition has also been connected with the transition from
‘stalk-to-tip cell' during angiogenesis (Welch-Reardon et al., 2014; Welch-
Reardon et al., 2015). 'Tip cell' gains mesenchymal properties, such as
migratory ability, loses apical-basal polarity, ability to degrade ECM, but retain
cell-cell contact. It is suggested that the endothelial transition of the 'stalk-to-
tip cell' is regulated by the balance of pro-angiogenic and anti-angiogenic
factors (Carmeliet & Jain, 2000; De Smet et al.,, 2009). The 'tip cell' in
angiogenesis could be another potential targetable site against cancer.

1.4 Non-coding RNA

Non-coding RNAs (ncRNASs) have been reported to be potential diagnostic and
prognostic biomarkers in tumours, including breast cancer (Huang et al., 2018;
Tong et al., 2015; Wang et al., 2016; Wang et al., 2012). Non-coding RNAs
are defined by no protein-coding potential and weak Kozak sequence for
protein translation initiation (Miyoshi et al., 2000). In the past, RNAs (besides
rRNAs and tRNAs) were commonly considered only as intermediates between
DNA and proteins. The gene regulatory function of RNA, without involvement
in gene translation, was revealed with the advance of RNA sequencing
(Lander, 2011). The projects of systematic characterisation of gene function
(such as ENCODE - encyclopaedia of DNA elements or FANTOM projects)
has shown that at least 80 % of the human genome can be transcribed with no
protein-coding capability. In comparison, only 3 % of the genes contain
segments of coding sequences (ENCODE Project Consortium, 2012, Hon et
al., 2017). Moreover, the complexity of the organism increases with the
proportion of ncRNAs in the genome, rather than with the number of coding
genes (Taft et al., 2007). The ncRNAs are commonly subdivided into short and
long ncRNAs (IncRNAs). To the group of short RNAs, with less than 200
nucleotides (nt), belong small nucleolar RNA (snRNA), piwi-interacting RNAs
(PIRNAS), micro RNAs (miRNASs) and transfer RNAs (tRNAs), among others.
Conversely, IncRNAs are defined by transcripts longer than 200 nt. MiRNAs
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and IncRNAs have been the most widely studied ncRNAs in recent decades
and are also the focus of this thesis.

1.4.1Micro RNAs

Micro RNAs (miRNAs) are 22 nt long RNA molecules that post-transcriptionally
regulate gene expression and are crucial regulators of branching
morphogenesis and EMT in the breast (Briem et al., 2019; Hilmarsdottir et al.,
2015). The human genome may encode thousands of miRNAs, targeting
about 60 % of the genes (Friedman et al., 2009). The biogenesis and action of
mMiRNAs have been described in considerable detail. The miRNA genes are
transcribed by RNA polymerase Il (pol Il) and contain 5’ end cap and are poly-
adenylated (polyA) on a 3' end. The pri-miRNA, which can consist of multiple
MiRNA gene transcripts, is processed by the enzyme Drosha to about 70 nt
long double-stranded RNA (dsRNA) in the nucleus. This RNA molecule is then
exported to the cytoplasm as pre-miRNA, where the enzyme Dicer further
processes the transcript to 22 nt mature double-stranded mMIRNAs.
Subsequently, one strand is incorporated into the RNA-induced silencing
complex (RISC), together with Argonaute (AGO) protein as the essential
component that binds miRNAs. MiRNAs suppress gene expression by
targeting the 3' untranslated regions (3' - UTRs) of target mRNA through
sequence complementarity in the miRNA response element (MRES) (Figure
7) (Macfarlane & Murphy, 2010). MiRNAs target multiple genes and can induce
broad downstream and feedback effects simultaneously. MiRNAs also
regulate EMT (Bullock et al., 2012; Nicoloso et al., 2009; Shimono et al., 2009).
An example of the important interplay of miRNAs and TF in EMT, is the
reciprocal feedback loop between ZEB family and miR200 family (Brabletz &
Brabletz, 2010; Nicoloso et al., 2009; Schubert & Brabletz, 2011). Our research
group previously demonstrated the importance of miR200 family in maintaining
epithelial integrity during the EMT process (Hilmarsdottir et al., 2015).
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Figure 7. The biogenesis pathway of miRNAs.

The biogenesis starts in the nucleus as pri-miRNA and is processed by Drosha to pre-
miRNA, which is exported to the cytoplasm and further processed by Dicer to mature
miRNA, which can enter the RISC and act as a transcriptional repressor of the mRNA.
Adapted from Biggar and Storey (2015).

1.4.2 Long non-coding RNAs

Unlike miRNAs, IncRNAs are a heterogeneous group defined by the
transcript's size being longer than 200 nt with non-coding potential. Rarely,
IncRNAs can code for small peptides (Hubé & Francastel, 2018). LhcRNAs are
5' capped, have polyA tail at 3' end and are transcribed by RNA polymerase Il
(Eades et al., 2014). Over 60 000 IncRNA have been identified, with tens of
thousands of them identified in mammals (Kopp & Mendell, 2018). Despite
recent extensive research carried on the role of IncRNAs, fewer than 2 % of
IncRNAs have been ascribed to a particular biological role (Hon et al., 2017).
LncRNAs can interact with other biological molecules like DNA, RNA or
proteins to regulate diverse cellular processes such as cell growth, survival,
migration, invasion or differentiation (Derrien et al., 2012; Di Gesualdo et al.,
2014; Mercer et al., 2009; Sun et al., 2013). They can fold into complex three-
dimensional (3D) structures and act both in the cytoplasm and nucleus (Batista
& Chang, 2013). It has been shown that IncRNA has high tissue specificity
(Kadota et al., 2006). LncRNA can regulate gene expression at different levels,
and there are numerous ways of action of INcCRNA, such as guide RNA,
scaffolds, decoys (sponges) for miRNA and mediation of antisense
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interference for coding mRNA (Shibue & Weinberg, 2017 (Figure 8) (Fico et
al., 2019; Li et al., 2017; Wang & Chang, 2011).
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Figure 8. LncRNAs have multiple modes of action.

LncRNAs can act in both nucleus and cytoplasm. In nucleus it can guide proteins to
DNA. And in cytoplasm can act as scaffold, decoy, or binding partner. Adapted from
Bhat et al. (2016).

1.4.3 Epigenetics and imprinting

As with coding genes, epigenetic modifications have been shown to regulate
the expression of non-coding RNAs (Vrba et al., 2010). Epigenetic inheritance
(also called cell memory) is a heritable alteration in a cell or organism'’s
phenotype that are not caused by changes in the DNA sequence but from DNA
marks. These marks include DNA methylation at CpG sites and modifications
at core histone tails (Edwards & Ferguson-Smith, 2007). The modification of
histones has a prominent role in organising the accessibility of chromatin, and
so influences the transcription of DNA. Particularly, the methylation of lysine
(K) of histone H3 is highly studied due to its importance in gene regulation. The
outcome of regulation depends, however, on which of the lysin residues are
methylated. Methylations of K4, K36 or K79 on H3 are associated with active



chromatin, while methylations of K9 or K27 are linked to gene repression.
Especially, the aberrant regulation of H3K27 methylation by Polycomb
repressive complex-2 (PRC2) was shown to be prominent for the EMT-
inducing gene expression programs in malignancy (Oktyabri et al., 2014).

Epigenetic modifications also regulate imprinting, where a gene is marked
and expressed according to its parental origin. The expression of most genes
in somatic cells is bi-allelic, where both copies of the gene are transcribed.
However, a fraction of mammalian genes is subject to imprinting, which results
in monoallelic expression. This phenomenon applies to about 300 imprinted
genes in the human genome, located in clusters, regulated by differentially
methylated regions (DMR) (Barlow & Bartolomei, 2014).

1.4.4 DLK1-DIO3 locus

The imprinted DLK1-DIO3 locus is located on mouse chromosome 12 and
human chromosome 14 (Gubina et al., 1999, 2000). The DLK1-DIO3 locus is
flanked by and named after the paternally expressed protein-coding genes
Delta Like Non-Canonical Notch Ligand 1 (DLK1) and lodothyronine
Deiodinase type lll (DIO3). The entire locus is approximately 1 Mb long. It
contains three paternally expressed protein-coding genes: DLK1,
Retrotransposon-like 1 (RTL1), and DIO3 and maternally expressed non-
coding genes, including INcRNA Maternally expressed gene 3 (MEG3), MEGS,
MEGY, an antisense transcript to RTL1, numerous small RNAs belonging to
the Small nucleolar RNAs, C/D box (SNORD) and more than 50 miRNAs
(Baulina et al., 2019; Dill & Naya, 2018; Zerbino et al., 2018; Zhang et al.,
2010). In humans, miRNAs from this locus are collectively called Chromosome
14 MicroRNA Cluster (C14MC), and most of them are grouped into two
genomic regions: the miR-127/miR-136 cluster (also called Cluster A) and the
miR-379/miR-410 cluster (also called cluster B) located upstream and
downstream from the SNORD gene cluster, respectively (Figure 9).
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Figure 9. Schematic figure of DLK1-DIO3 locus.

This locus is imprinted and is located on chromosome 14 in humans. It contains
paternally expressed protein-coding genes (DLK1, RTL, DIO3) and maternally
expressed non-coding genes, among them IncRNA MEG3, MEGS, two clusters of
miRNAs: cluster A - among them MIR127 and MIR493 and cluster B - MIR409 and
MIR411 and numerous C/D-box-containing small nucleolar RNAs (snoRNAS).
There are also two main DMRs: IG-DMR and MEG3-DMR, regulating the
expression of those genes. DMR-differentially methylated region, filled circles
represent methylated DMRs, and unfilled circles represent unmethylated DMRs.

The imprinting of the locus is controlled by two key differentially methylated
regions (DMRs), one germline-derived primary intergenic DMR (IG-DMR),
located about 13 kilo-base (kb) upstream of the MEG3 transcription start site
(TSS) and the post-fertilisation-derived secondary (MEG3-DMR) overlapping
with the MEG3 promoter region (Benetatos et al., 2008; da Rocha et al., 2008;

Kagami et al., 2010).

Dysregulation of genes at the DLK1-DIO3 region has been documented to
cause several developmental disorders in the embryo and placenta and
defects in adult metabolism and brain function (da Rocha et al., 2008). Mice
with paternal uniparental disomy (UPD) of 12q die prenatally, unlike the
phenotype of knockout of maternal gene trap locus 2 (GTL2), mouse
equivalent for MEG3, which dies perinatally (Takahashi et al., 2009). Loss of
imprinting (LOI) of DLK1-DIO3 in humans leads to Kagami-Ogata syndrome
(Kagami et al., 2010; Ogata & Kagami, 2016) or Temple syndrome (loannides
et al., 2014). Interestingly, the activity of the DLK1-DIO3 locus is essential to
maintain pluripotency of induced pluripotent stem cell (iPSCs), and its reduced
expression is associated with incomplete iPSC reprogramming (Liu et al.,
2010; Stadtfeld et al., 2010). Moreover, ncRNAs from DLK1-DIO3 locus were
correlated with the developmental potential of iPSCs (Kang et al., 2009;
Stadtfeld et al., 2010; Zhao et al., 2009), and the miRNAs from the DLK1-DIO3
locus promoted pluripotency by inhibition of differentiation and stimulated self-
renewal in mouse embryonic stem cells (Moradi et al., 2017).



1.4.41 MEG3

Human MEG3 is a IncRNA of about 1700 nt with multiple isoforms (Schuster-
Gossler et al.,, 1998; Zhang et al., 2010). In 2010 Zhang and colleagues
identified 12 isoforms of MEGS3; nevertheless, currently, there are 50 splice
variants identified in the Ensemble database with transcript IDs. MEG3 is a
single copy, intergenic IncRNA and has been found located in both nucleus
(Mondal et al., 2015) and cytoplasm (Zha et al., 2019) of cells. MEG3 is
expressed in many normal tissues with higher expression in the brain and the
epithelia of salivary glands, pancreas, and kidney (Schmidt et al.,
2000). MEG3 RNA folds into three central motifs, M1, M2, and M3. Motif M2 is
essential for TP53-mediated transactivation (Zhang et al., 2010).

MEGS3 reqgulators

Multiple factors can regulate MEG3 expression. An underlying cause
of MEG3 down-regulation is promoter hyper-methylation (X. Cui et al., 2018;
Li et al., 2016). On the other hand, cyclic adenosine monophosphate (CAMP)
was found to stimulate the expression of MEG3 by binding to the cAMP
response element (CRE) in the promotor of MEG3 (Zhao et al., 2006).
MEG3 can also be regulated at the post-transcriptional level by several
mMiRNAs (Cui et al., 2018).

Role of MEG3 on a molecular level

MiRNAs are also putative downstream targets of MEG3, which can act as
competing endogenous RNA (ceRNA), or sponging RNA for a number of them
(Chen et al., 2020; Moradi et al., 2019; Peng et al., 2015; Qin et al., 2017,
Wang et al., 2019; Wu et al., 2020; Xu et al., 2020; Zha et al., 2019; Zhang et
al., 2016; Zhang & Feng, 2017). On the molecular level, various actions of
MEG3 have been described. MEG3 regulates the expression TP53 tumour
suppressor gene through MDM2 or directly affecting TP53 (Sun et al., 2016;
Uroda et al., 2019; Zhou et al., 2007). MEG3 overexpression acts as the
inhibitor of Akt pathway (Li et al., 2019; Zhang et al., 2017). Also, MEG3 acts
as a guide for Polycomb Repressive Complex 2 (PRC2) to specific DNA
sequences establishing facultative heterochromatin marked by repressive
H3K27me3 modification (Kaneko, Bonasio, Saldana-Meyer, et al., 2014;
Mondal et al., 2015). MEG3 directly interacts with subunits of PRC2, EZH2 (Jin
et al., 2018; Zhou et al., 2020), or JARID 2 (Kaneko et al., 2014). The specific
target is recognised via RNA-DNA triplex formation, binding through GA-rich
repetitive motif (Kuo et al., 2019; Mondal et al., 2015). An epigenetic function
of MEG3 has been reported in breast and lung cancer cells, suppressing
TGFB-related genes to modulate their invasive properties (Mondal et al., 2015;
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Terashima et al., 2017). MEG3 was shown to be an important player in the
EMT of ovarian cancer (Mitra et al., 2017) and lung cancer (Terashima et al.,
2017). Genome-wide mapping showed that MEG3 binding sites were present
in 73% of genes related to EMT (Mitra et al., 2017). In lung cancer cell lines,
knockdown of MEG3 inhibited changes caused by TGF[3 on gene expression
and functional level (Terashima et al., 2017).

The functional role of MEG3

MEG3 is an object of numerous recent works reporting its pro and anti-cancer
activity, depending on the context. Moreover, MEG3 is dysregulated in other
diseases, such as diabetes or rheumatoid arthritis (Li et al., 2019; You et al.,
2016; Zhu et al., 2016). Functional studies have demonstrated that MEG3
inhibits cell proliferation and promotes cell apoptosis (Wang et al., 2012;
Zhang et al., 2010; Zhang et al., 2003) and has been connected to both
promotion and inhibition of cell migration and invasion (Ma et al., 2018;
Zhang et al., 2018).

1.4.4.2 miRNAs from the DLK1-DIO3 locus

Liu et al. (2010) revealed that the miRNAs from the DLK1-DIO3 cluster are
only presented in mammalian genomes and are highly conserved, indicating
their specific and crucial role in regulating mammalian development. A large
number of miRNAs located at the DLK1-DIO3 locus make it challenging to
study the whole locus's function collectively. When an entire cluster of genes
is upregulated, it is challenging to narrow down single genes' contribution
(Valdmanis et al., 2015). Therefore, the role of those miRNAs at the DLK1-
DIO3 locus is mostly unknown. Besides, each miRNA can have many different
functions by targeting multiple genes. Some miRNAs have been shown to have
a role in the EMT process, such as MIR127, whose increased expression
shifted cancer cells phenotype from the epithelial to the mesenchymal (Shi et
al., 2017).

1.5 The D492 cell lines

D492 is a cell line of suprabasal origin, derived from MUC1-negative and
EpCAM-positive primary breast epithelial cells with the ability to establish both
luminal and myoepithelial cells (Gudjonsson et al., 2002) (Figure 10). D492
was immortalised with the E6/E7 oncogenes from the HPV16 (human
papillomavirus 16), targeting TP53 and Rb (retinoblastoma), respectively.
D492 has proven a valuable tool to investigate branching morphogenesis in
vitro, as it can grow colonies from single cells and form structures resembling
TDLUs (Briem et al., 2019; Briem et al., 2019; Hilmarsdottir et al., 2015). Such
process of branching morphogenesis can be examined during approximately



21 days. D492 at day 7 forms small colonies, at day 14, the branching has
begun and at day 21, D492 has formed fully branching colonies. Furthermore,
when the D492 cell line is co-cultured with endothelial cells, some of the
colonies undergo EMT and form spindle-shaped cells in 3D rBM culture. From
one such spindle-shaped colony, mesenchymal cell line called D492M was
isolated (Sigurdsson et al., 2011). D492M is a phenotypically stable
mesenchymal cell line. Endothelial cells near D492, induced heritable effects
that maintain the mesenchymal state of D492M even after EMT initiating
signals are no longer present.

Together, D492 and D492M form a unique model for EMT; therefore, we
have used them as main cell lines in this thesis's first two papers (paper #l and
paper #11). D492 co-expresses both luminal and myoepithelial keratins, while
D492M has lost epithelial markers such as keratins, E-cadherin and
transcription factors such as TP63 and gained mesenchymal markers
including N-cadherin, vimentin and alpha-smooth muscle actin (aSMA)
(Sigurdsson et al.,, 2011). D492M is non-tumorigenic but has acquired
specific phenotypic properties of cancer stem cells such as increased
CD44/CD24 ratio, anchorage-independent growth, resistance to apoptosis
and increased migration/invasion (Sigurdsson et al., 2011). Both cell lines
are diploid. D492 and D492M cells also differ in the metabolomics and the
placement of the mitochondria (in D492 the mitochondria are closer to the
nucleus as compared to D492M). Moreover, D492 proliferates faster than
D492M (Halldorsson et al.,, 2017). The transition of D492M back to the
epithelial state of D492 was achieved by overexpression of miR200c together
with TP63 in D492M (Hilmarsdottir et al., 2015).

D492HER?2 is the third main cell line | used during my PhD studies, with
more focus in paper #lll and paper #IV. The D492HER2 cell line was
established by overexpression of the HER2 oncogene in the D492 cell line
(Ingthorsson et al., 2016). The activation of HER2 in D492 cells recapitulates
the malignant process, and the cells are tumorigenic in mice. As is the case for
D492M, D492HER?2 has a mesenchymal phenotype. D492HER?2 has reduced
expression of TP63, KRT14 and KRT19 as well as E-cadherin and P-cadherin
and increased expression of mesenchymal markers such as N-cadherin and
Axl.
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Figure 10. D492 has epithelial phenotype, while D492M and D492HER2 have
mesenchymal phenotype.

2D: D492 forms cuboidal-shaped cells, while D492M and D492HER2 form spindle-
shaped cells. In 3D: D492 forms branching structures, D492M forms mesenchymal
structures and D492HER2 forms mix of grape-like structures and mesenchymal
structures. Scale bar = 100 pm.



2 Aims

Developmental processes driving branching morphogenesis in the breast
gland are related to events occurring in cancer progression where these
pathways go awry. Therefore, it is possible to gain a valuable understanding
of how breast cancer originates and progresses by studying normal breast
development. Epithelial to mesenchymal transition (EMT) and mesenchymal
to epithelial transition (MET) govern important phenotypic changes in both the
normal and malignant breast gland. Enhanced understanding of these
processes can lead to the finding of improved treatment options for breast
cancer patients. Moreover, identifying important molecular components
involved in EMT and MET could serve as valuable biomarkers and help stratify
patients towards more personalised medicine. Studying the differences
between tumorigenic and non-tumorigenic cell lines of the same origin can help
identify key molecular factors contributing to tumorigenicity and plasticity. In
my PhD project, | have used the D492 cell lines that reflect the spectrum from
non-malignant to cancer phenotype. In my main project, the focus has been
on the non-coding RNAs and their role in branching morphogenesis and EMT
(a@im 1 and 2). A substantial focus of my PhD studies was on extracellular
matrix proteins and their function in malignant HER2 overexpressing cell lines
(aim 3). These specific aims reflect the papers that form the basis of my PhD
thesis.

The specific aims include:

1. Analysing expression pattern and functional role of non-coding
RNAs from the DLK1-DIO3 locus in EMT/MET. (paper #l)

2. Analysing expression pattern and functional role of miRNA 203a
in branching morphogenesis and EMT/MET. (paper #I1)

3. Comparing isogenic hon-malignant and malignant cell lines with
EMT phenotype and identify extracellular matrix proteins with a
putative role in promoting malignhancy. (paper #l1l and #IV)
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3 Materials and methods

In this chapter, | will list and describe the materials and methods | used in my
experiments which are presented in the chapter “Results and discussion”. A
more detailed discussion about the optimisation and inscrutability of the
methods can be found in the chapter “Technical considerations®. Finally, a
detailed description of methods used in the published papers can be found in
the material and methods paragraphs of each paper.

3.1 Cell culture

Monolayer (2D) culture

I have used mostly three cell lines D492, D492M and D492HER2. All three
were maintained in H14 medium, as described previously (Gudjonsson et al.,
2002; Sigurdsson et al.,, 2011) in tissue treated T25 Falcon flasks (BD
Biosciences) coated with collagen | (Advanced BioMatrix, 5005-B). H14 is a
chemically defined medium, with a base of Dulbecco’s Modified Eagle Medium
(DMEM): F12 with HEPES and L-Glutamine (Gibco, 31330), supplemented
with penicillin and streptomycin (Gibco, 15070-063) and the growth factors
with their final concentrations: 250 ng/ml Insulin (Sigma, 11882), 10 ng/ml EGF
(Peprotech, AF-100-15), 10 pg/ml Transferrin (Sigma, T1147), 2,6 ng/ml
NaSel (BD Biosciences, 534201), 0,1 nM Estradiol (Sigma, E2758), 500 ng/ml
Hydrocortisone (Sigma, H0888), 0,15 IU Prolactin (Sigma, L6520). Luminal
epithelial cell line D382 was also cultured in H14 media.

HEK-293T (Human embryonic kidney 293) cells were cultured in DMEM
high glucose GlutaMAX™, pyruvate (Gibco, 31966), supplemented with
10 % Fetal bovine serum (FBS), penicillin and streptomycin (Gibco, 15140-
122). HMLE (human mammary epithelial cells) (Elenbaas et al., 2001) is an
epithelial progenitor cell line, from which a mesenchymal cell line HMLEmes
was derived by sorting for the Thyl-positive population. HMLE, and HMLEmes
were cultured in chemically defined media called HMLE media, containing
DMEM/F12 supplemented with penicillin and streptomycin and growth factors:
10 pg/ml Insulin (Sigma, 11882), 10 ng/ml EGF (Peprotech, AF-100-15) and
500 ng/ml Hydrocortisone (Sigma, H0888).

For experimental treatment with TGF@, recombinant human TGF in the
concentration of 10 ng/ml (RD systems) was used.
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Primary breast cells were acquired from Landspitali, University Hospital in
Reykjavik, Iceland (with informed consent from the donor, approved by the
Icelandic National Bioethics Committee VSN-13-057), from reduction
mammoplasty. Primary human luminal-epithelial cells, myoepithelial cells,
endothelial cell, fibroblast and organoids (epithelial cells) were isolated from
breast reduction mammoplasties as previously described and maintained in
chemically defined medium 3 (CDM3) and chemically defined medium 4
(CDM4) as previously described (Ingthorsson et al., 2010; Pechoux et al.,
1999; Sigurdsson et al., 2006). Primary human umbilical vein endothelial cells
(HUVECSs) were received from Landspitali, University Hospital in Reykjavik,
Iceland (with informed consent, approved by Landspitali Ethical Committee No.
35/2013). HUVECs were cultured in Endothelial Growth Medium 2 (EGM2)
media (Lonza, CC-3162) enriched with growth factors and 5 % FBS, further
called EGM5 medium. All cells were grown at 5 % CO: at 37 °C.

Despite coating culture flasks with collagen type I, the main component of
ECM, this strategy does not faithfully recapitulate the behaviour of cells within
tissues, which demand not only a 3D format but also an ECM that can be
readily remodelled.

Three dimensional (3D) cultures

3D cell cultures were performed in reduced reconstituted basement
membrane rBM (further called with its commercial name Matrigel). Matrigel is
extracted from the Engelbreth-Holm-Swarm (EHS) mouse sarcoma, a tumour
rich in extracellular matrix proteins, specifically in collagen IV and laminin. 3D
experiments were carried out in a 48-well plate format, where 5-10 x 103 of
cells were embedded in 150 ul of Matrigel per well. The plate was incubated in
5% CO:2 at 37 °C for 15 min to solidify the Matrigel, and then 300 pl of H14
media was added on top. The cultures were imaged using the EVOS FL Auto
2 Cell Imaging System (Thermo Fisher Scientific) for three weeks. Fresh
media was added three times per week. The colonies were quantified on day
14. The total number of cells was converted into a percentage.

For co-culture experiments, 0,5 x 102 of the epithelial cells were seeded
together with 1 x 105 of endothelial cells (HUVECs) and were resuspended in
150 pl of Matrigel. The plate was incubated in 5 % CO:2 at 37 °C for 15 min to
solidify the Matrigel, and then 300 yl EGM5 media was added on top.
Endothelial cells cultured in Matrigel are viable, however dormant, having a
supporting function in the epithelial cells’ proliferation. The colonies were
qguantified by counting all colonies greater than 100 um.



3.2 Functional assays

Cell proliferation assay

Cell proliferation assay was performed on the IncuCyte Zoom microscope
(Essen Bioscience) according to the manufacturer's protocol. Cells were plated
at a density 10 x 103/ well in a 96-well plate. Cell culture media was changed
three times per week.

Alternatively, the cells' proliferation was assessed by staining with crystal
violet in a 24-well plate format. The cells were plated, and then every 24 hours,
three wells (technical triplicate) were fixed with 3,7 % formaldehyde in PBS for
10 min, washed with 1 x PBS and dyed with 0,1 % crystal violet in ethanol for
15 min. The cells were then washed four times with 1 x PBS, and crystal violet
was solubilised with 10 % acetic acid, and the optic density was measured at
595 nm using a spectrometer.

Cell viability

Cell viability was assessed using PrestoBlue Cell Viability Reagent
(ThermoFisher Scientific, A13261), according to the manufacturer's
instructions. Three thousand cells/well cells were plated in H14 media in a
96-well plate in 90 pl/well of media and cultured for four days. Ten pl/well of
prestoBlue was added to each well and incubated for 4 hours. The
absorbance was measured at 570 nm and 595 nm on a spectrophotometer.

Cell migration assay and cell invasion assays

Cell migration and invasion were examined by using trans-well Boyden
chambers with an 8 ym pore size (Corning, 353097). An additional layer of
diluted Matrigel (1:10 with H14 media) was added in case of invasion. Briefly,
3 x 102 cells were resuspended in 250 pl H14 medium and seeded on the trans-
well inserts in a 24-well plate (Corning, 353047) or placed on top of Matrigel in
case of invasion assay. 500 pl H14 media with 10 % FBS was added to the
lower chamber below the filter. Cells were incubated for 48 hours in 5 % CO:
at 37 °C. After incubation, non-migratory cells from the upper part of the filter
were discharged with a cotton swab and washed 3 x with 1 x PBS. In case of
invasion, the Matrigel was discharged as well. The filters were then fixed with
methanol and stained with DAPI (diluted 1:5000; Sigma, D9542-1MG). Cells
were photographed in three random fields using the EVOS FL Auto 2 Cell
Imaging System (Thermo Fisher Scientific). Pictures were analysed with
ImageJ software. Besides, cell migration was assessed using the wound
healing assay.
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Wound healing assay was performed on the IncuCyte instrument (Essen
Bioscience), according to the manufacturer’s guidance. 6 x 102 cells/well were
seeded to be 100 % confluent the following day into the 96-well plate
ImageLock Plate (Essen Bioscience, 4379). Woundmaker (Essen Bioscience,
4493) was used to do the scratch wound. The images were taken every two
hours and were analysed as Relative Wound Density (%) in the IncuCyte
software.

Apoptosis assay

Resistance to chemically induced apoptosis was examined by inducing the
cells with 10 yM camptothecin (CPT, Sigma-Aldrich, C9911) and quantified
using IncuCyte Caspase-3/7 Reagents (Essen Bioscience, 4440) on IncuCyte
Zoom (Essen Bioscience), according to the manufacturer's protocol.

Low attachment assay/mammosphere formation assay

Anchorage-independent growth was analysed using 24-well ultra-low
attachment plates (Corning, 3473). Summarily, the cells were single-cell
filtered and seeded in a density of 500 cells/well into EGM5 media and cultured
for 9 days. The growth of colonies was quantified under the EVOS FL Auto 2
Cell Imaging System (Thermo Fisher Scientific) microscope, counting all the
colonies greater than 40 um.

Angiogenesis assay

Tube formation assay was examined measuring four specific parameters
(master junction - three or more branches coming out of one point, master
segment - parts connecting two master junctions, total master segments
lengths and meshes - closed areas) of net formation of HUVEC cells. Briefly,
the conditioned media (CM) was collected from cells after being for 48 hours
on the 80 % confluent cells. Ten ul/well of Matrigel was placed on a u-plate
angiogenesis 96-well plate (IBIDI, 89646), then 35 ul of CM/well was added
and another 35 pl with 6 000/well of HUVEC cell (early passage up to passage
3). Pictures were taken at the 4 h, 24 h and 48 h time-point of the network
formation, using the EVOS FL Auto 2 Cell Imaging System (Thermo Fisher
Scientific) and interpreted with ImageJ Angiogenesis plug-in.

3.3 Techniques of molecular biology

3.3.1Gene expression techniques

Total RNA-sequencing and analysis of the data

The RNA was extracted using Trizol (Thermo Fisher Scientific, AM9738) from



five replicates of each cell line. The Whole Transcriptome sequencing of
D492MKP-CTRL gnd D492MKP-MEG3 was performed in deCODE genetics
(Reykjavik, Iceland). Data have been deposited in NCBI's Gene Expression
Omnibus and are accessible through the GEO Series accession number
GSE142268. Sequence alignment of raw reads to the reference genome
(Ensembl primary assembly, version GRCh38) was performed using STAR
version 2.6.1 (Dobin et al., 2013). The program htseg-count (Anders et al.,
2015) was used to quantify how many reads match each gene in an annotation
file (Ensemble version GRCh38.96). The data from htseq-count were imported
into R (Team, 2015) and differential expression (DE) analysis on D492MXDP-CTRL
vs D492KD-MEG3 was done using DESeq2 (Love et al., 2014). P values were
corrected for multiple testing using the false discovery rate (FDR) method. P
value cut off 0,05 was applied. Genes with a reading below two in both
D492MKDP-CTRL and D492MKD-MEGS were excluded due to weak expression. The
Volcano plot overall data (P< 0,05 was created in “R“ using the
EnhancedVolcano package from BioConductor. Gene Set Enrichment
Analysis (GSEA) was utilised to identify enrichment of gene signatures.
Comparative analysis was investigated using the “Hallmark” database, where
each "Hallmark" category consists of a defined gene set describing a given
biological process. The list of significantly expressed pathways was displayed
as a bar plot, with a FDR q value bellow 0,05 are considered statistically
significant.

The GSEA analysis intends to settle whether the gene list members tend to
occur towards the top or bottom of the ranked list “L*. Firstly, all genes from
the RNA sequencing analysis were ranked using the formula:
log10(q value) x (log2 fold change) and then uploaded into the GSEA
database using the "Hallmark" dataset. The second step is the Enrichment
Score (ES) calculation, which reveals whether the genes from the list are found
more towards the top or bottom of the ranked list “L“. Randomly distributed
genes will appear more towards the centre of the list, with ES closer to zero.
Non-randomly distributed genes will appear towards the top or bottom of the
list “L, with ES number relatively high (either positive or negative). The
normalized enrichment score (NES) accounts for the size of the set. False FDR
estimates the probability that a set with a given NES represents a false
positive. All pathways with significant (P < 0,05) positive or negative
normalised enrichment scores were put into the barplot.
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Quantitative RT-PCR analysis

Total RNA was extracted with Trizol (Thermo Fisher Scientific, AM9738).
One ug of RNA per specimen was reverse transcribed into complementary
DNA (cDNA), using Random Hexamers (Thermo Fisher Scientific, N8080127)
and SuperScript IV Reverse Transcriptase (Thermo Fisher Scientific,18090-
200) kit and used in quantitative real-time PCR (qRT-PCR) using pre-designed
primer pairs: Sybr Green dye Luna® Universal gPCR Master Mix (NEB,
M3003L) or TagMan probes Luna® Universal Probe qPCR Master Mix (NEB,
M3004L) according to manufacturer's guidance. Normalization was done with
the GAPDH reference gene. Reference gene mRNAs should be stably
expressed, and their abundances should show a strong correlation with the
total amounts of mMRNA present in the samples. The 2-44Ct was used to
calculate each gene's relative expression using the ABI 7500 instrument
(Applied Biosystems). Primers are listed in Table 2.

Table 2. List of primers for Quantitative RT-PCR analysis

Gene symbol Producer, Assay ID

ZEB1 ThermoFisher Scientific, Hs00232783 m1
ZEB2 ThermoFisher Scientific, Hs00207691_m1
SNAI1 ThermoFisher Scientific, Hs00195591_m1
SNAI2 ThermoFisher Scientific, Hs00950344 m1
TWIST ThermoFisher Scientific, Hs01675818_s1
GAPDH ThermoFisher Scientific, 4326317E
KRT14 IDT, Hs.PT.58.4592110

KRT19 IDT,Hs.PT.58.4188708

MEG3 ex 10-11 |IDT, Hs.PT.58.25190740

GAPDH IDT, Hs.PT.39a.22214836

TP63 IDT, HS.PT.58.38930512

ALDH1A3 IDT, Hs.PT.56a.657970

PXDN IDT, Hs.PT.58.630748

KRT5 IDT, Hs.PT.58.14446018

TP63 IDT, Hs.PT.58.2966111

CDH3 (P CAD) |IDT, Hs.PT.58.39234242

ITGa6 IDT, Hs.PT.58.453862




miRNA gRT PCR

Total RNA was extracted with Trizol (Thermo Fisher Scientific, AM9738).
The RNA was reverse transcribed with the miRCURY LNA RT Kit (Qiagen,
339340) for cDNA synthesis reactions, according to the manufacturer's
protocol. QRT-PCR analysis of miRNAs was conducted using miRCURY LNA
SYBR Green PCR Kit (Qiagen, 339346), according to the manufacturer's
protocol. Primers are listed in Table 3. The 2-24C¢t method was utilised to
calculate each gene's relative expression determined using the ABI 7500
instrument (Applied Biosystems).

Table 3. List of primers for miRNA qRT PCR

Gene symbol Producer, Assay ID
hsa-miR-200c-
3p Qiagen, YP00204482

hsa-miR-205-5p | Exigon, 204487

hsa-miR-203a Exiqon, 205914

hsa-miR-127-3p | Qiagen, YP00204048
hsa-miR-409-3p | Qiagen, YP00204358
hsa-miR-411-5p | Qiagen, YP00204531
hsa-miR-493-3p | Qiagen, YP00204557
U6 Qiagen, YP00203907

Western blot assay

For harvesting the protein, cells were washed with cold Phosphate Buffered
Saline (PBS) and lysed in radioimmunoprecipitation assay (RIPA) buffer
supplemented with phosphatase and protease inhibitors (Halt Protease
Inhibitor Cocktail, Thermo Fisher Scientific, 78430) for 10 min on ice and
scraped with a cell scraper. Protein concentration was measured utilizing the
Bradford reagent (BioRad, 5000002). Samples were denatured utilizing
mercaptoethanol at 95 °C for 10 min. Equivalent amounts (5 pug-15 pg) of
protein were separated on NuPage 10 % Bis-Tris gels (Invitrogen,
NP0301PK2) with NuPage MES (2-(N-Morpholino) ethanesulfonic acid)
running buffer (Thermo Fisher Scientific, NP0002). Samples were
subsequently transferred with NuPage Transfer buffer (Thermo Fisher
Scientific, NP0O006-1) to polyvinylidene fluoride (PVDF) membrane Millipore
Imobilion-FL transfer membrane, pore size 0,45 yM (Millipore, IPFL0O0010).
The membranes were blocked with Odyssey Blocking buffer (TBS) (LiCor,
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927-500) and incubated with primary antibodies overnight at 4 °C. Proteins
were detected using secondary antibodies IRDey (Li-Cor 926-32213 -
mouse, 926-32212 -rabbit) diluted to 1:10 000 for 1 hour at room temperature
(RT) and detected and quantified using the Odyssey Infrared Imaging System
(Li-Cor). The fluorescent signal was converted to greyscale. Antibodies used
for western blot (WB) are listed in Table 4. Actin was used as a loading control.

Table 4. List of primary antibodies

Gene symbol Producer, Assay ID Methods
CDH1 BD Transduction Labs, 610182 WB, DAB
CDH2 BD Transduction Labs, 610921 WB, DAB
KRT14 Abcam, ab15461 WB
KRT14 Abcam, ab7800 DAB
KRT19 Abcam, ab7754 WB, DAB
TP63 Abcam, Ab124762 WB
KRT5/6 Invitrogen, 180267 WB
CDH3 Cell signalling, C52130 WB
Actin Licor, 926-42212 WB
DAB staining

DAB staining is an immunohistochemical method based on DAB (3,3"-
Diaminobenzidine), a derivative of benzene. The oxidized DAB forms a brown
precipitate at the area of the HRP (horseradish peroxidase), which can be
observed with light microscopy (Leica DMI3000 B inverted microscope.
Antibodies used for DAB staining are listed in Table 4.

3.3.2Techniques for preparation of material (transfections,
cloning, sorting)

Transient transfections

Transient transfection was used for transfection with small interfering (SIRNAs)
and miRNA mimics/ inhibitors. For transient transfection with siRNA targeting
PXDN, cells (D492M) were transfected with 10 nm final concentration of
negative control siRNA (Ambion, SilencerSelect siRNA 4390843) and siRNA
targeting the gene of interest (PXDN) (Ambion, SilencerSelect siRNA
4427037), using Lipofectamine RNAIMAX (ThermoFisher Scientific,
13778075), according to the manufacturer’s protocol. Cells were incubated for
48 hours, and the knockdown was confirmed by gRT-PCR. A mimics are


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/infrared-radiation

double-stranded RNAs that mimic the endogenous miRNA of the cell, which
enable functional studies of upregulation. Inhibitors are single-stranded RNAs
that bind to the target miRNA and thereby downregulate it. Cells were
separately transfected first with mimics/inhibitors or its negative controls and
then used in the luciferase assay (see Luciferase assay). miRNA mimics
(ThermoFisher Scientific, 4464066, Assay ID MC10152), inhibitors
(ThermoFisher Scientific, 4464084, Assay ID MH10152) and negative controls
for miRNA mimics (ThermoFisher Scientific, 4464058) and inhibitor control
(ThermoFisher Scientific, 4464076) were used in the concentration of 50 pmol
and transfected using RNAIMAX (ThermoFisher Scientific, 13778075),
according to manufacturer's instructions.

Luciferase assay

The dual-luciferase assay is a sensitive gene reporter assay based on
bioluminescence allowing to study of gene regulation. Reporter expression is
under the control of regulatory elements of a gene of our interest. Here, we
were studying the binding (regulation) of MIR203a to protein PXDN (its 3'
UTRs). For this purpose, 3' UTR of the potential target genes was cloned into
the luciferase vector. If the miRNA binds to its potential target gene, luciferase
translation is inhibited, and less light is produced. Firefly luciferase reporter
gene construct and Renilla luciferase constructs (as internal transfection
control) were co-transfected with or without the MIR203a mimics into HEK-
293T cells. Hsa-miR203a-3p mimics (mirVana™ miRNA Mimics, Thermo
Fisher Scientific, 4464070) with a final concentration of 100 nM, using Lipofec
tamine RNAIMAX (Thermo Fisher Scientific, 13778150) transfection reagent
(according to manufacturer's instructions, with minor changes: using serum-
free and antibiotic-free high glucose DMEM medium instead of Opti-MEM
Medium). 24 h after transfection with miRNA mimics, cells were transfected
(according to manufacturer's guidance) with 200 ng/well luciferase plasmids
(pmirGLO constructs), using Lipofectamine 3000 (Thermo Fisher Scientific,
L3000015). Luciferase activity was measured using the Luciferase assay kit
(Promega, E4030) by luminometer Modulus TM Il (Turner Biosystems) after
24 hours. The results were presented as a ratio of Firefly luciferase over Renilla
activity.

Plasmid construction

| performed the plasmid construction in various projects, such as for
luciferase assay with miR203a or for lentiviral transfection with MEG3. To
construct the plasmid, first, the gradient PCR was performed to find out the
best annealing temperature with forward and reverse primers. The optimal
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annealing temperature was used to amplify the cDNA. The band with amplified
cDNA was cut out and extracted from the gel using a Monarch Gel extraction
kit (NEB, T1020S). The amplicon was cloned into the vector using the Gibson
Assembly cloning kit (NEB, E5510S), according to the manufacturer's protocol.
The vector was transformed into competent bacteria NEB 5 a (NEB, C2987)
and inserts were confirmed with colony PCR. Vector was isolated from the
bacteria using a Plasmid miniprep kit (Thermo Fisher Scientific, K0O502). The
cloned insert was confirmed by DNA sequencing (Eurofins Genomics).

Lentivirus packaging and transfection

The packaging of the expression vector into pseudo viral particles was done
using the psPAX2 (Addgene, 12260) and PMDG.2 (Addgene, 12259) plasmids
in the presence of Turbofect (Thermo Fisher Scientific, R05319) transfection
reagent in HEK-293T cells. The supernatant was collected after 48 and 72
hours and filtered through a 0,45 um pore filter. For infection, cells were plated
on T25 flasks to be 70-80 % confluent the next day and were infected with a
mixture of 1 ml of viral particles and 1 ml of fresh media in the presence of 2 pl
of 8 yg/ml polybrene. Lentivirus-transduced cells were selected with antibiotics
or sorted by FACS (Sony SH800), based on fluorescent dye, to obtain a stable
pool of clones. The altered expression of MEG3 was determined by gRT-PCR.
The plasmids used in the study and their selection markers (with a used
concentration in case of antibiotics) were: PWPI-MEG3 (GFP fluorescence),
pLenti_sgRNA(MS2) zeo (Zeocin Invitrogen 4 pul/ml), pLenti_dCas9-
VP64_Blast (Blasticidin, 2 pg/ml), pLenti_dCas9-KRAB_mCherry (mCherry
fluorescence) and SAM MS2-P65-HSF1 Plasmids (Hygromycin 1 ul/ml).

CRISPRI/CRISPRa

To perform CRISPRI (Clustered Regularly Interspaced Short Palindromi
¢ Repeats - inhibition) and CRISPRa (activation), two the vector system was
used. First, a vector with dCas9 (dead CRISPR associated protein 9) with
effector domain KRAB (pLenti_dCas9-VP64 Blast, Genscript) and VP64
(pLenti_dCas9-VP64_Blast, Genscript) effector domain for CRISPRi and
CRISPRa, respectively, was incorporated, using lentiviral transfection.
Subsequently, in the second round of lentiviral transfection, the vector with
designed gRNA targeting a specific site of our gene of interest MEG3 was
incorporated. In case of gain of function studies with CRISPRa, one additional
helper plasmid SAM (SAM MS2-P65-HSF1 Plasmids, Genscript) was used to
increase activation further. The gRNAs for our gene of interest and the gRNAs
for negative control were cloned into pLenti sgRNA(MS2) zeo (Genscript)



(Table 5). The stability of the CRISPRed cell population was verified in various
passages by the percentage of mCherry-positive cells on FACS.

Table 5. gRNAs used for CRISPRi/a

gRNA for overexpression (gRNA A) GCTCTCCGCCGTCTGCGCTA

gRNA for downregulation (JRNA B) GCGGGTGAGGGATCCTCTCGT

negative control GCTTAGTTACGCGTGGACGA
Cell sortin

D492 were sorted on EpCAMPish and EpCAM'** (NCL-ESA, Novocastra),
using FACS (Sony SH800). Cells were trypsinised and resuspended in 500 pl
5% FBS in PBS. Primary antibody was added in 1:100 dilution to the 0,5 ml
cell suspension. Cells were incubated for 30 min at 4 °C in the dark, centrifuged
and washed 3 x with cold PBS. Secondary fluorophore-conjugated antibody
(Invitrogen) was added in 1:1000 dilution to 500 pl of cells in 5 % FBS in PBS
and incubated for 20-30 min at 4 °C in the dark. Subsequently, cells were
centrifuged, washed 3 x with cold PBS, single-cell filtered and stored in the
dark until analysed.

3.4 Statistical analysis

A number of biological replications is indicated in figure legend as “n”. P values
below 0,05 were considered significant (*p < 0,05; **p < 0,01; ***p < 0,001,
****p < 0,0001). The statistical analysis was performed in GraphPad Prism.
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4 Technical consideration

During my PhD study, | have encountered several technical issues. In this
chapter, | address a few key points related to the rationale for selecting
methods, optimising the processes and hurdles | encountered, which | think
could be beneficial for others. Moreover, an overview of 3D culture methods
used in mammary gland research can be found in our recent review (paper
#V).

4.1 Cell culture

Cell culture is the basis of many experiments. Knowing the cells well (the
phenotype, doubling time, optimal splitting ratio, key markers) is crucial for
every successful cell culture experiment. The use of established cell lines
brings the possibility to have a homogeneous genetic background and an
almost unlimited source of the material. However, there are also considerable
disadvantages, such as change of genotype to some degree by introducing
the immortalisation, the limited possibility of the available cell types (not all cell
types are suitable or easily immortalised). The use of primary cells brings a
higher level of complexity and heterogeneity to research. | have used primary
cells as a tool for the validation of results from cell lines. Another level of
complexity is brought using 3D cultures, while 2D modelling is a simple starting
point for most cancer models. The benefits of 3D culture compared to 2D
culture are undoubted, getting closer to in vivo conditions in terms of partially
including (mimicking) the cells' microenvironment, such as acidity, hypoxia and
stiffness (Simian & Bissell, 2017). 3D cultures also compensate for some of
the weaknesses of 2D cultures associated with crosstalk, discussed in more
detail in our review (paper #V). Culturing cells in 3D or 3D co-cultures allows
cells to perform better their transcriptomic potential due to the activation of a
unigue set of transcription factors (Bellis et al., 2013; Neville & Daniel, 1987).

D492, D492M and D492HER2 were the primary cell lines used in this
thesis. Each of them has a different splitting ratio and doubling time. For D492
the splitting ratio is 1:10, for D492M 1:5 and for D492HER?2 1:20. Especially in
the case of D492, it is essential to keep this ratio when maintaining the cells
because of their stem cell characteristics (the ability to self-renew and give rise
to more differentiated cells). When D492 is cultured, it comprises a
heterogeneous population - cells with progenitor capacity to generate both
luminal and myoepithelial cells. D492M cell line was generated from a single
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cell and does not have the progenitor capacity as D492, so all the cells are
homogenous.

Another critical issue to have in mind to achieve successful repetition of
experiments with branching potential or clonogenic capacity in 3D culture, is to
optimise the cell number for each batch of Matrigel (due to batch-to-batch
variability).

4.2 Selection of functional assays

To better understand the function of the selected genes in our cell models, |
have used multiple functional assays, such as proliferation, migration,
invasion, apoptosis, cell attachment independent growth and angiogenesis.
Cell migration and invasion are among the most crucial abilities of
disseminating cells. In vitro assays for migration and invasion are models
detecting the metastatic capacity of cells. Migratory properties usually go in
hand with invasive properties, but not exclusively. Boyden chamber is a
suitable tool to study chemotaxis, evaluating cell migration and invasion. Cell
attachment independent growth can be examined with various assays, such
as low attachment assay/mammosphere assay. Apoptosis assays give us
information about cells' survivability, ability assigned to cells with EMT
phenotype, and stem cells. To date, no in vitro method fully represents in vivo
situation in breast tissue. Only about 5 % of the oncological drugs from phase
one trial are approved for clinical use (Thomas et al., 2016). Therefore, there
is a need to use more physiologically relevant 3D culture models, covering the
complexity of breast cancer microenvironment (paper #V). Co-culture methods
enable partial recapitulation of the breast microenvironment. We used co-
culture as a strategy to determine the role of interactions between stromal and
epithelial cells. The three standard methods for studying heterotypic
interactions in vitro are conditioned media transfer, direct co-culture, and
indirect co-culture. The use of conditioned media allows one-way signalling
from effector to responder. Direct co-culture is when different cell types are
cultured within a single compartment, allowing reciprocal interaction. On the
other hand, indirect co-culture is when two physically separated cell types are
cultured in shared media, using transwell filters, communicating through
soluble signals in the shared media (Regier et al., 2016). The angiogenesis
assay is detecting heterotypic interactions between epithelial and endothelial
cells. It measures the impact of soluble factors, from epithelial cells, on tube
formation of endothelial cells.

4.3 Optimizations and the use of controls

It is essential to use positive and negative controls to know that each step
works as it should and be sure about the correct procedure. Here, | will list



three methods with which | spent considerable time in my studies.

4.3.1 Cloning into lentiviral plasmid

Cloning is a multi-step process, which also means plenty of room for mistakes
and failures. For visualization of the process and design of the primers, | used
the software SNAPgene, which makes the work easier and clearer. From my
experience, a good practice is to run the electrophoresis gel, after every
possible step, to verify that the plasmid has correct conformation, size and is
not degraded.

4.3.2 Luciferase assay

With luciferase assay, we aimed to elucidate the binding of MIR203a to PXDN.
Here | would like to illustrate how we went through the optimisation process,
using different kits for this assay. First, we used a kit (from Genocopeia), where
the whole 3'UTR of PXDN was cloned into a plasmid with the luciferase gene.
The technical problem we were dealing with was an unstable expression of
luciferase from the control plasmid between the cell lines we were comparing

(3'UTR PXDN with negative ctrl mimics vs Scr 3’'UTR with negative ctrl
mimics). (Figure 11). As this was critical for the interpretation of the result, we
could not continue using this kit. Next, we decided to use another kit (Promega)
where we cloned just the binding site of MIR203a into the plasmid. We did not
see any change in the luciferase signal. To be sure that the method was
working, we used a positive control - TP63 for binding MIR203a (Lena et al.,
2008) (Figure 12). We ended up cloning eight plasmids, from which six were
negative controls. However, we again did not see any change in the luciferase
signal.
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Figure 11. Unstable expression of luciferase from control plasmids.
(3'UTR PXDN with negative ctrl mimics vs Scr 3'UTR with negative ctrl mimics).
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Figure 12. MIR203a binds to 3'UTR of TP63.
Results of luciferase assay confirm the correct use of the luciferase method with
positive control — binding MIR203a to the 3’'UTR of TP63.

Then we assessed the transfection efficiency using a GFP plasmid and found
out that the cells were not getting transfected. Therefore, instead of using
D492MmiR203a we switched to a cell line that is efficiently transfected —
HEK293T cell line. This cell line has been used efficiently by many laboratories
for transfections (Thomas & Smart, 2005). We optimized and coordinated the
transfection of mMiRNA mimics and plasmids in the HEK293T cells, where the
transfections' timing was critical due to the nature of the double transient
transfection. Also, the confluence at the time of transfection was necessary for
the maximal transfections’ efficacy. With the optimised procedure, we could
confirm that MIR203a binds to both 3" UTR of TP63 and peroxidasin (PXDN).

4.3.3 CRISPRIi/a

The purpose of CRISPRa (activation) or CRISPRi (inhibition) is
the regulation of the genome instead of modification. Using this system, we
can either activate or repress gene expression. The technique relies on two
components: catalytically dead Cas9 (dCas9), without the endonuclease
activity, and a guide molecule that directs dCas9 to a specific target like a
genetic GPS. dCas9 can be fused to a Kriippel-associated box (KRAB) for
repression or an activation domain, like VP64, for activation of a target gene
(Figure 13).
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Figure 13. Molecular mechanism of CRISPRi and CRISPRa. -

Protein dCaS9 is fused to effector domain: KRAB domain for CRISPRi and VP64
domain for CRISPRa. In CRISPRi, RNA pol Il binding is blocked due to
heterochromatinization, which makes it impossible to start the transcription of the gene.
Conversely, the CRISPRa, enhances transcription as an artificial transcription factor.
The location of gRNA is chosen in relevance to the protospacer adjacent motif (PAM),
the transcriptional start site (TSS) and the uniqueness in the (human) genome, among
other factors.

The most critical step for the CRISPRi/a approach is the first step -
designing the gRNA. The design of the gRNA depends on its application. The
appropriate position of gRNA(s) in CRISPRi/a might be different from the
appropriate position of gRNA(s) intended to be used in the generation of a
knockout or knock-in. For CRISPRi/a, the gRNAs need to be targeted in such
a way that dCas9 can repress/activate transcription. Not all gRNAs work
equally well, and the outcome depends on the effectiveness of the gRNA. |
designed the binding of gRNA around the TSS (transcriptional start site): up to
200 nt upstream from TSS for the activation of the target gene and up to 200 nt
downstream from TSS for the repression of the target gene (Gilbert et al., 2014;
Smith et al., 2016). A critical step for long non-coding RNA, was the use of the
database with accurately identified 5' end of the transcript. Data from
FANTOMS cap analysis of gene expression (CAGE) were used to build an
atlas of human IncRNAs with accurate 5' ends to identify a genuine TSS (Hon
et al., 2017). For the design of the gRNA itself, | used two online design tools
Genscript and Crispr.mit.edu. Also, | applied the knowledge that the gRNA
complementary to the non-template strand (sequence of the gRNA is the same
as template strand) more strongly represses transcription (Rossi et al., 2015),
and the sequence should start with the G nucleotide for efficient expression
from the U6 promoter. The candidate gRNAs were ranked based on various
parameters, among them the minimal off-target binding. Off-target effects of
Cas9 is a major concern for the application of this technique, as it could lead
to undesired mutations. Specifically, for the dCas9 technique, the frequency
of off-target binding to essential (functional) exons is very low (Boyle et al.,
2017). There are various reasons for low off-target binding, like the specificity
of gRNA, the dependence on the protospacer adjacent motif (PAM) sequence,
and importantly, the efficiency of effector domains (the KRAB and VP64) is
limited to the area around TSS. A good practice is to validate the efficiency of
CRISPRi/a methods with two pools of the same gRNA(S).
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| selected three different gRNAs, one binding right at the TSS, the second
binding upstream and the third binding downstream of TSS. Additionally, | used
two negative controls (Figure 14). Based on multiple gRT-PCR results, | chose
the gRNAs providing the most significant difference in gene expression, one
for the activation and one for the repression of MEG3. However, later it turned
out that the gene expression of MEG3 was not stable and therefore not
reproducible. | speculated that it might be a consequence of inefficient
knockdown of MEG3 or that the cells were losing dCas9 KRAB mCherry
plasmid over time, which turned out to be the case. FACS sorting confirmed
that the number of mCherry expressing cells was unstable. The instability
caused a fluctuation of MEG3 expression and loss of the knockdown with
increasing passages. Even after multiple cycles of sorting mCherry positive
cells to increase the proportion of dCas9 KRAB expressing cells, | could not
get a clean mCherry positive population. Cells with high levels of MEG3
expression (without the dCas9 KRAB plasmid) were overtaking the culture. |
overcame this problem by increasing the transfection efficiency from about the
original 1-2 % to over 90 % by using more of the virus supernatant when
transducing the cells. Another way to solve the problem would be to use
plasmid with different selection markers — instead of fluorescent protein, use
antibiotic selection markers, or grow single-cell colonies from the mCherry
positive cells. During the optimization process, | used negative controls to see
whether the lentiviral transfection with dCas9 KRAB mCherry plasmid itself
causes a significant effect on MEG3 expression. My results stress the
importance of generating a control cell line, which goes through the same
technical process as a cell line targeting the gene of interest (Figure 15).

The overexpression of MEG3 in D492 was not the priority right from the
beginning since the endogenous expression of MEG3 in D492 is relatively high
already. MEG3 expression in D492 following transfection with the CRISPRa
plasmid was increased and relatively stable, however not high compared to
D492 control. Therefore, | decided to switch from a plasmid from OriGene to a
plasmid from Genscript with the option of using a helper plasmid with additional
activation domains to help increase the expression, which significantly
increased expression of MEG3 to levels comparable in D492M.
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Figure 14. Design of binding of gRNA to MEG3.

(A) Three gRNA binding around TSS of MEG3. (B) The nucleotide sequences of the
gRNAs.
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Figure 15. The importance of the use of proper negative control cell line.
D492MXRAB and D492MKP CTRL have lower MEG3 expression compared to D492M

69






5 Results and discussion

In this chapter, | will present and discuss published and unpublished data
generated in my PhD studies. | will discuss breast gland development and
cancer progression from the perspective of non-coding RNAs and include
some retrospective thoughts into the discussion. Original publications are
enclosed with this thesis.

5.1 Paper #l. Expression of ncRNAs on the DLK1-DIO3
locus is associated with basal and EMT phenotype in breast
epithelial progenitor cells.

This work's objective was to elucidate how non-coding RNAs from the DLK1-
DIO3 locus affect the process of epithelial to mesenchymal transition. This
work forms the central part of my PhD thesis, published in Budkova et al.
(2020).

5.1.1The DLK1-DIO3 locus is upregulated in breast epithelial
progenitor cells undergoing EMT.

In order to reveal differences in gene expression following the EMT transition
from D492 to D492M, we performed gene expression profiling of these two cell
lines. A number of miRNAs from the DLK1-DIO3 locus was highly upregulated
in D492M. Long non-coding RNAs from DLK1-DIO3 locus were also
upregulated in D492M, with MEG3 being the most differentially expressed
(Figure 1 in paper #1). This prompted us to ask whether non-coding RNAs from
DLK1-DIO3 locus play a role in EMT.

We selected four representative miRNAs (MIR127, MIR493, MIR409 and
MIR411) and the long non-coding RNA MEG3 to verify the expression of non-
coding RNAs from the DLK1-DIO3 locus by qRT-PCR. These non-coding
RNAs were confirmed to be upregulated in D492M compared to D492 (Figure
16A). Besides, we showed that ncRNAs from the locus are upregulated in
another EMT model, the HMLEmes cell line, a mesenchymal subline of the
breast epithelial cell line HMLE (Figure 16B).
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Figure 16. Upregulation of ncRNA from the DLK1-DIO3 locus in two cell lines with
a mesenchymal phenotype.

(A) gRT-PCR shows higher expression of MEG3 (left) and four miRNAs - MIR127,
MIR493, MIR409 and MIR411 (right) in D492M compared to D492. Results are
shown as mean + SD. Unpaired t-test; n = 3. (B) ncRNAs from the DLK1-DIO3
locus are also upregulated in HMLEmes. gRT-PCR shows higher expression of
MEG3 (left) and miRNAs - MIR127, MIR493, MIR409 and MIR411 (right) in
HMLEmes compared to HMLE. Results are shown as mean £ SD. Unpaired t-test;
n = 3. (Adapted from Figure 1E and 1F in paper #l).

Compared to cell lines, the transcriptome of primary cells and organoids
resembles more closely gene expression in breast tissue (K. Liu et al., 2019).
Therefore, we were intrigued to study the expression of ncRNAs from the
DLK1-DIO3 locus in primary tissue using sorted cell types from normal breast
biopsies. Our data showed that the expression of ncRNAs from the DLK1-DIO3
locus was increased in the stromal compartment compared to the epithelial
compartment of breast primary tissue. Moreover, we noted that the expression
of MEG3 is high in fibroblasts and whole tissue lysates from the breast,
whereas it is low in the epithelial cell types (Figure 17). Considering the
differential MEG3 expression in fibroblasts and in whole tissue, our data clearly
indicates that the expression in whole tissue lysates is primarily derived from
stromal cells, the prevalent part of normal breast tissue. Therefore, any
comparison of MEG3 expression in normal breast tissue compared to breast
cancer tissue should be done cautiously. This is discussed further later in this
chapter.
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Figure 17. The ncRNAs from the DLK1-DIO3 locus are highly expressed in stromal
cells and whole tissue compared to epithelial cells.

gRT-PCR shows that MEG3 expression is higher in breast fibroblasts and whole tissue
than in D492 (left). Results are shown as mean + SD. One-way ANOVA with Dunnett's
multiple comparisons test; n = 3. Expression of MIR127 and MIR411 from the DLK1-
DIO3 locus is higher in breast fibroblast than in D492 (right). Results are shown as
mean + SD. One-way ANOVA with Dunnett's multiple comparisons test; n = 3. (LEP -
luminal epithelial cells, MEP - myoepithelial cells, BRENCs - breast endothelial cells).
(Adapted from Figure 2 in paper #l).

Our observation of increased expression of non-coding RNAs in the stromal
compartment was consolidated by the data from the online dataset GOBO
(Gene expression-based Outcome for Breast Cancer Online), where MEG3
expression correlates with expression of extracellular matrix genes in breast
cancer (Supplemental Figure 2A in paper #l). Moreover, using the online
resource MiPanda (Niknafs et al., 2018), we confirmed a positive correlation of
MEG3 expression with many commonly used EMT markers in healthy and
cancerous breast tissue (Supplemental Figure 2B in paper #l).

5.1.2 MEGS3 expression negatively correlates with breast cancer
prognosis.

EMT plays a fundamental role in understanding the metastatic behaviour of
epithelia-originating cancer and treatment resistance (Creighton et al., 2009).
However, the cell lines recapitulate the biology of tumour samples only to some
extent (Gillet et al., 2011). We intended to translate our observations of MEG3
involvement in cell lines into more clinically relevant outcome with patients'
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cohorts, using breast tumour samples. MEG3 expression is significantly higher
in the breast cancer group classified as the normal-like (NL) (Figure 4A in
paper #l), which resembles the expression of MEG3 in normal tissue shown in
Figure 17. Numerous papers suggest that the samples that fall into the normal-
like group have a high proportion of normal tissue and low tumour cellularity
(Elloumi et al., 2011; Prat et al., 2010) and they are therefore often excluded
from the analysis. To ensure the quality of results representing tumour tissue,
requiring a minimal percentage of malignant cells in a tumour sample (Elloumi
etal., 2011), we omitted the normal-like tumours from the analysis of the effect
of MEG3 on the survival of breast cancer patients. Survival analysis showed
lower overall survival in patients with high MEG3 expression. These findings
were corroborated in the GOBO database (Ringnér et al., 2011) (Figure 4B in
paper #l), where MEG3 expression negatively correlates with survival in breast
cancer, exclusively in grade 3 tumours and the luminal B subtype. Together,
we have shown in two independent cohorts that MEG3 negatively correlates
with survival. Our data underscore the necessity of further studies where
subgroups are analysed.

As we have shown previously (Figure 17), by comparing primary breast
cell types, high MEG3 expression in normal breast tissue comes from stromal
cells. In the clinic, genomic profiling is typically performed from bulk samples,
S0 we cannot conclude whether the expression in tumour samples comes from
infiltrated stromal cells or elevated expression in tumour cells. Nevertheless,
both events could affect the prognosis of patients. Indeed, there are many
proofs showing that the stroma is a major regulator of tumour progression
(Bremnes et al., 2011; Conklin & Keely, 2012; Place et al., 2011).

The vast majority of cancer oriented papers describe IncRNA MEG3 as a
tumour suppressor, based on expressional studies comparing tumour tissue
with relatively lower expression of MEG3 versus adjacent normal tissue with
relatively higher expression of MEG3 (Chak et al., 2017; Molina-Pinelo et al.,
2018; Sheng et al., 2014; Sun et al., 2016; Yin et al., 2015). However, as
carcinoma (including breast cancer) originates from epithelial cells, it would be
expected to see lower levels of MEG3 expression in tumour samples, as they
are comprised of a relatively higher number of epithelial cells, compared to
normal tissue. Single-cell sequencing or in situ hybridization would provide a
better way to understand the heterogeneity of breast tumours and the origin of
expression of MEG3.

In my opinion, the classification of a gene as a tumour suppressor cannot
be based on expression level but rather on the survival analysis. As such,
survival analysis can tell if the gene is a positive/negative prognostic factor for
the given cancer. To the best of my knowledge, there is only one paper related



to breast cancer, by Yao et al. (2019), where high MEG3 expression was
identified as a negative prognostic marker for breast cancer. On the other
hand, most research papers on survival analysis with MEG3 in breast cancer
have shown conflicting results (Binabaj et al., 2018; X. Cui et al., 2018; Tian et
al., 2018).

A major tumour suppressor role of MEG3 is through stabilization of TP53
level, one of the most critical genetic alterations in human cancers (Sun et al.,
2016; Uroda et al., 2019; Zhou et al., 2007). More than 50 % of tumours have
direct inactivation in TP53 or its pathway. Our D492 cell lines with inactive
TP53 offers another, perhaps more relevant view, on the role of MEG3, for
such tumours with inactive TP53. The effect of TP53 can be studied on cell
proliferation and cell cycle assays. We did not see the change in proliferation
rate in our cell lines with the altered expression of MEG3. A recent paper by
(Uroda et al.,2019) may support a different role of MEG3 than tumour
suppressor in our cellular model, as they state that cell cycle arrest by MEG3
is exclusively TP53-dependent. Moreover, Chang et al. (2011) showed that
TP53 inhibits EMT and stemness properties in mammary epithelial cells
through transcriptional activation of the MIR200c gene. There, loss of TP53
leads to decreased expression of MIR200c and activated EMT program,
accompanied by an increase in the mammary stem cell population. However,
in D492, MIR200c is not lost, although TP53 is inactive (Hilmarsdottir et al.,
2015). TP53 loss has also been correlated with the acquisition of self-renewal
ability in normal and tumour mammary stem cells (Cicalese et al., 2009; Gatza
et al., 2008). These findings emphasise the importance of studying the relation
of MEG3 and TP53 and the context-dependent role of MEG3 in tumour
progression.

5.1.3 MEG3 as a marker of DLK1-DIO3 locus

To gain further insight into EMT regulation by MEG3, we established a cellular
model for studying the effects of gain and loss of function with the CRISPRi/a
approach (Figure 18A). Using this model, we showed concomitant expression
of miRNAs from the DLK1-DIO3 locus with MEG3, suggesting that MEG3 and
miRNAs from the same locus are regulatory dependents (Figure 18B). These
results were corroborated with data from The Cancer Genome Atlas (TCGA),
where 75 % of miRNAs with positive correlation were located at the DLK1-
DIO3 locus (table 1 in paper #l). Researchers have demonstrated that the
maternally inherited unmethylated copy is essential for maintaining repression
of protein-coding genes and activation of the ncRNAs (da Rocha et al., 2008;
Lin et al., 2003). Previous studies have shown that the MEG3 promoter,
specifically MEG3-DMR, regulate the expression of all maternally expressed
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genes from the DLK1-DIO3 locus (loannides et al., 2014; Sanli et al., 2018;
Tierling et al., 2006; Zhu et al., 2019). Our results and the results of others
suggest that MEG3 expression is indicative for the expression of all the
ncRNAs at the locus and may therefore be accepted as a marker for the
expression of ncRNAs from the DLK1-DIO3 locus.
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Figure 18. Concomitant expression of non-coding RNAs from DLK-DIO3 locus with
MEG3.

(A) Cellular model of altered expression of MEG3 was generated using CRISPR
activation (CRISPRa) in D492 and CRISPR inhibition (CRISPRIi) in D492M for
upregulating and downregulation of MEG3, respectively. Upregulation of MEG3 in D492
(D492MEG3) compared to D492 with scrambled control (D492CTRt: |eft), with phase-
contrast pictures of D492CTR- and D492VEC3 (below). Knockdown of MEG3 in D492M
(D492MKP-MEG3) compared to D492M with scrambled control (D492MKP-CTRL: right), with
phase contrast-pictures of D492MKP-CTRL and D492MKP-MEGS (helow). Results are shown
as gRT-PCR with mean + SD. Unpaired t-test; n = 3. Scale bar = 100 um. (B) miRNAs
from the DLK1-DIO3 locus are upregulated with overexpression of MEG3 and
downregulated with knockdown of MEG3. qRT-PCR shows increased expression of
four representative miRNAs from the DLK1-DIO3 locus in D492VEG3 compared to
D492CTRL (left) and their decreased expression in D492MXP-MEG3 compared to D492MKP-
CTRL (right). Results are shown as mean = SD. Unpaired t-test; n = 3. (Adapted from
Figure 5 in paper #l).



To study gene expression changes induced by MEG3, we performed RNA
sequencing of D492M with knockdown of MEG3. Gene Set Enrichment
Analysis, using the Hallmark dataset, supported our hypothesis that non-
coding RNAs from DLK1-DIOS3 locus play a role in EMT. The epithelial-to-
mesenchymal transition was one of the significantly deregulated gene sets by
MEG3 (Figure 6A in paper #1).

5.1.4 MEGS3 induce partial EMT

Existing literature regarding the role of MEG3 in EMT is conflicting. We have
shown that many mesenchymal and basal markers follow the MEG3
expression (Figure 7 in paper #l). Nevertheless, we did not see a complete
EMT phenotype, including the classical E- to N-cadherin switch when MEG3
was overexpressed in D492 (Supplementary Figure 4 in paper #l). We have
obtained comparable findings using another cell line with the mesenchymal
phenotype (HMLEmes), indicating a positive correlation of MEG3 with
mesenchymal markers (Figure 19), and conversely, using luminal epithelial
cell line (D382), we have seen a negative correlation of MEG3 with luminal
epithelial markers (Figure 20). Our data indicate that MEG3 expression shifts
the cells towards basal/mesenchymal phenotype. It has been shown already
that myoepithelial cells, epithelial to mesenchymal transition-derived cells and
stromal cells share common markers (Petersen et al., 2001).
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Figure 19. Transcription factors related to EMT were downregulated after MEG3
knockdown in HMLEmes cell line.

gRT-PCR data confirms downregulation of MEG3 in HMLEmes KD MEG3 cell line
compared to control cell line HMLEmes KD ctrl and shows downregulation of TF ZEB1,
ZEB2 and SNAI2 in HMLEmes KD MEG3 cell line compared to control cell line
HMLEmes KD ctrl. Results show unpublished preliminary data.
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Figure 20. MEG3 is negatively associated with the luminal phenotype.

(A) MEG3 has low expression in luminal epithelial cells (D382) compared to epithelial
(D492) and mesenchymal (D492M) cells. (B) Lentiviral overexpression of MEG3 in
D382 resulting in D382 MEG3 decreases luminal markers — MIR200b, MIR200c,
MIR205, MIR141 compared to its control with empty vector D382 PCDH. Results show
unpublished preliminary data.

Our results suggest that MEG3 is a novel inducer of EMT in breast tissue,
in contrast to the majority of studies that have shown an inhibitory role of MEG3
in EMT in cancers (Seip et al., 2016; Xu et al., 2018). Nevertheless, our data
are supported by studies, where MEG3 was found to have an inducing role in
the EMT in ovarian cancer (Mitra et al., 2017; Wang et al., 2019), lung cancer
(Terashima et al., 2018; Terashima et al., 2017), hepatocellular carcinoma
(Zhang et al., 2018) or glioma (Yang et al., 2020). MEG3 plays a promoting
role in the tumorigenesis and angiogenesis of lung adenocarcinoma through
the Akt pathway (Li et al., 2019). Also, MEG3 has been revealed to contribute
to osteosarcoma expansion through enhanced migration, invasion, and
reduced apoptosis (Wang & Kong, 2018). Furthermore, plasma samples from
colorectal cancer patients have shown higher levels of MEG3 compared to
healthy controls (H. Liu et al., 2019). Moreover, MEG3 siRNA decreased cell
migration and proliferation, and conversely, overexpression of MEG3
increased cell migration and proliferation in Hirschsprung's disease (Li et al.,
2017). MEG3 was also found to promote pulmonary, cardiac and kidney
fibrosis (Gokey et al., 2018; Piccoli et al., 2017; Zha et al., 2019). A few EMT
related studies are also dedicated to the role of miRNAs from the DLK1-DIO3
locus. MiRNAs from the DLK1-DIO3 locus have been linked to EMT in
metastatic prostate cancer (Gururajan et al., 2014). Milosevic et al. (2012)
found that most of the miRNAs upregulated in IPF (idiopathic pulmonary
fibrosis) patients belonged to the DLK1-DIOS3 locus.

One of the best-known inducers of EMT is TGFf (Xu et al., 2009), a key
regulator of mammary branching and regulator of gene expression in various



cell types (Nelson et al., 2006; Willis & Borok, 2007). MEG3 and miRNAs from
the DLK1-DIO3 locus were induced in cells after TGFB1 stimulation (Milosevic
et al., 2012; Terashima et al., 2017), which was also the case in our cellular
model (Figure 21). MEG3 binding sites revealed that MEG3 modulates the
activity of TGFB - responsive genes by binding to distal regulatory elements
(Mondal et al., 2015). TGFB has a dual role in cancer - it can act as a tumour
suppressor by inhibiting growth and promoting apoptosis at the early stages of
cancer initiation, or in later stages, act as tumour promotor by inducing
metastasis formation (Kim et al., 2000; Lebrun, 2012; Millet & Zhang, 2007; Xu
et al., 2009). Such a dual role of TGF and its connection to MEG3 could be
another possible reason for the conflicting data about MEG3 in the literature.
However, the possible time-dependent role and detailed connection of MEG3
with TGFB during the EMT process remains to be elucidated.
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Figure 21. MEG3 expression increases after treatment with TGF1.
gRT-PCR shows a time-dependent increase of MEG3 expression after treatment with
TGFB1. Results show unpublished preliminary data.

5.1.5 MEG3 induces mesenchymal properties and stemness

Several indications lead us to focus on the role of the DLK1-DIO3 locus in
stemness. First of all, partial EMT phenotype is associated with stemness
(Grosse-Wilde et al., 2015). Furthermore, several papers previously connected
the expression of genes from the locus to pluripotency (Kang et al., 2009; Liu
et al., 2010; Moradi et al., 2017; Stadtfeld et al., 2010; Zhao et al., 2009).

To revise the role of DLK1-DIO3 locus in inducing stemness in our cell
model, we have studied stem cell markers and performed functional assays
describing stem cell properties. Stemness is commonly quantified using
specific markers like CD44*/CD24"ov (Al-Hajj et al., 2003), integrin alpha 6
(ITGa6 or CD49f) or aldehyde dehydrogenase (ALDH1) (Ginestier et al., 2007;
Krebsbach & Villa-Diaz, 2017; Resetkova et al., 2010). Our results showed a
positive correlation of MEG3 with stem cell markers ITGa6, ALDH1

79



(Supplementary Figure 6 in paper #l) and a negative correlation with CD24
(Figure 22). From the functional studies, we observed the association of
MEG3 with increased migration, resistance to apoptosis and sphere formation
capacity, properties typically associated with the mesenchymal phenotype
(Figure 8 in paper #l and Supplementary Figure 5 in paper #l). We also
observed a bigger size of colonies and less branching in correlation with MEG3
expression. A similar effect on branching potential, however, in the lung, was
described in another study, where epithelial cells with overexpression of
MIR127, one of the most studied miRNAs from the DLK1-DIO3 locus, led to
fewer terminal buds (Bhaskaran et al., 2009). On the other hand, a recent study
by Deocesano-Pereira et al. (2019) focused on the role of MEG3 in breast
cancer obtained different results compared to us. Similarly to our study, they
performed CRISPR knockout of MEG3 and studied the phenotypic and
functional changes. Despite finding high expression of MEG3 in the triple-
negative metastatic breast cancer cell line Hs578T, their results showed
that MEG3 deletion promoted cell proliferation, anchorage-independent cell
growth and migration. On the other hand, MEG3 deletion also led to decreased
cell invasiveness and promoted the expression of TGFB and N-cadherin
(Deocesano-Pereira et al., 2019).
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Figure 22. MEG3 expression negatively correlates with the CD24 marker.

FACS analysis shows D492MEG3 (7,09 %) (right) has decreased expression of CD24
compared to D492CTR- (36,42 %) (left), while the proportion of CD44 positive cells
remain similar in both cell lines. Results show unpublished preliminary data.

In summary, in this study, we focused on non-coding RNAs with high
expression levels in mesenchymal cells. Our interest was miRNAs and



IncRNAs on the imprinted DLK1-DIO3 locus, which showed high expression in
D492M compared to D492. We explored the functional role of the locus in
cellular phenotype using CRISPR and pinpointed its role in inducing partial
EMT, therefore plasticity. Gain and loss of function studies showed
concomitant expression of the INcRNA MEG3 with miRNAs from the locus and
its association with a basal and mesenchymal phenotype.

5.2 Paper #2. MiR203a is differentially expressed during branching
morphogenesis and EMT in breast progenitor cells and is a repressor of
peroxidasin.

A comparison of D492 and D492M in 2D and 3D culture in terms of miRNAs
expression was the main project of a previous PhD student in our lab, Dr.
Eirikur Briem (Briem et al., 2019). MIR203a, MIR141, MIR200c, MIR203a and
MIR205 were the most differentially expressed miRNAs, with higher
expression in epithelial cells (D492) compared to the mesenchymal cells
(D492M) (Figure 1 in paper #l1). Those miRNAs have been found to have high
expression in epithelial cells, and their loss of expression has been shown to
occur during EMT (Gregory et al., 2008; Moes et al., 2012; Tran et al., 2013).
Our group has previously shown that MIR200c and MIR141 play an important
role in maintaining epithelial integrity during the EMT process and, together
with TP63, are required to achieve branching potential when overexpressed in
D492M (Hilmarsdottir et al., 2015). Numerous studies have implicated specific
miRNAs in EMT and cancer; among them is the study by Meyer-Schaller et al.
(2019), where 13 miRNAs critically important for EMT progression were
identified with miR200 family among them. Our study focused on MIR203a as
a potential candidate, having a role in the cell lines' epithelial phenotype. To
elucidate the role of epithelial miRNAs in branching morphogenesis, we
compared their expression in three different time-points in 3D culture.
Uniquely, MIR203a was increasingly expressed with advancing branching
morphogenesis (Figure 3B in paper #llI). Our results show MIR203a
consistently associated with the epithelial and particularly luminal phenotype
(Figure 3C in paper #ll), corresponding to MIR203a being activated during
luminal epithelial differentiation (DeCastro et al., 2013).
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To elucidate the role of MIR203a in our EMT model, we stably
overexpressed this miRNA in the D492M cell line, using lentiviral transduction,
resulting in a new cell line D492M™MiR203a glong with the control cell line
D492ME™Y - transduced with an empty vector. Initial characterization of
D492MmiR203a demonstrated subtle changes towards cuboidal epithelial cells in
2D and more compact colonies in 3D, compared to the control D492ME™PY, We
have found that MIR203a slows down the proliferation and negatively affects
the phenotype typically associated with mesenchymal cells, such as resistance
to apoptosis, anchorage-independent growth, migration, and invasion (Figure
4 in paper #ll). The effect of MIR203a on the abilities mentioned above is
consistent with previous studies in various cancer types, including breast
cancers (Ding et al., 2013; Taube et al., 2013; Wang et al., 2014). Also, on the
molecular level, MIR203a expression contributes to the epithelial phenotype.
MIR203a increases the expression of epithelial markers such as E-cadherin
(CDH1), KRT14 or KRT19, while expression of mesenchymal N-cadherin
(CDH2) is decreased (Figure 4 in paper #lI).

Several MIR203a target genes were revealed, suggesting that MIR203a
may play a role in multiple signalling pathways. Among MIR203a target genes
is the EMT- inducer SMAD3, oncogene SRC or stemness markers TP63 and
GATA6 (GATA-binding factor 6) (DeCastro et al., 2013; Ding et al., 2013;
Huang et al., 2020; Lai et al., 2020), which is overall in line with our findings
that MIR203a expression suppresses characteristics of EMT/stemness.
Further clarification of MIR203a target genes is important for understanding its
entire regulatory network. By RNA sequencing of D492MmiR203a gnd
D492Memry, and corroborating bioinformatic predictions, we identified a
potential novel target gene of MIR203a, peroxidasin (PXDN). PXDN is an ECM
protein with peroxidase activity and a collagen 1V crosslinker, important for the
basement membrane's integrity (Peterfi et al., 2009). To confirm PXDN as a
target of MIR203a, we have shown that PXDN expression is affected when
cells are treated with MIR203a mimics and inhibitors (Figure 23A). Also, using



the luciferase assay, we established that MIR203a interacts with a specific
region of the 3" UTR of PXDN (Figure 23B).
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Figure 23. MIR203a regulates PXDN expression.

(A) D492M cells treated with MIR203a mimic have reduced expression of PXDN,
whereas D492MMR-203a ce|ls treated with MIR203a inhibitor have increased expression
of PXDN. gRT-PCR results shown as mean £ SD, n = 3. (B) MIR203a directly binds to
its target sequence on PXDN 3' UTR. Luciferase results show as mean + SD. Two-
tailed student t-test, n = 3. (Adapted from Figure 5 in paper #Il).

Increased PXDN expression has been associated with various diseases
and developmental stages, such as renal fibrosis (Peterfi et al., 2009), during
embryonic development of the eye (Yan et al., 2014), in melanoma cancer
(PXDN has also been previously called MG50 - melanoma gene 50) (Mitchell
et al., 2000) and ovarian cancer (Zheng & Liang, 2018). This demonstrates an
association of PXDN with the EMT process. To determine whether PXDN is
responsible for the effects seen by overexpression of MIR203a in D492M, we
performed a transient knockdown of PXDN in D492M using siRNA. We have
shown that decreased PXDN expression slows down the proliferation and
decreases the resistance to apoptosis (Figure 6 in paper #1). Those results
are in concordance with another study, where PXDN knockdown led to an
increase in reactive oxygen species associated with decreased cell viability
and increased apoptosis (Dougan et al., 2019).

Data from public online databases shows that patients with HER2 positive
breast cancer and high PXDN expression have significantly lower overall
survival (Figure 24). There are currently no published studies on the role of
PXDN in HER2 positive breast cancer, but this subtype-specific effect on
survival suggests that it is an interesting subject to study further. HER2-positive
and triple-negative breast tumours are prominent by progressive stiffening of
breast tissue (Acerbi et al., 2015; Chang et al., 2013). The stiffening of tumours
is associated with ECM deposition and crosslinking (Butcher et al., 2009;
Levental et al., 2009). Stiffness of the breast positively correlates with breast
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cancer risk (Boyd et al., 2014) and negatively correlates with responsiveness
to chemotherapy (Hayashi et al., 2012). The exact molecular mechanism of
how stiffness promotes aggressiveness of breast tumours is not known.
MIR203a was shown to be decreased as a response to high stiffness in breast
tumours, followed by Robo/Slit regulatory pathway leading to maturation of
focal adhesion, helping the cell to adjust to the stiffness (Le et al., 2016).
Further characterization of downstream effects of MIR203a on PXDN and
investigations on the role of PXDN in HER2 positive breast cancers is ongoing
in our lab by another PhD student, Anna Karen Sigurdardottir.

Results for PXDN in patients from the Her2 subtype
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Figure 24. Patients with HER2 positive breast cancer with high PXDN expression has
significantly lower overall survival.
Kaplan-Meier graph from BreastMark database.

Collectively, in this study, we explored the role of MIR203a as a regulator
of branching morphogenesis and mesenchymal to epithelial transition,
contributing to epithelial properties. Furthermore, we identified MIR203a as a
novel suppressor of peroxidasin (PXDN). Unravelling MIR203a effects on
EMT/MET, and their downstream target PXDN could help to uncover novel
biomarkers for breast cancer.

5.3 Paper #lll and IV. Comparison of isogenic non-malignant and
malignant cell lines with EMT phenotype and identification of YKL-40
and ECM1 with a putative role in promoting malignancy.

Here, | will summarise findings from paper #lll and #IV. In paper #lll, we
focused on identifying functional and molecular differences between two
isogenic cell lines with differences in their ability to cause metastasis, whereas



paper #lV is focused on the heterotypic interaction of endothelial cells with
cancer cells. In these two studies, we identified extracellular matrix proteins
YKL-40 and ECML1 as important players in mediating the tumorigenicity of
HER2 breast tumours. The characterization of the YKL-40 gene and the
comparison of the cell lines (paper #lll) was the main research questions of
former PhD student in our group, Dr. Erika Morera (Morera et al., 2019), while
the ECML1 study (paper #IV) was the main research question of Dr. Sophie
Steinhauser (Steinhaeuser et al., 2020), also a previous PhD student in our

group.

The main interest from the perspective of non-coding RNAs was to identify
changes in miRNAs expression under conditions of tumorigenicity. We
determined (in paper #ll): MIR200c, MIR203a, and MIR205, as the most
differentially expressed miRNAs between D492 and D492M, with high
expression in epithelial cells. When D492M and D492HER?2 are compared, the
higher expression of those miRNAs in D492HER?2 indicates stronger epithelial
integrity of D492HER2 compared to D492M (Figure 25). The hybrid
epithelial/mesenchymal phenotype of D492HER2 provides plasticity to the
cells. The plasticity of cells is one of the proprieties of metastatic cells (Jolly et
al., 2015; Jordan et al., 2011; Ye & Weinberg, 2015), as previously discussed
in the introduction of this thesis.
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Figure 25. D492M and D492HER2 show a reduction in the expression of epithelial
microRNAs.

However, D492HER?2 has about 2-5 times higher expression of MIR200c, MIR203a,
and MIR205 miRNAs compared to D492M. qRT-PCR results shown as mean + SD, n
= 2). (Adapted from Figure 1C in paper #ll1).

By studying functional differences of those D492 - derived cell lines,
D492HER?2 has shown increased migration, invasion, proliferation, viability,
and sensitivity to apoptosis compared to D492M and D492 (Figure 1 in paper
#lI). In angiogenesis assay, we identified increased tube formation of
endothelial cells after their induction with conditioned media from D492HER2
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cells (Figure 1B in paper #lV). These aggressive traits of tumorigenic
D492HER2 and its partial EMT phenotype goes in hand with the higher risk of
cells with partial EMT phenotype to cause metastasis (Grosse-Wilde et al.,
2015; Ye & Weinberg, 2015). However, we cannot distinguish whether the
observed functions of D492HER?2 are primarily caused by the HER2 oncogene
or the partial EMT phenotype.

The importance of the interaction between the malignant epithelial cells and
the surrounding stromal cells is widely recognised. Moreover, the specific
receptivity of the metastatic niche was first identified more than 30 years ago
(Allinen et al., 2004; Conklin & Keely, 2012; Paget, 1989). Here, we focused
on the role of the endothelial cells. There are many ways that endothelial cells
affect tumour growth. The vasculature is a key component in tumour growth
and metastasis, not only because circulating cancer cells migrate through
blood vessels (Junttila & de Sauvage, 2013), but also, endothelial cells are a
vital component in enhancing the drug resistance of tumours. For example,
endothelial cells have been suspected of having control over cancer
progression through the expression of Nidogen-1 (Ferraro et al., 2019).

We studied epithelial-endothelial interactions, using co-cultures of epithelial
cells with HER2 overexpression and endothelial cells or conditioned media
thereof. To investigate possible feedback reactions between endothelial cells
and epithelial cells, we applied co-culture methods such as conditioned media
transfer and indirect co-culture (Figure 1D and 1F in paper #IV). Our results
showed increased migration and invasion of tumorigenic cells towards
endothelial cells compared to non-tumorigenic cell lines. Moreover, direct co-
culture, both in 2D and 3D, showed that the morphogenetic and the
mechanistic role of endothelial cells are possibly important in the pathogenesis
and progression of tumours. Here we have shown that the migration of
epithelial cells is directed towards endothelial cells (Figure 2 in paper #IV).
Altogether, we observed that D492HER?2 triggers endothelial cells in releasing
a feedback response attracting epithelial cells towards them.

To identify specific secreted proteins responsible for the aggressivity of
D492HER?2 and its crosstalk with endothelial cells, we profiled conditioned
media (CM) from D492HER2. We identified two candidate molecules YKL-40
and ECM1, contributing to the D492HERZ2 cell’s phenotype (Figure 2D in paper
#IV).



5.3.1YKL-40/CHI3L1 facilitates migration and invasion in HER2
overexpressing breast epithelial progenitor cells and generates a
niche for capillary-like network formation.

Elevated expression of YKL-40 has been found in numerous cancers, including
breast cancer (Liu et al., 2014; Roslind et al.,, 2007). Analysis of YKL-40
expression in breast cancer revealed a significant association with decreased
overall survival and distant metastasis-free survival (Wan et al., 2017; Zhao et
al., 2020). YKL-40 has also been linked to the EMT process in non-small cell
lung carcinoma (Jefri et al., 2015). Moreover, the function of YKL-40 has been
connected to supporting angiogenesis through VEGF stimulation (Ngernyuang
et al., 2014; Shao, 2013; Shao et al., 2009), prevention of apoptosis (Lee et
al., 2009) or involvement in inflammation (Kzhyshkowska et al., 2007). We
aimed to decipher YKL-40 protein' role in D492 - derived cell lines with gain
and loss of function studies (Figure 3 in paper #lll). Both transient (using
siRNA) silencing and stable (using CRISPR) repression of YKL-40 in
D492HER?2 have shown decreased migration and invasion upon repression of
YKL-40. Similarly, the overexpression (using CRISPRa) of YKL-40 in D492
and D492M led to increased migration and invasion in both cell lines (Figure
26). Jensen et al. (2003) have shown a supportive role of YKL-40 in breast
tumours' aggressiveness. They found that high expression of HER2 and YKL-
40 in serum independently correlated with metastatic breast cancer patients
with a poor prognosis.
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Figure 26. YKL-40 induces migration and invasion in D492 cell lines.

(A) Overexpression of YKL-40 in D492 and (B) D492M using the CRISPRa system
increased their ability to migrate and invade. (C) Knockdown of YKL-40 in D492HER?2
in stable cell lines generated by CRISPR/Cas9 reduced the ability of D492HER2 to
migrate and invade. Results are shown as mean + SD. Unpaired t-test, n = 8. (Adapted
from Figure 3E, F and G in paper #l11).

The supporting role of YKL-40 in angiogenesis has been observed in
previous studies, with molecular signalling through syndecan 1, present on
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endothelial cells (Shao, 2013) or through increased migration of endothelial
cells (Malinda et al., 1999). Therefore, we were interested in elucidating the
role of YKL-40 in angiogenesis in our cell model. Using conditioned media
transfer, we showed that increased YKL-40 expression induces the potential
to stimulate angiogenesis (Figure 4B in paper #lll). Alternatively, when the
monoclonal antibody against YKL-40 was added to CM of D492HER?2, the
formed HUVEC network was significantly reduced. However, when a
recombinant YKL-40 protein was added to CM of D492HER?2, the phenotype
of the network structure was rescued (Figure 4A in paper #lIl). Together, our
results indicate that the secreted YKL-40 induces angiogenesis.

Moreover, YKL-40 dramatically influences the phenotype of D492HER?2
cells in 3D culture, contributing to the formation of grape-like colonies (Figure
5 in paper #lII).

Collectively, in paper #lll, we have analysed the role of YKL-40 in metastatic
formation and show an increase in migration, invasion, and angiogenesis. Our
data demonstrate that YKL-40 may contribute to the D492HER2 cell’s
plasticity and aggressiveness by increasing the migratory, invasive, and
angiogenetic abilities of cancer cells.

5.3.2 ECM1 secreted by HER2-overexpressing breast cancer cells
generates vascular niche that accelerates migration and invasion of
cancer cells

ECM1 has been shown to be essential for adhesion and invasion of breast
cancer cells and promoting the formation of metastasis (Wu et al., 2018).
Furthermore, ECM1 has been identified as a poor prognostic marker in
patients with breast cancer (Lal et al., 2009) and having an effect on endothelial
cells, promoting angiogenesis (Han et al., 2001; Sercu et al., 2008). ECM1
might represent a promising therapeutic target for decreasing the therapeutics'
resistance or targeting the hallmark of metastatic cancer — angiogenesis.
However, the mechanism of how ECM1 supports endothelial cells is not well
understood on the molecular level. Currently, the principal treatment for HER2-
positive breast cancer is the monoclonal antibody trastuzumab. Lee et al.
(2014) have shown that trastuzumab resistance is often raised in breast cancer
with ECM1 overexpression.

Using recombinant ECM1 protein and cell lines with stable overexpression,
we have determined its direct role on endothelial cells, increasing
angiogenesis (Figure 3B and Figure 4B in paper #lV). Conversely, the
knockdown of ECML1 resulted in a decrease in angiogenesis (Figure 4B in
paper #V). Furthermore, conditioned media transfer from such treated
endothelial cells back on epithelial cells revealed increased migration and
invasion (Figure 27). This effect was also confirmed with the use of stable



knockdown of ECM1 in D492HERZ2, decreasing migration and invasion (Figure
4D, F in paper #1V).

On the molecular level, the results from RNA microarrays have revealed
the importance of Notch signalling in the epithelial-endothelial crosstalk
induced by ECML1. Obtained results were further validated by gRT-PCR and
immunofluorescence staining (Figure 5A in paper #1V). Inhibition of the Notch
pathway with y-secretase inhibitor (DAPT- N-[N-(3,5-Difluorophenacetyl)-L-
alanyl]-S-phenyl glycine t-butyl ester) confirmed its role in ECM1-mediated
promotion of migration and invasion (Figure 27). We have shown that ECM1
induces endothelial feedback promoting migration of cancer cells towards
them through Notch signalling. Notch signalling is very complex and is a known
key player in endothelial cells and angiogenesis in both normal development
and diseases, including breast cancer (Dufraine et al., 2008; Ghiabi et al.,
2015; Iso et al., 2003; Miloudi et al., 2019). Notch is also known inducer of EMT
and metastatic spreading in breast cancer (Lamouille et al., 2014; Reedijk,
2012).
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Figure 27. Recombinant ECM1 induces endothelial feedback increasing migration and

invasion via Notch signalling pathway.

When the Notch inhibitor (DAPT) is added, the migration and invasion are decreased.
Conditioned media from recombinant-ECM1 induced endothelial cells (rECM1 HUV-CM)
promote migration and invasion of D492HER2 compared to untreated control (untr. HUV-
CM). Conditioned media from recombinant-ECM1 induced endothelial cells treated with
Notch inhibitor (DAPT) (rECM1+DAPT HUV-CM) reduce migration and invasion of
D492HER2 cells compared to control (rECM1+DMSO HUV-CM). Student t-test, n = 3.

(Adapted from Figure 5E in paper #IV).
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Collectively, in paper #lV, we identified ECM1 as a mediator of endothelial-
epithelial crosstalk with a role of supporting metastasis formation through
Notch signalling. Upregulation of Notch is meditating positive feedback in
promoting migration and invasion of breast cancer cells.



6 Future perspectives

The research described in this thesis is raising several questions, which
answers would help to further elucidate the role of studied molecules in breast
gland development and cancer. Therefore, | would like to mention here the
ideas and proposals for the further continuation of the projects.

In our experimental set up with loss/gain of function of MEG3, we applied
CRISPRI at the TSS of MEG3, which suppressed the transcription of NnCRNAs
from the DLK1-DIO3 locus. Therefore, we investigated the role of the whole
ncRNAs from the DLK1-DIO3 locus. We used MEG3 as a marker of the DLK1-
DIO3 locus expression, but MEG3 does not necessarily have a causative role
in EMT in our model. Further studies are needed to dissect whether the
observed molecular and functional effect is caused by MEG3, miRNA or a
combination of more ncRNAs from the DLK1-DIO3 locus. This could be done
by studying the gain and loss of function of single ncRNA at the time, with
another approach than CRISPRIi/a, such as lentiviral overexpression with
cDNA vector or downregulation with shRNA vector. In our lab, we have
previously tried to knockdown MEG3 using shRNA and siRNA; however, we
did not succeed using these methods. Another attempt, using targeting
sequences from other published articles (Shi, 2020), would be worth pursuing.

Another future aspect should be decoding the relationship of MEG3 and
TP53 by comparison of two cell lines with the same genetic background but
different methods of immortalisation, leading to functional and dysfunctional
TP53. Among other issues remaining to be elucidated is the relationship of
MEG3 and TGFf and, last but not least, the role of specific isoforms of MEG3
in our EMT model.

One of the proposed function of MEG3 is inducing heterochromatinization
through the PRC2 complex (Kaneko et al., 2014). One aspect that would
contribute to knowledge not only about MEG3 downstream effects in our
cellular model but also about the D492 cell lines” general regulation of gene
expression would be to study epigenetic alternations using ChiIP-seq
(chromatin immunoprecipitation followed by sequencing).

From the results in paper #ll, one of the hypotheses to be studied further is
whether a reorganisation of the extracellular matrix by PXDN potentially leads
to stiffening and promoting the invasion of the cells and if the PXDN-stiffness
axis is involved in HER2 breast cancer.
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Joining the findings from paper #l1l and #IV together could also bring more
information on the signalling pathway behind the aggressiveness of the
D492HER?2 cell line. YKL-40 and ECM1 seem to have a similar function in
D492HER2 by supporting angiogenesis. However, we revealed vital
differences, such as that YKL-40 has an effect on the proliferation of
endothelial cells, while ECM1 does not and that YKL-40 acts probably through
known pro-angiogenic factors VEGFR2, while ECM1 does not. This indicates
that those two proteins act through different mechanisms. It would therefore be
interesting to see whether the double knockdown of YKL-40 and ECML1 in
D492HER?2 would, even more, decrease the angiogenic potential. Although we
studied the function of YKL-40 and ECM1 in HER2 overexpressing cell lines,
its direct molecular connection to HER2 pathways remains to be elucidated.
And last but not least, going from a fully controlled cellular model to in vivo
setting, assaying tumorigenicity and metastatic potential of YKL-40 and ECM1
would lead the project closer to clinical relevance.

Moreover, in paper #1V, we identified the feedback effect of endothelial cells
on epithelial cells through Notch signalling. The Notch signalling pathway also
has a vital role in CSCs characteristics, including chemoresistance (Akil et al.,
2021). It would be interesting to study further the feedback response from the
endothelial cells on D492HER2, and study, whether Notch signalling has any
effect on other stem cell characteristics of the cell line besides increased
migration and invasion. So far, our group has unpublished data showing a
negative correlation of ECM1 with GATA3, a transcription factor driving luminal
differentiation, connected with a better prognosis of HER2 breast cancer
patients. These findings require further investigation, such as testing whether
the overexpression of GATAS3 in the D492HER?2 cell line would decrease its
tumorigenicity.

Collectively, endothelial cells were quite in the spotlight in this thesis as part
of the microenvironment playing a role in breast development and cancer.
Using our cellular models of D492, we have studied the endothelial-induced
EMT and the heterotypic interaction between endothelial and epithelial cells.
Endothelial cells form the basic building blocks for blood vessels. Interestingly,
the possible shared developmental mechanism of mammary branching and
angiogenesis can be found in partial EMT and partial EndoMT, respectively.
To the best of my knowledge, the involvement of EndoMT in developmental
angiogenesis is an almost unexplored field, as its existence was just recently
discovered (Welch-Reardon et al., 2015) and even more unexplored is the role
of non-coding RNAs. Similarly, it applies to the involvement of partial EMT in
mammary branching morphogenesis from the point of view of non-coding
RNAs, which is also quite understudied, although our group has contributed



significantly to that topic (Briem et al., 2019; Hilmarsdottir et al., 2015).
Therefore, the gained knowledge of non-coding RNAs and extracellular matrix
proteins could be vice versa relevant in those processes. Precisely, the role of
ncRNAs from DLK1-DIO3 locus and MIR203a in angiogenesis or YKL-40 and
ECML1 in branching morphogenesis. Future research is also needed in this
area.

Nevertheless, there are studies dealing with the role of members of the
DLK1-DIO3 locus in angiogenesis. MEG3 has been found to be highly
expressed in endothelial cells (Michalik et al., 2014) involved in angiogenesis
(Ruan et al., 2018). Increased MEG3 expression in HUVECs was induced by
HIF1a and promoted angiogenic sprouting, whereas knockdown of MEG3
inhibited the sprouting by decreasing levels of VEGFR2 (Ruan et al., 2018).
On the other hand, the inhibition of miRNAs from the DLK1-DIO3 locus has
been shown to increase vascularisation after ischemia (Welten et al., 2014) or
MEG3 was negatively correlated with angiogenesis in other studies (He et al.,
2017; Zhan et al., 2017; Zhang et al., 2017).

Finally, linking all presented projects together by implementing findings of
the role of ncRNAs in D492M into the perspective of tumorigenicity of
D492HER2 could strengthen the data. For example, to study whether the
overexpression of epithelial mMiRNAs or downregulation of MEG3 has an effect
on the plasticity/tumorigenicity/angiogenesis of D492HER2. And last but not
least, whether the increase in expression of YKL-40/ECM1 would make
D492M more tumorigenic.
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7/ Summary and conclusions

In this chapter, | will summarise the importance of the research topic in my
thesis for biomedical sciences, draw conclusions for each aim of the thesis and
outline how the obtained results helped address the research questions.
Moreover, | will delineate the future perspectives of individual projects.

My PhD thesis's main research topic is non-coding RNAs and their role in
branching morphogenesis and epithelial-to-mesenchymal transition in breast
epithelial cells. Our goal was to identify non-coding RNAs that govern cellular
plasticity in the human mammary gland. My thesis's secondary focus was
identifying extracellular matrix proteins contributing to the cellular plasticity and
tumorigenic properties of breast epithelial cells. The research was conducted
on D492 - derived cell lines. The D492 cell lines represent a highly relevant
and useful model to study biological concepts, including EMT, branching
morphogenesis, and tumorigenic properties.

In the first part of this thesis (paper #l and paper #ll), the focus was on the
non-coding RNAs from both sides of the EMT spectrum. The identified
candidate molecules, INcRNA MEG3 and MIR203a, play a role in the balance
of EMT/MET. Extensive in vitro evidence has delineated the involvement of
EMT/MET in branching morphogenesis and the formation of tumour
metastasis (Chakrabarti et al., 2012; Sarri6 et al., 2008). EMT is an important
event contributing to drug resistance, leading to increased heterogeneity and
plasticity of the cells within tumours. There is a lack of therapies that can
efficiently prevent metastasis as well as effective prognostic markers to
anticipate clinical outcome and treatment response. Identifying key molecules,
such as MEG3 and MIR203a, involved in EMT/MET and their mechanisms of
action could be important for reducing breast cancer patient’s mortality. In the
second part of the thesis (in paper #lll and paper #1V), we looked at the
parallels and differences between tumorigenic and non-tumorigenic cell lines
and the role of endothelial cells on both normal breast cells and cancer cells.
The stroma'’s critical function during malignant transformation and progression
suggests that targeting it in conjunction with the carcinoma cells may be a
synergistic therapeutic intervention strategy. We identified two candidate
extracellular matrix proteins YKL-40 and ECM1, secreted by breast cancer
cells, promoting angiogenesis, migration and invasion (Figure 28).

The focus of paper #I was on one of the biggest clusters of non-coding
RNAs in the human genome, the DLK1-DIO3 locus. In this study, we
addressed the role of this locus in cellular plasticity and its association with
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breast cancer. For this purpose, we used the D492 cellular EMT model,
primary cell cultures and cancer patient cohorts. The study showed that DLK1-
DIO3 might be a novel regulator of plasticity in breast epithelial progenitor cells.
We used the expression of the long non-coding RNA MEG3 as a marker for
the expression of all non-coding RNAs from the DLK1-DIO3 locus. We
suggested that the functional role of MEG3 is increasing plasticity, therefore,
promoting EMT. Our results object to other publications, where MEG3 has
been extensively reported as a tumour suppressor gene in different types of
cancer, including breast cancer (Zhang et al., 2019). However, a few studies
support our hypothesis of a role for MEG3 in EMT induction, such as those
by Mitra et al. (2017) or Terashima et al. (2017). The literature
about MEG3 indicates the complexity of its role in mammary gland
development. Collectively, DLK1-DIO3 is a large and complex locus, and much
remains to be discovered about these ncRNAs' individual versus joint function
(Dill et al., 2020).

In paper #ll, we addressed the role of MIR203a in branching
morphogenesis and EMT. We identified increased expression of MIR203a
during the branching process as well as its role in the MET process through
maintaining the epithelial integrity. Furthermore, we revealed a novel
mechanism of action of MIR203a by its ability to repress the expression of the
collagen IV crosslinker, peroxidasin (PXDN).

In paper #lll, we compared two isogenic EMT-derived cell lines with
different abilities to cause metastasis. We demonstrated that the
aggressiveness of the tumorigenic cell line (D492HER?2) is mediated by
functional abilities such as increased migration, invasion, proliferation or
angiogenic potential, compared to the non-tumorigenic cell line (D492M).
There is also a difference in expression of epithelial miRNAs, which is higher
in D492HER?2 than D492M, demonstrating the hybrid epithelial/mesenchymal
phenotype of D492HERZ2. Furthermore, in this project, we identified
extracellular matrix protein YKL-40 as a candidate causing significant
differences between D492HER2 and D492M. Our results imply that YKL-40
may provide D492HER2 with increased aggressiveness, evidenced by
enhanced migration and invasion. YKL-40 may also support cancer
progression by facilitating angiogenesis and may be of interest as a therapeutic
target in HER2-positive breast cancer-

Paper #lV aimed at investigating tumour-stroma interactions. Herein, ECM1
was identified as a breast cancer secreted protein promoting tube formation of
endothelial cell (angiogenesis), which in turn promote migration and invasion
of cancer cells. We identified a molecular pathway, through Notch signalling,



involved in breast tumour cell-endothelial interaction. Thereby, we show an
alternative role for endothelial cells, supporting breast cancer spreading,
independent of their vascular functions. Moreover, endothelial cells enhanced
the migrative and invasive abilities of HER2 overexpressing breast cancer
cells. Our data provide evidence that the tumour microenvironment,
represented here by endothelial cells, directly affects cancer cells. With this
study, we enhanced the understanding of tumour ECM and breast cancer
microenvironments. Targeting ECM1 could lead to reduced tumour growth and
metastasis dissemination.

Collectively, in this thesis, | identified non-coding RNAs and extracellular
matrix proteins conveying cellular plasticity to breast epithelial cells and
studied the underlying mechanisms causing cancer cell plasticity. | contributed
to the exploration of the differences among epithelial cell line D492 and two
cell lines with EMT phenotype D492M and D492HER?2. | identified upregulated
non-coding RNAs in both D492 and D492M. The results suggest the
importance of both miRNAs and IncRNAs in a wide variety of processes and
their contribution to the process of branching morphogenesis and EMT/MET
by regulating gene expression. We identified non-coding RNAs from the DLK1-
DIO3 locus, showed their correlation with mesenchymal genes and
contribution to plasticity. Conversely, the identified MIR203a is an important
player in the branching process and a contributor to epithelial integrity. Finally,
we suggest that extracellular matrix proteins YKL-40 and ECM1 are candidates
that might play a role in tumorigenicity.

Increased understanding of branching morphogenesis is essential not only
to know how the breast gland develops but also to understand the aetiology of
breast cancer.
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Figure 28. Graphical summary of results from the thesis.

The central part of the thesis is dedicated to ncRNA. Our results suggest that ncRNAs
from the DLK1-DIO3 locus, with its marker MEG3, is a novel inducer of partial EMT in
breast tissue through the functions such as increasing migration, resistance to
apoptosis and clonogenic capacity. Conversely, the miRNA 203a induces partial MET
and epithelial, particularly luminal, phenotype, through decreasing proliferation,
increasing sensitivity to apoptosis and decreasing migration and invasion. Moreover,
we identified its target gene peroxidasin. PXDN, on the other hand, enhances the
proliferation and resistance to apoptosis. In this thesis, I, together with my co-workers,
identified secreted extracellular matrix proteins peroxidasin (PXDN), YKL-40 and
extracellular matrix protein 1 (ECM1) as potential inducers of cancer growth. YKL-40
may contribute to D492HER2 cell’s plasticity and aggressiveness by increasing the
migratory, invasive and angiogenetic abilities of cancer cells. ECM1 is a mediator of
epithelial-endothelial crosstalk with proangiogenic properties and inducing increased
migration and invasion through endothelial Notch signalling.

o contributes to plasticity and agressivness
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Epithelial-to-mesenchymal transition (EMT) and its reversed process mesenchymal-to-
epithelial transition (MET) play a critical role in epithelial plasticity during development
and cancer progression. Among important regulators of these cellular processes are
non-coding RNAs (ncRNAs). The imprinted DLK1-DIO3 locus, containing numerous
maternally expressed ncRNAs including the IncRNA maternally expressed gene 3
(MEG3) and a cluster of over 50 miRNAs, has been shown to be a modulator of
stemness in embryonic stem cells and in cancer progression, potentially through the
tumor suppressor role of MEGS3. In this study we analyzed the expression pattern and
functional role of ncRNAs from the DLK1-DIOS locus in epithelial plasticity of the breast.
We studied their expression in various cell types of breast tissue and revisit the role
of the locus in EMT/MET using a breast epithelial progenitor cell line (D492) and its
isogenic mesenchymal derivative (D492M). Marked upregulation of ncRNAs from the
DLK1-DIO3 locus was seen after EMT induction in two cell line models of EMT. In
addition, the expression of MEG3 and the maternally expressed ncRNAs was higher in
stromal cells compared to epithelial cell types in primary breast tissue. We also show that
expression of MEG3 is concomitant with the expression of the ncRNAs from the DLK1 -
DIO3 locus and its expression is therefore likely indicative of activation of all ncRNAs
at the locus. MEG3 expression is correlated with stromal markers in normal tissue
and breast cancer tissue and negatively correlated with the survival of breast cancer
patients in two different cohorts. Overexpression of MEG3 using CRISPR activation in a
breast epithelial cell line induced partial EMT and enriched for a basal-like phenotype.
Conversely, knock down of MEG3 using CRISPR inhibition in a mesenchymal cell line
reduced the mesenchymal and basal-like phenotype of the cell line. In summary our
study shows that maternally expressed ncRNAs are markers of EMT and suggests that
MEGS is a novel regulator of EMT/MET in breast tissue. Nevertheless, further studies
are needed to fully dissect the molecular pathways influenced by non-coding RNAs at
the DLK1-DIO3 locus in breast tissue.

Keywords: DLK1-DIO3 locus, MEG3, ncRNAs,

breast itor cells
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INTRODUCTION

Breast cancer is the most common cancer in women and the
second most common cancer overall (Ghoncheh et al., 2016).
Despite major advances in diagnosis and treatment of cancer
in recent years, metastasis and development of resistance to
cancer therapies continues to be a challenge, causing over 90%
of all cancer-related deaths (Ben-Jacob et al, 2012). A major
contributing factor to metastasis and drug resistance is the
heterogeneity and plasticity of the cells within tumors (Dagogo-
Jack and Shaw, 2018). Epithelial-to-mesenchymal transition
(EMT), is a developmental process that can be hijacked by
cancer cells (Zeisberg and Kalluri, 2004; Moustakas and Heldin,
2007; Radisky et al, 2007). Generally, cells undergoing EMT,
acquire increased migration and invasive properties and show
increased resistance to apoptosis (Robson et al,, 2006; Cao et al.,
2016). Through these processes, EMT is considered a major
mediator of phenotypic plasticity in cancer cells, metastatic
formation and drug resistance (Mani et al., 2008; Scheel and
Weinberg, 2012; Ansieau, 2013; Nieto et al, 2016; Lu and
Kang, 2019). Recently, hybrid E/M (or partial EMT) cells
have been shown to have even more metastatic and stem
cell potential compared to the full epithelial or mesenchymal
phenotype (Pastushenko et al, 2018). A reversed program,
mesenchymal-to-epithelial transition (MET) is considered to
facilitate colonization in secondary sites and reverse the plastic
mesenchymal phenotype back to an epithelial state (Lu and
Kang, 2019). This, however, is debated and further studies will
increase our knowledge of the role of EMT/MET in cancer
progression and metastasis.

EMT can be initiated through intrinsic factors such as
expression of EMT related transcription factors (SNAII,
SNAI2, TWIST1, ZEB1, or ZEB2), cadherin switch from
E-cadherin (CDH1) to N-cadherin (CDH2) or through
epigenetic mechanisms. It can also be brought on by extrinsic
factors derived from the microenvironment, such as secreted
soluble factors: transforming growth factor-p (TGF-B), epidermal
growth factor (EGF), fibroblast growth factors (FGFs), hepatocyte
growth factor (HGF) or Wnt signaling factors (Moustakas and
Heldin, 2007; Peinado et al., 2007; De Craene and Berx, 2013;
Wang and Zhou, 2013; Williams et al., 2019).

Non-coding RNAs (ncRNAs) are among intrinsic regulators
of EMT (Zaravinos, 2015). It is increasingly apparent that the
ncRNAs are crucial in normal development and disease, but
its mechanistic mode of action is largely unknown (Liz and
Esteller, 2016). The two major classes of non-coding RNAs are
long non-coding RNA (IncRNAs) and microRNA (miRNAs).
Accumulating evidence suggests that IncRNAs function in a
broad range of cellular processes such as cell growth, survival,
migration, invasion and differentiation (Mercer et al,, 2009;
Sun et al.,, 2013; Di Gesualdo et al., 2014; Fatica and Bozzoni,
2014). LncRNAs are defined by the size of their transcripts
and are longer than 200 nucleotides (nt), with no protein-
coding function (Eades et al., 2014). Unlike microRNAs, IncRNAs
are poorly conserved, but function in a regulatory network
at the transcriptional, post-transcriptional, and translational
level. miRNAs are 22 nt long RNA molecules that regulate

expression post-transcriptionally primarily by binding to three
prime untranslated region (3'UTR) of target genes (Bartel, 2009).

The imprinted DLK1-DIO3 locus located on chromosome
14 contains three paternally expressed protein-coding genes
(DLK1, RTLI, DIO3) and numerous maternally expressed non-
coding genes, including the IncRNA maternally expressed gene 3
(MEG3), and a cluster of over 50 miRNAs (Zhang et al., 2010; Dill
and Naya, 2018; Baulina et al,, 2019; Li et al., 2019).

The DLK1-DIO3 locus has been described as an important
contributor to pluripotency and stemness in embryonic stem
cells (ESCs) (Kaneko et al, 2014). It discriminates between
mouse induced pluripotent stem cells (iPCS) and mouse ESCs,
where genes from the locus were strongly repressed in iPSC
clones compared to ES clones (Liu et al,, 2010; Stadtfeld et al.,
2010a). Furthermore, activation of maternally expressed genes
from the locus is a strong indi of the develop | potential
of iPSC (Kang et al, 2009). miRNAs from the DLK1-DIO3
locus have been shown to promote pluripotency by inhibition
of differentiation and stimulation of self-renewal in mouse ES
cells (Moradi et al, 2017) and were found to be increased
in tumor-originating cancer cells from lung adenocarcinoma
(Valdmanis et al., 2015).

MEG3 is a potential tumor suppressor gene in several cancer
types, mainly through the observation that MEG3 expression is
lower in various tumor tissues compared with non-tumor tissues
of the same origin (Sheng et al,, 2014; Sun et al,, 2014, 2016; Yin
et al., 2015; Chak et al., 2017; Molina-Pinelo et al., 2018). The
tumor suppressor role of MEG3 is ascribed to stabilization of
p53 with inhibition of proliferation and promotion of apoptosis
(Zhang et al., 2003, 2010; Zhou et al,, 2007; Wang et al,, 2012;
Sun et al., 2016).

MEG3 was reported to positively regulate EMT in lung
(Terashima et al, 2017) and ovarian (Mitra et al., 2017)
cancer. Furthermore, MEG3 has been shown to contribute
to the development of osteosarcoma through increased
migration, invasion and decreased apoptosis (Wang and Kong,
2018). Higher levels of MEG3 were detected in plasma from
colorectal cancer patients compared with non-cancerous controls
(Liu et al., 2019).

D492 is a primary breast epithelial cell line, immortalized
with the E6 and E7 oncogenes from the human papilloma
virus 16 (Gudjonsson et al., 2002). Therefore, the p53 protein,
which mediates the previously described tumor suppressor role
of MEG3, is repressed in this cell line. D492 can generate
both luminal and basal/myoepithelial cells in monolayer and
3D culture, expressing luminal or myoepithelial keratins such
as keratin 19 and keratin 14, respectively. Furthermore, when
D492 cells are co-cultured with endothelial cells, they, can
generate spindle-shaped colonies with EMT phenotype. D492M
(mesenchymal) was established from one such spindle-shaped
colony (Sigurdsson et al, 2011). D492M is a phenotypically
stable EMT cell line. It has lost epithelial markers such
as keratins, E-cadherin and TP63, and gained expression of
mesenchymal markers such as N-cadherin (Sigurdsson et al.,
2011; Hilmarsdottir et al., 2015). D492M has acquired classical
properties of cancer stem cells, such as increased CD44/CD24
ratio, anchorage independent growth, resistance to apoptosis
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and increased migration/invasion (Sigurdsson et al, 2011).
D492 serves as a model for branching morphogenesis and
together D492 and D492M represent a unique EMT model of
isogenic cell lines with an epithelial and mesenchymal phenotype,
respectively (Briem et al., 2019b). The ability of D492 to undergo
mesenchymal transition upon endothelial stimulation makes it a
valuable cell model to study EMT induced by extrinsic factors,
although it is important to note that neither D492 nor D492M
are fumorigenic in mice.

In this study, we describe a new role for the DLK1-DIO3
locus in EMT and phenotypic plasticity of breast cells. Following
EMT in breast epithelial cell lines, expression of the ncRNAs at
the DLK1-DIO3 locus was increased. In addition, MEG3 was
highly expressed in stromal cells in breast tissue and its expression
correlated with decreased survival in breast cancer. Moreover,
increased expression of the ncRNAs at the DLK1-DIO3 locus in a
breast epithelial progenitor cell line promoted cellular plasticity
and induced partial EMT. Collectively, our study provides a
further understanding of the role of the DLK1-DIO3 locus in
cellular phenotype of breast cells and might provide important
insight into novel therapeutic targets aimed at overcoming
heterogeneity and therapy resistance in breast cancer.

MATERIALS AND METHODS

Cell Lines

Both D492 and D492M were cultured in H14 medium, as
described previously (Gudjonsson et al., 2002; Sigurdsson et al.,
2011) in flasks coated with collagen I (Advanced BioMFatrix,
5005-B). HEK-293T cell were cultured in Dulbecco’s Modified
Eagle Medium (DMEM), high glucose, GlutaMAX (TM),
pyruvate (Gibco, 31966), supplemented with 10% Fetal bovine
serum (FBS), penicillin and streptomycin (Gibco, 15140-122).
Primary Human umbilical vein endothelial cells (HUVECs) were
obtained from Landspitali, University Hospital in Reykjavik,
Iceland, (with informed consent, approved by Landspitali Ethical
Committee No. 35/2013), cultured in Endothelial Growth
Medium 2 (EGM2) media (Lonza, CC-3162) supplemented
with growth factors and 5% FBS, further referred to as EGM5
medium as previously described (Sigurdsson et al,, 2011). HMLE
(Elenbaas et al., 2001) is epithelial progenitor cell line, from
which was derived mesenchymal cell line HMLEmes after stable
induction of EMT-TF (Mani et al., 2008). HMLE and HMLEmes
were cultured in chemically defined HMLE media, containing
DMEM/F12 with penicillin and streptomycin and growth factors
Insulin (Sigma, 11882) 10 pg/ml, EGF (Peprotech, AF-100-15)
10 ng/ml, Hydrocortisone (Sigma, H0888) 500 ng/ml.

Primary human luminal-epithelial cells (LEP), myoepithelial
cells (MEP), breast endothelial cells (BRENCs) and fibroblast
were isolated from breast reduction mammoplasties (with
informed consent, approved by the Icelandic National Bioethics
Committee VSN-13-057) as previously described (Sigurdsson
et al, 2011) and maintained in chemically defined medium 3
(CDM3) and chemically defined medium 4 (CDM4) as previously
described (Pechoux et al., 1999; Ingthorsson et al., 2010). All cells
were maintained in an incubator with 5% CO; at 37°C.

3D Cultures/Mammosphere Assays

3D cultures were carried out in a 48-well plate format (Corning,
353078) in growth factor reduced reconstituted basement
membrane rBM (further referred to as Matrigel, Corning,
354230). 5-10 x 103 cells were seeded in 150 pl of Matrigel per
well. Plate was incubated in 5% CO; at 37°C for 15 min to solidify
the Matrigel and then 300 pl of H14 media was added on top. The
cells were grown for 3 weeks and pictures were taken on day 1, 7,
14, and 21. Cell culture media was changed three times per week.
The colonies were quantified at day 14. The total number of cells
was converted into percentage.

For co-culture experiments, 0.5 x 10% of the epithelial cells
were co-cultured with 1 x 10° of endothelial cells (HUVECs) and
were resuspended in 150 pl of Matrigel. Plate was incubated in
5% COQ; at 37°C for 15 min to solidify the Matrigel and then
300 pl EGM5 media was added on top. HUVECs cultured in
Matrigel are viable, however, quiescent, having supporting role
in the epithelial cells’ proliferation. The effect of MEG3 was
quantified by counting all colonies bigger than 100 pum.

Total RNAseq and Analysis of the Data

The gene microarray expression analysis from D492 and D492M
was published previously from our group by Sigurdsson and
colleagues (Sigurdsson et al,, 2011) and the total RNA-sequencing
comparing D492 and D492M was published by Halldorsson and
colleagues (Halldorsson et al., 2017).

The RNA was extracted using Tri-Reagent (Thermo Fisher
Scientific, AM9738) from 5 replicates for each cell line.
Whole Transcriptome Sequencing of D492M¥P-CTRL and
D492MKP-MEG3 yas performed in deCODE genetics (Reykjavik,
Iceland). RNA sequencing reads were mapped to the reference
genome (Ensembl primary assembly, version GRCh38) using
STAR version 2.6.1 (Dobin et al,, 2013). The program htseq-
count (Anders et al., 2015) was used to quantify how many
reads match each gene in an annotation file (Ensemble version
GRCh38.96). The data from htseq-count was imported into R (R
Development Core Team, 2015) and differential expression (DE)
analysis on D492MKD—CTRL g D4gaKD-MEG3 wag performed
using DESeq2 (Love et al, 2014). Prior to DE analysis, genes
with expression less than two reads were discarded. P-values were
corrected for multiple testing using the false discovery rate (FDR)
method. To compare gene expression from D492MKP~CTRL g
D492MKP-MEG3 3 yolcano plot was generated. P value cut-off
of 0.05 was applied. Volcano plot over all data (p < 0.05)
was made in R using the EnhancedVolcano package from
BioConductor. The top ten most upregulated and downregulated
genes according log2 fold change were labeled. Gene Set
Enrichment Analysis (GSEA) was applied to identify enrichment
of gene signatures. Comparative analysis was investigated using
the “Hallmark” database. The list of significantly expressed
pathways is presented as a bar plot.

Quantitative RT-PCR Analysis

Total RNA was extracted with Tri-Reagent (Thermo Fisher
Scientific, AM9738). 1 pg of RNA of each sample was reverse
transcribed into complementary DNA (cDNA), using Random
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Hexamers (Thermo Fisher Scientific, N§080127) and SuperScript
IV Reverse Transcriptase (Thermo Fisher Scientific, 18090-
200) kit and subjected to quantitative real time PCR (qRT-
PCR) using Sybr Green dye Luna® Universal qPCR Master
Mix (NEB, M3003L) or TaqMan probes Luna® Universal Probe
qPCR Master Mix (NEB, M3004L) according to manufacturer’s
protocol. GAPDH was used as control for gene expression. For
assaying the relative expression of each gene, the 2 AACH o
determined using an ABI 7500 instrument (Applied Biosystems).

List of Primers

TagMAN: ZEBI (Thermo Fisher Scientific, Hs00232783_m1),
ZEB2 (Thermo Fisher Scientific, Hs00207691_ml), SNAII
(Thermo Fisher Scientific, Hs00195591_m1), SNAI2 (Thermo
Fisher Scientific, Hs00950344_m1), TWISTI (Thermo
Fisher Scientific, Hs01675818_s1), GAPDH (Thermo Fisher
Scientific, 4326317E).

SYBR  Green:  KRT14  (IDT, Hs.PT.58.4592110),
KRT19 (IDT,Hs.PT.58.4188708), MEG3 ex 10-11 (IDT,
Hs.PT.58.25190740), GAPDH (IDT, Hs.PT.39a.22214836),

KRT5 (IDT, Hs.PT.58.14446018), TP63 (IDT, Hs.PT.58.2966111),
CDH3 (IDT, Hs.PT.58.39234242).

Small RNAseq

The Microarray of small RNA data was published previously by
our group by Hilmarsdottir and colleagues (Hilmarsdottir et al.,
2015) and the small RNAseq data was published previously by
Briem and colleagues (Briem et al., 2019a).

miRNA qRT PCR

Total RNA was extracted with Tri-Reagent (Thermo Fisher
Scientific, AM9738). The RNA was reverse transcribed
using miRCURY LNA RT Kit (Qiagen, 339340) for cDNA
synthesis reactions, according to manufacturer’s protocol.
Quantitative RT-PCR analysis of miRNAs was performed
using miRCURY LNA SYBR Green PCR Kit (Qiagen, 339346),
according to manufacturer’s protocol. Gene expression levels
were quantified using primers for: hsa-miR-127-3p (Qiagen,
YP00204048), hsa-miR-409-3p (Qiagen, YP00204358), hsa-
miR-411-5p (Qiagen, YP00204531), hsa-miR-493-3p (Qiagen,
YP00204557). Normalization was done with U6 snRNA (Qiagen,
YP00203907). The 2~ **Ct was used determined using ABI
7500 instrument (Applied Biosystems) to calculate the relative
expression of each gene.

Allele Specific Expression Analysis

Total RNA was extracted with Tri-Reagent (Thermo Fisher
Scientific, AM9738) and reverse transcription done using
1 g of DNase I-treated total RNA using random hexamers
(Thermo Fisher Scientific, N8080127) and SuperScript II Reverse
Transcriptase (Thermo Fisher Scientific, 18064022) according
to the manufacturer’s instructions. PCR primers were designed
using Primer3 and Pyrosequencing primers were designed using
PyroMark Assay Design 2.0 (Qiagen). The reverse PCR primer
had a 5'-biotin modification and was HPLC-purified. Primers
were synthesized by IDT 5'-TGGCCTTTTCTTCTCCTGAA,
5'-/5Biosg/ TGACACATGGAAAGCACCAT and  sequencing

primer 5-TCCGGGGTTACTGCCCT-3. Polymerase chain
reactions were performed in 50 pl using 10 ng of diluted cDNA
or 10 ng of DNA, 1 U DreamTaq DNA polymerase (Fermentas,
EP0701), 1X PCR buffer, 200 pM of dNTPs and 0,5 pM of
each PCR primer. The following PCR protocol was used: 94°C
for 2 min, followed by 50 cycles of 94°C for 1 min, 60°C for
1 min, 72°C for 1 min and 72°C for 9 min. To check the
quality of the amplification, PCR products were analyzed by
gel electrophoresis. Pyrosequencing were sequenced using the
PyroMark Q24 system (Qiagen), following the manufacturer’s
instructions. For the ASE SNP, DNA and RNA (cDNA) were
pyrosequenced simultaneously. The proportions of individual
alleles for the SNP were obtained using the PyroMark Q24
software version 1.0.10 (Qiagen). Genomic DNA from D492M
was examined to confirm the heterozygosity.

Clinical Cohort

RNA from breast cancer patients (diagnosed in the years
1987-2003) and relevant patient data was obtained from the
Department of Pathology Landspitali - The National University
Hospital of Iceland. Informed consent was obtained from
patients involved in this study according to the national
guidelines. The study was approved by The Icelandic Data
Protection Commission (2001/523 and 2002/463) as well as
the National Bioethics Committee of Iceland (VSN-11-105-
V2). 119 samples were used in the study assigned to the
following subgroup: 33 luminal A, 24 luminal B, 22 Basal, 12
ErbB2, 10 Normal and 18 not classified. cDNA was synthesized
from 2 pg of total RNA using Random Hexamers primers
(Thermo Fisher Scientific, N8080127) and RevertAid First Strand
¢DNA Synthesis Kit (Thermo Fisher). MEG3 mRNA expression
level was measured with the previously described qRT-PCR
primers and TBP (Applied Biosystems, 4326322E) was used as
a reference gene.

Western Blot Assay

Cells were washed with cold Phosphate Buffered Saline (PBS)
and lysed in radio immunoprecipitation assay (RIPA) buffer
with phosphatase and protease inhibitors (Halt Protease
Inhibitor Cocktail, Thermo Fisher Scientific, 78430) for 10 min
on ice and scraped with cell scraper. Protein concentration
was measured using Bradford reagent (BioRad, 5000002).
Equal amounts of protein (5-15 pg) were separated on 10%
NuPage Bis-Tris gels (Invitrogen, NP0301PK2) with NuPage
MES running buffer (Thermo Fisher Scientific, NP0002) and
transferred with NuPage Transfer buffer (Thermo Fisher
Scientific, NP0006-1) to polyvinylidene fluoride (PVDF)
membranes  Millipore Imobilion-FL. transfer ~membrane,
pore size 0,45 uM (Millipore, IPFL00010). The membranes
were blocked with Odyssey Blocking buffer (TBS) (LiCor,
927-500) and incubated with primary antibodies overnight
at 4°C. List of antibodies: keratin 14 (KRT14; Abcam,
ADb15461), keratin 19 (KRT19; Abcam, Ab7754), P-cadherin
(CDH3; Cell signaling, C52130), tumor protein p63 (TP63,
Abcam, Ab124762), keratin 5/6 (KRT5/6; Invitrogen, 180267),
Actin (Licor, 926-42212). Actin was used as loading control.
Secondary antibodies were mouse or rabbit IRDey (Li-Cor
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926-32213, 926-32212, respectively) used at 1:10.000 for 1 h
at room temperature (RT) and detected and quantified using
the Odyssey Infrared Imaging System (Li-Cor Fluorescent
signal was detected by Odyssey image system (Li-Cor) and
converted to gray scale.

Cell Migration Assay

Cell migration was examined by using trans-well Boyden
chambers with 8 wm pore size (Corning, 353097). Briefly, 3 x 10%
cells were resuspended in 250 pl H14 medium and seeded on
the trans-well inserts in 24-well plate (Corning, 353047). H14
media with 10% FBS was added to the lower chamber, below
filter. Cells were incubated for 48 h in 5% CO; at 37°C. Non-
migratory cells from the upper part of the filter were removed
with cotton swab and washed 3 times with 1x PBS. The filters
were then fixed with methanol and stained with DAPI (Sigma,
D9542-1MG). Cells were photographed in three random fields
EVOS FL Auto 2 imaging system (ThermoFisher). Pictures were
analyzed with Image] Software.

Low Attachment Assay

Anchorage independent growth was examined using 24-well
ultra-low attachment plates (Corning, 3473). Briefly, D492 and
D492M cells were single cell filtered and 500 cells/well were
seeded into EGM5 media and cultured for 9 days. The growth
of colonies was quantified under the microscope, counting all the
colonies bigger than 40 pum.

Apoptosis Assay

Resistance to chemically induced apoptosis was examined by
inducing the cells with 10 wM camptothecin [CPT, Sigma-
Aldrich, C9911)] in 96-well plate format (Corning, 353072).
and quantified using IncuCyte Caspase-3/7 Reagents (Essen
Bioscience, 4440) on IncuCyte Zoom (Essen Bioscience)
according to the manufacturer’s instructions.

Lentivirus Packaging and Transfection

The packaging of lentiviral expression constructs into
pseudoviral particles, was performed with the psPAX2 (Addgene,
12260) and PMDG.2 (Addgene, 12259) plasmids using Turbofect
(Thermo Fisher Scientific, R05319) in HEK-293T cells. The
supernatant was harvested after 48 and 72 h and filtered through
0,45 wm pore filter. For infection, cells were plated on T25
flasks, so they were 70-80% confluent following day and were
infected with 1 ml of viral particles and 1 ml of fresh media in the
presence of 8 pg/ml polybrene. Lentivirus-transduced cells were
selected with antibiotics or sorted by FACS (Sony SH800), based
on fluorescent dye to obtain stable pool of clones. The altered
expression of MEG3 was determined by gRT-PCR.

The list of lentiviral expression constructs (plasmids) used in
the study and their selection marker (with final concentration in
case of antibiotics): pLenti_sgRNA(MS2)_zeo (Zeocin Invitrogen
4 pl/ml), pLenti_dCas9-VP64_Blast (Blasticidin, 2 wg/ml),
pLenti_dCas9-KRAB_mCherry (mCherry fluorescence), SAM
MS2-P65-HSF1 Plasmids (Hygromycin 1 pl/ml).

CRISPRi/CRISPRa

To perform CRISPRi and CRISPRa, two vectors were used.
First, vector with dCAS9 with effector domain KRAB
(pLenti_dCas9-KRAB_mCherry,  Genscript) and VP64
(pLenti_dCas9-VP64_Blast, Genscript) effector domain for
CRISPRi and CRISPRa, respectively, was incorporated, using
lentiviral transfection. Subsequently, vector with designed
gRNA targeting specific site of our gene of interest MEG3 was
incorporated, in second round of lentiviral transfection. In case
of gain of function studies with CRISPRa, one additional helper
plasmid SAM (SAM MS2-P65-HSF1 Plasmids, Genscript) was
used to further increase activation.

The sequence of gRNA for overexpression of MEG3:
Guide 1: GCTCTCCGCCGTCTGCGCTA, the sequence
of gRNA for downregulation of MEG3: Guide 2:
GCGGGTGAGGGATCCTCTCGT, the sequence of gRNA
for negative control: GCTTAGTTACGCGTGGACGA were
cloned into pLenti_sgRNA(MS2)_zeo (Genscript).

Statistical Analysis

Statistical differences of qR1-PCRs (Figures LE,F, Figures 5A,B,
and Figures 7A-C) and functional assay (Figures 8B-E) between
samples were assessed with unpaired Student f-test. Statistical
differences in Figure 8A was calculated using multiple unpaired
Student f-test per row. Statistical differences of quantifications
of western blots (Figures 7B,C) among samples were assessed
using one-way ordinary ANOVA, followed by Tukey’s multiple
comparison test. Statistical differences in Figure 4A (left) was
calculated using Kruskal Wallis Test (one-way ANOVA on
ranks). Statistical analysis of qQRT-PCRs in Figure 2 were assessed
with One-way ANOVA with Dunnett’s multiple comparisons
test. All statistical analyses were performed in GraphPad Prism.
P-values below 0,05 were considered significant (*p < 0.05;
"*p < 0.01;*"*p < 0.001; ****p < 0.0001).

RESULTS

MEGS3 Is Highly Expressed in Cell Lines
With a Mesenchymal Phenotype and in

the Stromal Compartment of Breast

Tissue

D492 and D492M are isogenic cell lines with stem cell
and mesenchymal properties, respectively. D492 cells acquire
cuboidal shape in 2D culture, and form branching structures
in 3D culture, akin to terminal duct lobular units (TDLU)
in the breast. In contrast, D492M is elongated and spindle-
shaped in 2D culture and in 3D culture it forms irregular
mesenchymal-like colonies (Figure 1A). We have previously
shown that MIR203a and the MIR200 family are downregulated
in D492M and their expression is essential for the epithelial
phenotype (Hilmarsdottir et al., 2015; Briem et al,, 2019a). Of
miRNAs upregulated in D492M, the miRNAs at the DLK1-
DIO3 locus are prominent. A microarray analysis of miRNA
expression demonstrated that 15 of the 25 most highly expressed
miRNAs in D492M compared to D492 belong to the DLK1-DIO3
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FIGURE 1 | The DLK1-DIO3 locus is upregulated in breast epithelial stem cells undergoing EMT. (A) D492 and D492M generate branching and mesenchymal
structures in 3D culture, respectively. In 2D culture, D492 is cuboidal in shape and D492M is more spindle shaped. Scale bar = 100 wm. (B) Majority of the top
upregulated miRNAs in D492M are from the DLK1-DIO3 locus. Microarray heat map showing top 25 upregulated miRNAs in D492M compared to D492. 15 of them
are from the DLK1-DIO3 locus (highlighted in orange). (C) LncRNAs from the DLK1-DIO3 locus are among the most upregulated in D492M. RNAseq data showing
top ten differentially expressed INcRNA, with INcRNAs from DLK1-DIO3 locus (MEG3 and MEGS) highlighted in orange. (D) Schematic figure of the DLK1-DIO3
locus. The DLK1-DIO3 locus is located on chromosome 14 and is imprinted. It contains three paternally expressed protein coding genes (DLK1, RTL1, and DIO3)
and many matemally expressed non-coding genes, among them IncRNAs (MEG3 and MEGS) and over 50 miRNAs, among them MIR127 and MIR493 located in
cluster A and MIR409 and MIR411 located in cluster B and numerous C/D-box-containing small nucleolar RNAs (snoRNAs). DMR - differentially methylated region,
filled circles represent methylated DMRs, and unfilled represent unmethylated DMRs. (E) Upregulation of selected ncRNA from the DLK1-DIO3 locus verified with
QqRT-PCR. Graphs showing higher expression of MEG3 in D492M compared to D492 (left) and higher expression of four representative miRNAs (MIR127, MIR493,
MIR409, and MIR411) at the DLK1-DIO3 locus in D492M compared to D492 (right). Results shown as mean =+ SD. Unpaired t-test was used to test significance:
**p < 0.01; **'p < 0.001; n = 3. (F) ncRNAs from the DLK1-DIO3 locus are upregulated in HMLEmes. qRT-PCR showing higher expression of MEG3 and
representative miRNAs (MIR127, MIR493, MIR409, and MIR411) from DLK1-DIO3 locus in HMLEmes compared to HMLE. Results shown as mean =+ SD. Unpaired
t-test was used to test significance: *p < 0.05; *’p < 0.01; **p < 0.001;n = 3.
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FIGURE 2 | The ncRNA from the DLK1-DIO3 locus are highly expressed in stromal cells and whole tissue compared to epithelial cells. gRT-PCR showing MEG3
expression is higher in breast stromal cells (fibroblasts) and whole tissue than in D492 (left). (LEP — luminal epithelial cells, MEP — myoepithelial cells, BRENCs —
breast endothelial cells). Results shown as mean + SD. One-way ANOVA with Dunnett's multiple comparisons test was used to test signfficance: “'p < 0.01;
***p = 0.0001; n = 3. Expression of representative miRNAs MIR127 and MIR411 at the DLK1-DIO3 locus is higher in breast fibroblast than in D492 (right). LEP —
luminal epithelial cells, MEP - myoepithelial cells. Results shown as mean + SD. One-way ANOVA with Dunnett’s multiple comparisans test was used to test
significance: "o < 0.5;n=3.

locus (Figure 1B). Furthermore, small RNA sequencing revealed
that 33 of the miRNAs belonging to the DLK1-DIO3 miRNA
cluster have more than 1,5-fold increased expression in D492M
compared to D492 (Supplementary Figure 1). Moreover, total
RNA sequencing of D492 and D492M, revealed that MEG3 and
MEGS8 are amongst the most upregulated IncRNAs in D492M
(Figure 1C). The non-coding part of the DLK1-DIO3 locus
consists of maternally expressed IncRNAs MEG3 and MEG8 and
miRNAs grouped into two clusters (Figure 1D). To confirm
the sequencing results, we selected four representative miRNAs
from the DLKI-DIO3 locus, two from each cluster (MIR127
and MIR493 from cluster A, MIR409 and MIR411 from cluster
B). These miRNAs as well as the IncRNA MEG3 had higher
expression, as revealed by qRT-PCR, in D492M compared to
D492 (Figure 1E). In another isogenic EMT cell model, HMLE
(epithelial) and HMLEmes (mesenchymal variant) both MEG3
and the representative miRNAs were more highly expressed in
HMLEmes compared to HMLE (Figure 1F). Thus, our data
suggests that increased MEG3 expression is not a stochastic
event but consistently associates with EMT induction in breast
epithelial cell lines.

Next, we analyzed the expression of MEG3 and miRNAs from
the DLK1-DIO3 locus in primary cells from three healthy donors.

We found that the expression of MEG3 is higher in purified
stromal cells (fibroblasts) than in epithelial cells (D492, luminal
epithelial cells, myoepithelial cells and organoids; Figure 2,
left). Interestingly, expression of MEG3 in whole breast tissue
lysates is closer to fibroblast expression levels than epithelial
cells (Figure 2, left). This finding is most likely explained by the
richness of stroma in normal breast tissue, whereas organoids
contain only the epithelial cells. A similar pattern is seen with the
four representative miRNAs, where MIR127 and MIR411 have
higher expression in fibroblasts compared to their expression in
D492 (Figure 2, right).

We next acquired a list of genes correlated the expression
of MEG3 using the GOBO (Gene expression-based Outcome
for Breast Cancer Online) dataset and submitted the list
to DAVID (the database for annotation, visualization and
integrated discovery, version 6.7) (Huang et al, 2009ab)
to identify pathways associated with MEG3. Herein, the
expression of MEG3 correlates with expression of extracellular
matrix genes, which are in line with the observations of
a high expression of MEG3 in cells found in the stromal
compartment (Supplementary Figure 2A). Using analysis
of publicly available NGS data using MiPanda (Niknafs
et al, 2018) we found positive correlation of MEG3 with

Frontiers in Cell and Developmental Biology | www.frontiersin.org

155

June 2020 | Volume 8 | Article 461



Budkova et al.

ncRNAs at DLK1-DIO3 in EMT

common EMT markers in normal breast and breast cancer
(Supplementary Figure 2B). Many of these have a correlation
coefficient > 0.3 (Spearman correlation) which is considered
a fair positive correlation (Chan, 2003). Interestingly, even
more genes are positively correlated to MEG3 expression
in breast cancer as compared to normal breast tissue
(Supplementary Figure 2B).

Collectively, the IncRNA MEG3 and miRNAs from DLK1-
DIO3 locus are highly expressed in the mesenchymal
compartment compared to epithelial breast tissue and their
expression positively correlate with numerous mesenchymal
genes and EMT markers.

MEGS3 Is Imprinted in Both D492 and

D492M

The DLK1-DIO3 locus is imprinted and regulated by DNA
methylation (Cui et al., 2018). Using pyrosequencing (Harrington
et al, 2013) covering a heterozygous SNP (C/T) in MEG3
(rs4906024) we confirmed monoallelic expression of MEG3
in both D492 and D492M, with expression in both cell
lines being from the T allele (Figure 3). As both cell lines
are diploid at the MEG3 locus on a DNA level a C/T
ratio of 50% is expected which is consistent with the 48%
C-allele prominence observed. On the mRNA deviation from
expected monoallelic expression was not detected as results
showed zero C allele expression in D492 and 2% in D492M.
Hence, increased expression of MEG3 in D492M is not caused
by loss of imprinting. The expression remains monoallelic
confirming that the increased expression originates from the
non-imprinted allele.

Increased Expression of MEG3 Is
Negatively Correlated With Survival of
Breast Cancer Patients

EMT has been suggested to promote metastatic behavior of
epithelia-originating cancer (Felipe Lima et al, 2016) and,
in addition, our data shows association of MEG3 expression
with the mesenchymal phenotype. We therefore investigated
MEG3 expression levels in different subtypes of breast cancer.
We have evaluated the expression of MEG3 in clinically well-
defined breast tumors. Herein, normal like (NL) breast tumors
had significantly higher expression of MEG3 with a p-value
of 0.0003 (Figure 4A, left). Survival analysis of all tumor
samples showed reduced, but not significant overall survival in
patients with high MEG3 expression. However, as the normal-
like tumors have in recent years been subjected to scrutiny as
a possible misclassification due to low tumor cellularity and
thus, high proportion of normal tissue. In light of our results
showing high expression of MEG3 in breast stromal tissue, and
uncertainty that measured MEG3 expression in the normal-like
subgroup is representative of the primary tumor, we omitted
NL breast tumors from the survival analysis (Elloumi et al,
2011; Prat and Perou, 2011; Yersal and Barutca, 2014). The
results show significant worse overall survival of patients with
high MEG3 expression (Figure 4A, right). Corroborating our
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FIGURE 3 | Increased expression of MEG3 in D492M is not caused by loss of
imprinting. Allele specific expression analysis using pyro-sequencing shows
that the increased expression of MEG3 in D492M is not caused by loss of
imprinting, but increased expression of the already expressed allele, the
expression remains mono-allelic. Analyzed sequence: GAGCAC/TGTCCCA.

findings, using the GOBO database (Ringnér et al., 2011)", we
found that high MEG3 expression reduces distant metastasis free

"http://co.bme.lu.se/gobo/
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FIGURE 4 | MEG3 expression negatively correlates with breast cancer prognosis. (A) High MEG3 expression decreases overall survival in breast tumors. gRT-PCR
shows that MEG3 expression (Numbers of tumors per group: ErBB2 = 12, Luminal A = 33, Luminal B = 24, Normal = 10, Basal = 22) is significantly higher in
nommal-like (NL) breast cancer (left; p = 0.0003). High MEG3 expression is correlated with low overall patient survival (NL tumors omitted). Kruskal Wallis Test (or
one-way ANOVA on ranks) was used to test the significance (right; p = 0.01). (B) High MEG3 expression decrease distant metastasis free survival in grade three and
Luminal B type tumors. Kaplan-Meier plot showing data from the online GOBO database: high expression of MEG3 decrease DMSF (distant metastasis free
survival), of poorly differentiated (grade 3) tumors (left; p = 0.00373) and luminal B type tumor (right; p = 0.04607).

survival (DMSF) of patients with poorly differentiated (grade 3)
tumors (Figure 4A, left) and patients with luminal B tumors
(Figure 4B, right).

Increased Expression at the DLK1-DIO3
Locus Contributes to the Basal and
Mesenchymal Phenotype

To explore the functional role of MEG3 in D492 and
D492M, we established sublines with altered expression of
MEG3. Using the CRISPRa approach (Cheng et al, 2013),
we generated a D492 cell line with stable overexpression of
MEG3 (D492MEG3) A control cell line was generated using

a scrambled sgRNA (D492€TRL) " Furthermore, we used the
CRISPRi approach (Gilbert et al., 2013; Qi et al, 2013), to
generate knockdown of MEG3 in D492M (D492MKP-MEG3)
and a control cell line was generated using scrambled sgRNA
(D492MKP—CTRL) " The increase of MEG3 expression was
about seven-fold in D492MEG3 compared to D492CTRL a5
determined by gRT-PCR (Figure 5A, left). Downregulation
of MEG3 in D492MKP-MEG3 g more prominent, with
about 20-fold reduced expression compared to D492MKP~CTRL
(Figure 5A, right). Having established stable overexpression and
downregulation of MEG3 in D492 and D492M, we re-evaluated
the epithelial/mesenchymal phenotypes of D492 and D492M,
respectively. Based on phase contrast images, no obvious
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miRNAs from the DLK1-DIO3 locus in D492MFG3 compared

difference in phenotype could be seen between D492MFG? and
D492CTRE or D492MKP-MEG3 3nd D492MKP—CTRL (Figure 54,
below). Interestingly, expression of the representative miRNAs
located on the DLK1-DIO3 locus is increased in D492MEG3
compared to D492C”u‘, to similar levels as seen in D492M
(Figure 5B, left). Conversely, the expression of representative
miRNAs is downregulated in D492MXP—MEG3 compared to
D492MKP~CTRL (Bigure 5B, right). Thus, it appears, that
the expression of miRNAs from the DLKI-DIO3 locus is
concomitant with MEG3 expression. To test, if that holds true,
we used the cBioPortal and explored correlation of MEG3 with
miRNAs using data on invasive breast cancer from the Cancer
Genome Atlas (TCGA) (Cancer Genome Atlas Network, 2012)
we found that of 40 miRNAs that had positive correlation over

0,3 (Person score) with MEG3, 30 were located at the DLK1-DIO3
locus (with other miRNAs from the locus not being in the dataset;
Table 1). This suggests that MEG3 may be used as a marker for the
expression of ncRNAs from the DLK1-DIO3 locus.

Next, we conducted RNA sequencing of our cell lines with
stably altered expression levels of MEG3 focusing on the
analysis of D492MKP—CTRL g DagaMKP-MEG3 There were
1235 significantly differentially expressed genes, with symmetric
distribution over genes downregulated and upregulated in
D492MKP-MEG3 | shown in the volcano plot (p < 0.05
Supplementary Figure 3A), with the list of top 30 up and down-
regulated genes in D492MXP~MFG3 (Supplementary Figure 3B).
To identify unifying biological them from RNA-sequencing
data, we performed Gene Set enrichment analysis (GSEA).
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TABLE 1 | MiRNAs from the DLK1-DIOS locus pasitively correlate with
MEG3 expression.

Correlated gene Location Pearson P-value Spearman P-value

score score

MIR-154/154" Chr14 0.49 7.46E-20 0.44 1.27E-15
MIR-134/134 Chrid 0.48 2.09E-18 0.44 1.22E-15
MIR-199B/3P Chr9 0.47 4.66E-18 0.47 8.03E-18
MIR-199A-1/3P; Chr19; 0.47 4.68E-18 0.47 8.15E-18
MIR-199A-2/3P" Chri

MIR-127/3P Chri4 046 418E-18 045 3.89E-16
MIR-136/136 Chr14 0.46 1.08E-16 0.41 2.15E-13
MIR-431/431* Chri4 046 7.09E-17 039  523E-12
MIR-539/539 Chrld 044 1.66E-15 043  121E-14
MIR-198A-1/5P; Chrig; 043 1.14E-14 039  2.186-12
MIR-199A-2/5P% Chr1

MIR-382/382 Chr14 0.42 1.63E-14 0.41 2.7T1E-13
MIR-1998/5P Chig 042 247614 040  1.06E-12
MIR-214/214* Chri 042  6.45E-14 039 435612
MIR-409/3P Chrid 042 341E-14 037  334E-11
MIR-369/3P Chr14 041 1.06E-13 0.37 5.93E-11
MIR-127/5P Chr14 0.41 1.46E-13 0.36 9.70E-16
MIR-495/495 Chri4 04  1.07E-12 039  3.84E-12
MIR-758/758 Chri4d 0.4 3.97E-13 0.36 1.09E-10
MIR-381/381 Chrl4 033 B3.10E-12 033  280E-12
MIR-485/3P Chr14 0.39 212E-12 0.39 56.07E—-12
MIR-125B-1/1258; Chr11; 0.39 3.92E-12 0.37 8.52E—-11
MIR-1258-2/125B"  Chr21

MIR-337/3P Chrid 0.39 1.80E—12 0.37 TATE-11
MIR-493/493* Chr14 0.38 1.15E-11 0.37 2.83E-11
MIR-369/5P Chri4 038 1.68E—11 033  2.98E-11
MIR-379/379 Chrld 037 582E-11 033  449E-09
MIR-370/370 Chr14 0.37 2.51E-11 0.32 1.29E-08
MIR-214/214 Chri 036 1.88E-10 035  519E-10
MIR-708/708 Chr11 0.35 491E-10 0.35 3.60E-10
MIR-432/432 Chri4 035 539E-10 032  1.80E-08
MIR-409/5P Chrl4 035 3.48E-10 031  6.03E-08
MIR-323/3P Chri4 035 601E-10 030 165607
MIR-376C/376C Chr14 0.34 1.40E-09 0.35 7.42E-10
MIR-889/889 Chri4 034 157E-09 030  1.50E-07
MIR-493/493 Chrl4 034 1.07E-09 029  538E-07
MIR-487B/4878 Chrl4 033 7.98E-09 030 1.50E-09
MIR-655/655 Chr14 0.33 6.70E-09 0.30 1.90E-07
MIR-410/410 Chri4 033 436E-09 029  507E-07
MIR-184/184 Chr15 0.31 3.50E-08 0.34 2.68E-09
MIR-411/411 Chri4 031 2.83E-08 029  3.79E-07
MIR-654/3P Chrid 031 364E-08 026 4.37E-06
MIR-22/22 Chr17 0.3 1.66E-07 0.29 2.72E-07

Qut of 40 miRNAs that positively correlate with MEG3 in breast cancer (with
correlation over 0.3), 30 are from the DLKT-DIO3 locus, highlighted in orange
(TCGA, Nature 2012 data set). *Due to sequence similarities, these two miRNAs
are indistinguishablfe in the sequencing data used.

These gene sets consist of the defined gene lists, based on
biological knowledge about biochemical pathways and co-
expression data. Using the Hallmark dataset, one of the
significantly, downregulated set of genes in D492MKD—MFG3
was the epithelial-mesenchymal transition gene set, with
normalized enrichment score (NES) of —2.03 and False
discovery rate (FDR) g = 0.023 (Figure 6A). These genes
define epithelial-mesenchymal transition, as in wound healing,

fibrosis and metastasis. The genes belonging to this gene
set are overrepresented toward the top of the ranked list,
based on fold change of D492MKP~CTRL yg D4gaMKD-MEG3
(Figure 6B, right). A manually curated list of mesenchymal
genes from the Hallmark EMT dataset that are downregulated
in D492MXP-MEG3 js shown in Figure 6B, left. Further
analysis of the RNA sequencing data of D492MKP-MEG3
vs D492MKD—CTRL using common literature-based markers
of breast tissue has showed that luminal epithelial markers
GATA3 and MUCI are upregulated, while myoepithelial KRT14,
mesenchymal VIM, ZEB2, SNAI2, LAMAI, CDH2, and stem
cell MME, CTNNBI are downregulated with knock down of
MEG3 (Figure 6C).

Expression of mesenchymal and basal markers was
additionally confirmed on RNA level by qRT-PCR and on
protein level western blot. Most of the core EMT-related
transcription factors (EMT-TF) were affected by MEG3.
D492MFG3 has increased expression of SNAIZ compared to
D492°™RL (Figure 7A, left). On the other hand, D492MKP-MFG3
has decreased expression of SNAI2, ZEBI, ZEB2 and TWIST!
compared to D492MKP-CTRL (Figure 7A, right). Luminal
cytokeratin 19 (KRT19) and basal/myoepithelial cytokeratin
14 (KRT14) are also affected by manipulation of MEG3
expression levels. Thus, D492MEG3 shows increased KRT14
and decreased KRT19 expression compared to D4925™Rl on
both mRNA (Figure 7B, left) and protein level (Figure 7C,
left). D492MKD-MEG3  ¢hows decreased KRT14 expression
compared to D492M*P~CTRL (Eigure 7B, right). Furthermore,
D492MEG3 shows increased expression of other myoepithelial
markers such as CDH3 (P-cad), TP63 or KRI5 compared
to D492°TRL 46 determined both at mRNA (Figure 7D,
left) and protein level (Figure 7E). Also, D492MKD—-MEG3
shows decreased expression of myoepithelial markers KRT5
on mRNA level (Figure 7D, right) and of TP63 on protein
level (Figure 7E, middle) compared to D492MKD—CTRL
This suggests that MEG3 expression induces a shift toward a
basal/myoepithelial phenotype. However, our cell lines with
stably altered expression of MEG3 do not show a significant
switch in E-cadherin (CDH1) to N-cadherin (CDH2) expression
(Supplementary Figure 4), which may explain why there are no
clear changes in morphology.

MEG3 Induces Mesenchymal Properties
and Stemness

As MEG3 has previously been ascribed to have a role in
pluripotency and stemness (Stadtfeld et al., 2010b; Kaneko et al.,
2014), we asked how MEG3 manipulation affects mesenchymal
and stem cell properties of D492 and D492M. The expression of
both aldehyde dehydrogenase (ALDH1A3) and integrin alpha
6 (ITGA6; Supplementary Figure 6), markers of stemness,
is increased in D492MFG? compared to D492°TRE, Next, we
employed several functional assays to assess the effect of MEG3
levels in D492 and D492M on mesenchymal and stem cell
properties. D492MFG? is more resistant to chemically induced
apoptosis than D492°TR! (Figure 8A). Migration can be assessed
in vitro using the wound healing assay or by trans-well migration
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A GSEA Hallmark: D492 M Mec3

Normalised Enrichment Score. FDR ¢-value <0.05

HALLMARK_KRAS_SIGNALING_DN
HALLMARK_OXIDATIVE_PHOSPHPRYLATION
HALLMARK_P53_PATHWAY
HALLMARK_ADIPOGENESIS
HALLMARK_COMPLIMENT
HALLMARK_P13K_AKT_MTOR_SIGNALING
HALLMARK_MYC_TARGETS_V1
HALLMARK_HEME_METABOLISM
HALLMARK_UFOLDED_PROTEIN_RESPONSE
HALLMARK_EPITHELIAL MESENCHYMAL_TRANSITION
HALLMARK_ANDROGEN_RESPONSE '
HALLMARK_MTORC1_SIGNALING
HALLMARK_E2F_TARGETS
HALLMARK_G2M_CHECKPOINT
HALLMARK_UV_RESPONSE
HALLMARK_PROTEIN_SECRETION
HALLMARK_MITOTIC_SPINDLE

6 -5 4 3 2 -1 0 1 2 3
B
Gene  [Mame p-value
POSTN  |Periostin 3.69x10"°
DST Dystonin .57|2.21x10*
IGFBP3  |insulin like grow th factor binding protein 3 -1.28|4.98x10"
ITGAV  |Integrin alpha-V -1.25]1.62x10*7
1ITGBT Integrin subunit beta 1 -1.23]1.48x10-*
VCAN  [Versican -1.18]1.44x10°
FERMT2_|Fermitin family homolog 2 -1.07|1.16x10°
LAMAT  |Laminin subunit alpha 1 -1.01|2.82x10"°
COL12A1 |Collagen type Xil aipha 1 chain -0.08[9.17x10™
CDH2 N-cadherin -0.97|1.21x10**
2 og7f242x10" | o

FN1 Fibronectin 1 -0.95[3.13x10"" Gone ey I'-"ﬂz qurhr e,
LAMC1 | Laminin subunit gamma 1 082[261x10% | i [P pe—
LAMAS | Larminin subunit alpha 3 -0.926.25%10%* ~

e 1 oolaono | [Her_ [mucin s Hmmu epithelial  [1.97x10
FaN2  |Fbronsctn 2 oBolosmior | [COH2__ [N-cadnerin -0.97| Mesenchymal 1.21x10%
LAMCZ _|Lamini subunk game 2 oga|1 o0 | |LAMAT__|Laminin subunit alpha 1 =1.01| Mesenchymal 2.82x10%
VEGFC |Vascular endathelial grow th factor C ~0.74]1.88x10"" | [SNA/Z__ | Sned famiy transcriptional repressor2 | -0 332x10*
FGF2 | Fibroblast grow th factor 2 oes|aaraior | [2682__|Zinc finger E-box binding homeobox 2 -0.43| Mesenchymal 3.76x10°
SNAIZ  |Snail famiy transcriptional repressor 2 -0.63[3.32x10* viM Vimentin -0.49] Mesenchy mal 3.04x107
Vil Vimentin -0.48[3.04x107 CTNNB1 | Catenin beta-1 3| stem cel 4.1x10¢
COL4A1 |Collagen type N alpha 1 chain -0.48)1.19x10* | MME Merbrane metalo-endopeptidase -Slemn:el 1.19x10™

FIGURE 6 | Knock down of MEG3 in D482M decrease mesenchymal markers. (A) Epithelial-mesenchymal transition gene set is enriched pathway in
D492MP-MEGS (highlighted in orange). Bar plot of Gene Set Enrichment Analysis (GSEA) with Hallmark dataset showing all significantly (False discovery rate-FDR

g = 0.05) enriched pathways in D492MKD-MEGS - Gene set Epithelial-mesenchymal transition has nommalized enrichment score (NES) of ~2.06 and FDR ¢ = 0.014.
(B) Knock-down of MEG3 lates with 1 of genes relevant for breast cells. Enrichment plot showing the Enrichment Score (ES) of the
genes in the Hallmark gene set Epithelial-mesenchymal transition in DA92MD-MEGS The genes are overrepresented toward the top the ranked list of
D492MKO-MES3 fright) Table with relevant genes for breast cells, significantly (o < 0.05) deregulated, from the Hallmark gene list epithelial-mesenchymal transition
showing Log? fold change (FC; left). (C) Luminal epithelial markers (GATA3 and MUCT) are upregulated, while myoepithelial (KAT14), mesenchymal (CDH2, LAMAT,
SNAI2, VIM, and ZEB?) and stem cell (CTNNB1 and MME) are downregulated with knock down of MEG3. Genes from literature-based list of markers significantly
(p < 0.05) differentially expressed in DA92MKD-MEGS v DagopkD-CTRL,

where the cells migrate toward a chemo-attractant. In the wound  has about two-fold increased migration rate compared to
healing assay, D492M"%3 has slightly increased migration rate  D492C™® and  D492MKP-MEG3  has  reduced migration
compared to D492CTRE while D492MKD-MFG3 haq decreased rate compared to D492MKP-CTRL (Figure 8B). MEG3
migration rate compared to D492 MKP-CTRL (g 1 ipulation, h . did not affect invasion in a transwell
Figure 5A). In the trans-well migration assay, D492MEGa i ion assay (Suppl y Figure 5B). We performed
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FIGURE 7 | MEG3 induce partial EMT. (A) MEG3 increases expression of EMT transcription factors in D492 and the knock down of MEG3 decrease expression of
TF-EMT in D492M. gRT-PCR showing D492MES3 increased expression of transcription factors (TF) SNAI2 compared to D492STRL (left) and decreased expression of
EMT related TF SNAI2, ZEBT, ZEB2 and TWISTT in D492MKD-MEGS compared to D4g2MKP-CTRL fright). Results shown as mean + SD. Unpaired {-test was used
to test significance: **p < 0.01; **p < 0.001; n = 3. (B) MEG3 increases expression of myoepithelial marker KRT14 and decrease expression of luminal epithelial
marker KRT19 on mRNA level. gRT-PCR showing D492MF53 has increased expression of KAT74 and decrease expression of KRT19 compared to D492C™. (left).
D492M"P-MEGS hag decreased expression of KRT14 compared to D492MMP-CTAL (right). qRT-PCR results shown as mean == SD. Unpaired f-test was used to test
significance: *p = 0.05; **'p = 0.001; n = 3. (C) gRT-PCR results confirmed on protein leve!. Representative pictures of western blot (WB) with its quantification
(below). D492MFG3 has increased protein level of KRT14 and decreased protein level of KRT19 compared to D492¢TR-, WB resuils shown as mean -+ SD. One-way
ordinary ANOVA, followed by Tukey's multiple comparison test was used to test significance: *p < 0.01; ***p < 0.001; n = 8. (D) MEGS increase expression of
myoepithelial markers TP63 and CDH3 and knock-down of MEG3 decrease expression of myoepithelial marker KRTS, on mRNA level. gRT-PCR showing D492MEG3
has increased expression of TP63 and CDHS compared to D492%™R- (laft). D492MKO-MEGS has decreased expression of KRT5 compared to D4g2M O —CTRL right).
gRT-PCR results shown as mean + SD. Unpaired t-test was used to test significance: *p < 0.05; **p < 0.01; n = 3. (E) gRT-PCR results confirmed on protein level.
Representative pictures of western blot (WB) with its quantification (below). D492MEG3 has increased protein level of CDH3 (P-cad), TP63 {p83) and KRTS compared

to D492CTAL D492MKD-MEGS has decreased protein level of TPE3 compared to D492MKC-CTRL WE results shown as mean -+ SD. One-way ordinary ANOVA,
Tollowed by Tukey's multiple comparison test was used to test significance: p < 0.05; *'p < 0.01; *"p < 0.001; n = 3.

mammosphere assays in rBM (reconstituted basement
membrane, Matrigel) (Figure 8C) and in low attachment
plates (Figure 8D), with comparable results. D492MFG3
increases the formation of colonies compared to D492CTRL
while D192MXP-MEG3 decreases the formation of colonies
compared to D492MKP-CTRL 15 addition, we co-cultured
D492MEG3  with endothelial cells (HUVECs) and observed
increased size of colonies and less branching compared to
D492CTRL (Figure 8E). Finally, manipulation of MEG3 levels
slightly affected proliferation rate of D492M*P~MFG3 compared
to D492MKP—CTRL (gypplementary Figure 5C).

DISCUSSION

In this study, we show that ncRNAs from the DLK1-DIO3 locus
are highly expressed in stromal/mesenchymal cells in the breast
and positively correlate with the expression of EMT genes in
breast tissue. MEG3 expression was monoallelic in both D492
and D492M and gain and loss of function studies have shown
concomitant expression of MEG3 with miRNAs from the DLK1-
DIO3 locus, indicating that MEG3 could be used as a marker for
the expression of the non-coding RNAs from the locus. MEG3
expression was shown to be negatively correlated with survival
of breast cancer patients, particularly with the luminal B subtype.
Furthermore, we demonstrate that enhanced MEG3 expression
accompanied by increased expression of the ncRNAs at the
DLK1-DIO3 locus, contributes to partial EMT more correctly
referred to as epithelial plasticity, seen by increased expression
of EMT related TFs, increase of basal/mesenchymal markers and
enhanced properties such as migration, resistance to apoptosis
and clonogenic capacity.

We used an isogenic breast cell line model to study the
expression pattern and functional role of ncRNAs, both miRNAs
and IncRNAs, in EMT. Of interest was the largest miRNA locus
in the human genome and the IncRNA MEG3, both within the
DLK1-DIO3 imprinted region on chromosome 14. The non-
coding part of the DLK1-DIO3 locus has higher expression in
cells with mesenchymal phenotype (D492M) compared to cells
with epithelial phenotype (D492). These results were validated
in primary breast tissue and in another cellular model of EMT.
Furthermore, we have shown that MEG3 expression correlates

with expression of extracellular matrix proteins, which are
secreted by cells with a mesenchymal phenotype, and with
mesenchymal genes in breast tissue. Data from pyrosequencing
demonstrate that the expression of MEG3 is monoallelic in both
D492 and D492M indicating that the increased expression of
MEG3 in D492M is not due to loss of imprinting. We have shown
that MEG3 negatively correlates with survival of luminal B breast
cancer patients and patients with grade 3 breast cancer. This is
in line with a recent study where high expression of MEG3 was
identified to be a negative prognostic marker for breast cancer
(Yao etal., 2019).

Many studies suggest MEG3 as a tumor suppressor, largely
due to the observation that MEG3 expression is lower in
tumor tissue compared to normal tissue (Sheng et al, 2014;
Sun et al, 2014, 2016; Yin et al, 2015; Chak et al, 2017;
Molina-Pinelo et al,, 2018). Our data demonstrates that MEG3
expression levels are comparable in whole normal breast tissue
and in stroma (fibroblasts), however, the expression of MEG3 in
epithelial cells is much lower. There was considerable variation
of the MEG3 expression in breast tissue samples that could be
partially due to different proportions of subset of fibroblasts
associated with ducts vs TDLUs. There are studies confirming
existence of, for instance, two distinct functionally specialized
lineages of lobular vs ductal fibroblast (Morsing et al., 2016) or
myoepithelial cells (Fridriksdottir et al,, 2017), which could be
identified by specific marker expression. Importantly, relative
proportions of stromal and epithelial compartment are different
in normal and cancerous human breast tissue. Breast cancers
arise in vast majority from epithelial cells, with TDLUs being
the predominant site of breast tumor occurrence (Tabar et al.,
2014). Therefore, it would be expected that expression of MEG3
is higher in normal breast tissue, as it comprises relatively
more stromal cells compared to breast cancer tissue. In line
with this, expression of MEG3 from whole breast tissue is
distorted as proportions of stroma vs epithelia in normal/cancer
tissue are different, resulting in misleading interpretations. Using
RNA only from unsorted normal tissue will mainly represents
expression of stromal cells. Therefore, it is crucial to use a
proper control when comparing expression of genes in normal
vs tumor tissue. Single-cell RNA-sequencing or sorted stromal
and epithelial cells would give more informative results as it
would enable distinctions between epithelial and stromal tissue

Frontiers in Cell and Developmental Biology | www.frontiersin.org

June 2020 | Volume 8 | Article 461



Budkova et al. ncRNAs at DLK1-DIO3 in EMT

f -+ D492°™ - D492M>™
E - —
E 400 D492 og0n T DAOIM
g -+ D492"™ +CPT =] E = D492M™™ +CPT
E000] ~ peszecer - & - D492M™** +CPT
8 o § 600:
] o
2200 3
Sﬂ 2 300
3 100 - 5
g 3
] T T g 0
© 0 24 48 72 8 0 24 48 72
B c
280 0150 _150 | _1
8 3 g - B
§ e gmo : '%100 %1
Zaof™™ pagz™  F . DagMeTv B 3
s 5 sl ] 5 50 3
i i | 8 i
z 0 z 0 ‘. z 0 z
D492" {p" & Dagawen ¢
& £ FF
&
D E
20 100 300
80 <
8 Y g
.5 60, $200
8
50l l 5
}E 100
20 E
z z
,{' {o D492 0 &;*' J DagIM© e
o
FF o F
& F
FIGURE 8 | MEG3 increases stem cell properties. (A) MEG3 increase resis to iically induced is. Apoptosis assay: D492MEG3 is more resistant to
ically induced i to D492C™L (left). Data is analyzed on Incucyte Zoom and displayed as Caspase 3/7 object count/mm?. Results are shown

as mean + SD. Multtiple unpaired Student t-test per row was used to test significance at 72-h time-point: *p < 0.05; **p < 0.01; n = 6. (B) MEG3 increases

migration and knock down of MEG3 decreases migration through trans-well filters. Migration assay: D492MEG3 has increased migration rate compared to D4g2CTH.
(left), with representative pictures on side. D492MKP-MEG migrates less compared to D492M<P-CTR (right), with representative pictures on side. Quantification of
number of migratory cells, analyzed using ImageJ software, results shown as mean + SD. Unpaired t-test was used to test significance: *p < 0.05; ***'p < 0.0001;

n = 6. (C) MEG3 increases clonogenic capacity in 3D culture in rBM assay: D492MEG3 has higher clonogenic
capacity compared to D492CTR (left). D492MP-MEG3 has lower clonogenic capacity compared to D492M<P-CTRL (right). Data shown as % mean =+ SD, *p < 0.05;
**p < 0.01; n = 3. Scale bar = 500 pm. (D) MEG3 i ic capacity in low assay. D492MEG3 increases the formation of colonies compared

to D492CTRL (ieft), with representative pictures on side. D492MKP~MEGS decreases the formation of colonies compared to D492M<P-CTRL (right), with representative
pictures on side. Results shown as % of mean 4= SD. Unpaired t-test was used to test significance: *p < 0.05; *'p < 0.01; n = 3. Scale bars = 200 pm.

(D) Co-culture of D492MEG3 with endothelial cells (HUVECS) increases number and size of colonies and forms less branching compared to D492, Results shown
as % of mean + SD. Unpaired t-test was used to test significance: *p < 0.01; n = 3. Representative pictures scale bars = 200 pm.

compartments. In this paper we show that MEG3 expression our study does not determine if the high MEG3 expression
negatively correlates with survival in breast cancer, particularly ~ represents increased stromal infiltration in the tumors or elevated
in grade three tumors and the luminal B subtype. However, expression in cancer cells.
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Another reason for classifying MEG3 as tumor suppressor
is its action on stabilization of p53 (Ghafouri-Fard and Taheri,
2019). However, inactivation of p53 is a frequent event in cancer,
estimated to have about 50 % occurrence (Gasco et al., 2002;
Marine et al., 2006; Haupt and Haupt, 2017). The percentage is
even higher, when the inactivation in p53’s regulatory pathways
is considered (Joerger and Fersht, 2016). Therefore, the use of
cell lines which lack active p53, such as D492 and D492M, offers
a different approach, more relevant for studying breast cancer
signaling pathways, to study the role of DLK1-DIO3. The role of
p53 in the cell is that of a tumor suppressor, impacting acts in
proliferation, cell cycle and genomic stability (Mercer, 1992). In
D492 cell lines, as could be expected, we did not observe effect on
cell proliferation. Recently, Uroda and colleagues’ stated, that cell
cycle arrest by MEG3 is exclusively p53-dependent, (Uroda etal.,
2019), in line with our suggestions that MEG3 can have a different
role in cells lacking p53. Collectively, these observations could
explain the conflicting results about role of MEG3 in tumors.

Many imprinted genes are located in clusters regulated
by a differentially methylated regions (DMRs) (Bartolomei
and Ferguson-Smith, 2011). In our study targeting the MEG3
promoter, we have observed concomitant expression of MEG3
with other miRNAs from the DLK1-DIO3 locus. Our data may
support previous studies showing that the MEG3 promoter
controls expression of all maternally expressed genes from the
DLK1-DIO3 locus (Tierling et al,, 2006; Toannides et al., 2014;
Sanli et al,, 2018). Zhu et al. (2019) have shown that the MEG3-
DMR overlaps with the MEG3 gene promoter and any deletion
in this region inactivates both MEG3-DMR and the MEG3 gene.
Their data shows, that it is the MEG3-DMR, not the MEG3
gene, which regulates imprinting (and expression). Therefore, by
targeting the MEG3 promoter at the MEG3-DMR all the non-
coding RNAs at the DLK1-DIO3 locus are inactivated. MEG3
expression can be considered as a marker for the expression of
other ncRNAs at the locus.

Cellular plasticity, an important contributor to heterogeneity
and drug resistance in breast cancer can be conveyed through
EMT/MET (Liu et al, 2014). Partial EMT (p-EMT) may reflect
cellular plasticity better than ful-EMT and consequently, cells
possessing this state adapt more easily to a new environment,
which is necessary for cancer cell invasion and metastasis (Thiery,
2002; Tam and Weinberg, 2013; Lambert et al., 2017). Notably, a
recent report highlights the importance of the intermediate stages
of EMT for the intravasation of tumor cells and for metastasis
formation in experimental breast or skin tumors (Pastushenko
et al, 2018). Similarly, another study showed that cancer cells
might only reach an intermediate EMT stage allowing for
increased motility, while keeping its cellular plasticity (Brabletz
et al,, 2018). It has also been observed that full mesenchymal
phenotype (EMT), has a low capacity to form metastasis
compared to p-EMT (Schmidt et al, 2015). The essential
criteria for aggressive behavior does not need to be a particular
phenotype, but rather enhanced cellular plasticity, as is also
observed for hybrid E/M cells (Grosse-Wilde et al., 2015). Thus,
EMT may be viewed as a trans-differentiation process where
epithelial and mesenchymal cells interconvert by passing through
an intermediate “stem-like” state (Grosse-Wilde et al., 2018).

EMT is a complex process and meta-analysis indicates
that there are possibly different types of EMT (Liang et al,
2016). We have shown, that by manipulating MEG3 expression,
and thus changing the expression of the non-coding genes
at the DLK1-DIO3 locus, the majority of these EMT related
‘T'Fs are affected, indicating an important role of the ncRNAs
the DLK1-DIO3 locus in the EMT process. One of the most
typical hallmarks of EMT is downregulation of CDHI (E-
cadherin) and epithelial-specific keratins (Peinado et al,
2007). Altered expression of MEG3 does not lead to change
of E-cadherin expression and therefore MEG3 may have
induced only a partial EMT phenotype. However, it has
been shown, that cells with p-EMT phenotype display
concomitant expression of epithelial and mesenchymal
markers (Armstrong et al, 2011) and loss of E-cadherin
is not a prerequisite for EMT (Hollestelle et al, 2013).
Cells undergoing collective migration have hybrid EMT
phenotype characterized by E-cadherin expression, which
helps to maintain cell-cell contacts (Friedl et al, 2012;
Aceto et al, 2015). Purthermore, we have shown that
altered expression of MEG3 revealed distinct luminal and
myoepithelial marker expression. Increased expression of
KRT14 and decreased expression KRTI19 indicate increased
myoepithelial differentiation, which has been connected to
a partial EMT phenotype (Petersen et al., 2001). Study on
collective migration revealed KRTI4 as a key regulator of
metastasis (Cheung et al, 2016) and the same applied for
collective invasion, which was facilitated by subpopulation
of cells expressing KRTI4 (Cheung et al, 2013). The
observed increase of myoepithelial/basal differentiation in
cells with higher expression of MEG3 was supported with
altered expression of other markers such as KRT5, TP63,
and CDH3.

A key characteristic defining breast stem cells is the ability to
form of mammospheres (Dontu et al., 2003; Grosse-Wilde et al.,
2015). Morel and colleagues confirmed that human mammary
epithelial cells undergoing EMT exhibited better mammosphere-
forming capabilities (Morel et al., 2008) and Shimono et al.
have shown that mammosphere-forming activity is abrogated
in both normal and malignant mammary stem cells when the
EMT program is shut down (Shimono et al, 2009). In this
study phenotypic differences upon altered MEG3 expression
were more prominent in 3D than in 2D cell culture, where
MEG3 increased mammosphere formation ability and slightly
decreases branching potential in 3D culture. Furthermore, we
have shown increased expression of ALDHIA3 and ITGAS,
in cells with overexpression of MEG3, supporting role of
'MEG3 in stemness.

‘We propose that increased expression of MEG3, and thus
increased expression of the ncRNAs at the DLK1-DIO3 locus,
in D492 leads to partial EMT phenotype/enhanced plasticity,
seen by molecular changes with increased mesenchymal
and myoepithelial/basal genes and increased migration and
resistance to apoptosis. In contrast, the repression of MEG3,
and the maternally imprinted ncRNAs, in D492M leads to
decreased mesenchymal and basal gene expression and decreased
migration and resistance to apoptosis. Nguyen-Ngoc et al.
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also demonstrated, that motility can occur in cells that retain
an epithelial molecular signature (Nguyen-Ngoc et al., 2012).
This supports our observation, that manipulation of MEG3
expression did not affect the morphological phenotype, but
rather affected the functional phenotype. These characteristic
properties of cells undergoing EMT were originally proposed
to occur in breast cancer by Mani and colleagues (Mani et al.,
2008), showing that stem-like and p-EMT properties share
many characteristics, such as increased migration, resistance
and survival (Creighton et al., 2009; Armstrong et al., 2011;
Hanahan and Weinberg, 2011).

Increased understanding of branching morphogenesis in
the breast and the regulation of EMT and MET may hold
the key for future development of methods and drugs that
neutralize the invading properties of cancer cells. Currently,
there is need for biomarkers to accurately monitor the
EMT/MET process that may improve treatment. Prognostic
value of MEG3 in human malignancies remains controversial
and requires further investigation. Our results and conflicting
data from the literature suggest that MEG3 has a complex role
in breast tissue.
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Supplementary material

Antibodies for western blot: CDH1 (E-cadherin, BD Transduction Labs, 610182), CDH2 (N-
cadherin, BD Transduction Labs, 610921)

Primers for qRT-PCR: ALDHIA3 (IDT, Hs.PT.56a.657970), INTGA6 (IDT,Hs PT.58.453862).

Supplementary methods

Cell proliferation assay

Cell proliferation assay was performed on IncuCyte Zoom microscope (Essen Bioscience)
according to manufacturer’s protocol. Cells were plated at density 10 x 10°/ well in 96 - well plate
(Corning, 353072). Cell culture media was changed three times per week.

Cell invasion assay

Cell invasion was examined using transwell filters with 8 jum pore size (Corning, 353097) with a
layer of Matrigel, diluted 1:10 with H14 media. Briefly, 3 x 10° cells were resuspended in 250 ul
H14 medium and placed on top of Matrigel and 500 pl of H14 + 10% FBS was added to the lower
chambers, bellow filter. Cell were incubated for 48 hours in 5% CO; at 37°C. After incubation, the
Matrigel was removed as well as non-invasive cells from the upper part of the filter with cotton
swab and washed in between 3 x with 1 x PBS. The filters were then fixed with methanol and
stained with DAPI. Cell were photographed in three random fields. Pictures were analysed wit
ImagelJ Software.

Scratch wound assay

The assay was performed according to manufacturer’s protocol. 6 x 10° cells/ well were seeded so
they were 100% confluent following day into ImageLock Plates (Essen Bioscience, 4379).
Woundmaker (Essen Bioscience, 4493) was used to do the scratch. The images were taken every
two hours. Images were analysed as Relative Wound Density (%).

Statistical analysis

Statistical differences of gRT-PCRs (Supplementary Figure 6) and functional assay
(Supplementary Figure 5B) between samples were assessed with paired Student t-test. Statistical
differences in Supplementary Figure 5A and 5C was calculated using multiple unpaired Student t-
test per row. Statistical differences of quantifications of western blots (Supplementary Figure 4)
among samples were assessed using one- way ordinary ANOVA, followed by Tukey’'s multiple
comparison test. P values below 0.05 were considered significant (*p < 0.05; **p < 0.01; ***p <
0.001; ¥***p < 0.0001). All statistical analysis was performed in GraphPad Prism.
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Supplementary Figures
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Supplementary Figure 1. The ncRNAs from DLK1-DIO3 locus have increased expression in
mesenchymal cells. Majority of the miRNAs from the DLK1-DIO3 locus are upregulated in
D492M compared to D492. Small RNA sequencing: the list of miRNAs from the DLK1-DIO3
locus, where majority of them are upregulated in D492M.
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Supplementary Figure 2. MEGS3 correlates with expression of mesenchymal genes. (A) MEG3
correlates with expression of extracellular matrix genes. MEG3 correlated pathway analysis
(GOBO). (B) MEG3 correlates with expression of mesenchymal genes in normal breast and breast

cancer tissue. Listed mesenchymal genes shows positive correlation with MEG3 in MiPanda

dataset. The Spearman correlation above 0.3 is considered as fair positive correlation are

highlighted in orange.
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Supplementary Figure 3. RNA-sequencing analysis of D492M¥PMEGS v 149 MKD-MEGE
(A) Volcano plot over all data (g < 0.05, TPM > 1) showing symmetric distribution of the RNA-
sequencing data. The top ten downregulated and top ten upregulated genes according log2 fold
change in D492M*PMEC? are labelled with gene names. (B) The table with top 30 downregulated
genes in D492M*PMEC3 ([eft) and top 30, upregulated genes in D492M¥PMEC (right),
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Supplementary Figure 4. MEG3 does not change expression of CDH1 and CDH2. Representative
pictures of western blot (WB) with its quantification bellow. D492ME53 has slightly decreased
CDHI1 (E-cad) on protein level compared to D492°™L, D492M*PMEG? hag slightly increased
CDH2 (N-cad) on protein level compared to D492M¥P-CTRL however with no statistical
significance WB results shown as mean + SD. One-way ordinary ANOVA followed by Tukey’s
multiple comparison test was used to test significance; n = 3.
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Supplementary Figure 5. MEG3 does not influence invasion but has effect on wound healing
migration. (A) MEG3 slightly increase wound healing migration and knock-down of MEG3
decrease wound healing migration. D492MES3 has slightly increased migration rate compared to
D492°TRL (left). D492MEP-MEG? migrates less compared to D492MXP-CTRL (right), Data is analysed
on Incucyte Zoom and results displayed as Relative wound density with mean + SD. Multiple
unpaired Student t-test per row was used to test significance, n = 6 ; ** p < 0.01; *** p < 0.001;
with statistical differences at 24-hour timepoint. (B) MEG3 and knock-down of MEG3 does not
have effect on invasion. D492ES has comparable invasion rate with D492TRE (left). As well as
D492 MK¥P-MEG has comparable invasion rate with D492MXP-CTRL (right). Quantification of number
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of invaded cells shown as mean + SD. Unpaired t-test was used to test significance, n = 6. (C)
MEG3 does not have effect on proliferation, while knock-down of MEG3 has. Proliferation assay:
D492MEC has comparable proliferation rate with D492°TRE (left). D492MXPMEGSS glightly reduced
proliferation rate compared to D492M¥P-CTRL (right). Data is analysed on Incucyte Zoom and
results displayed as Confluency percentage as mean + SD. Multiple unpaired Student t-test per row
was used to test significance at 24-hour time point; n = 6; *p < 0.05.
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Supplementary Figure 6. MEG3 increases expression of stem cell marker /7Ga6 and ALDHIA3.
QRT-PCR showing D492MES3 has increased expression of ITGa6 (Integrin alpha 6) and ALDHIA3
(Aldehyde dehydrogenase) compared to D492°™", Results shown as mean + SD. Unpaired t-test
was used to test significance: * p < 0.05; n=3.
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ABSTRACT

events such as hi t

epithelial to b

| transition (EMT) and its reverse process mesenchymal to

regulate
epithelial transition (MET). In llns smdy, we perlmmcd small RNA sequencing of a breast epithelial progenitor cell line (D492), and its mesenchymal derivative

(D492M) cultured in thi Among the most

in epithelial differentiation. Increased expression of miR-203a was seen in D492,

miRNAs in D492M was mi!
i with increased

2033, 2 miRNA that plays an important role
When miR-203a was

of .
overexpressed in D492M, a partial reversion towards epithelial phenotype was seen. Gene expression analysis of D492M and D492M™ "% revealed peroxidasin, a

Tink

collagen 1V

, as the most si
[!lal.ﬁ wilh b hi b

is and is d in D492M. Oy

gene in D492M™" 7, Collectively, we demonstrate that miR-203a expression temporally cor-

of miR-203a in D492M induces a partial MET and reduces the expression of

d that miR-203a is a novel repressor of peroxidasin. MiR-203-peroxidasin axis may be an important regulator in branching

morphogenesis, EMT/MET and basement membrane remodeling.

Summary statement

MiR-203a is highly upregulated during branching morphogenesis of

et al., 2007; Petersen and Polyak, 2010). Th(sn stem cells are re-
sponsible for continuous ussue deling thi the ducti'
period, as well as the and i

ithelial

D492 breast epithelial progenitor cells and is in its
isogenic mesenchymal cell line D492M. Furthermore, miR-203a is a
novel suppressor of peroxidasin (PXDN), a collagen IV crosslinking
ugen\_ MiR-203a may be an important regulator of branching mor-

is and b deling in the human breast gland, pos-
sibly through its target PXDN.

1. Introduction

D events breast ial morphogenesis
are closely related to pathways important to cancer progression, iLe.
epithelial to mesenchymal transition (EMT) and mesenchymal to epi-
thelial transition (MET). Evidence shows that the two distinct epithelial
cell lineages that make up branching morphogenesis in the breast, lu-
minal- and myoepithelial cells, originate from common breast epithelial
1999; Gudjonsson et al., 2002; Villadsen

stem cells (Pechoux et al.,

mor is seen during pregnancy and lactation. Although, poten-
tial stem or progenitor cells have been identified in the human female
breast gland there is still limited knowledge about the lineage devel-
opment in the human breast. In that respect much can be learned from
linage tracing studies in the mouse mammary gland. Recent studies
have demonstrated that embryonic mammary gland contains homo-
genous basal progenitor cells that become restricted in the postnatal
mammary gland (Lloyd-Lewis et al., 2018). Lilja et al. demonstrated
that embryonic multipotent mammary cells become lineage-restricted
carly in development and that gain of function dictates luminal cell fate
specification to both embryonic and basally committed mammary cells
(Lilja et al, 2018). In a recent article Pal et al. demonstrated by single
cell profiling of four 1 stages in the po 1 gland that
the epithelium undergoes large changes in gene expression (Pal et al.,
2017). In this paper they show that homogeneous basal-like expression
pattern in pre-puberty was distinct to lineage-restricted programs in
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Fig. 1. Profiling miRNAs in the isogenic breast epithelial progenitor cell line D492 and its mesenchymal derivative D492M.

A) Differentially expressed miRNAs between D492M and D492 in 3D culture based on small RNA ing. Fc miRNAs are ex]
between the mesenchymal (D492M) and epithelial (D492) state at day 14 in 3D culture. Twenty miRNAs are downregulated in D492M and among them are miRNAs
that are important for epithelial integrity, such as the miR-200 family and miR-203a. Scale bar = 100 pum.

B) Volcano plot showing differential expressed miRNAs in D492M and D492, depicting statistical significance and high fold change in expression of epithelial
associated miRNAs. Volcano plot from small RNA data using fold change of expression values and p-values, enabling the visualization of the
relationship between fold change and statistical significance. More extreme values on the x-axis show increased differential expression and higher values on the y-axis
show increased statistical significance. The miR-200c-141 locus along with miR-205, miR-944, miR-584, miR-708 and miR-203a show the most fold change and
statistical signi of the miRNAs in D492M.

puberty. Cellular linage tracing in humans is for obvious reasons not the stem cell biclogy in the human breast gland. D492 is a breast epi-
possible. However, transplantation of human breast epithelial cells into thelial stem cell line that generates branching in vivo-like structures in
cleared mouse mammary fat pad (Lawson et al., 2015; Wronski et al., 3D-rBM (Gudjonsson et al., 2002; Villadsen et al., 2007; Sigurdsson
2015) and 3D culture (Vidi et al., 2013) have to some extend unraveled et al,, 2011), We have previously shown that when D492 is co-cultured
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under 3D conditions, breast endothelial cells markedly stimulate their
branching ability, but can also induce an irreversible EMT in the epi-
thelial cells (Sigurdsson et al,, 2011). This condition gave rise to the
D492M cell line (Sigurdsson et al., 2011). In EMT, different pathways
ultimately control transcriptional regulatory factors such as SNAI1,
SNAI2, TWIST, ZEB1 and ZEB2 leading to increased expression of me-
and ion of epithelial markers (
and Heldin, 2007). Downregulation of the epithelial cell-cell adhesion
proteins, such as E-cadherin, is one of the hallmarks of EMT (Peinado
et al., 2007). In addition, expression of epithelial specific keratins is
often greatly reduced, while expression of mesenchymal markers, such

Mechanisms of Development 155 (2019) 3447

form disorganized mesenchymal-like structures with spindle shape
protrusions of cells (Fig. 1A, top). To investigate the miRNA expression
patterns between D492 and D492M in 3D-rBM we performed small
RNA sequencing (Fig. 1A). This revealed 47 differentially expressed
miRNAs (> 1.5-fold change, p < 0.05 and FDR < 0.1) between D492
from (days 7, 14 and 21) and D492M at day 14 in 3D culture, where 20
of these miRNAs were downregulated in D492M. Among the most
profound changes was downregulation of miR-200c, miR-141, miR-205
and miR-203a in D492M (Fig. 1A), all of which have been previously
associated with epithelial integrity and repression of EMT (Gregory
etal., 2008; Wellner et al., 2009; et al., 2014). These miRNAs were

as N-cadherin, vimentin, alpha smooth muscle actin and in are
increased in EMT (Moustakas and Heldin, 2007). Enhanced migration,
invasion and resi to is are also ch istic for cells that
have undergone EMT (Hanahan and Weinberg, 2011). The tightly
regulated process of cell conversion seen in EMT is also a eritical event
seen in many cancer types, including breast cancer (Petersen et al.,
2001; Mani et al., 2008; Sarrio et al., 2008) and EMT is typically as-
sociated with i i and ic behavior
(Hanahan and Weinberg, 2011).

Interestingly, the mesenchymal transition from D492 to D492M is
accompanied by drastic changes in microRNA (miRNA) expression
(Hilmarsdottir et al., 2015). MiRNAs have been described as regul

all d lated with high statistical significance in D492M as shown
in the voleano plot (Fig. 1B). The upregulated miRNAs in D492M do not
show as clear involvement in EMT as the downregulated ones.

2.2. Downregulation of miR-203a in D492M is not due to methylation of its
CpG islands in the promoter area

Methylation of CpG islands in promoter areas is a common event
during gene silencing. To further explore what causes downregulation
of miRNAs in D492M, we explored the promoter DNA methylation
status  of differentially expressed miRNAs. We used the

of protein expression through their ability to bind and silence mRNAs,
where silencing of certain transcription factors, which are important for
gene regulation, may cause marked changes in cell phenotype and fate
(Hilmarsdottir et al., 2014). In recent years, miRNAs have been shown
to be either tumor ing or tumor ing d ding on
context and cancer type. For example, the miR-200 family has been
linked to both stem cell regulation and cancer progression (Shimono
et al., 2009). This family of miRNAs is strongly downregulated in tu-
mors with high metastatic potential (Olson et al., 2009) and miR-200c,
amember of this family, is downregulated in human breast cancer stem
cells and normal mammary stem cells (Shimono et al., 2009). We have
recently shown that the miRNA-200¢-141 cluster is predominantly ex-
pressed in luminal breast epithelial cells, and that miRNA-200c-141 is
highly expressed in D492, but not in D492M. Interestingly, over-
expression of miR-200¢-141 in D492M restored the luminal epithelial
phenotype (Hilmarsdottir et al., 2015).

In this study, we compared the miRNA expression profile of D492
and D492M, when cultured in 3D reconstituted basement membrane
matrix (3D-rBM). Small RNA sequencing revealed a striking difference
in expression patterns between the two cell lines, with a number of

known miRNAs, i miR-203a, in
D492M. We that miR-203a i during
branching morphogenesis in vitro similar to its pattern in

hylation450K BeadChip and looked at CpGs within 5kb re-
gion of the promoter area of differentially expressed miRNAs. Two
miRNAs did not have probes within the 5kb region of the gene but of
the 45 which did, 8 miRNAs showed differential DNA methylation be-
tween D492 and D492M (Table S2). Our data shows that promoter
areas upstream of miR-200c-141 and miR-205 were methylated in
D492M, but not in D492 (Fig. 2A). In contrast, the promoter area of
miR-203a was not differentially methylated between D492 and D492M
(Fig. 2A). Bisulfite sequencing of the promoter area of miR-200c-141,
miR-205 and miR-203a confirmed that the promoter of miR-203a was
unmethylated in D492M, unlike the promoters of miR-200c-141 and
miR-205 (Fig. 2B). This is in contrast to previously published results in
human mammary epithelial cells (HMLE) undergoing EMT (Taube
et al., 2013) and some metastatic breast cancer cell lines (Zhang et al.,
2011), where the promoter of miR-203a becomes methylated. Our data
shows that a profound downregulation of miR-203a could be mediated
through other hani: than DNA such as histone
modifications. Indeed, miR-203a expression has been shown to be
suppressed by EZH2 in prostate cancer (Cao et al., 2011). In summary,
the repression of miR-203a, in endothelial induced EMT of D492 is not
due to promoter methylation.

2.3 MiR-203a shows temporal changes in expression during branching

mouse mammary gland in vivo (Avril-Sassen et al., 2009). Furthermore,
overexpression of miR-203a in D492M induced partial phenotypic
changes towards MET, reduced cell proliferation, migration, invasion,
and increased sensitivity to chemically induced apoptosis. Finally, we
identified miR-203a as a novel repressor of peroxidasin (PXDN), an
extracellular matrix protein with peroxidase activity and a collagen IV
crosslinking agent.

2. Results

2.1. Comparison of miRNA expression in the breast epithelial progenitor cell
line D492 and its mesenchymal derivative D492M

D492 and D492M are isogenic cell lines with epithelial and me-
senchymal phenotypes, respectively. We have previously shown a
profound difference in miRNA expression between these cell lines when
cultured in monolayer (Hilmarsdottir et al., 2015). Here, we conducted
an expression analysis in 3D culture. Due to its stem cell properties,
D492 can generate branching structures in 3D-rBM culture reminiscent
of terminal duct lobular units (TDLUS) in the breast. In contrast, D492M

is in 3D culture and is associated with [uminal breast epithelial
cells

The breast gland is a dynamic organ during the reproduction period.
In each menstrual cycle the breast epithelium undergoes changes as-
sociated with b hing morph is and if pregs oceurs, the
branching epithelium expands resulting in maximal differentiation
during lactation. The glandular epithelium is then subject to apoptosis
after breastfeeding during the involution phase (Javed and Lteif, 2013).
Using D492 breast progenitor cells that are capable of generating

ing epithelial mor is in 3D-rBM, it is possible to analyze
temporal changes during the branching process. To investigate if
changes in miRNA expression occur during formation of TDLU-like
structures in 3D-rBM, we isolated RNA from 3D-rBM cultures at days 7,
14 and 21, and performed small RNA sequencing.

Fifty-five miRNAs were differentially expressed between individual
time points (> 2-fold change, FDR corrected p-value < 0.05), thereof
40 miRNAs were downregulated and 15 miRNAs were upregulated
during branching (Fig. 3A). In particular, among the upregulated
miRNAs were miR-141 and miR-203, which were also some of the most
downregulated miRNAs in D492M (Fig. 1A). Thus, small RNA
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A) Differential DNA methylation of D492 (red) and D492M (blue). CpG methylation in the promoter area of differentially expressed miRNAs was investigated using
the HumanMethylation450 BeadChip. The yellow bar represents the pre-miRNA and differential methylation is determined by a beta value > 0.2 MiR-200¢, miR-

141 and miR-205 are with more

in D492M, while methylation of miRNA-203a is unchanged. The expression of miR-200c-141

and miR-205 is repressed through DNA methylation, while expression of miRNA-203a is not.
B) Bisulfite sequencing of miRNA promoters in D492 and D492M. The promoters of miR-200c-141, miR-205 and miR-203a are un-methylated in D492. In D492M, the
promoter of miR-203a remains un-methylated, while the promoters of miR-200c-141 and miR-205 are methylated.

sequencing, and subsequent verification with RT-gPCR, demonstrates
that expression of miR-203a and miR-141 increased between time
points and peaked at the late branching stage (day 21) (Fig. 3A-B). In
contrast, expression of miR-205 and miR-200c was constant throughout
the branching process (Fig. 3B). This indicates that miR-203a and miR-
141 may play a role in differentiation of the epithelial cells during
branching morphogenesis. The human breast epithelium is composed of
two epithelial lineages, the luminal epithelial and the myoepithelial
cells. In order to investigate whether miR-203a expression was lineage
specific with either luminal- or myoepithelial cells, we sorted primary
breast epithelial cells with EpCAM positive magnetic beads, as EpCAM
is a luminal associated adhesion molecule that is also highly useful for

37

antibody-based enrichment of luminal epithelial cells. We measured
miR-203a expression in EpCAM hlgh and EpC.AM low cells, and de—
‘monstrated that, miR-203a was

with the EpCAM high luminal epithelial cells (Fig. 3C, left). There was
some expression in the EpCAM low/negative myoepithelial cells, but no
or little in endothelial cells and (Fig. 3G, left). Due
to the bipotential properties of D492 cells, they are able to generate
luminal- and myoepithelial cells and differentiation of D492 branching
colonies, into the two epithelial lineages, is clearly demonstrated with
immunostaining against luminal- and myoepithelial markers
(Gudjonsson et al., 2002). Based on EpCAM sorting of D492 cells into
EpCAM high and EpCAM low fractions, we further confirmed that miR-
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Fig. 3. MiR-203a is differentially expressed
during branching morphogenesis in 3D cul-
ture.

A) Heatmap showing differentially expressed
miRNAs in D492 at different time points
during branching morphogenesis. Small RNA-
sequencing of D492 at three different time
points during branching morphogenesis at day
7, 14 and 21. miR-203a expression increases

mie-1460-Sp|

3

& during branching of D492. Heatmap shows
§E miRNAs with > 2fold change in expression
2 an FDR corrected p-values < 0.1. Scale

3 bar = 100 um.
B) Expression of epithelial miRNAs in D492 at
lrined different time points during branching. RT-
"'ﬁéé?" QPCR showing that the expression of miR-
JE— Tg.lugﬁp 203a and miR-141 significantly increases be-

tween time points during branching morpho-
genesis. Interestingly, expression of miR-203a
increases markedly in late branching at day
21.

€) i) Expression of miR-203a in breast primary
cells and D492 EpCAM sorted cells. In primary
cells, miR-203a is expressed in the epithelial
cells and is predominantly associated with the
luminal cells but is absent in fibroblasts and
endothelial cells. In D492 cells, miR-203a ex-
pression is predominantly associated with the

EpCAM High cells.
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Fig. 4. Overexpression of miR-203a in D492M.

A)Overexpression of miR-203a in D492M. RT-qPCR showing 17,500-fold expression of miR-203a in D492M™"°** compared to control.

B) MiR-203a increases adherence of D492M cells. Phase contrast images of monolayer cultures show that miR-203a overexpression in D492M causes cells to adhere
more to each other compared to D492M"™ P control. Phase contrast images from 3D culture show that D492M™®?* form more compact colonies, with some
colonies showing ion of mal cells p: to control. Scale bar = 100 pm.

C) MiR-203a reduces proliferation of D492M. Reduced proliferation of D492M shown by staining with crystal violet from day 1-7 in monolayer culture. Results are
shown as average of 4 replicates (mean *+ SD)

D) DAB staining of monolayer cultures from D492M™"20% D492M™"-** cells display reduced expression of N-Cadherin but show little change in expression of E-
Cadherin. Scale bar = 100 pm.

E) Western blot of E- and N-Cadherin in D492M™® 293, There is slightly less protein expression of N-Cadherin (10% reduction) but little change in expression of E-
Cadherin in D492M™* 203 j reduced istics in D49ZM™F 0%

F) Expression of SNAI2 is reduced in D492M™"?%% MiR-203a, which has a known binding site in the 3UTR of SNAIZ, significantly reduces expression of SNAIZ as
determined by qPCR.

G) D492M™*20% eells are more sensitive to chemically induced apoptosis. In D492M cells, miR-203a increases itivity to
Data is analyzed on IncuCyte Zoom and data is displayed as Caspase 3/7 object count/mm? (mean + SEM).

H) Anchorage independent growth is reduced upon miR-203a overexpression. miR-203a reduces stem cell like properties in D492M. D492M™2038 hag reduced
ability to generate in low assay to D492M P,

1) MiR-203a reduces the ability of D492M cells to migrate and invade. D492M™%3* hag Jess ability to migrate through trans-well filter than D492M"™P" and

is induced by G

D492M™ 203 hag reduced capability to invade through Matrigel coated transwell filter. Data is shown as average number of cells per field (mean =+ SEM).

203a was more associated with the luminal epithelial population in
D492 (Fig. 3C, right). Differential expression of miR-203a between
D492 and D492M was confirmed by RT-qPCR (Fig. 3C, right). To de-
termine whether this was in concurrence with other breast cell lines
with epithelial and mesenchymal phenotypes, we examined the ex-
pression levels of miR-203a in HMLE, its mesenchymal derivative
HMLEmes (Fig. 3C, right), the normal cell-derived MCF10A, and the
mesenchymal cancer cell line, MDA-MB-231 (Fig. 3C, right). Expression
of miR-203a was restricted to all three cell lines with an epithelial
phenotype.

2.4. MiR-203a expression reduces the mesenchymal traits of D492M cells

To analyze if the presence of miR-203a affects the phenotype of
D492M, we overexpressed miR-203a in D492M (D492M™F2033) yi5ing
a lentiviral based transfection system. D492M™"29%% expressed miR-
203a 17,500-fold higher than control (D492M" ™) (Fig. 4A). Inter-
estingly, phase contrast images of monolayer cultures show that miR-
203a overexpression in D492M causes increased adherence between
cells (Fig. 4B). Furthermore, when D492M is cultivated in 3D-rBM, it
forms spindle shaped mesenchymal-like colonies in contrast to
D492M™I* 2032 that forms more compact colonies although the colonies
still show cellular protrusions, typical of mesenchymal cells (Fig. 4B).
When the cells were cultured in monolayer, overexpression of miR-
203a in D492M reduces the proliferation rate of the cells (Fig. 4C).
Furthermore, there was visible reduction in expression of the me-
senchymal marker N-cadherin and increased expression of E-cadherin,
K14 and K19 in D492M™"20% indicating a moderate reduction in
mesenchymal characteristies (Fig. 4D-E). The EMT transcription factor
SNAI2 is a confirmed target of miR-203a, and miR-203a is in return
suppressed by SNAI2 forming a negative feedback loop (Ding et al.,
2013). In concordance with SNAI2 being a target of miR-203a, there
was reduced expression of SNAI2 when miR-203a was overexpressed in
D492M (Fig. 4F). Since the EMT phenotype has been associated with

loss of progenitor/stem cell properties indicating that miR-203a over-
expression in D492M induces cellular differentiation (Fig. 4H). As
mesenchymal cells have increased motility compared to epithelial cells,
we analyzed the effect of miR-203a overexpression on the ability of
D492M to migrate and invade. D492M™R20% cells showed reduced
ability to migrate through transwell filters (Fig. 41, left) and to invade
through Matrigel coated transwell filters (Fig. 41, right) indicating a
suppression of mesenchymal characteristics. Collectively, over-
expressing miR-203a in D492M induced a reduction of mesenchymal
characteristics, caused reduced proliferation, migration and invasion,
and increased sensitivity towards chemically induced apoptosis.

2.5. Peroxidasin (PXDN) is a novel target of miR-203a

Due to the phenotypic differences between D492 and D492M in 3D
culture and the fact that miR-203a is not expressed in D492M, we
decided to compare the transcriptional profiling of D492, D492M and
D492M™"29%  with emphasis on identifying novel targets of miR-
203a. Herein, we identified peroxidasin (PXDN), a collagen IV cross-
linking agent in the basement membrane, as the most significantly
downregulated gene in D492M™R 2932 compared to D492M (Fig. 5A).
In addition, we identified three potential binding sites for miR-203a in
the 3UTR of PXDN, one well conserved and two less conserved
(Fig. 5B). To further investigate the potential interaction between miR-
203a and PXDN we treated D492M and D492M™*2%3 with miR-203a-
mimic and miR-203a-inhibitor, respectively. PXDN expression was re-
duced (Fig. 5C, left) and increased (Fig. 5C, right) when D492M and
D492M™R2038 were treated with miR-203a mimic and inhibitor, re-
spectively, corroborating that miR-203a regulates PXDN expression.
Furthermore, we d rated that PXDN exp was directly
regulated by miR-203a by carrying out a dual luciferase reporter assay
showing that the relative luciferase activity was significantly lower in
the PXDN 3"-UTR containing the miR-203a target sequence compared
with PXDN 3-UTR with deleted miR-203a binding sequence, when

apopltosis resistance and SNAI2 is a known inhi of apoptosis (Inoue
et al,, 2002), we asked if D492M™" 2% cells were less resistant to
chemically induced apoptosi: p to D492M"™Y, Indeed,
DA492M™IR 2932 cells were more sensitive than D492M*™Y tg camp-
tothecin, a chemical inducer of apoptosis (Fig. 4G).

The ability of cells to proliferate as mammospheres under non-ad-
herent conditions has been described as a property of early progenitor/
stem cells (Dontu et al., 2003). When D492 and D492M were cultured
in low attachment plates both generated mammospheres but D492M
generated significantly larger and a higher number of colonies
(Sigurdsson et al., 2011). Interestingly, overexpression of miR-203a in
D492M negatively impacts anchorage independent growth, resulting in

185

t with miR-203a mimie (***p < 0.001) (Fig. 5D). This sug-
gested that miR-203a could directly regulate the expression of PXDN
through targeting its 3-UTR. As a positive control we demonstrated
significantly lower relative luciferase activity in p63 3-UTR containing
the miR-203a target sequence compared with p63 3"-UTR with deleted
miR-203a binding sequence, when transfected with miR-203a mimic
(**p < 0.01) (Fig. S1).

In order to investigate whether the observed effect of miR-203a
overexpression on D492M is due to repression of PXDN, we knocked
down PXDN in D492M using siRNA (Fig. S2) and analyzed the phe-
notypic changes in monolayer. As with miR-203a overexpression, we
see reduced proliferation and increased sensitivity to chemically
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Fig. 5. Gene expression profiling of D492M overexpressing miR-203a.

A) Volcano plot showing differential expressed transeripts in D492M™"2** and D492M, depicting statistical significance and high fold change in gene expression.
Volcano plot was constructed from RNA sequencing data using beta and q-values from Sleuth analysis (max FDR = 0.05), enabling the visualization of the re-
Jationship between differentially expressed transcripts and statistical significance. More extreme values on the x-axis show increased differential expression and
higher values on the y-axis show increased statistical significance. PXDN is the most downregulated gene when miR-203a is overexpressed in D492M.

B) PXDN 3-UTR has three potential binding sites for miR-203a

Bioinformatics analysis reveals three potential binding sites for miR-203a in the 3-UTR of PXDN a heme-containing peroxidase that is secreted into the extracellular
matrix and is involved in extracellular matrix formation. One of the binding sites is conserved and two are poorly conserved.

C) MiR-203a regulates PXDN expression. D492M cells treated with miR-203a mimic have reduced expression of PXDN, whereas D492M™™2%% cells treated with
miR-203a inhibitor have increased expression of PXDN. Cells were treated with miR-203a-3p mimic or inhibitor, respectively, and PXDN expression was measured by
qPCR. Results are displayed as average of three independent experiments (mean + sd, n = 3).

D) MiR-203a directly binds to its target sequence on PXDN 3'UTR. HEK293T cells transfected with miR-203a-3p mimic and pmirGLO plasmid containing the miR-
203a binding site and surrounding sequence had reduced luciferase activity compared to cells transfected with the miR-203a-3p mimic and plasmid with the miR-
203a binding site deleted, indicating binding of the miR-203a-3p mimic to the target sequence. Results are displayed as average of three independent experiments
(mean * SD, n = 3).



E Briem et al.

>

~— PXDN siRNA
—= Neg.ctr SiRNA
Untreated T

a0

Confluency (%)

Caspase 317 object count (per mm?*) O

Time (hours)

g

g

&

8

Mechanisms of Development 155 (2019) 3447

PXDN siRNA + Camplothecin 10 uM

Neg.ctrl SIRNA + Camptothecin 10 uht
Untreated + Camptothecin 10 uM ]
PXDN siRNA 1
Neg.ctrl SiRNA I
Untreated 1 I

36
Time (hours)

a8

Fig. 6. PXDN repression reduces proliferation and increases sensitivity to chemically induced apoptosis.

A) PXDN silencing in D492M cells reduces proliferation. D492M cells treated with siRNA against PXDN have reduced proliferation rate compared to D492M cells
treated with negative control SiRNA or untreated D492M cells. Data is analyzed on IncuCyte Zoom and data is displayed as Confluency percentage (mean + SEM).
B) D492M cells with silenced PXDN are more sensitive to chemically induced apoptosis. Camptothecin induced apoptosis is increased in D492M cells with silenced
PXDN, compared to cells treated with negative control SiRNA and untreated D492M cells. Data is analyzed on IncuCyte Zoom and data is displayed as Caspase 3/7

object count/mm” (mean = SEM).

induced apoptosis upon PXDN silencing (Fig. 6A & B), however no
changes were seen in migration nor invasion (data not shown). This
suggests that miR-203a mediates some of its effects, at least partly,
through repression of PXDN.

Collectively, we have shown that miR-203a is a novel repressor of
PXDN, a protein that plays an important role as a collagen IV cross-

D492M has a mesenchymal phenotype and is derived from D492 cells
that have undergone EMT when co-cultured with breast endothelial
cells (Sigurdsson et al., 2011).

In a previous work we demonstrated that overexpression of miR-
200c-141 in D492M was sufficient to induce MET in D492M albeit only
to luminal epithelial cells. When p63 was overexpressed in D492M

linking agent in the b b and has been impli d in the
EMT process, ie. development, fibrosis and cancer.

3. Discussion

Modeling breast morphogenesis and EMT in 3D culture is an im-
portant tool to shed light on cellular and molecular mechanisms behind
these developmental events and complements well in vivo models.
Although animal models, in particular mouse models, have contributed
significantly to our understanding of mammary gland morphogenesis
and breast cancer, they cannot replace the necessity for using human
cells due to the molecular and cellular differences in mammary gland
biology between species (Dontu and Ince, 2015). Although, functionally
working in similar ways during breast feeding, the mouse and human
female mammary gland differ greatly. The human female breast gland
is composed of ducts that end in terminal duct lobular units (TDLUs),
surrounded by cellular-rich connective tissue. In contrast, the mouse
mammary gland is composed of ducts that terminate in end buds, which
are surrounded by adipose tissue. Thus, the histological comparison
between the mouse and human mammary gland demonstrates large
differences that need to be taken into account when studies are de-
signed to explore the interactions between epithelial cells and stroma.

In this study, we have applied two isogenic breast cell lines, D492
and D492M, and 3D culture based on reconstituted basement mem-
brane (rBM) to capture the phenotypic architecture of branching mor-
phogenesis of breast epithelium and EMT, respectively. D492 is a breast

ithelial progenitor cell line i from ithelium of
a normal breast gland (Gudjonsson et al., 2002; Villadsen et al., 2007;
Sigurdsson et al., 2011). D492, was established by immortalizing cells
from reduction mammoplasty using the E6 and E7 oncogenes from
human papilloma virus 16. E6 and E7 target p53 and RB, respectively
that without any doubt interfere with number of processes in the cells
and this should be kept in mind when designing projects involving this
cell line. However, D492 is non-tumorigenic, can generate both luminal
and myoepithelial cells and in 3D culture generate structures re-
miniscent of TDLU-like structures in vive and therefore remains a good
tool for studying molecular mechanisms involved in these processes.

miR-200c-141, bipotential and branching properties of
D492 were restored (Hilmarsdottir et al., 2015). Recently, Wuidart
etal. showed that p63 was essential for maintaining the unipotent basal
fate of embryonic mouse mammary gland progenitors. Interestingly,
sustained p63 expression in luminal epithelial cells reprogrammed cells
towards basal cells (Wuidart et al., 2018). D492 has stem cell properties
based on its ability to generate luminal and myoepithelial cells in cul-
ture and branching structures in 3D culture. It is however, possible that
the immortalization using the E6 and E7 oncogenes from human pa-
pilloma virus 16 (Gudjonsson et al., 2002) and the 3D cell culture
condition may contribute to the cellular plasticity of D492 and thus
reflect more embryonic development of the mammary gland than
postnatal development.

In this study, we analyzed differential expression of miRNAs in
D492 and D492M on day 14 in 3D-rBM culture. Small RNA sequencing
analysis revealed 47 differentially expressed miRNAs between D492
and D492M at day 14 in culture, of which 20 miRNAs were down-
regulated in D492M. Among the most profound changes, was the
downregulation of the miR-200 family, miR-205 and miR-203a in
D492M. We have previously shown that these miRNAs are also down-
regulated in D492M when cultured in monolayer (Hilmarsdottir et al.,
2015) indicating a bl ion pattern between 2D and 3D
conditions. In the same study we demeonstrated that when miR-141 and
miR-200e, which are under regulation of the same promoter on chro-
mosome 12 (Hilmarsdottir et al., 2014; Hilmarsdottir et al., 2015), were
overexpressed in D492M, a reversal towards epithelial phenotype was
induced, albeit only towards the luminal epithelial phenotype
(Hilmarsdottir et al., 2015). Unlike miR-200c-141 and miR-205, which
are both heavily methylated in D492M, we did not observe any me-
thylation of CpG islands in the promoter area of miR-203a. The un-
methylated pattern of the miR-203a promoter in D492M is opposite to
what has been described in other breast cell lines with a mesenchymal
phenotype (Zhang et al., 2011; Taube et al., 2013). This indicates that
miR-203a down regulation in D492M may be through other processes,
such as histone modification, or transcription factor repression.

Ectopic overexpression of miR-203a in D492M partially induced
epithelial traits. The effect of increased miR-203a expression was

a2
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primarily evident in functional assays, where it caused reduced cell
proliferation, migration, and invasion. Morphologic and gene expres-
sion changes were subtle and indicated only partial MET, as evidenced
by reduced expression of N-cadherin, and SNAI2, an EMT transeription
factor known to silence expression of miR-203a. Moes et al. demon-
strated that overexpression of SNAI1 in MCF-7 breast cancer cells re-
sulted in repression of miR-203 (Moes et al., 2012).

Branching morphogenesis of the D492 cells in 3D-TBM was used to
mimic breast development and differentiation. We show that miR-203a
expression coincides with increased differentiation status of the breast
epithelial cells. In contrast, other epithelial associated miRNAs such as
miR-205, miR-200c and miR-141 show constant or minimal fluctuation
in expression through the b hing period (21 days). In a miRNA
expression study on mouse mammary gland development, Avril-Sassen
et al. (2009) demonstrated that miR-203a showed temporal changes
during different phases of mammary gland development. High expres-
sion was seen in early development and gestation followed by low ex-
pression in lactation and involution stages (Avril-Sassen et al., 2009).
Reduced expression of miR-203a in lactation might be due to that fact
that lactation requires functionally active p63 positive myoepithelial
cells. MiR-203a is a repressor of p63 and therefore, downregulation of
miR-203a is probably necessary for full activity of the myoepithelium.

Since D492 cells have stem cell properties, it is possible to separate
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In summary, mammary gland development is mostly a post-natal
process, where post-t iptional lation via miR-203a expressi
correlates with differentiation stages in the mammary epithelium.
Using the D492 breast progenitor cells cultivated in 3D-rBM it is pos-
sible to capture the critical aspects of branching morphogenesis.
Temporal changes in miR-203a expression during the in vitro branching
process correlate well with in vive conditions. Although miR-203a re-
pression and ion are well d d in a number of stu-
dies, we observed only subtle changes towards MET when over-
expressed in D492M. Furthermore, we have demonstrated a novel link
‘between miR-203a and PXDN, which is highly expressed in D492M.
Collectively, we conclude that miR-203a may be important to retain
epithelial phenotype of breast epithelial cells, possibly through its
target PXDN.

4. Material and methods
4.1. Cell culture

D492 and D492M cells were maintained in H14 medium as de-
scribed previously (Sigurdsson et al., 2011). Primary luminal epithelial
cells (EpCAM *) and myoepithelial cells (EpCAM ) were isolated from
primary culture of breast epithelial cells derived from reduction

cells into luminal epithelial and ithelial cells (G: etal,
2002; Villadsen et al., 2007). Based on EpCAM, a luminal associated
epithelial adhesion molecule, we separated D492 cells into two cell
populations: EpCAM-high and EpCAM-low. EpCAM-high cells showed
significantly higher expression of miR-203a than EpCAM-low cells. This
was also confirmed in primary luminal epithelial- and myoepithelial
cells. This result is in agreement with DeCastro et al. (DeCastro et al.,
2013), where they demonstrated that miR-203a was significantly more
expressed in mouse luminal epithelial progenitor cells and differ-
entiated luminal epithelial cells compared to stem/basal cells. They also
tested the expression levels of miR-203a in a number of normal and
cancerous human breast epithelial cell lines: highest expression was
predominantly in cell lines with a luminal epithelial phenotype.

To search for potential target genes for miR-203a we analyzed gene
expression of D492M and D492M™" 2%, The most significantly dif-
ferential expressed gene between D492M and D492M™%2°** was
PXDN. PXDN is a heme-containing peroxidase that produces hypo-
bromous acid (HOBr) to form sulfilimine cross-links to stabilize the
collagen IV network in the basement membrane and is believed to be
important in normal development (Colon et al., 2017). PXDN has also
been linked to EMT and disease conditions such as melanoma invasion
and fibrosis (Tindall et al., 2005; Cheng et al., 2008; Peterfi et al., 2009;
Liu et al., 2010; Tauber et al., 2010; Barnett et al., 2011; Khan et al,,
2011; Bhave et al,, 2012; Yan et al., 2014; Ero-Tolliver et al., 2015;
Colon and Bhave, 2016; Jayachandran et al., 2016; Sitole and Mavri-
Damelin, 2018).

Jayachandran et al. identified PXDN as consistently elevated in in-
vasive mesenchymal-like melanoma cells and it was also found highly
expressed in metastatic melanoma tumors. Gene silencing led to re-
duced melanoma invasion in vitro (Jayachandran et al., 2016). More-
over, Peterfi et al. have shown that PXDN is secreted from myofibro-
blasts and also from fibrotic kidney (Peterfi et al., 2009). Young et al.
demonstrated that PXDN expression increases in PIK3CA mutant
MCF10A cells and that the PXDN protein is mainly associated with
secreted exosomes (Young et al., 2015). When knocking down PXDN in
four basal like breast cancer cell lines, all cell lines showed reduced
proliferation and when PXDN was knocked down in the luminal cell
line MDA-MB-361, which expresses little PXDN, there was also reduced
proliferation (Young et al., 2015). The reduced proliferation rate we
saw in D492M™ 2038 could be because of PXDN silencing by miR-
203a, as we also see reduced proliferation when PXDN is transiently
knocked down with silencing RNA. The fact that PXDN is overexpressed
in the mesenchymal cell line D492M may link it to the EMT phenotype.
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y cell sorting (MACS) and maintained in
CDM3 and CDM4, respectively, as previously described (Pechoux et al.,
1999). Primary human breast endothelial cells (BRENCs) were isolated
from breast reduction mammoplasties and cultured in endothelial
growth medium (EGM) (Lonza) + 5% FBS (Invitrogen), referred to as
EGMS (Sigurdsson et al.,, 2006). Growth factor reduced reconstituted
b (rBM, as Matrigel, Corning #354230)
‘was used for 3D cultures. 3D monocultures were carried out in 24-well
culture plates (Corning). 1 x 10* D492 cells were suspended in 300 ul
of 1BM. Co-culture experiments were carried out with either 500, or
1 x 10* cells mixed with 1 x 10°-2 x 10° BRENGs. 300l of mixed
cells/rBM were seeded in each well of a 24-well plate and cultured on
H14 (monoculture) or EGMS5 (co-culture) for 14-21 days.

Branching, solid and spindle-like structures were isolated from 3D
co-cultures with gentle shaking on ice in PBS - EDTA (5 mM) solution as
previously described (Lee et al., 2007).

4.2 Small RNA sequencing

Total RNA was isolated from branching and spindle-like colonies
from D492 and D492M, respectively using Tri-Reagent (Thermo Fisher
Scientific, #AM9738). For D492 branching time points, RNA was iso-
lated from 3D-rBM culture on days 7, 14 and 21 but for D492M RNA
was isolated only on day 14. Samples were pooled in triplicates from
each time point before small RNA library preparation. Small RNA li-
braries were prepared using the TruSeq Small RNA Library Kit from
Illumina (#RS-200-0012) per manufacturer's protocol. The small RNA
libraries were then sequenced using the [llumina MiSeq platform and
V2 sequencing chemistry. FASTQ files were generated with MiSeq
Reporter (Ilumina, San Diego, US-CA). Small RNA sequence analysis
was performed using the CLC Genomics Workbench (CLC Bio-Qiagen,
Aarhus, Denmark) and miRBase — release 21 was used for annotation.
Samples were normalized by totals and counts reported as reads per
million. Reads above 29 nt and below 15nt in length were discarded.
Proportion-based statistical analysis was done using the test of Kal (Kal
et al., 1999). Hierarchal clustering of features was performed using
Log2 wansformed expression values, Euclidean distance and single
linkage. For the D492 and D492M comparison samples from day 7, 14
and 21 from D492 were compared to D492M sample from day 14.

4.3. DNA isolation and methylation bead chip array

D492 (1 x 10* cells) and D492M (2.5 x 10 cells) were grown in
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3D-rBM in triplicate in a 24-well plate for 14 days and colonies ex-
tracted from 3D-rBM with gentle shaking on ice in PBS - EDTA (5 mM)
solution as previously described (Lee et al., 2007). DNA was extracted
using the PureLink Genomic DNA Mini Kit (Thermo Fisher Scientific,
#K182002) and DNA was bisulfite converted using the EZ-96 DNA
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+Puro fusion containing the T2A element to enable co-expression of
balanced levels of RFP and Puro genes. Viral particles were produced in
HEK-293 T cells using TurboFect transfection reagent (Thermo Fisher
Scientific, #R0531) and virus containing supernatant collected after 48
and 72 h, centrifuged and filtered through 0.45 um filter. Target cells

Methylation-Gold Kit (Zymo Research, #D5007) per

were d with virus titer in the presence of 8 ug/ul polybrene.

protocols. The samples were hybridized to the Infinium Hu-
manMethylation450 BeadChip array (Illumina, # WG-314-1003). Data
was analyzed using the minfi Bioconductor package (Aryee et al,
2014).

4.4. Bisulfite sequencing

DNA (0.5-1 pg) was bisulfite converted using the EpiTect Bisulfite
Kit (Qiagen, #59104). Target DNA sequences were amplified using
nested PCR (see primers in Table $1). Methylation levels were analyzed
by sequencing the bisulfite modified promoter regions on a 3130
Genetic Analyzer (Applied Biosystems). Methylation data from bisulfite
sequencing was analyzed and visualized using the BiQ Analyzer v2.0
(Bock et al., 2005).

4.5. Quantitative reverse transcription PCR analysis

Total RNA was extracted with Tri-Reagent (Thermo Fisher
Scientific, #AM9738) and

reverse transcription performed using random hexamers (Thermo
Fisher Scientific, #N8080127) and SuperScript IV Reverse
Transcriptase (Thermo Fisher Scientific, #18090050). The following
primers were used for mRNA gRT-PCR analysis, SNAI2
(Hs00950344_m1) (Thermo Fisher Scientific, #4331182) and GAPDH
as endogenous reference gene (Thermo Fisher Scientific, # 4326317E).
Maxima Probe/ROX qPCR Master Mix (2 x ) (Thermo Fisher Scientific,
# K0231) was used for TagMan gRT-PCR analysis.

Quantitative RT-PCR analysis of miRNAs was performed using the
universal cDNA synthesis kit IT (Exiqon, #203301) and ExiLENT SYBR
Green master mix (Exiqon, #203402). The following primer sets from
Exiqgon were used for miRNA gRT-PCR analysis, hsa-miR-203a
(#205914), hsa-miR-141-3p (#204504), hsa-miR-200c-3p (#204482),
hsa-miR-205-5p (#204487) and U6 snRNA (#203907) was used as
endogenous reference. All QRT-PCRs were performed on the Applied
Biosystems 7500 Real-Time PCR system and relative expression dif-
ferences were calculated with the 2*“ method.

4.6. Cloning of miR-203a into pCDH lentivector

The miR-203a miRNA construct was amplified from D492 genomic
DNA using nested PCR with the following outer primers, miR-203a-
outer-F  5-ATCAGTCGCGGGACCTATG-3" and miR-203a-outer-R
5-GAATTCCACGGAGTTTCGAG-3". From miR-203a-outer amplicon,
EcoRI and Notl restriction sites were incorporated with PCR using the
following  inner  primers, miR-203a-EcoRI-F-5-TAAGCAGAA
TTCaggegagggegtictaagg-3’ and  miR-203a-Notl-R-5-TGCTTAGCGGC
CGCaccteecageageacttg-3. Phusion High-Fidelity DNA Polymerase
(NEB, # M0530S) was used for PCR and amplicons were purified using
the GeneJET PCR purification kit (Thermo Fisher Scientific, #K0701).
Double digestions of miR-203a-inmer amplicon and pCDH vector
(System Biosciences, #CD516B-2) were performed using EcoRI (NEB,
#R0101) and Notl (Thermo Fisher Scientific, #ER0591). The miR-
203a-inner amplicon was cloned into pCDH lentivector at insert-to-
vector molar ratio 10:1 using T4 DNA ligase (Thermo Fisher Scientific,
#15224041). Empty pCDH lentivector and miR-203a-pCDH lentivector
were transformed into E. coli DH5alpha competent cells and inserts
confirmed with colony PCR. Lentivectors were produced in cultures of
DH5alpha and isolated using GeneJET Plasmid Miniprep kit (Thermo
Fisher Scientific, #K0502). The cloned miR-203a insert sequence was
then confirmed with sequencing. The pCDH lentivector has a RFP

Stable cell lines and control (empty-lentivector) cells were isolated with
puromycin (2 pg/ml) (Thermo Fisher Scientific, # A1113803) followed
by flow-sorting (Sony SH800), selecting for RFP expressing cells.

4.7. Immunochemistry

The following primary antibodies were used for DAB staining (Dako,
# K3467), E-cadherin (BD, # 610182), N-cadherin (BD, # 610921),
K14 (Abcam, #ab7800) and K19 (Abcam, #ab7754). Specimens were
visualized on a Leica DMI3000 B inverted microscope.

4.8. Western blotting

Equal amounts (5 ug) of proteins in RIPA buffer were separated on
NuPAGE™ 10% Bis-Tris Protein Gels (Thermo Fisher Sclcnnﬁt.
#NP0302BOX) and to a PVDF (
#IPFLO0010). Antibodies: SNAI2 (Cell Signaling, #9585) and Histone
H3 (Cell Signaling, #4499). Secondary antibodies were mouse or rabbit
IRDey (Li-Cor) used at 1:20,000 and detected using the Odyssey
Infrared Imaging System (Li-Cor). Fluorescent images were converted
to gray scale.

4.9. Proliferation assay

Cells were seeded in triplicates in 24-well plates and cultures
stopped every 24 h. Cells were fixed in 3.7% formaldehyde in PBS for
10 min, washed once with 1 x PBS, stained with 0.1% crystal violet in
10% ethanol for 15min, washed four times with water and dried.
Density of cells was evaluated by extracting the crystal violet stain in
10% acetic acid and measuring optical density at 595nm using a
spectrometer. In addition, proliferation rate of D492M cells treated with
siRNA was analyzed on IncuCyte Zoom (Essen Bioscience) per manu-
facturer’s instruetions.

4.10. Apoptosis assay

to induced with 10puM camp-
tothecin (Sigma-Aldrich, #C9911) was determined using IncuCyte
Caspase-3/7 Reagents (Essen Bioscience, #4440) and imaging on
IncuCyte Zoom (Essen Bioscience) per manufacturer’s instructions.

4.11. Anchorage independence, migration and invasion assays

Anchorage independent growth was determined using 24-well ultra-
low attachment plates (Corning, #3473), where triplicates of 500 cells
of D492M™" 252 and D492M"™P* were single cell filtered and cultured
using EGM5 medium for 9 days.

For migration analysis, triplicates of 10,000 starved D492M™ik-203a
and D492M"™" cells were seeded in DMEM/F12, HEPES medium
(Thermo Scientific, #31330038) on collagen I (Advanced BioMatrix,
#5005-B) coated transwell filters with 8um pore size (Corning,
#353097) with EGM5 medium in the lower chamber and incubated for
24h. Filters were rinsed with 1 x PBS and cells on the apical layer
wiped off with a cotton swab (Q-tip) and migrated cells fixed in 3.7%
formaldehyde in PBS for 10min, washed with 1 x PBS, stained with
0.1% crystal violet in 10% ethanol for 15 min and washed with water
and then dried. Images were acquired and migrated cells counted, 3
images per filter.

Invasion assay was performed using transwell filters with 8 pm pore
size (Corning, #353097) that were coated with 100 pl diluted Matrigel
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(Corning, #354230) 1:10 in H14 media. D492M™™2032 ang
D492ZM™™Y (25,000 cells) were seeded in H14 media on top of
Matrigel coated filters and H14 + 5% FBS added to the lower chamber
and incubated for 44 h. Matrigel was then removed with a cotton swab
and washed with PBS. Cells were fixed in 3.7% formaldehyde in PBS for
15 min and washed four times with water. Images were acquired and
migrated cells counted, 3 images per filter.

4.12. PolyA mRNA sequencing and analysis

RNA was isolated from 3D and 2D cultures using the Exigon
miRCURY RNA Isolation Kit - Cell and Plant and quality control of RNA
samples was performed using BioAnalyzer. Libraries were prepared
using polyA mRNA library kit from Illumina and sequenced on a HiSeq
sequencer from Illumina. Alignment of reads and annotation was per-
formed using Kallisto (Bray et al., 2016) and differential expression
analysis was done using Sleuth (Pimentel et al., 2017).

4.13. Transient transfection with miR-203a mimic

Briefly, D492M cells were separately transfected with 50 pmol of
mirVANA miR-203a-3p mimic (Thermo Fisher, #4464066, Assay ID
MC10152) and miRNA mimic negative control #1 (Thermo Fisher,
#4464058) using RNAIMAX (Thermo Fisher, #13778075) per manu-
facturer's instructions for mirVana miRNA mimics,

4.14. Transient transfection with miR-203a inhibitor

Briefly, D492M™"™2°32 cells were sep: ly with
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were t to instructions) with
200ng/well luciferase plasmids (pmirGLO constructs), using
Lipofectamine 3000 (Thermo Fisher Scientific, #13000015). After 24 h,
plasmid-transfection cells were analyzed for luciferase activity using
the Dual-Glo® Luciferase Assay System (Promega Corporation, Madison,
‘WI, USA). Results are displayed as normalized firefly luciferase activity
(background subtracted firefly luciferase activity/background sub-
tracted renilla luciferase activity) for each construct. For each trans-
fection, luci activity was i and three
independent experiments were performed.

from four

4.16. Transient transfection with siRNA

DA492M cells were transfected with 10nm final concentration of
negative control siRNA (SilencerSelect siRNA #4390843, Ambion) and
SiRNA targeting PXDN (SilencerSelect siRNA #4427037, Ambion),
using  Lipofectamine RNAiMAX (Thermo Fisher Scienttific,
#13778150), according to the manufacturer's protocol. Cells were in-
cubated for 48 h and then the knockdown was confirmed by qRT-PCR
using the following primers; Hs.PT.58.630748 (PrimeTime, IDT).

4.17. Statistics
All analyses comprised at least three independent experiments.
‘Two-tailed student t-test was used to test significance (p < 0.05).
Supplementary data to this article can be found online at hitps://
doi.org/10.1016/j.mod.2018.11.002.

50pmol of mirVANA miR-203a-3p inhibitor (Thermo Fisher, #
4464084, Assay ID MH10152) and mirVana miRNA Inhibitor, Negative
Control #1 (Thermo Fisher, # 4464076) using RNAIMAX (Thermo
Fisher, #13778075) per manufacturer's instructions for mirVana
miRNA inhibitors.

4.15. Plasmid vector constructs and Luciferase activity assay

Synthetic oligonucleotides containing the hsa-miR203a-3p target
sequence of human PXDN 3-UTR (Position 106-113) or a deletion
thereof (Table 1) were cloned into pmirGLO Dual-Luciferase miRNA
‘Target Expression Vector (Promega Corporation, Madison, W, USA). As
a positive control we cloned the target sequence of p63 3-UTR, a
known hsa-miR203a-3p target, into pmirGLO, as well as a mismatched
version of the p63 target site or a deletion thereof (Fig. $1). Correct
sequence and orientation was verified by DNA sequencing (Eurofins
Genomics, Ebersberg, Germany).

HEK293T cells were plated in a 96-well plate 3.0 X 10%per well and
incubated overnight. Cells were first transfected with hsa-miR203a-3p
mimics (mirVana™ miRNA Mimics, Thermo Fisher Scientific,
#4464070) with final cencentration of 100 nM, using Li i
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RNAIMAX (Thermo Fisher Scienttific, #13778150) transfection reagent
(according to manufacturer's instructions, with minor changes: using
serum free and antibiotic-free high glucose DMEM medium instead of
Opti-MEM® Medium). 24 h after transfection with miRNA mimics, cells

Table 1

Data

NCBI  GEO:
acc=GSE112306
The data discussed in this publication have been deposited in NCBI's

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

Synthetic oligonucleotides containing the hsa-mir-203a-3p target sequence of human PXDN 3“UTR/p63 3“UTR or a

deletion thereof.

PXDN 3-UTR sense
PXDN 3-UTR antisense
PXDN del sense

PXDN del antisense
P63 3-UTR sense

P63 3UTR antisense
P63 del sense

P63 del antisense

/5Phos/AAACTAGCGGCCGCTAGTCCCAGAACTCGTGACATTTCATT
/5Phos/CTAGAN
/5Phos/AAACTAGCGGCOGCTAGTCCCAGAACTCGTGTT
/5Phos/CTAGAACACGAGTTCTGGGACTAGCGGCCGCTAGTTT
/5Phos/AAACTAGCGGCCGCTAGTGAATGAGTCCTTGATTTCAAAT
/5Phas/CTAGATTTGAAATCAAGGACTCATTCACTAGCGGCCGCTAGTTT
/5Phos/AAACTAGCGGCCGCTAGTGAATGAGTCCTTGAT
/5Phos/CTAGATCAAGGACTCATTCACTAGCGGCCGCTAGTTT

CACGAGTTC TTIT

5
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Gene Expression Omnibus (Edgar et al., 2002) and are accessible
through GEO Series accession number GSE112306.

(https://www.ncbi.nlm.nih.gov/geo/query/ace.cgizace=
GSE112306).

References

Aryee, M.J,, Jaffe, A.E., Corrada-Bravo, H., Ladd-Acosta, C., Feinberg, A.P., Hansen, K.D.,
Irizarry, RA., 2014. Minfi: a flexible and comprehensive Bioconductor for
the analysis of Infinium DNA methylation microarrays. Bioinformatics 30 (10),
1363-1369.

Avril-Sassen, S., Goldstein, L.D., Stingl, J., Blenkiron, C., Le Quesne, J., Spiteri, 1.,
Kamgﬂvmlldua, K, Watson, C.J., Tavare, ., Muka, E.A., Caldas, C., 2009.

RNA expression in post-natal mouse mammary gland de-
velownm BMC Genomics 10, 548.

Barnett, P., Amold, R.S., Mezencev, R., Chung, L.W., Zayzafoon, M., Odero-Marah, V.,
2011. Snail-mediated of reactive species in ARCaP human prostate
cancer cells. Biochem. Biophys. Res. Commun. 404 (1), 34-39.

Bhave, G., Cummings, C.F., Vanacore, RM., Kumagai-Cresse, C., Ero-Tolliver, LA., Rafi,
M, Kang, J.S., Pedchenko, V., Fessler, L.L, Fessler, J.H., Hudson, B.G., 2012.
Peroxidasin forms sulfilimine bonds using hypohalous acids in tissue gen-
esis. Nat. Chem. Biol. 8 (9), 784-790.

Bock, C., Reither, S., Mikeska, T., Paulsen, M., Walter, J., Lengauer, T., 2005. BiQ ana-
Iyzer: visualization and quality control for DNA methylation data from bisulfite se-
quencing. Bioinformatics 21 (21), 40674068,

Bray, N.L., Pimentel, H., Melsted, P., Pachter, L., 2016. Near-optimal probabilistic RNA-
seq quantification. Nat. Biotechnol. 34 (5), 525-527.

cm, Q4, Mani, RS., Ateeq B., Dhanasekaran, .M., Asangani, L., Prensner, J.R., Kim,

H., Brenner, J.C., Jing, ., Cao, X., Wang, K., Li, Y., Dahiya, A., Wang, L., Pandhi,
M Lonigro, R.J., Wu, Y.M., Tomlins, .A., Palanisamy, N., Qin, Z., Yu, J., Maher,
CA,, Varambally, 5., Chinnaiyan, AM., 2011. Coordinated regulation of polycomb
group complexes through microRNAs in cancer. Cancer Cell 20 (2), 187-199.

Cheng, G., Salerno, J.C., Cao, Z., Pagano, P.J., Lambeth, J.D., 2008. Identification and
characterization of VPO, a new animal heme-containing peroxidase. Free Radic.
Biol. Med. 45 (12), 1682-1694.

Colon, 5., Bhave, G., 2016. Proprotein convertase processing enhances Peroxidasin ac-
tivity to reinforce collagen IV. J. Biol. Chem. 291 (46), 24009-24016.

Colon, S., Page-McCaw, P., Bhave, G., 2017. Role of Hypohalous acids in basement
‘membrane homeostasis. Antioxid. Redox Signal. 27 (12), 839-854,

DeCastro, A.J., Dunphy, K-A., Hutchinson, J., Balboni, AL, Cherukuri, P., Jerry, D.J.,
DiRenzo, J., 2013. MiR203 mediates subversion of stem cell ]mvp!mes during
mzmmaryepldmlul i iation via repression of p
‘mesenchymal- transition. Cell Death Dis. 4, €514,

Ding, X., Park, $.L, McCauley, LK., Wang, C.Y., 2013. s-gn-lmgbcmam transforming

growth factor ) and

Mechanisms of Development 155 (2019) 34-47

B., Behren, A., Cebon, J., McKeown, S.J., 2016, Identifying and determi-
nants of melanoma cellular invasion. Oncotarget 7 (27), 4118641202,

Kal, AJ,, van Zonneveld, AJ., Benes, V., van den Berg, M., Koerkamp, M.G., Albermann,
K., Strack, N., Ruijter, J.M., Richter, A., Dujon, B., Ansorge, W., Tabak, HLF., 1999,
Dynamics of gene expression revealed by comparison of serial analysis of gene ex-
pression transcript profiles from yeast grown on two different carbon sources. Mol.
Biol. Cell 10 (6), 1859-1872.

Khan, K., Rudkin, A., Parry, D.A., Burdon, K.P., McKibbin, M., Logan, C.V., Abdelhamed,
Z1, Muecke, J.S., Fernandez-Fuentes, N., Laurie, K.J., Shires, M., Fogarty, R., Carr,
LM, Poulter, J.A, Morgan, J.E., Mohamed, M.D., Jafri, H., Raashid, ., Meng, N.,
Piseth, H., Toomes, ., Casson, R.J., Taylor, G.R., Hammerton, M., Sheridan, E.,
Johnson, C.A., Inglehearn, C.F., Craig, J.E., Ali, M., 2011. Homozygous mutations in
PXDN cause congenital cataract, corneal opacity, and developmental glaucoma. Am.
J. Hum. Genet. 89 (3), 464-473.

Lawson, D.A., Werb, Z,, Zong, Y., Goldstein, A.S., 2015. The cleared mammary fat pad
transplantation assay for mammary epithelial organogenesis. Cold Spring Harb
Protoc 2015 (12) (pdb.prot078071).

Lee, G.Y., Kenny, P.A, Lee, EH,, Bissell, M.J., 2007. Threedimensional culture models of
normal and malignant breast epithelial cells. Nat. Methods 4 (4), 359-365.

LﬂJJ‘A.M..RodDJaV Huyghe, M., Hannezo, E., C, Renaud, 0., Leroy, O.,

S., Simons, B.D,, Fre, S., 2018, Clonal analysis of Notchl-expressing cells
rcveahﬂmalmmoﬁml stem cells that retain long-term plasticity in the
embryonic mammary gland. Nat. Cell Biol. 20 (6), 677-687.

Liu, Y., Carson-Walter, EB., Cooper, A., Winans, B.N., Johnson, M.D., Walter, K.A., 2010.
Vascular gene expression patterns are conserved in primary and metastatic brain
tumors. J. Neuro-Oncol. 99 (1), 13-24.

Lloyd-Lewis, B, Davis, F.M., Harris, O.B., Hitchcock, J.R., Watson, C.J,, 2018. Neutral

‘tracing of proliferative embryonic and adult mammary stem,progenitor cells.
Development 145 (14).

Mani, S.A., Guo, W., Liao, M.J., Eaton, EN., Ayyanan, A., Zhou, A.Y., Brooks, M.,
Reinhard, F., Zhang, C.C., Shipitsin, M., Campbell, 1.1., Polyak, K., Brisken, ., Yang,
J., Weinberg, R.A., 2008. The epithelial-mesenchymal transition generates cells with
properties of stem cells. Cell 133 (4), 704-715.

Moes, M., Le Bechec, A., Crespo, L, Laurini, C., Halavatyi, A., Vetter, G., Del Sol, A.,
Friederich, E., 2012. A novel network integrating a miRNA-203/SNAI1 feedback loop

ithelial

cancer progression. Cancer Sci. 98 (10),
1512-1520.

Olson, P., Lu, J., Zhang, H., Shai, A., Chun, M.G., Wang, Y., Libutti, S K., Nakakura, EX.,
Golub, T-R., Hanahan, D., 2009. MicroRNA dynamics in the stages of tumorigenesis
correlate with hallmark capabilities of cancer. Genes Dev. 23 (18), 2152-2165.

Pal, B., Chen, Y., Vaillant, F., Jamieson, P., Gordon, L., Rios, A.C., Wilcox, S., Fu, N., Liu,
K, Ja:k]mg,r(‘. Davis, M_L, ].uldeman, G.J., Smyth, G.K., Visvader, J.E., 2017.

in the mouse mammary gland by

m.,ye-uu mu pmﬁlu.g Nat. Cammllm 8(1), 1627.
C, , L., Bissell, M.J., Petersen, O.W., 1999,

beta (TGF-beta!
‘microRNA miR-203 to promote epithelial- llles:m:hyma] tnn‘num and tumor me-
tastasis. J. Biol. Chem. 288 (15), 10241-10253.

Dantu, G., Ince, T.A., 2015. Of mice a
of reast stem cells and differentiation. J. ManmaryGlandlhnl.Nmph::azO[l 2),
51-62.

Dontu, G., Abdallah, W.M., Foley, J.M., Jackson, K.W., Clarke, M.F., Kawamura, M.1.,
Wicha, M.S., 2003, In vitro propagation and transcriptional profiling of human
mammary tor cells. Genes Dev. 17 (10), 1253-1270.

Eﬂw&ﬂunmmzv]\l_lﬂdLAE 2002. Gene expression omnibus: NCBI gene ex-

. Nucleic Acids Res. 30 (1), 207-210.
Eleoll.lver LA. Hudson, B.G lhav!, G., 2015. The almml( immunoglobulin domains
of peroxidasin are required to form sulfilimine cross-links in collagen IV. J. Biol.

‘Chem. 290 (35), 21741-21748.

Feng, X., Wang, Z., Fillmore, R., Xi, Y., 2014. MiR-200, a new star miRNA in human
cancer. (‘zml' Lett. 344 (2), 166-173.

Gregory, P.A., Bert, A.G., Paterson, E.L., Barry, 5.C., Tsykin, A., Farshid, G., Vadas, M.A.,
Khew-Goodall, Y., Goodall, G.J., 2008. The miR-200 family and miR-205 regulate
epithelial to mesenchymal transition by targeting ZEB1 and SIP1. Nat. Cell Biol. 10
(5), 593-601.

Gudjonsson, T., V-!hdxn,ll,Nlelm\,HL ‘Ronnov-Jessen, L., Bissell, M.J., Petersen,

Isolation, immortalization, and characterization of a human breast epi-

cell line with stem cell propertics. Genes Dev. 16 (6), 693-706.
Hanahan, D., Weinberg, R.A., 2011. Hallmarks of cancer: the next generation. Cell 144
(5), 646-674.

Hilmarsdottir, B., Briem, E., M.K., Gudjonsson, T., mu,
Functional rale of the microRNA-200 famﬂy in breast morphogenesis and neoplasi
Genes 5 (3), 804-820.

Filmarsitt, B, Briem, £, s.gmdmn V., Franzdottr, S.R., Ringner, M.

T, 2015. MicroRNA- mooc 141 ami

{uman mammary lunnnal eplﬂu-.lul cells contain Pprogenitors to myoepithelial cells.
Dcw Biol. 206 (1), 88-99.

Peinado, H., Olmeda, D., Cano, A., 2007. Snail, ZEB and bHLH factors in tumour pro-
gression: an alliance against the epithelial phenotype? Nat. Rev. Cancer 7 (6),
415-428.

Peterfi, Z., Donko, A., Orient, A., Sum, A., Prokai, A., Molnar, B., Vereb, Z., Rajnavolgyi,
E., Kovacs, KJ., Muller, V., Szabo, A.J., Geiszt, M., 2009. Peroxidasin is secreted and

into th ‘matrix of and fibrotic kidney. Am.
3. Pathol. 175 (2), 725-735.

Petersen, O.W., Polyal, K., 2010. Stem cells in the human breast. Cold Spring Harb.
Perspect. Biol. 2 (5), a003160.

Petersen, O.W., Lind Nielsen, H., Gudjonsson, T, Villadsen, R., Ronnov-Jessen, 1., Bissell,
MLJ., 2001. The plasticity of human breast carcinoma cells is more than epithelial to
‘mesenchymal conversion. Breast Cancer Res. 3 (4), 213-217.

Pimentel, H., Bray, N.L., Puente, §., Melsted, P, Pachter, I., 2017. Differential analysis of
R.NA-eq quantification uncertainty. Nat. Methods 14 (7), 687-690.

~Pinilla, $.M., Hardisson, D., Cano, A., Moreno-Bueno, G., Palacios,
1, 2008 Epﬂmﬂal—mmenﬂlynulnnmnon cancer relates to the basal-like
. Cancer Res. 68 (4), 989-997.

Shimono, Y., Zabala, M., Cho, RW., Lobo, N., Dalerba, P., Qian, D., Diehn, M., Liu, H.,
l’lmn.h,Sl’ Chiao, E., Dirbas, F.M., Somlo, G., Pera, RA., Lao, K., Clarke, M.F.,

breast cancer stem cells with normal

:lancdl.q Cell 138 (3), 592-603.

Sigurdsson, V., Ad, J., Jonasson, J.G., M,
Petersen, O.W., ., M., Gudjonsson, T., 2006. Human breast micro-
vascular endothelial cells retain phenotypic traits in long:term finite life span culture.
anumcdl Dev. nmLAmm 42 (10), 332440

Sigurdsson,
vmd:m,rt,nmg.f\ Aylal-m.B.A.)Pﬁzﬁul.OW Mamum,

I\.lnyule

Np63 are qulluEd for hlﬁtepiﬂlﬂial i
Dev. Biol. 403 (2), 150-161.
Inoue, A., Seidel, M.G., Wu, W., Kamizono, 5., Ferrando, A.A., Bronson, R.T., lumuh', H.,
Akashi, K., Morimoto, A., Hitzler, J.K., Pestina, 1.1, Jackson, C.W., Tanaka, R,
Chong, M.J., McKim\on,PJ Inukai, 'L,Gme'd,GC Lan.A.'lZ,m?_Slng_.
‘highly conserved zinc Tepressor, protects
genlmrcellsﬁummdhﬁmhdmedtpnpmﬂsmww cmwcatzmzﬂ-m
.lavad AL Lteif, A, 2013. Development of the human breast. Semin. Plast. Surg. 27 (1),

and branching

.layndnmlmn, A, Prithviraj, P., Lo, P.EL, Walkiewicz, M., Anaka, M., Woeds, B.L., Tan,

T., 2011. i duochmhlEastcplﬂlelldcdlﬁmﬂlstﬂn

cell properties. FLoS One 6 (9), e23833.

Sitole, B.N., Mavri-Damelin, D., 2018, Peroxidasin is regulated by the epithelial-me-
senchymal transition master transcription factor Snail. Gene 646, 195-202.

Taube, J.H., Malouf, G.G., Lu, E., Sphyris, N., Vijay, V., Ramachandran, P.P., Ueno, K.R.,
Gaur, S., Nicoloso, M.S., Rossi, 8., tz, J.L, Rosen, J.M., Issa, J.P., Calin,
G.A., Chang, J.T., Mam, S.A, 2013. Epigenetic silencing of microRNA-203 is required
for EMT and cancer stem cell properties. Scl. Rep. 3, 2687.

Tauber, 8., Jais, A., Jﬁﬂm‘, M., Haider, 5., Husa, J., Lindroos, J., Knofler, M., Mayerhofet,
M., Pehamberger, H., Wagner, O., Bilban, M., 2010. Transcriptome analysis of human

191



E. Briem et al.

cancer reveals a functional role of heme oxygenase-1 in tumor cell adhesion. Mol.
Cancer 9, 200.

Tindall, A.J., Pownall, M.E., Marns.].l] Isaacs, H.V., 2005. Xenopus tropicalis
idasin gene is thin the developing neural heandpmnephdckldney
Dev. Dymm(2).377‘384

Vidi, P.A., Bissell, M.J., Lelievre, 5.A., 2013. Three-dimensional culture of human breast
epithelial cells: l.lmhﬂwnnd'hevlhy Menmdxmnl Biol. Ml%ﬂl?

Villadsen, R.. T., Rank, F., LaBarge,
M.A, Bissell, M.L, pemmn | O.W., 2007. Mmrm-mmllhlemd-ymm
adult human breast. J. Cell Biol. 177 (1), 87-101.

‘Wellner, U., Schubert, J., Burk, U.C., Schmalhofer, 0., Zhu, F., SDnnmg,A. Waldvogel, B.,
Vannier, C., Darling, D., zur Hausen, A., Brunton, V.G., ., Sansom, O.
Schuler, J., Stemmler, M.P., Herzberger, C., Hopt, U., Keck, T., Bnum,s Brabletz,
T., 2009. The EMT-activator ZEB1 pwlnntsnmmsuumyhylvpmngm

i iting microRNAs, Nat. Cell Biol. 11 (12), 1487-1495.

Wronski, A., Arendt, L.M., Kuperwasser, C., 2015. Humanization of the mouse mammary
gland. Methods Mol. Biol. 1293, 173-186.

‘Wuidart, A., Sifrim, A., Fioramonti, M., Matsumura, S., Brisebarre, A., Brown, D.,

47

Mechanisms of Development 155 (2019) 3447

Centonze, A., Dannau, A, Dubms, €, Van Keymeulen, A, Voet, T, Blanpain, C.,
2018, Early i gland pro-
genitors. Nat. Cell Biol. 20 (6), 666-67@

Yan, X., Sabrautzki, S., Horsch, M., Fuchs, H., Gailus-Durner, V., Beckers, J., Hmbede
Angelis, M., Graw, J., 2014. is essential for eye
‘mouse. Hum. Mol. Genet. 23 (21), 5597-5614.

‘Young, C.D., Zimmerman, L.J., Hoshino, D., Formisano, L., Hanker, A.B., Gatza, M.L.,
Morrison, M.M., Moore, P.D., Whitwell, C.A., Dave, B., Stricker, T., Bhola, N.E., Silva,
G.0,, Patel, p , Brantley-Sieders, D:M., Levin, M., Horiates, M., Palma, N.A., Wang, K.,
Stephens, P.J., Perou, C.M., Weaver, A.M., , J.A., Chang, J.C., Park,
B.H., vab]m' D.C., Cook, RS, Arteaga, C.L, 2015. Activating PIKCA mutations

induce an epidermal growth factor receptor (EGFR)/extracellular signal-regulated

Axis in basal-like breast Cancer. Mol. Cell.

kinase (ERK) paracrine signaling
Proteomics 14 (7), 1959-1976.
Zhang, Z., Zhang, B, Li, W, ru I.,Fu,l..mu z, Dwng,n zou.zmmeucsumng
of miR-203 and ‘malignant
breast Cancer cells. Guls (‘-mu:rZ ®, 752—791A




Figure S1

1.2 *x

p63 det 5. GAAUGAGUCCUUG- - - 08

P63 3'UTR 5'-...GAAUGAGU(|)?I1JITIG- -‘I\L\“I“\,!C?Aa
hsa-miR-203a-3p  3-GAUCACCAGGAUUUGUAAAGUG-5'

0.6

0.4

Relative Luciferase Activity

0.2

p63 IUTR  p63 del

miR-203a-3p mimic + +

193



Figure S2

Relative expression of PXDN

1.4

0.8

0.6

0.2

Neg.ctrl sSiRNA

I
PXDN siRNA



Paper Il

Paper Il

195






In Vitro Cellular & Developmental Biology - Animal (2019) 55:838-853
hitps://doi.org/10.1007/511626-019-00403x

Check for
updates

YKL-40/CHI3L1 facilitates migration and invasion in HER2
overexpressing breast epithelial progenitor cells and generates
a niche for capillary-like network formation

Erika Morera" - Sarah Sophie Steinhduser' - Zuzana Budkova - Saevar Ingthorsson - Jennifer Kricker" -
Aileen Krueger® - Gunnhildur Asta Traustadottir' - Thorarinn Gudjonsson'~

Received: 10 April 2019 / Accepted: 13 August 2019 /Published online: 3 September 2019 / Editor: Tetsuji Okamoto
© The Author(s) 2019

Abstract

Epithelial to mesenchymal transition (EMT) is a developmental event that is hijacked in some diseases such as fibrosis and
cancer. In cancer, EMT has been linked to increased invasion and metastasis and is generally associated with a poor prognosis. In
this study, we have compared phenotypic and functional differences between two isogenic cell lines with an EMT profile:
D492M and D492HER? that are both derived from D492, a breast epithelial cell line with stem cell properties. D492M is
non-tumorigenic while D492HER?2 is tumorigenic. Thus, the aim of this study was to analyze the expression profile of these cell
lines, identify potential oncogenes, and evaluate their effects on cellular phenotype. We performed transcriptome and secretome
analyses of D492M and D492HER?2 and verified expression of selected genes at the RNA and protein level. One candidate,
YKL-40 (also known as CHI3L1), was selected for further studies due to its differential expression between D492M and
D492HER?2, being considerably higher in D492HER2. YKL-40 has been linked to chronic inflammation diseases and cancer,
yet its function is not fully understood. Knock-down experiments of YKL-40 in D492HER?2 resulted in reduced migration and
invasion as well as reduced ability to induce angiogenesis in an in vitro assay, plus changes in the EMT-phenotype. In summary,
our data suggest that YKL-40 may provide D492HER2 with increased aggressiveness, supporting cancer progression and
facilitating angiogenesis.

Keywords YKI-40/CHI3L1 - Epithelial to mesenchymal transition (EMT) - Migration - Invasive breast cancer - Angiogenesis

Introduction

Epithelial to mesenchymal transition (EMT) is a developmen-
tal process that describes the plasticity of epithelial cells to
change phenotype from compact adherent epithelium to
mesenchymal-like cells that have lost their polarity and cell-
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cell adherence (Thiery et al. 2009). This is an important event
in normal development, during gastrulation, neural crest for-
mation, and wound healing, but also takes place in malignant
processes like fibrosis and cancer (Thiery et al. 2009; Nieto
2013). In cancer, EMT is associated with increased aggres-
siveness and it is belicved to be necessary for migration and
invasion of cancer cells for the initial steps in the metastatic
processes (Thiery et al. 2009).

The EMT process is ied by i
of mesenchymal markers such as vimentin, N-cadherin, «-
smooth muscle actin, fibronectin, and/or Axl, as well as de-
creased or absent expression of epithelial markers like
cytokeratins, yet the most referenced change in EMT is the loss
of E-cadherin (Peinado et al. 2007; Gjerdrum et al. 2010). EMT
is known to be induced by a number of factors. It can take place
due to intrinsic factors such as genetic mutations or epigenetic
changes or extrinsic factors like hypoxia or inflammation that
stimulate the release of signals from the stroma (Yang et al.
2008; Kalluri and Weinberg 2009; Polyak and Weinberg
2009). Transforming growth factor beta (TGF-B) has been

q
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Table 1.  Listof primers used in this study. List of gene IDs for all target
genes used and their corresponding primer IDs and supplier

Primers Cat. number Company
miR-200¢c No. YP00204482 Qiagen
miR-203 No. 205914 Exiqon
miR-205 No. 204487 Exigon
VEGF-A Hs.PT.58.21234833 IDT
VEGF-C Hs.PT.58.14602240 DT
GUCAIC Hs.PT.58.680712 IDT
CITED1 Hs.PT.58.1567731 IDT
MYBPH Hs.PT.58.39772389 DT
YKL-40 /CHI3L1 Hs.PT.58.22570467 IDT
KCNQIOT1 Hs PT.58.4572396.g DT
ERBB2 Hs.PT.58.1330269 IDT
GPR27 Hs PT.58.38722549.¢ DT
S100A9 Hs.PT.58.20989743 DT
DLK1 Hs.PT.58.40622309 IDT
GDF6 Hs.PT.58.20193545 IDT
PXDN Hs.PT.58.630748 DT
TLR4 Hs.PT.58.38700156.¢ IDT
BMP4 Hs.PT.56a.3848863 IDT
CDH2 Hs.PT.58.26024443 IDT

shown to be a powerful inducer of EMT in a number of cell
types (Kasai e al. 2005; Willis and Borok 2007; Kalluri and
Weinberg 2009). Tyrosine kinase receptors and their ligands
like EGF, PDGF, FGF, and HGF have also been shown to
induce EMT (Kalluri and Weinberg 2009). Recently, regulatory
functions carried out by non-coding RNAs have attracted the
attention of researchers. Downregulation of miRNAs, especial-
ly members of the miR-200 family, miR-203, and miR-205,
have been linked to EMT (Wiklund et al. 2010; Moes et al.
2012; DeCastro et al. 2013; Hilmarsdottir et al. 2014, 2015). In
epithelial cells, the expression of these miRs is high but is
commonly reduced or absent during EMT. Interestingly, rescue
of these miRs can revert the EMT phenotype in the process
mesenchymal to epithelial transition (MET) (Burk et al. 2008;

Korpal et al. 2008; Hilmarsdottir es al. 2014). Furthermore,
EMT in cells is often accompanied by increased ability to mi-
grate and invade, as well as increased resistance to apoptosis
(Thiery et al. 2009). For this reason, EMT has been related to
aggressiveness and metastasis in cancer (Thiery 2002; Nieto
2013; Tan et al. 2014). The concept of cancer stem cells
(CSCs) has also been linked to EMT, where EMT is an integral
part of CSC plasticity and survival (Mani et al. 2008). Like
somatic stem cells, CSCs have the capability to self-renew
and their EMT phenotype is believed to be protective against
external damages, which could lead to resistance to cancer ther-
apies (Al-Hajj et al. 2003; Stingl 2006). In addition, CSCs as a
cell population could be the cells responsible for the dissemi-
nation of cancer cells and the heterogeneity evidenced in me-
tastasis (Brabletz 2012). Therefore, it is vital to elucidate the
role of CSCs in cancer progression in order to improve efficient
treatments and targeted therapy.

In breast cancer, the subtype basal-like breast cancer
(BLBC) is identified as having the most undifferentiated cells
and heterogeneity, which has been linked to CSCs and inter-
estingly has a higher incidence of EMT (Mani et al. 2008;
Morel et al. 2008; Sarrio ef al. 2008). However, EMT is not
exclusively found in this subtype. In luminal and HER2 breast
cancers, there is an EMT-derived phenotype, although at a
lower percentage (Yu ef al. 2013; Tan ef al. 2014).

Resistance to drugs in breast cancer may be associated with
EMT-phenotype and heterogeneity of cells in the tumor. It is
important to note that states of EMT are not merely defined as
completely epithelial or mesenchymal; there are intermediate
states of EMT that provide plasticity and advantages to cells to
adapt to their microenvironment. This program is referred as
partial-EMT (p-EMT) (Huang et al. 2013; Nieto 2013; Tam
and Weinberg 2013; Yu et al. 2013).

The epithelial cells that reside in the breast gland are under
continuous remodeling due to hormonal cycling and interac-
tions with the surrounding stroma. This crosstalk is required in
normal development and differentiation, and is utilized by
tumor cells during cancer progression. Resident fibroblasts
and macrophages in the stroma are able to produce growth

Table 2. List of antibodies used

in this study. List of primary Antibodies Assay Cat. number Company Dilution

antibodies (protein IDs, dilution,

company, and order IDs) for Actin wB ab3280 Abcam 1:5000

western blotting and IF staining Axl IF CS no, 8661 Cell Signaling 1:100

for candidate proteins CK14 WwB abl5461 Abcam 1:1000
CK19 IF ab7754 Abcam 1:100
E-cadherin WB 610182 BD Transduction Labs 1:1000
Tubulin WB ab6046 Abcam 1:5000
Vimentin WB MO0725 DAKO 1:1000
YKL-40 /CHI3L1 IF MABCI196 Millipore 1:100
YKL-40 /CHI3L1 wB MABCI196 Millipore 1:500
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Table3. siRNAs used for transient YKL-40 knockdown. Catalog numbers of siRNAs used as negative control and transient knock-down of YKL-40
siRNAs Product name Cat. number Company
Neg Ctrl siRNA Silencer® Select Negative Control No. | siRNA 4390843 ThermoFisher Scientific

YKL-40 siRNA 1
YKL-40 siRNA 2

Silencer® Select CHIZL1 siRNA 1
Silencer® Select CHIBL1 siRNA 2

AMI16708 (ID 119124) ThermoFisher Scientific

AMI16708 (ID 119126) ThermoFisher Scientific

factors and pro-inflammatory molecules, but also pro-
angiogenic molecules that support the creation of new blood
vessels. Fibroblasts not only interact with epithelial cells, they
also activate the action of immune cells like macrophages and
promote angiogenesis by cell communication with endothelial
cells. The vascular endothelial growth factor (VEGF) and
TGF-f3 are secreted by fibroblasts and macrophages, and they
are able to stimulate angiogenesis. TGF-{3 induces the expres-
sion of VEGF that is secreted to the ECM and stimulates
endothelial cells to initiate angiogenesis (Relf er al. 1997;
Carmeliet and Jain 2000).

There is also dircct interaction between epithelial cells and
endothelial cells. The vascular niche plays an important role in
transporting oxygen and nutrients and releasing signals for its
correct morphogenesis and development. Indeed, it has also
been observed that endothelial cells increase growth and
branching morphogenesis of breast epithelium (Shekhar
et al. 2000; Sigurdsson ez al. 2006; Ingthorsson et al. 2010)
and induce EMT (Sigurdsson et al. 2011). In the context of
cancer, the high proliferation rate of tumor cells can lead to a
reduction in oxygen concentration resulting in acidification of
the surrounding stroma. In order to survive, cancer cells are
able to secrete signals that induce angiogenesis, such as VEGF
(Hanahan and Weinberg 2011). Receptors on endothelial
cells, such as VEGFR2, are induced to trigger activation of
the transcriptional machinery of angiogenesis that involves
the hypoxic inducible factor 1 (HIF1) and other factors like
nuclear factor kB (NF-kB) (Vegran ef al. 2011; Sonveaux
ef al. 2012). The increase in angiogenesis ensures oxygen
and a nutrient supply and therefore results in a worse progno-
sis of the cancer, making it an important factor to study.

D492 is a breast progenitor epithelial cell line that was
established by immortalization of a suprabasal subpopulation of
breast tissue from a healthy denor (Gudjonsson et al. 2002). As
reviewed in Briem et al. (2019), D492 can generate both luminal
and myoepithelial cells, and in 3D culture forms branching ter-
minal ductal lobular units (TDLU) like structures (Briem e al.

2019). We have previously demonstrated that when D492 is co-
cultured with breast endothelial cells (BRENCs), a subpopulation
of cells undergoes EMT. One such subpopulation was isolated,
giving rise to the D492M cell line, which has a fixed mesenchy-
mal phenotype (Sigurdsson ef ai. 2011). In addition, we have
shown that D492 cells with forced overexpression of the HER2
oncogene (D492HER?2) have lost their epithelial phenotype and
gained a mesenchymal one (Ingthorsson ez al. 2015).

In this study. we have compared functional and phenotypic
differences between D492M and D492HER2. We show here that
D492HER2 proliferates, migrates, and invades faster than
D492M. Furthermore, glucose metabolism is more dependent
on glycolysis than oxidative phosphorylation in D492HER2.
The comparative analysis of transcriptome revealed that a glyco-
protein, YKI-40, also known as CHI3L1, is highly upregulated
in D492HER2 and may contribute to the differences in tumori-
genicity between the cell lines. YKL-40 has previously been
linked to chronic inflammation discases and cancer (Libreros
et al. 2012; Jefri et al. 2015; Libreros and Iragavarapu-
Charyulu 2015; Cohen et al. 2017); however, its function is not
clearly understood yet. Functional studies using knockdown of
YKL-40, recombinant protein, and overexpression experiments
reveal that YKL-40 influences migration, invasion, and angio-
genesis and induces changes in the EMT phenotype.

Material and Methods

Cell culture (2D and 3D) The main cell lines used in this pro-
ject were D492 (Gudjonsson ef al. 2002) and its EMT-
phenotype-derived cell sublines D492M (Sigurdsson et al.
2011) and D492HER2 (Ingthorsson ef al. 2015). For mono-
layer culture, flasks or plates were pre-coated with collagen I
(2.2%) (no. 5005-B, Advanced BioMatrix, Carlsbad, CA).
The medium used for culturing the cell lines was H14
(Blaschke et al. 1994), an enriched serum-free medium based
on DMEM:F12 in which growth factors are added (insulin,

Table 4.  gRNAs used for gencrating stable cell lines. Names and sequences of gRNAs used to either knockdown or overexpress YKL-40
gRNAs Sequence Action ‘Company
YKL-40/CHI3L1 KD CCGCCATTTCTGCGCACCCA Knockdown

YKL-40/CHI3L1 SAM OV 1 AG TGAAAACTTTGGGTC Overexpress Genscript
YKL-40/CHI3L1 SAM OV 2 CTGCCAGCAGAAGAGCCACT Overexpress Genscript
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transferrin, EGF, sodium selenite (NaSel), estradiol, hydrocor-
tisone, prolactin).

Human umbilical vein endothelial cells (HUVECs) were
isolated from umbilical cords obtained from Landspitali
University Hospital, Reykjavik, Iceland, with informed con-
sent and approved by the Landspitali ethical committee (No.
35/2013). HUVECs were cultured in EGM2 + 5% FBS (no.
CC-3162, Lonza).

Tn 3D cultures, cells were cultured in 300 pL of Matrigel
(no. 354230, Corning, Corning, NY) per well, in 24-well
plates (no. 353047, Corning, Corning, NY). In monoculture,

20,000 cells were embedded in reconstituted basement mem-
brane, rBM, purchased as Matrigel (Coming no. 354230),
with 500 pL of H14 media on top, while in co-cultures, 500
cells of D492 or its sublines were co-cultured with 150,000
200,000 HUVECs, embedded in Matrigel, with 500 pL of
EGM2 + 5% FBS media on top.

Gene expression levels by qRT-PCR Total RNA was isolated
with cold Tri-Reagent reagent (no. AM9738, Life
Technologies, Carlsbad, CA). RNA precipitation was done using
isopropanol and centrifugation at 14,000 rpm for 20 min.
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« Figure 1. P ic and i ization of D492M and
D492HER2 cell lines. (@) D492M and D492HER?2 are isogenic EMT-
derived sublines of D492, a breast epithelial cell line with progenitor
properties, which in 3D cell culture forms branching structures, resem-
bling the TDLUs of the breast. D492M and D492HER2 were generated
when D492 underwent endothelial-induced and oncogene (HER2)-in-
duced EMT, respectively. D492M and D492HER2 show similar EMT-
phenotype in 2D, but in 3D, D492M generate spindle-like colonies
whereas D492HER2 generate spindle-like and grape-like colonies.
D492M and D492HER2 also differ in their ability to generate tumors,
as only D492HER?2 is able to form tumors. Seale bar=200 pm. (b)
D492M and D492HER2 have lost expression of epithelial markers (E-
cadherin, cytokeratin-14, and cytokeratin-19) and gained expression of
mesenchymal markers (Ax] and vimentin) as shown by western blotting
and immunofluorescence. Scale bar=100 pm. () D492M and
D492HER2 show reduction in the expression of epithelial microRNAs
such as miR-200¢, miR-203, and miR-205 compared to D492. The low-
est levels of expression are found in D492M (mean + SD, n=2). (d) In
transwell migration and invasion assays, D492HER? has an increased
ability to migrate and invade compared to D492 and D492M. Results
are shown as average number of cells per field (mean + SEM, n=3).
One-way analysis of variance (ANOVA) and Dunnett’s multiple compar-
ison test were used to test significance (*p<0.05, **p<0.01). (¢)
D492HER2 cells proliferate at a higher rate than D492 and D492M cells
as shown by staining with crystal violet. Results are shown as average of
four replicates (mean + SD). Statistical significance was assessed using
multiple ¢ tests (one per row) (**p<0.01, ****5<0.0001). (/)
Furthermore, increased proliferation rate of D492HER2 compared to
D492 and D492M cells was demonstrated using PrestoBlue™ Cell
Viability rcagent. Results are shown as average of cight replicates nor-
malized to D492 (mean + SD). One-way analysis of variance (ANOVA)
and Dunnett’s multiple comparison test were used fo fest significance
(***%p <0.0001). (g) In addition, D492HER?2 cells are more susceptible
to chemically induced apoplosis as compared to D492 and D492M cells.
Caspase 3/7 luciferase activity was measured by luminescence and nor-
malized to D492 (mean + SEM, n=2). Significance was assessed with
one-way analysis of variance (ANOVA) and Dunnett’s multiple compar-
ison test (*p <0.05).

Afterwards, RNA was washed with ethanol two times. The RNA
pellet was diluted in RNAse free water. Concentration of RNA
was measured using a NanoDrop® ND-1000 UV/Vis-
Spectrophotometer (Thermo Fisher Scientific, Waltham, MA).
For ¢DNA synthesis, SuperScript IV (no. 18090-200, Thermo
Fisher Scientific) and random hexamer primers were used.

To quantify the expression level of genes, TagMan (no.
M3004L, NEB) or SYBR Green (no. M3003L, NEB) chem-
istries were used to detect gene expression. Comparative Ct
values were determined using an ABI 7500 instrument
(Applied Biosystems, Foster City, CA). All used primers are
listed in Table 1. GAPDH was used as the reference gene.

Expression levels of miRNAs by qRT-PCR Total RNA was ex-
tracted with Tri-Reagent (no. AM9738, Thermo Fisher
Scientific). The RNA was reverse transcribed using
miRCURY LNA RT Kit (no. 339340, Qiagen, Hilden,
Germany) for cDNA synthesis reactions. Quantitative RT-
PCR analysis of miRNAs was performed using miRCURY
LNA SYBR Green PCR Kit (no. 339346, Qiagen). Relative
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expression was calculated with the 2*** method. All used
primers are listed in Table 1. Normalization was done with
U6 (no. 203907, Exiqon, Vedback, Denmark).

Protein levels by Western Blot (WB) Protein isolation was
done using RIPA buffer, and the concentration was mea-
sured by the colorimetric Bradford method. Equal amount
of protein was loaded for cach sample (5 pg) in precast
NuPAGE 10% Bis-Tris gels (Invitrogen, Carlsbad, CA).
Proteins were detected using IRDye secondary antibodies
on an Odyssey imaging system (Li-Cor Biosciences,
Lincoln, NE). Loading controls actin or tubulin were used
for quantification. Antibodies used for WB are listed in
Table 2.

Immunostaining Immunofluorescence (IF) was used to de-
tect proteins and visualize their subcellular location. Cells
were fixed with 3.7% paraformaldehyde (PFA) and
permeabilized with 0.1% Triton X-100. Blocking with
FBS was done prior to incubation with primary antibod-
ies. Incubation was done overnight at 4°C and followed
by incubation of secondary antibodies conjugated to fluo-
rochromes Alexa Fluor-488, Fluor-546, or Fluor-647 for
1 h at room temperature. For nuclei staining, DAPI was
used. Imaging was done using an EVOS FL Auto 2 Cell
Imaging System (Thermo Fisher Scientific) or FV1200
Olympus inverted confocal microscope. Antibodies used
for IF are listed in Table 2.

Transcriptome data analysis and classification Total RNA se-
quence profiles for D492, D492M, and D492HER2 were ob-
tained from normal cell cultures and treated following the
protocol detailed in Halldorsson et af. (2017).

Differentially expressed genes between cell lines were fur-
ther classified into categories to see the biological processes
that were enriched. Using a differential range from two fold
change, genes were analyzed by the PANTHER analysis da-
tabase (www.pantherdb.org) following instructions of Mi
et al. (2013).

Secretome data analysis For mass spectrometry, D492 lines
were grown in T175 flasks (no. 353112, Coming) and condi-
tioned medium (CM) was collected, concentrated for 55 min
using EMD Millipore Amicon™ Ultra-15 Centrifugal Filter
Units (no. UFC900324, Merck Millipore, Darmstadt,
Germany) followed by buffer exchange to 100 mM TRIS/HCI
buffer. Triplicate samples were stored at — 80°C. Label-free rela-
tive protein quantification by nLC MS/MS afier trypsin digestion
was performed at the FingerPrints Proteomics Facility,
University of Dundee, Dundee, UK and raw data were analyzed
using MaxQuant software (version 1.6.2.1). Quantitative and
statistical analyses were performed using XLStat (version
2018.1). Data were P value corrected (significance level 0.05)
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Figure 2. YKL-40 is enriched in D492HER2. a The analysis of
transcriptome data comparing D492M and D492HER2 revealed more
than 3000 transcripts differently expressed (more than two fold). YKL-
40 (or CHI3L1) is more highly expressed in D492HER2 compared to
D492M. b Classification of genes in biological processes shows an en-
richment in D492HER2 compared to D492M in D-aspartate transport,
i response, cell cytokine-mediated signaling
pathway, regulation of neurotransmitter levels, cellular response to

and sorted based on > 2-fold higher secretion (LFQ intensity) by
D492HER2 compared to D492M.

Migration and invasion assays Mi and i assays
were done in 24-well plates with transwell filter inserts (no.

cytokine stimulus, organic anion transport, cell proliferation, and defense
response. YKL-40 is involved in the processes that require interaction
with the stroma: inflammatory response, cell chemotaxis, cellular re-
sponse to cytokine stimulus, and defense response (marked with yellow).
¢ Mass spectrometry analysis of secreted proteins in CM revealed that
YKL-40 s enriched in the fD492HER2 1to D492M
(p value=10.01).

(2.2%) and in the invasion assay; they were pre-coated with
Matrigel diluted 1:10 in H14 media. Fifty thousand cells/
transwell were seeded on the upper chamber in H14 media.
In the bottom chamber, H14 was 1 d with 10% FBS
as a chemoattractant. A cotton swab was used to remove non-

353097, Coming) of 8 pm size pore d T 1l in-
serts in the migration assay were pre-coated with collagen 1

d and ded cells after 24 h and after 48 h, re-
spectively. Thereafier, cells were fixed with 3.7% PFA and
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stained with crystal violet (10%) or DAPI (1:5000 dilution)
for 30 min. Three random pictures were taken per well and the
number of cells was quantified. For DAPI-stained samples,
images were converted to 8-bit in Image] (version 2.0.0),
threshold-adjusted, and binary-converted and migratory/
invasive cells were counted using the analyze particles
function.

Proliferation assay Proliferation of cells was determined by
seeding 10,000 cells/well in triplicate in 24-well plates in H14
(D492 cell linesy or EGM5 (HUVECS). Every day (2 d for
HUVECsS), cells were fixed and stained with crystal violet
(10%). Crystal violet was diluted with acetic acid and the OD
was measured at 570 nm wavelength. Altematively, cell viability
was assessed using PrestoBlue™ Cell Viability Reagent
(ThermoFisher Scientific, Waltham, MA). Cells were seeded in
H14 media in a 96-well plate at a density of 3000 cells/well and
cultured for 4 d. PrestoBlue was added (1/10th of the total vol-
ume) to each well and incubated for 4 h, and absorbance was
read on a plate reader at 570 nm and 595 nm.

Apoptosis assay To quantify apoptosis, cleavage of caspase 3/7
was measured by a luciferase assay (ApoTox-GloTM Triplex
Assay, Promega, Madison, WI). Apoptosis was induced by in-
cubating cells with 10 pM camptothecin (CPT) for 24 h accord-
ing to the manufacturer’s protocol. After cellular lysis, luciferase
was measured with a microplate reader ModulusTM 1T (Turner
Biosystems, Sunnyvale, CA).

Glucose consumption and lactate production measurements
Glucose uptake was measured using Glucose Uptake-GloTM kit
(no. J1341, Promega) following the manufacturer’s protocol.
Briefly, the analogue of glucose, 2-deoxyglucose (2DG), was
added to the media and taken up by cells. When transported into
cells, 2DG is phosphorylated to 2-deoxyglucose 6-phosphate
(2DG6P) and further metabolization stimul; Tuci
tions and luminescence was measured by the microplate reader
Modulus TM 1I (Tumer Biosystems, Sunnyvale, CA).

Glucose consumption and lactate production were mea-
sured from the collected media when cells were in a high
confluency. Metabolites were measured at the Analyzer ma-
chine (ABL90 FLEX Analyzer, Radiometer) at the Blood
Bank of Landspitali (Reykjavik, Iceland).

reac-

Neutralization assay of YKL-40 protein A monoclonal anti-
body against YKL-40 (mAY<™°) (MABC196, Millipore)
was used to block the secretion of YKL-40 in D492HER2.
The antibody was diluted in fresh H14 medium at a con-
centration of 10 pg/mL. Medium from cells incubated for
24 h with mAY*"® was collected, and medium from non-
treated D492HER2 cells was used as control. Conditioned
media (CM) were used for tube formation assays (described
below).
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Tube formation assay on endothelial cells (angiogenesis assay
in vitro) To simulate angiogenesis in vitro, 10,000-12,000
HUVECs were seeded on top of 10 L solidified rBM in a 96-
well angiogenesis plate (no. 89646, Tbidi). Controls included
HUVECs cultured in EGM3 media and a dilution of 1:1
EGMS and conditioned media (CM). Recombinant YKL-40
protein (YKL-40") (no. 11227H08HS, Thermo Fisher
Scientific, Waltham, MA) was added to the medium at a final
concentration of 100 ng/mL. After incubation overnight, the en-
dothelial network was imaged using the EVOS FL Auto 2 Cell
Imaging System. Analysis and quantification were done using
the Angiogenesis analyzer plug-in on Tmagel software (version
2.0.0).

Transient knockdown of YKL-40 by siRNA Pre-designed
siRNAs (Silencer® Select Pre-Designed, Validated and
Custom siRNA, Life Technologies) against YKL-40 were
used ata concentration of 10 nM in D492HER2 cells to down-
regulate YKL-40. First, cells were seeded on 6-well plate (no.
353046, Corning, Corning, NY) and after 24 h, cells were
transfected with the siRNA using chemical transfection with
Lipofectamine® RNAiMAX (no. 13778150, Life
Technologies, Carlsbad, CA). For cach experiment, two dif-
ferent siRNAs against YKL-40 and a ncgative control siRNA
(no. 4390843, Life Technologies, Carlsbad, CA) were used.
The siRNAs are listed in Table 3. After 48 h, the knockdown
was confirmed by qRT-PCR and by WB.

Generation of stable cell line with knockdown of YKL-40 in
D492HER2 by CRISPR Specific gRNAs to knockdown YKL-40
were designed with the publicly available enline ATUM
CRISPR tool (https://www.atum.bio/). Annealing of the
forward and reverse gRNA oligos was followed by ligation
with the backbone vector pMLM3636. High-efficiency com-
petent bacteria (no. C2987H, NEB) were transformed, and
confirmation of successful DNA insertion was done by colony
PCR. Plasmids were sequenced to confirm correct gRNA se-
quences. Transfection 0of D492HER2 was done with four plas-
mid gRNAs and a plasmid with only a Cas9 cassette
(pST1374) using Lipofectamine® 3000 (Thermo Fisher).
The control cell line was generated by transfecting the cells
with only the Cas9 cassette. Selection of cells with insertion of
Cas9 was done using blasticidin. Knockdown of YKL-40 in
D492HER2 was confirmed by qRT-PCR and WB.
Subsequently, the cell line that gave the best efficiency of
knockdown was selected for further work. The sequence of
this gRNA is in Table 4. It should be noted that D492HER?2 is
a cell line not suitable for single-cell cloning; therefore, a pool
of cells was used for confirmation of knockdown and further
experiments.

Generation of stable cell lines overexpressing YKL-40 in D492
and D492M by CRISPRa Overexpression of YKL-40 in D492
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and D492M was carried out using the modified CRISPR strat-
egy, called CRISPRa (Zhang et al. 2015). Two specific SAM
gRNAs for YKL-40 and one empty control were purchased
from G zeomycin resi The

o [ 200
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gRNA sequences are listed in Table 4. Transfection of
HEK293T cells was done to produce viral particles including
gRNAs. Viruses collected were used to infect D492 and
D492M cells that were previously transfected with dCas9-
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 Figure 3. YKI-40 affects migration and invasion in D492 cell lines. &
YKL-40 is more highly expressed in D492HER2, compared to D492 and
D492M, both at mRNA and protein level. b, ¢ Transient siRNA knock-
down of YKLA40 reduced the ability of D492HER2 to migrate and invade
in vitro (mean + SD, n=3). Statistical significance was tested using one-
way analysis of variance (ANOVA) and Dunnett’s multiple comparison
test (*%p < 0.01, #=%p <0.001, *=*=**p<0.0001). 4, ¢ Knock-down of
YKL-40 in D492HER2 in stable cell lines generated by CRISPR/Cas9
technology reduced the abl]lly of D492HER2 to mlgmlc and mvadc sim-
ilarly to transient g A di of
YKLA40 in D492 and D492M us]ng CRISPRa syslem increased !helr
ability to migrate and invade. Or ion of YKL-40 was confi
by immunofluorescence staining (Scale bar= 100 jtm) and westem blot-
ting. Migration and invasion assay results are shown as average of eight
replicates (mean + SD). Unpaired ¢ test was used to test significance
(*%p <0.01, **¥p <0.001, ***¥p <0.0001).

VP64 to activate the promoter and later induce overexpression
of the selected gene. Transduction with gRNAs was per-
formed and selection was done with zeocin (no. R25005,
Thermo Fisher Scientific). Confirmation of overexpression
of YKL-40 in D492 and D492M was done by qRT-PCR,
WB, and IF.

Statistical analysis One-way analysis of variance (ANOVA)
using Dunnett’s multiple comparison test or unpaired ¢ tests
were performed using GraphPad Prism to test significance. P
values below 0.05 were considered significant (*p <0.05,
FEp <0.01, ¥¥p <0.001, ¥*¥*¥5 <0.0001).

Results

Phenotypic and functional characterization of D492M and
D492HER2 D492M and D492HER?2 are isogenic cell lines
that share a partial-EMT phenotype but are different in
terms of their ability to form tumors in mice (Sigurdsson
el al. 2011; Ingthorsson el al. 2015). D492M and
D492HER2 are both derived from D492, a breast epithe-
lial progenitor cell line, through endothelial-induced EMT
and oncogene-induced EMT, respectively (Fig. la).
D492M and D492HER2 have lost the expression of epi-
thelial markers like E-cadherin, CK14, and CK19 and
gained expression of some mesenchymal markers like
vimentin and Axl, (Fig. 16). MicroRNAs (miRs) such as
miR-200c, miR-203, and miR-205 are frequently down-
regulated in epithelial cells undergoing EMT, and this was
the case for D492M and D492HER2. While D492 showed
high expression of miR-200c, miR-203, and miR-205,
these microRNAs were greatly reduced in D492HER2
and relatively absent in D492M (Fig. l¢). The difference
in expression levels between D492M and D492HER2
may have been due to a more intermediate state of EMT
for D492HER?2. This intermediate state was also support-
ed by the glucose metabolism (Fig. S1). These data show
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D492HER?2 is more comparable in glucose uptake to
D492 than D492M.

Further characterization demonstrated functional differ-
ences between the cell lines, Notably, D492HER?2 cells mi-
grated and invaded through transwell filters more efficiently
than both D492M and D492 (Fig. 1d). The cell proliferation
rate of D492HER2 cells was also significantly higher than in
D492 and D492M cells (Fig. 1e, /). Furthermore, D492HER2
cells were more susceptible to chemically induced apoptosis
than D492 and D492M cells (Fig. 1g), despite an apparent
shift from oxidative phosphorylation to glycolysis as
D492HER2 had higher glucose consumption and higher lac-
tate production than either D492 or D492M cells (Fig. S1).

The functional differences between D492M and
D492HER?2 in terms of tumorigenicity prompted us to look
into gene expression and secretome of D492M and
D492HER2 to search for potential candidates responsible for
these effects.

Transcriptome and secretome analyses show that YKL-40 is
enriched in D492HER2 Next, we employed genome-wide
analysis to reveal differences in gene expression in
D492M and D492HER2. More than 40,000 transcripts
were differentially expressed between D492M and
D492HER?2 and the most 15 differentially regulated genes
were confirmed by qPCR (Fig. 2a). As expected, HER2
(ErbB2) has much higher expression in D492HER2 cells
due to the ectopic overexpression of the gene (Ingthorsson
et al. 2015). Although CITED1 was the first validated
candidate, its absolute level of expression was low; thus,
we focused our interest on a gene very highly expressed
in D492HER2 compared to D492M (and also to D492),
namely YKL-40 (also known as CHI3L1). The function
of YKL-40 is not clearly understood but it has been sug-
gested to be involved in cancer progression and other
inflammation diseases (Libreros et al. 2012; Libreros
and Iragavarapu-Charyulu 2015; Cohen et al. 2017) and
even in EMT (Jefti ef al. 2015).

Genes differentially expressed within the range of two fold
change between D492M and D492HER2 were further classi-
fied using PANTHER analysis (Mi et al. 2013) in order to
establish the biological processes that were enriched in each
cell line. Genes more highly expressed in D492HER2 com-
pared to D492M were shown to be involved in the following
biological processes: D-aspartate transport, inflammatory re-
sponse, cell chemotaxis, cellular response to cytokine stimu-
lus, defense response, cellular response to cytokine stimulus,
cell proliferation, and organic anion transport, among others
(Fig. 2b). Interestingly, YKI-40 was found enriched in four of
the 18 groups, as highlighted in yellow in Fig. 2b.

Complementing the gene expression data, we also mea-
sured by mass spectrometry the secretion of the proteins by
D492M and D492HER2. Analysis of the total secreted
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proteins in the conditioned media (CM) from D492M and
D492HER?2 revealed YKL-40 was found in much higher con-
centration in CM from D492HER2 (97.8 LFQ intensity) than
D492M (5.4 LFQ intensity) (Fig. 2¢). After these promising
results, we strengthened our focus on YKL-40 as a firm
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candidate that could lead to differences between D492M and
D492HER2.

Knockdown of YKL-40 in D492HER2 inhibits migration and
invasion To explore the functional role of YKL-40 in
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o Figure 4. YKL-40 expression in D492HER2 is linked to increased
potential to stimulate angiogenesis. (z) Conditioned media (CM) from
D492HER2 cells stimulates angiogenesis in an in vitro angiogenesis as-
say. This effect was abrogated upon YKL-40 neutralization by a mono-
clonal antibody (mAY*"*) but rescued by the addition of recombinant
YKL-40 protein (YKLA0") (Scalebar = 200 pm). (i) Parameters of angio-
genesis were measured and analyzed by Imagel angi is analyzer

of Matrigel, whereas stable knockdown of YKL-40 in
D492HER?2 cells reduced HUVECs network formation (Fig.
4b). Additionally, the reduction of YKL-40 in the stable cell line
revealed reduced expression of other pro-angiogenic genes, like
VEGF-A and VEGF-C (Fig. 4¢), suggesting a synergic pro-

plug (mean + SD) and significance was assessed with one-way analysis of
variance (ANOVA) and Tukey’s multiple comparison test (*p <0.05). (i)
Decreased concentration of YKL-40 upon incubation of cells with
mA ¥ was verified with ELISA. Significance was tested with an un-
paired t-test (***%p <0.0001). (b)) When YKL-40 was overexpressed in
D492 and D492M, there was an increase in the capillary network forma-
tion, whereas stable knockdown of YKL-40 in D492HER2 showed a
tendency to reduced capillary network formation. (¢) Knockdown of
YKL-40 reduced the ion of other p i ic inducers,
VEGFA and VEGFC. (d) Finally, recombinant YKL-40 protein (YKL-
407) induced proliferation of endothelial cells when added to the media.
Unpaired ¢ test was used to test significance (**p <0.01, ***p <0.001).

D492HER?2, we did both transient and stable knockdown
(KD). First, we confirmed the expression of YKIL-40 at
mRNA and protein level in D492, D492M, and D492HER2
demonstrating its abundant expression in D492HER2
(Fig. 3a). Transient knockdown with two different siRNAs
greatly reduced YKL-40 expression in D492HER2 cells
(Fig. 3b) and resulted in a significant decrease in migration
and invasion (Fig. 3¢). To further corroborate these effects, we
generated stable YKL-40 KD using CRISPR technology in
D492HER2 cells (Fig. 3d). Similar to transient KD of YKL-
40, the stable KD cell line showed a reduction in migration
and invasion compared to control D492HER?2 cells (Fig. 3e).
To analyze if overexpression of YKL-40 in D492 and D492M
resulted in increased migration and invasion, we stably
overexpressed YKL-40 in these cells and, indeed, this resulted
in a large increase in both migration and invasion (Fig. 3/, g).
No differences were seen with regard to cell proliferation re-
gardless if YKL-40 was knocked down in D492HER2 or
overexpressed in D492/D492M (data not shown).
Collectively, these results demonstrate that in our cell system,
YKL-40 increases migration and invasion.

YKL-40 expression in D492HER?2 is linked to vascular network
formation YKL-40 has previously been linked to angiogenesis
(Shao et al. 2009, 2011). In order to see if increased expression of
YKL-40 in D492HER2 was linked to increased potential to
stimulate angiogenesis in an in vitro assay, we treated
HUVECs on top of Matrigel with CM from D492HER2 with
and without a functional blocking antibody against YKL-40
(A% Blocking YKL-40 directly reduced the ability of
CM medium to induce HUVEC:s to form capillary-like networks.
This blocking effect was reversed by adding recombinant YKL~
40 protein (YKL-40") (Fig. 4a).

In agreement, CM from D492 and D492M stably overex-
pressing YKL-40 increased HUVEC network formation on top
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ic effect induced in D492HER2. Furthermore, adding
recombinant YKL-40 protein (YKL-40") to media not only stim-
ulated tube formation on endothelial cells, but also increased
proliferation rates of HUVECs (Fig. 4d).

YKL-40 affects phenotype of D492 cell lines when cultured in
3D culture When YKL-40 was downregulated in D492HER2
by transient or stable transfection, no phenotypic changes
were seen in monolayer culture and EMT markers in immu-
nostaining and western blot did not show any differences;
thus, the EMT phenotype remained unaltered in 2D. Due to
the transient nature of using siRNA, it was difficult to explore
if there were any phenotypic changes occurring in 3D culture.
In contrast, 3D culturing of cells with stable knockdown of
YKIL-40 revealed differences in phenotype of the D492 cell
lines.

In 3D culture, D492HER2 formed two colony shapes,
spindle-like and grape-like (Ingthorsson et al. 2015).
Interestingly, when YKL-40 was knocked down, there was a
dramatic change in the proportion of spindle-like and grape-
like structures, with the proportion of grape-like structures being
reduced from 21.4% to 1% (Fig. S5a). This subsequent change
in the 3D phenotype of D492HER?2 cells with knockdown
of YKL-40 was similar to D492M cells that only showed a
spindle-like phenotype (Sigurdsson ef al. 2011). However,
when the recombinant YKL-40 protein (YKL-40") was
added to the media of D492HER2 with YKL-40 KD, the
grape-like structures were rescued to 32.8% of the total 3D
structures (Fig. 5a).

To confirm the shift to grape-like structures with the addi-
tion of YKL-40, D492M cells overexpressing YKL-40 were
seeded in 3D cell culture. Remarkably, the entire cell popula-
tion lost the ability to form spindle-like structures, and instead
only grape-like structures were observed (Fig. 5b).

Discussion

In this study, we compared phenotypic and functional differ-
ences between two isogenic cell lines that share a partial EMT
phenotype but differ in terms of oncogenic properties. D492M
is non-tumorigenic, whereas D492HER? is tumorigenic. We
identified YKL-40, also known as a chitinase-3-like protein 1
(CHI3LI), as a protein highly expressed and secreted in
D492HER2 compared to D492M. Functional in vitro studies
demonstrated that YKIL-40 is involved in migration and inva-
sion of D492HER2. Furthermore, blocking YKL-40 in condi-
tioned media (CM) from D492HER2 reduced the ability of the
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Figure 5. YKL-40 affects the phenotype of D492 cell lines in 3D. a
CRISPR/Cas9-mediated knockdown of YKL-40 in D492HER? cells,
increased the number of spindle-like structures in a 3D culture, but
grape-like structures were recovered with addition of recombinant

D492HER2-derived CM to induce formation of capillary like
network in an in vitro angiogenesis assay, which conversely
can be rescued with the addition of recombinant YKL-40 pro-
tein. Finally, KD of YKL-40 in D492HER2 changed the ratio
of spindle- and grape-like structures in favor of spindle-like
structures, which could be reverted when the recombinant
protein was added to the KD cells in 3D culture.

The term EMT is used for describing phenotypic chang-
es where epithelial cells lose and gain epithelial and mes-
enchymal traits, respectively. Very rarely, a complete EMT
occurs, and rather intermediate states are the most frequent
phenotypes. Thus, it is common that traces of epithelial
traits remain and a full mesenchymal phenotype is often
incomplete resulting in a large spectrum of EMT pheno-
types (Nieto 2013).

D492M and D492HER2 share some EMT properties
such as loss of E-cadherin and cytokeratins and formation
of a spindle-shaped phenotype in monolayer. D492M has
a more fixed EMT phenotype with low or absent expres-
sion of epithelial markers, including microRNAs, and
gain of mesenchymal markers (Sigurdsson et al. 2011;
Hilmarsdottir e al. 2015). In a recent paper, we

80% 100%

YKL-40 protein (YKL40') to the media (Scalebar=200 um). b
Overexpression of YKL-40 in D492M shified the phenotype from
indle-lik to grape-lik in3D( =200 um).

demonstrated that reintroduction of miR-200c-141 into
D492M was sufficient to revert the phenotype to epithe-
lial lineage, albeit only to luminal epithelial cells. Further
studies demonstrated that the basal cell transcription fac-
tor P63 was necessary to recover the basal/myoepithelial
phenotype. Co-transfection of miR-200¢-141 and P63 into
D492M was sufficient to regain the original phenotype of
D492 (Hilmarsdottir ef al. 2015). On the other hand,
D492HER2 shows more intermediate EMT phenotype
than D492M and could be defined as a cell line with
partial-EMT (Ingthorsson et al. 2015). Even though
D492HER2 migrates, invades, and proliferates more, it
is more susceptible to apoptosis, its glucose metabolism
is more similar to the one in the epithelial cell line
(D492), and the expression levels of the regulatory epi-
thelial miRNAs are reduced but not as dramatic as in the
case of D492M. Moreover, there are evident phenotypic
differences between these two cell lines when cultured in
3D in reconstituted basement membrane matrix, as
D492M forms exclusively spindle-shaped EMT-like colo-
nies in contrast to D492HER2 that forms mixture of
spindle-shape and grape-like colonies.
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Triple-negative breast cancer cell lines are often spindle-
shaped with more prominent EMT phenotype in 3D rBM
while cell lines with high HER2 expression are associated
with grape-like phenotype (Han ez al. 2010). We have previ-
ously shown that D492M and D492HER2 form spindle-
shaped and grape-like structures in 3D rBM, respectively
(Sigurdsson et ai. 2011; Ingthorsson ef al. 2016). That over-
expression of YKL-40 in D492M shifts the phenotype toward
grape-like structures may indicate that YKL-40 confers in-
creased plasticity to D492M. Further studies in our laboratory
aim to unravel whether YKL-40 expression is associated with
tumorigenic potential of D492M and D492HER2.

Comparing and analyzing gene-wide expression and
protein-wide secretion of D492M and D492HER2, YKL-40
was the most relevant candidate to study the differences be-
tween the cell lines. YKL-40 is a secreted glycoprotein of a
still unclear function. The protein belongs to the chitinase
family, but it lacks hydrolase activity (Renkema ef al. 1998).
It is expressed by several cell types including macrophages,
neutrophils, epithelial cells, synovial cells, chondrocytes,
smooth muscle cells, and some cancer cells (Recklies et al.
2002; Johansen ef al. 2006). It is suggested to be involved in
inflammation and angiogenesis, as well as survival and
growth in tumors (Johansen ef al. 2006). It is highly secreted
in inflammation diseases (Roslind and Johansen 2009;
Bonneh-Barkay ef al. 2010) and some cancers, such as breast
cancer, melanoma, glioblastoma, or small cell lung carcinoma
(Johansen et al. 2006; Shao ef al. 2011; Jefii et al. 2015;
Libreros and Iragavarapu-Charyulu 2015). Recently, it has
been linked to idiopathic pulmonary fibrosis (Zhou et al.
2014) and immunosuppressive effects by cancer-associated
fibroblasts in breast cancer (Cohen ef al. 2017).

We have confirmed here that changes in intrinsic expression
of YKL-40 in D492HER2 lead to differences in migration and
invasion behavior of the cells. When YKL-40 is downregulated
by transient or stable knockdown, D492HER2 becomes less
migrative and invasive. Migration and invasion are important
processes that support cancer development and progression
(Hanahan and Weinberg 2011) what indicates that YKL-40
may play a key role in invasiveness and dissemination of cancer
cells.

YKL-40 has been previously linked to EMT in non-
small cell lung cancer (Jefri ez al. 20135), yet in our study,
when YKL-40 was downregulated in D492HER2, its
EMT phenotype in monolayer remained unaltered and
there were no differences in expression of EMT markers.
Nevertheless, high expression of YKL-40 or the addition
of the recombinant protein has been related to an increase
in the grape-shaped colonies in 3D cell cultures of the
EMT-derived cell lines. This fact suggests that YKL-40
may have been involved in the plasticity of the cells, as
the phenotype in 3D was changed when its expression
was reduced in D492HER2 and then rescued when the
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recombinant protein was added. This is also interesting,
since the grape-like structures are often associated with
HER2-expressing cell lines (Kenny e al. 2007).

A number of papers have shown association between YKL~
40 and HER2 expression in breast cancer. Wang ez al. showed by
meta-analysis of existing databases that YKL-40 is associated
with poor prognosis in breast cancer patients (Wan et al. 2017).
Kang et al. have demonstrated that YKL-40 expression in breast
cancer is associated with Her-2 and basal-like molecular subtype
of breast cancer (Kang et al. 2014). Also, Shao ef al. showed an
association between YKL-40 and Her2 subtype (Shao et al.
2011). Although, the association between YKL-40 and HER2
has been demonstrated, it is, however, to our best knowledge,
still not clear if there are any direct or indirect molecular interac-
tions between these two proteins in breast cancer. Using the
breast mark database (Madden et al. 2013), we were however
not able to link high or low expression of CHI3LI in distinct
subtype of breast cancer to increased or reduced survival.

PANTHER classification of the differentially regulated
genes showed that YKL-40 is in enriched in biological pro-
cesses related to interactions with the microenvironment that
can support the development of tumors by cancer cells (in-
flammatory response, cell chemotaxis, cellular response to
cytokine stimulus, and defense resp ). We demonstrate
here that YKL-40 interacts with the microenvironment and
more concretely is contributing to the angiogenesis-inducing
effect of D492HER2.

‘We have demonstrated that YKL-40 secreted by D492HER2
has a role in angiogenesis. When YKL-40 protein is reduced in
the media by a specific YKL-40 blocking antibody or stable
knockdown in D492HER2, angiogenesis is decreased.
Conversely, increased levels of YKL-40 in the CM by the
addition of recombinant YKL-40 protein or secreted by the
cell line reverted the effects to standard tube formation
parameters.

Interestingly, the reduction of YKL-40 in D492HER2
by the stable knockdown cell line revealed the reduction
of the expression of other pro-angiogenic genes, includ-
ing VEGF-A and VEGF-C. These genes encode protein
ligands that bind and activate VEGF receptor 2
(VEGFR2, FIk-1/KDR), one of the main receptors impli-
cated in the induction of angiogenesis in endothelial cells
(Carmeliet and Jain 2000; Harper and Bates 2008).
Indeed, it has been shown that a monoclonal antibody
against YKL-40 abolishes YKL-40-induced activation
of the membrane VEGF receptor 2 and intracellular sig-
naling mitogen-activated protein (MAP) kinase extracel-
lular signal-regulated kinase (Erk) 1 and Erk 2 (Faibish
et al. 2011).

However, the role of YKL-40 in cancer progression may
not be exclusively derived from cancer cells and not limited to
promote interactions with endothelial cells. Recently, it has
been described that YKL-40 is highly secreted by fibroblasts
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associated to cancer (CAFs) in breast-promoting tumor
growth and facilitating metastasis. Moreover, YKL-40 re-
leased by CAFs supports recruitment of macrophages and
promotes the switch to tumor-associated macrophages
(TAMs) (Cohen et al. 2017). Furthermore, TAMs in breast
cancer express YKL-40 where the secreted protein increases
inflammation and angiogenesis leading to a worse prognosis
and conceivably to metastasis (Shao 2013). Collectively, this

morphogenesis, EMT and cancer progression in 3D culture. J
Mammary Gland Biol Neoplasia 24(2):139-147

Burk U, Schubert J, Wellner U, Schmalhofer O, Vincan E, Spadema S,
Brabletz T (2008) A reciprocal repression between ZEB1 and mem-
bers of the miR-200 family promotes EMT and invasion in cancer
cells. EMBO Rep 9(6):582-589

Carmelict P, Jain RK (2000) Angiogenesis in cancer and other diseases.
Nature 407(6801):249-257

Cohen N, Shani O, Raz Y, Sharon Y, Hoffman D, Abramovitz L, Erez N
(2017) Fil drive an ive and growth-

ing microenvironment in breast cancer via secretion of

suggests that YKL-40 has a complex role in mal that
may provide the signals for further progression involving
changes within cancer cells to migrate and invade and interact
with cells of the surrounding stroma. Moreover, it also may
provide feedback from the microenvironment to support can-
cer development, tumor growth, and incrementation of dis-
semination of cancer cells in metastasis.

Conclusion

In conclusion, our data suggest that YKL-40 may provide
D492HER2 with increased aggressiveness, evidenced by en-
hanced migration and invasion. Furthermore, YKL-40 may
also support cancer progression by facilitating angiogenesis
and may therefore be of interest as a potential novel therapeu-
tic target in HER2-positive breast cancer.
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Abstract

The tumor microenvironment is increasingly recognized as key player in cancer progression. Investigating heterotypic
interactions between cancer cells and their microenvironment is important for understanding how specific cell types support
cancer. Forming the vasculature, endothelial cells (ECs) are a prominent cell type in the microenvironment of both normal
and neoplastic breast gland. Here, we sought out to analyze epithelial-endothelial cross talk in the breast using isogenic non-
tumorigenic vs. tumorigenic breast epithelial cell lines and primary ECs. The cellular model used here consists of D492, a
breast epithelial cell line with stem cell properties, and two isogenic D492-derived EMT cell lines, D492M and D492HER2,
D492M was generated by endothelial-induced EMT and is non-tumorigenic while D492HER2 is tumorigenic, expressing
the ErbB2/HER?2 oncogene. To investigate cellular cross talk, we used both conditioned medium (CM) and 2D/3D co-
culture systems. Secretome analysis of D492 cell lines was performed using mass spectrometry and candidate knockdown
(KD), and overexpression (OE) was done using siRNA and CRISPRi/CRISPRa technology. D492HER? directly enhances
endothelial network formation and activates a molecular axis in ECs promoting D492HER2 migration and invasion,
suggesting an endothelial feedback response. Secretome analysis identified extracellular matrix protein 1 (ECM1) as
potential angiogenic inducer in D492HER2. Confirming its invelvement, KD of ECM1 reduced the ability of D492HER2-
CM to increase endothelial network formation and induce the endothelial feedback, while recombinant ECM1 (rECM1)
increased both. Interestingly, NOTCH1 and NOTCH3 expression was upregulated in ECs upon treatment with D492HER2-
CM or tECM1 but not by CM from D492HER2 with ECM1 KD. Blocking endothelial NOTCH signaling inhibited the
increase in network formation and the ability of ECs to promote D492HER?2 migration and invasion. In summary, our data
demonstrate that cancer-secreted ECM1 induces a NOTCH-mediated endothelial feedback promoting cancer progression by
enhancing migration and invasion. Targeting this interaction may provide a novel possibility to improve cancer treatment.

Introduction

Organ morphogenesis is dependent on heterotypic interac-
tions between multiple cell types. In breast morphogenesis,
the epithelial compartment generates branching ducts that
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result in terminal duct lobular units (TDLU) [1]. Ducts and
TDLUs are surrounded by a basement membrane, embed-
ded in stroma consisting of extracellular matrix (ECM) as
well as multiple cell types including fibroblasts, immune
cells, and endothelial cells (ECs) forming the microvessels
[1, 2]. Formation of TDLU is highly dependent on hetero-
typic interactions between the epithelial cells and the sur-
rounding vascular-rich stroma. Multiple studies have shown
that the stromal compartment plays a fundamental role
when it comes to epithelial morphogenesis [2-6]. For
example, the ability of breast epithelial cells to form TDLU-
like structures in a 3-dimensional environment in vitro is
strongly enhanced by the presence of breast ECs [2]. In
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addition to its role in normal development, recent studies
provide evidence that proliferation and migration of cancer
cells is also largely dependent on interactions with the
surrounding stroma [3, 7-9].

The tumor microenvironment is composed of a plethora
of different cell types and ECM [10]. The interaction
between cancer cells and cells of the microenvironment is a
crucial determinant of cancer progression. Co-evolution of
cancer cells and tumor stroma can lead to the generation of
niches that support tumor growth, both at the primary site
and at distant metastatic sites [11]. In this context, many
studies have been focusing on identifying the role of tumor-
associated macrophages and cancer-associated fibroblasts in
cancer progression [12—16].

Recent research, however, suggests that ECs of blood
vessels play a role in cancer progression that is far beyond
delivering oxygen and nutrients [7, 17-20]. There is evi-
dence that the endothelium can impact cancer progression by
either preventing or supporting tumor growth and metastasis
fi An intact v e can keep ic cells in
a dormant and non-proliferative state whereas a sprouting
vasculature rather supports metastatic outgrowth [7, 21, 22].
Ghajar and colleagues found that endothelial-derived
thrombospondin-1 induces cancer cell dormancy in breast
cancer and therefore prevents outgrowth of metastasis in
lung and bones [7]. However, in the presence of sprouting
neovasculature this suppressive effect was lost and the
endothelium now appeared to promote tumor outgrowth via
TGF-bl and periostin [7]. Therefore, an essential question to
ask is how cancer cells interact with ECs in order to promote
the generation of a vascular niche promoting tumor growth
and cancer progression. Presently, a number of molecular
mediators of angiogenesis have been identified [23]. The
most commonly described candidates include vascular
endothelial growth factor (VEGF), fibroblast growth factor 2
(FGF2), tumor necrosis factor alpha (TNF-a), transforming
growth factor beta 1 (TGF-bl), platelet-derived growth
factor (PDGF), as well as angiopoietins. Laughner et al.
were able to show that HER2 signaling in breast cancer cells
could i HIF1 diated VEGF ion resulting
in increased tumor angiogenesis [24]. Lee et al. showed that
increased IL-6 secretion in breast cancer cells induces
secretion of CCLS5 in lymphatic endothelial cells (LEC),
which in return enhances cancer cell migration [18]. Fur-
thermore, cancer cell-secreted IL-6 increases VEGF
expression in LECs, which enhances lung vascular perme-
ability and lymph node angiogenesis and thereby promotes
metastatic outgrowth [18, 19]. In addition, the NOTCH
signaling pathway has recently been linked to angiogenesis
[23, 25, 26]. Murtas et al. report increased NOTCHI

expression by tumor endothelium in cutaneous melanoma

cells and their niches may provide additional means to
inhibit progression of cancer. However, our understanding
of the generation of vascular niches and molecular interac-
tions within the niches is generally still rudimentary.

We have previously established a breast epithelial cell
line with stem cell properties, referred to as D492 [27-30].
D492 can generate both luminal and myoepithelial cells,
and in 3D rBM (reconstituted basement membrane, matri-
gel) culture it forms branching structures ini of
TDLU in vivo. When D492 was co-cultured with ECs in an
organoid culture, a subpopulation of D492 underwent EMT
and such a structure isolated gave rise to D492M [27].
D492HER?2 was generated by overexpressing the ErbB2/
HER?2 oncogene in D492, which then underwent oncogene-
induced EMT [31]. In contrast to D492M, D492HER?2 has
tumorigenic properties, as evidenced by injection of cells in
the mammary fat pads of NOD scid gamma (NSG) mice.
The different tumorigenicities of these two isogenic EMT
derivatives of D492 present an interesting research platform
to study tumorigenicity, especially with regard to interaction
with the endothelium.

In this study, we show that conditioned medium (CM)
from D492HER2 increases endothelial network formation
in vitro and induces an endothelial feedback promoting
D492HER2 migration and invasion. Secretome analysis
identified extracellular matrix protein 1 (ECM1) as potential
pro-angiogenic factor in D492HER2. Recombinant ECM1
(rECM1) increases endothelial network formation while
knockdown (KD) of ECMI reduces the ability of
D492HER2-CM to increase the endothelial network. ECMI
has previously been associated with decreased overall
and distant metastasis-free survival when expressed in
HER2+ breast tumors [32-34]. A role in angiogenesis and
cancer cell migration and invasion has been suggested in
laryngeal carcinoma, cholangiocarcinoma, gastric cancer,
bladder cancer, and breast cancer [32, 35-38]. However,
the mechanism through which ECMI1 induces a pro-
tumorigenic vascular niche promoting cancer progression
is still unknown. Finally, increased expression of NOTCHI
and NOTCH3 in ECs treated with D492HER2-CM or
rECMI indicates a possible novel modulatory role of ECM1
in NOTCH signaling during angiogenesis and cancer.

Materials and methods
Cell culture
D492, D492M, and D492HER? cells were maintained in

H14 medium in tissue culture-treated T25 Falcon flasks
(BD Biosci s (BD), Franklin Lakes, NJ, USA) coated

that was linked to increasing microvascular density [25].
This suggests that targeting the interaction between cancer
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with collagen 1 (Advanced Biomatrix, San Diego, CA,
USA), as described previously [27, 31]. The cells were
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grown at 37°C and 5% CO, and subcultured into new
flasks 1-2 times per week in a ratio of 1:10 (D492), 1:5
(D492M), or 1:15 (D492HER2). MDA-MB-231 was cul-
tured in Gibco™ RPMI 1640 medium containing 10% fetal
bovine serum (FBS) (Invitrogen), further referred to as
R10F, and MCF-7 in Gibco™ DMEM:FI2 medium with
10% FBS. Both cell lines were subcultured 1-2 times per
week at a ratio of 1:10. Primary human umbilical vascular
ECs (HUVEC) were obtained from the National University
Hospital (Landspitali) Reykjavik and cultured up to passage
8 in EBM2 medium (Lonza) supplemented with growth
factors and 5% FBS, further referred to as EGM5. HUVECs
were subcultured 1-2 times per week at a ratio of 1:10.
Culture medium was changed three times per week and
routinely checked for mycoplasma contamination.

CM and mass spectrometry

D492, D492M, and D492HER2 were grown in H14 med-
ium until 70-80% confiuence. Cells were washed with 1x
PBS, and half of the original volume of fresh H14 was
added in order to enrich for secreted factors. After 48 h
incubation at 37 °C, CM was collected, centrifuged at 2000
rpm for 3 min and sterile filtered through 0.22 pm filter unit.
For endothelial network formation in 3D culture, 10,000
HUVECs were seeded in freshly collected CM (or uncon-
ditioned control H14) and fresh EGMS5 medium (ratio 1:1)
in a 96 well angiogenesis plate (#89646, Ibidi) on top of
10pl solidified rBM Matrigel (#354230, Corning). For
recombinant protein experiments, rECMI1 (#TP723147,
Origene) was added to the medium in a final concentration
of 15, 30, 60, or 120 ng/ml. 60 ng/ml was then chosen as
concentration for further experiments. For endothelial
NOTCH inhibition, gamma-secretase inhibitor tert-Butyl
(28)-2-[[(25)-2-[[2-(3,5-difluorophenyl)acetyl]amino]pro-

panoyllamino]-2-phenylacetate (DAPT) (#D5942, Sigma-
Aldrich) was added to the medium in a final concentration
of 20 uM. Phase-contrast images of the establishing endo-
thelial network were taken after 4, 24, and 48 h. Images
were converted to RGB color and analyzed using Imagel
Angiogenesis Analyzer macro. For mass spectrometry,
D492 lines were grown in T175 flasks and CM was col-
lected as described above, concentrated for 55 min using
EMD Millipore Amicon™ Ultra-15 Centrifugal Filter Units
(#UFC900324, Merck Millipore) followed by buffer
exchange to 100 mM TRIS/HCL buffer. Samples (tripli-
cates) were stored at —80 °C. Label-free relative protein
quantification (LFQ) by nL.C MS/MS after trypsin digestion
was performed at the FingerPrints Proteomics Facility,
University of Dundee, UK, and raw data were analyzed
using MaxQuant software (version 1.6.2.1). Quantitative
and statistical analysis was performed using XLStat (ver-
sion 2018.1). Data were p value corrected (significance

level 0.05) and sorted based on greter than or equal to
twofold higher secretion (LFQ intensity) by D492HER2
compared with both D492 and D492M. The resulting can-
didate list of 77 proteins was used for GO term analysis
using PANTHER database (statistical over
test). As annotation dataset we used “GO biological process
complete” with Bonferroni correction for multiple testing.
To investigate feedback effects of conditioned/induced ECs,
CM from D492 lines was added to 40-50% confluent
HUVECs (as described above) and incubated for 48 h.
Cells were washed with 1x PBS, and fresh EGMS5 (half
volume) was added to collect conditioned endothelial-
secreted factors. After 48 h, CM from induced vs. non-
induced HUVECs was collected, centrifuged (2000 rpm,
3 min) and filtered (0.22 pm) and added to 40% confluent
D492HER? together with fresh H14 (ratio 1:1) for 48 h.

ation

Migration and invasion assay

Migration was analyzed using transwell-filter units for 24-
well plates with 8 um pore size (#353097, Corning).
Thirty thousand cells were seeded on top of the filter in
250 pl culture medium. For the invasion assay, filters were
pre-coated with 1:10 rBM in H14 for 30 min at 37 °C. For
the migration assay, cells were incubated for 24 h and for
48 h in the invasion assay. rECM1 and NOTCH inhibitor
DAPT were used in the concentrations as described
before. For migration towards ECs, HUVECs were grown
in 500 ul EGMS to 80% confluence in 24-well plate. Then,
medium was changed to Hl44+ EGMS5 (1:1), and D492
line cells were seeded on top of filter units (triplicates) in
H14+ EGMS (1:1). As positive control, 10% FBS was
added to the medium below the filter instead of HUVECs
and as negative control, medium above and below the
filter unit was identical (H14+ EGMS, 1:1). For migration
and invasion of D492HER2 treated with CM of induced
vs. non-induced ECs, 30,000 D492HER?2 cells were see-
ded in 250 ul H14 on top of the non-coated or rBM-coated
filter units (triplicates) and 500 ul H14 containing 10%
FBS as attractant was added below. For MDA-MB-231,
RI10F was used instead of H14 while keeping the same
experimental setup. After 24 h or 48 h, non-migratory or
non-invasive cells were removed from the top of the filter
using Q-tips, migratory cells below the filter were fixed
for 10 min with 4% PFA (#252549, Sigma-Aldrich) and
stained for 30 min with 1:5000 diluted DAPI nuclear
staining (20 mg/ml) (#D9542, Sigma-Aldrich). Using an
EVOS FL Auto 2 Cell Tmaging System (Thermo Fisher
Scientific), three images per replicate were taken at x10
magnification. Images were converted to 8-bit in Image]
(version 2.0.0), threshold-adjusted and binary-converted.
Migratory cells were counted using the “analyze particles”
function.
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Transient KD using siRNA

KD was performed in 24-well plate using pre-designed
Silencer® Select human ECMI1 siRNA (#s4441, Thermo
Fisher Scientific) compared with a scrambled negative con-
trol (Silencer Select negative control No. 1, Thermo Fisher
Scientific, #4390843). Cells were reverse transfected for 48 h
according to the manufacturer’s protocol using a siRNA
concentration of 10 nM. Proliferation was monitored using an
IncuCyte ZOOM 2016B System. KD was confirmed using
RT-gPCR and western blotting. After 48h, medium was
changed to normal H14 and incubated for another 48h
for collection of CM as described above. Endothelial net-
work formation was analyzed as previously described for
HUVECs treated with CM from D492HER2"™! compared
with control D492HER2.

Generation of stable KD and overexpression cell
lines using CRISPRi/CRISPRa

In order to generate stable ECM1 KD in D492HER2 and
overexpression in D492 and D492M, we used the novel
CRISPRi (inhibition) and CRISPRa (activation) system.
sgRNA plasmids were purchased from Genscript; for
ECM1 overexpression and KD, a combination of two
sgRNAs was used. Overexpression sgRNAs were pre-
design and located between 1 and 200 bp upstream of the
ECMI transcription start site and KD sgRNAs custom-
designed to bind between 1 and 200bp downstream,
sgRNAs were cloned into the plenti sgRNA(MS2)_zeo
plasmid (Genscript). As negative control, an empty plenti
sgRNA(MS2)_zeo plasmid was used (Genscript). For pro-
duction of lentiviral particles, HEK293T cells were used
and virus was collected 48 and 72 h after transfection. D492
and D492M were first transduced with plenti dCAS9-VP64-
Blast plasmid for transcriptional activation and selected
with blasticidin at a concentration of 2 pg/ml for 7 days.
D492HER2 were transduced with pHR-SFFV-KRAB-
dCas9-P2A-mCherry plasmid for repression and sorted for
mCherry expression. Next, d with lentivirus
containing sgRNA plasmids for overexpression (D492
and D492M containing dCas9-VP64 cassette) and KD
(D492HER?2 containing dCas9-KRAB cassette) was per-
formed. For both KD and OE, two different gRNAs were
pooled (KD: ECMI custom gRNA 1 and 2 (GTGGTCA
GTTGCCCCAGGAT, GCCGGCCACTGAAGCTTGTC)
and OE: ECM1 SAM guide RNA 1 and 2 (CATCTACA
GGCTGCCTTCTG, GAAACTGAGGCACAAACTAG)).
Cells were selected with 400 pg/ml (D492, D492M) or 600
pe/ml (D492HER?2) zeocin (Invitrogen) for 14 days. For
enhancement of ECM1 OE, D492 and D492M were then
transduced with lenti MS2-P65-HSF1 Hygro plasmid,
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containing enhancer domains MS2, P65, and HSP1 that
bind to VP64 and enhance its activation activity. Cells were
selected with 100 pg/ml hygromycin (Sellekchem, #52908)
for 1012 days. ECM1 KD or OE were validated on gene
expression level using RT-qPCR.

RNA microarray

For RNA microarray analysis, D492, D492M, and
D492HER2 with and without ECM1 overexpression/KD
were grown until 80% confluence, fresh Hi4 medium was
added and CM was collected after 48 h. HUVECs were
grown to 40% confluence, washed with 1x PBS and CM was
added together with fresh EGMS5 (ratio 1:1). After 24 h, RNA
was extracted using the RNeasy Mini Kit (Qiagen). Sample
concentration and quality was analyzed using the Agilent
2100 Bioanalyzer System (Agilent). As RNA microarray,
Affimetrix Human Clariom S Assay was performed at the
sequencing core facility, German Cancer Research Center
(DKFZ) Heidelberg, Germany. Raw data were analyzed
using Chipster high-throughput data analysis software v3.12.

RNA, cDNA, and RT-qPCR

Total RNA was extracted with Trizol (Life Technologies) and
reverse transcribed with hexanucleotides using the Super-
Script® IV First-Strand ~ Synthesis System  (Invitrogen).
Resulting cDNA (10 ng per reaction) was used for quantitative
real-time PCR, in master mix (Life Technologies) with pre-
designed primer pairs ECM1 (Hs.PT.58.20438560), NOTCHI
(Hs.PT.58.23074795), NOTCH3 (Hs.PT.58.38492200), and
beta-2-microglobulin  (B2M) as reference gene (Hs.
PT.58v.18759587). Experiments were carried out in triplicate
on the 7500 Real-Time PCR System (Life Technologics).
Expression levels were lized to the refe gene, and
relative mRNA differences were calculated with the AACt
method according to the “Minimum Information for Publica-
tion of Quantitative Real-Time PCR Experiments” (MIQE)
guidelines [39].

Protein isolation and western blotting

Protein was isolated using RIPA lysis buffer supplemented
with phosphatase and protease inhibitor cocktails (Life
Technologies). For western blotting, 5-10ug protein was
used per lane, unless otherwise stated. Samples were dena-
tured using 10% mercaptoethanol at 95 °C for 5 min and run
on NuPage 10% Bis-Tris gels (Life Technologies) in 2-(N-
morpholino)ethanesulfonic acid running buffer. Samples
were then transferred to immobilon FL polyvinylidenfluorid
(PVDF) membranes (Millipore). Membranes were blocked
in Li-Cor blocking buffer, and primary antibodies (ECM1:
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sc-515843 (Santa Cruz), beta tubulin: ab6046 (Abcam))
were incubated overnight at 4 °C. Near-infrared fluorescence
visualization was measured using Odyssey CLx scanner
(Li-Cor, Cambridge, UK).

In vivo tumor formation assay

To assess tumorigenicity of D492HER2 and D492HER2

in 1x T/E buffer was performed and samples were stained
as deseribed above. Counterstaining was performed with
filtered hematoxylin for 1-2 min.

Statistical analysis

All experiments were performed at minimum in triplicate.
Graphs were generated in Microsoft Excel 2015. Error bars

with KD of ECMI, cells were injected subci ously into
female NSG mice, bred at the Department of Comparative
Medicine, Oslo University Hospital. The mice were kept
in pathogen-free environment at a constant temperature
(21.5+0.5 °C) and humidity (55+5%); 15 air changes/h
and a 12 h light/dark cycle. The animals were 5-6 weeks
old and their weight was 18-20 g before they were included
in experiments. Anesthesia was obtained with 5% (v/v)
Sevofluran along with 1L oxygen and 3L nitrous oxide,
given with inhalation mask. Food and water were supplied
ad libitum. 5x 10° cells in 100 yl of 1:1 mixture of PBS
and Matrigel (Corning, #354248) were injected on both
flanks of the animal. Tumor growth was measured twice a
week using a caliper, and the tumor volume was calculated
according to the formula 0.5 x length x width®. Animals
were sacrificed performing cervical dislocation at the
end of the experiments, or when tumor volume reached
1500 mm?, the weight loss exceeded 20% or when they
became moribund. Tumors were dissected and from each
tumor one part was frozen in liquid nitrogen and the other
was fixed in PFA and embedded in paraffin. All experi-
ments involving animals have been approved by the Nor-
wegian Animal Research Authority (ethical approval FOTS
ID: 12080) and conducted according to the regulations of
the Federation of European Laboratory Animals Science
Association (FELASA) [40].

fluorescence (IF) staining

HUVECs were grown to 80% confluence on eight-well
chamber slides (#354108, Falcon), fixed with 3.7% PFA,
permeabilized with 0.1% Triton X-100, and unspecific
background was blocked using 10% FBS in 1x PBS.
Incubation with primary antibodies for ECMI1 (Sigma-
Aldrich, #HPA027241), NOTCH1 (#sc-376403, Santa
Cruz), and NOTCH3 (#ab23426, Abcam) was done over-
night at 4°C, followed by incubation with secondary
antibodies conjugated with Alexa Fluor-488, -546, or -647
for 1h at RT. For nuclei staining DAPI was used together
with secondary antibodies at a concentration of 1:5000.
Imaging was done using FV1200 Olympus inverted con-
focal microscope. For IHC staining, paraffin-embedded
tumor tissue samples were processed in xylene and ethanol
in order to remove paraffin and then rehydrated in dH20.
Following rehydration, high-temperature antigen retrieval

p the standard deviation of the mean. Statistical
analysis was performed in R 3.3.3. (R Development Core
team, 2013). Data were checked for normal distribution and
Student’s 1 test or ANOVA followed by Tukey's honest
significant difference test on linear models was performed
when normally distributed whereas Kruskal-Wallis chi-
squared test was used when not normally distributed. The
significance level was 0.05.

Results

CM from D492HER2 promotes endothelial network
formation

Initially, we aimed to analyze the heterotypic interactions
between normal and cancerous epithelial cells of the
mammary gland and ECs. To address this, we used isogenic
normal and cancerous cell lines derived from the D492
breast epithelial progenitor cell line [28, 30]. We collected
CM from D492, D492M, and D492HER?2 and analyzed the
effect on endothelial network formation in vitro. ECs were
seeded in CM from D492, D492M, and D492HER?2 on top
of rBM, and endothelial network formation was analyzed
after 4, 24, and 48 h (Fig. la, b, Supplementary Fig. S1).
Assessment of EC viability confirmed similar cell viability
upon CM treatment compared with H14 ctrl medium
(Supplementary Fig. S13). The established network of ECs
treated with CM from D492HER2 but not from D492 and
D492M showed significantly higher numbers of master
junctions, master segments, meshes, and higher total master
segment length after 4h (Fig. 1a, b). This indicates that
D492HER2-CM enhances early endothelial network for-
mation in vitro. All quantified parameters were also sig-
nificantly higher upon treatment with D492HER2-derived
CM after 24 and 48 h indicating stability and persistence of
the observed pro-angiogenic effect of D492HER2-CM over
time (Supplementary Fig. S1).

D492HER2-induced ECs feedback on D492HER2 by
" igration and i

P 9

After identifying D492HER2 as a cell line enhancing
endothelial network formation, we collected CM from
D492HER2-induced ECs and treated D492HER2 (Fig. 1¢c)
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cellular cross talk. Interestingly, we observed that treat-
menl wnh CM from D492HER2-induced ECs stimulated

and i of D492HER2, in contrast
to CM from un(rcaled ECs and D492-induced ECs (Fig. 1d),
suggesting a positive feedback. To identify whether migra-
tion of D492HER2 cells was specifically directed toward the
endothelium rather than being general, we performed
indirect co-culture of D492, D492M, and D492HER?2 in a
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11 assay with or without ECs present below the filter
(Fig. 1e). When analyzing the number of migratory cells,
D492HER?2 in particular showed an increased migratory
phenotype toward ECs below the filter (Fig. 1), supporting
the hyy is that migration is i d toward the endo-
thelium mediated by induced ECs. In line with this, we
could see significantly more D492HER2 than D492 or
D492M cells directly associated with ECs in 2D and 3D co-
culture with ECs (Supplementary Fig. S2).
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<« Fig. 1 CM from D492HER2 enhances endothelial network and
induces ial feedback il ing D492HER2 migrati
invasion. a d lial network in D492HER2-
CM afier 4 h. Top: representative phase-contrast images of HUVEC
endothelial network after 4 h on top of rBM in control (unconditioned)
medium and conditioned medium from D492, D492M, and
D492HER2. Each conditien included 4-6 wells as replicates and 1-2
images were taken per well at x10 magnification (scale bar = 100 pm).
Bottom: corresponding angiogenesis images (Imagel, angiogenesis
analyzer plugin) showing branches, junctions, master junctions, master
segments, and meshes. b ial network i i
tion. Quantification of master junctions, master segments total master
segment length and meshes for each image using angiogenesis ana-
lyzer plugin (average and standard deviation per condition). Statistical
analysis performed in R, one-way ANOVA, *+¥p <0.001, **p <0.01,
*p<0.05, <0.1. ¢ Endothelial feedback—schematic overview. Sche-
matic workflow of conditioning of ECs (see “Materials and methods™).
d D492HER2-induced ECs promote D492HER?2 migration and inva-
sion. Transwell-migration and invasion assays of D492HER2 treated
with ditioned medium, ditioned HUVEC-CM, D492-
conditioned HUVEC-CM, and D492HER2-conditioned HUVEC-
CM. Number of migratory/invasive cells is shown for the different
treatments (Student’s  test, #¥¥p < 0.001, **p <0.01, ¥p <0.05, <0.1).
e Migration toward ECs ic overview. ic setup of the
transwell-migration assay of D492, D492M, and D492HER2 toward
HUVECs seeded below the transwell filter. Migration toward
HUVECs (in H14 + EGMI) was compared with migration toward
10% FBS in H14 + EGMS (pos. ctrl) and plain H14 + EGMS5 (neg.
ctrl). £ Increased D492HER2 migration toward ECs. Migration of
D492, D492M, and D492HER2 toward HUVECs. Number of
migratory cells is shown for the different treatments (Student’s ¢ test,
*p <0.001, *#p <0.01, *p <0.05, <0.1).

Enrichment of angiogenesis-regulating proteins and
identification of ECM1 in D492HER2 secretome

In order to identify secreted factors from D492HER?2 that are
mediating the observed pro-angiogenic effect, we performed
label-free mass spectrometry on concentrated CM from all
three D492 cell lines. In order to determine candidates
involved in tumorigenicity rather than EMT phenotype, we
focused on proteins higher secreted by D492HER2 compared
with both D492 and D492M. We used RT-qPCR and tran-
scriptomic data to verify secretome candidates. After cor-
rection of the data for significance (0.05 significance level)
and at least twofold difference in secretion, we received a
list of a total of 77 proteins more highly secreted by
D492HER?2 compared with D492 and D492M (Fig. 2a and
Supplementary Table S1). GO term analysis showed 6.7-fold
enrichment for GO term group “regulation of angiogenesis™
(GO:0045765) among D492HER2-secreted candidates
(Fig. 2b), consisting of seven gene members (Fig. 2c). We
then compared secretion levels of these seven candidates in
our secretome dataset and identified ECMI and chitinase 3-
like-1 (CHI3L1) as the two proteins with the most prominent
secretion profile (Fig. 2d). Interestingly, secretion levels of
commonly recognized angiogenesis inducers such as
VEGFa, FGF2, or PDGF were not significantly elevated in
our cell lines, suggesting a different mechanism behind the

observed pro-angiogenic effect of D492HER2 secretome
(Fig. 2d). CHI3L1, also known as YKL40, is a secreted
glycoprotein, which is associated with a number of biological
functions and also plays a role in chronic inflammation dis-
eases and cancer [41-43]. Recently, it has been linked to
idiopathic pulmonary fibrosis [44]. Previous studies provide
evidence for a role of YKL-40 in tumor angiogenesis by
mediating VEGF signaling [45, 46]. ECM1 is a secreted
glycoprotein, which was first identified in the mouse osteo-
genic stromal cell line MN7 [47]. It was initially described as
modulator of proliferation and differentiation of epidermal
keratinocytes and basement membrane reconstitution in the
skin [48]. However, it has also been linked to angiogenesis
and malignant transformation [32-34, 37, 48-50]. Interest-
ingly, analysis to determine correlation to different gene
modules using GOBO gene set analysis database (University
of Lund, Sweden) revealed a significant Spearman correla-
tion of ECMI to the gene module “stroma” (Fig. 2e).
Kaplan—Maier survival analysis revealed for both CHI3LI
and ECMLI, a significant correlation of gene expression with
decreased survival (Supplementary Fig. S4). However,
whereas in case of CHI3L1 this correlation is not specifically
associated with a certain cancer subtype, ECMI expression is
significantly correlated with decreased distant metastasis-free
survival (DMSF) when expressed in HER2+ and estrogen
receptor-negative (ER—) breast tumors (Fig. 2f, g, Supple-
mentary Figs. S3 and S4) [49]. These data put together led
our focus on ECMI as the main candidate for further
investigation in the context of stromal interaction.

ECM1 enhances k and ind

endothelial feedback

To verify that ECMI is involved in the inducing effects of
D492HER2 on endothelial network formation and positive
feedback, we investigated whether rECMI is capable of
inducing network formation and feedback as well. We
treated ECs with 15, 30, 60, and 120 ng/ml of rECM1 and
quantified network formation as described previously.
Indeed, rECMI had significantly increased the endothelial
network formed after 4 and 24 h as quantified by numbers
of master junctions, meshes, master segments, and total
master segment length (Fig. 3a, b). Hereby, the strongest
effect was seen for treatment with 30 and 60 ng/ml TECM1
(Fig. 3b). This indicates that the system may already be

d at these cc rather than TECM1 having
a dose-dependent effect. To look at the endothelial feed-
back, we induced ECs with 60 ng/ml rECM1 and treated
D492HER2 with CM of ECM1-induced ECs (Fig. 3¢). CM
of ECMI-induced ECs significantly increased D492HER2
migration and invasion (Fig. 3d), confirming that ECMI1
does play a role in inducing the endothelial feedback
induced by D492HER2.
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To verify the activity of ECMI, we induced stable
overexpression of ECMI in D492 and D492M. CM from
D492 and D492M stably overexpressing ECM1 showed
pro-angiogenic properties (Fig. 4a, b). Furthermore, D492
and D492M overexpressing ECM1 show increased migra-
tion toward ECs, similar as observed for D492HER?2 (Sup-
plementary Fig. S6). Next, we generated transient KD of
ECM1 in D492HER? using siRNA (Supplementary Fig. S5)
and stable KD using CRISPRi. Both transient and stable KD
were successful (over 90% KD), as verified on gene as well
as protein level (Supplementary Figs. S5 and S6). In
accordance with the observed effects of rECM1 and ECMI

usmg 60 ng/ml rECMI. d rfECM1 mduoed ECs promote D492HER2

ion and invasion. Ti 1l ion and invasion assays of
D492HER2 treated  with ditioned medium, di
HUVEC-CM and 60ng rECMI-treated HUVEC-CM. Number of
migratory/invasive cells shown for different treatments (Student’s
1 test, ¥**p <0.001, **p<0.01, *p<0.05, <0.1).

overexpression, treatment with CM from D492HER2-
kdECM1 resulted in significantly lower endothelial net-
work formation compared with control D492HER?2 (Fig. 4a,
b). Similar results were obtained with CM from D492HER2
with transient ECM1 KD (Supplementary Fig. S5). In
addition to these results on the D492 cell lines, we investi-
gated pro-angiogenic properties of SKBR3 (HER2+ and
ECM1-) and HCC202 (HER2+ and ECM1+) breast can-
cer cell lines. Network formation data showed increased pro-
angiogenic properties of HCC202-CM but not SKBR3-CM
compared with controls, confirming the specific role of
ECMI in this context (Supplementary Fig. S10). Analysis of
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<0.1. ¢ Endothelial feedback reduction—schematic ~overview.
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f No increased migration toward ECs upon ECMI1 knockdown.
Migration of D492HER2 empty ctrl and D492HER2-kdECMI toward
HUVECs. Number of migratory cells for different treatments (Stu-
dent’s 1 test, ***p<0.001, **p<0.01, *p<0.05, <0.1).
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the endothelial feedback showed that treatment of ECs with
CM from D492HER2-kdECM1 did not induce an endo-
thelial response to D492HER? increasing cell migration and
invasion (Fig. 4¢, d). Also, the observed increased migration
of D492HER?2 toward ECs (Fig. 4c) could be depleted upon
KD of ECM1, supporting the role of ECMI in mediating the
endothelial feedback and promoting migration toward the
endothelium (Fig. 4e, ). These data suggest ECMI as a
specific mediator of endothelial response promoting cancer
progression.

Subcutaneous injection of D492HER2 ctrl and
D492HER2-kdECM1 into mice indicated a reduction in
tumor volume upon ECM1 KD. However, this difference
was not statistically significant (Student’s 1 test, p = 0.12)
(Supplementary Fig. S11). Furthermore, CD31 staining
could not clearly confirm decreased angiogenesis within the
tumor mass of D492HER2 with KD of ECMI1 compared
with D492HER2 ctrl. Interestingly though, both ctrl and
kdECM1 tumors did show similar ECM1 protein expression
levels although ECM1 KD had been confirmed by RT-
qPCR prior injection into mice.

Triple-negative (TN) MDA-MB-231 cells also show
high ECM1 expression and are capable of increasing
endothelial network formation and inducing
endothelial feedback

‘When analyzing the correlation of ECM1 and prognosis, we
noted that high expression of ECM1 was not only correlated
to worse survival in HER2+ breast cancer patients but also
in triple-negative (TN) and generally ER— tumor patients
(Supplementary Figs. S4 and S8B). In addition, correlation
analysis using the Metabric discovery dataset showed a
significant positive correlation between ECM1 expression
and CD31 as established endothelial marker in ER— breast
cancer (Supplementary Fig. S8E). Therefore, we decided to
include MDA-MB-231 as TN and MCF-7 as ER+ cell line
in our study. Interestingly, CM from MDA-MB-231 but not
MCEF-7 also increased endothelial network formation after
4, 24, and 48 h (Supplementary Figs. S8C, D, S9). Similar
to D492HER2, MDA-MB-231 expresses high levels of
ECMI in contrast to MCF-7 (Supplementary Fig. S8A).
Treating ECs with rECMI also induced an endothelial
feedback promoting MDA-MB-231 migration, as seen for
ECMI1-expressing D492HER2 (Supplementary Fig. S8F,
G). Upen transient ECM1 KD in MDA-MB-231 (RT-qPCR
confirmation of ECM1 KD see Supplementary Fig. S8H),
its ability to increase endothelial network formation was
significantly decreased (Supplementary Fig. S8I). This
suggests that ECM1 might play a role in cancer progression
through endothelial cross talk in a broader range of breast
cancer subtypes than just HER2+.

ECM1 upregulates endothelial NOTCH1 and NOTCH3

To investigate whether treatment with D492HER2-CM
upregulates commonly known angiogenesis modulators in
ECs, we examined gene expression levels of endothelial
VEGFa, VEGFR2 and PDGFb. However, none of these
markers showed increased expression upon treatment with
D492HER2-CM (Supplementary Fig. S7TA).

In order to determine transcriptional changes occurring in
ECs specifically in response to cancer-secreted ECMI, we
performed RNA microarray analysis of ECs treated with CM
from D492HER2 and D492HER2 with ECM1 KD. After
p value correction and setting the fold change cutoff to
twofold, analysis revealed 18 genes upregulated in ECs
treated with D492HER2-CM compared with ECs treated
with CM from D492HER2-kdECM1 (Supplementary Fig. S7
and Supplementary Table S2). However, the observed
changes in genes expression were rather mild. One of the
mildly higher expressed genes in ECs treated with
D492HER2-CM was fatty acid-binding protein 4 (FABP4).
FABP4 itself could not be confirmed as upregulated com-
pared with untreated ECs, however it led our attention to the
NOTCH pathway since its expression is regulated
by NOTCHI [51-53]. When investigating the expression of
the NOTCH receptors 14 in ECs, we observed increased
NOTCHI and NOTCH3 gene and protein expression in ECs
treated with D492HER2-CM and rECM1 but not with CM
from D492HER2-kdECM1 (Fig. 5a).

Blocking endothelial NOTCH signaling interrupts the
increase in network formation and feedback
induction

Next, we wanted to investigate whether endothelial
NOTCH signaling was implicated in the observed increase
in endothelial network formation and the induction of an
endothelial feedback promoting cancer cell migration and
invasion. By blocking endothelial NOTCH using gamma-
secretase inhibitor DAPT, interruption in both the increase
in network formation and the feedback induction was
observed. While treatment with TECM1 resulted in sig-
nificantly increased numbers of master junctions, master
segments, total master segment length, and number of
meshes, this effect was no longer visible upon addition of
DAPT (Fig. 5b, c¢). Compared with addition of rECM1 4
DMSO, addition of rECM1 + DAPT significantly reduced
numbers of master junctions (p = 0.0004), master segments
(p = 0.0014), total master segment length (p = 0.0019), and
number of meshes (p=0.0012). Furthermore, CM of
rECMI-induced ECs stimulated an increase in cancer cell
migration and invasion whereas the addition of DAPT
inhibited the induction of this feedback (Fig. 5d, e).
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Blocking endothelial NOTCH signaling therefore appears to
interrupt both cancer-increased network formation as well
as feedback induction. Interestingly, addition of DAPT
alone to HUVEC did not affect the endothelial network
(Supplementary Fig. S12) and feedback on migration and
invasion (Fig. 5e). This suggests that blocking endothelial
NOTCH by DAPT reduces network formation and feedback
only upon elevated NOTCH signaling conditions.

Discussion

In this study, we have demonstrated that the HER2-
overexpressing breast cancer cell line, D492HER2, stimu-
lates endothelial network formation in vitro and is capable of
inducing an endothelial feedback promoting cancer cell
migration toward the endothelium and invasion. We have
further identified ECM1 as a secreted factor in D492HER2
that plays a role in mediating both the pro-angiogenic effect of
D492HER2 and the feedback induction. rECMI1 increases
endothelial network formation and induces the feedback while
KD of ECM1 interrupts both. Furthermore, D492HER2 no
longer show an increased migrative phenotype toward ECs
upon ECM1 KD. However, the fact that we observed only a
marginal reduction of tumor volume upon ECM1 KD indi-
cates that it may be necessary to knockout ECMI for in vivo
studies and further to evaluate angiogenesis of the tumor-
surrounding stroma. This is supported by the study of Wu and
colleagues that have performed in vivo studies with ECM1
knockout rather than KD cells [54]. Interestingly, ECMI
protein expression levels were found to be similar in both ctrl
and kdECMI tumors although ECMI KD had been con-
firmed by RT-qPCR prior injection into mice. Rather than
suggesting no difference in tumor formation between ctrl and
kdECMI cells, these results are a possible indication that a
positive selection of ECM14- cells might have occurred in
mice injected with kdECM1 cells. Therefore, our results do
not necessarily stand in conflict to previously published data
on ECM1 promoting tumor and metastasis formation in vivo
[36-38, 54, 55]. Indeed, new studies could show that injection
of equal amounts of different clones of the same breast cancer
cell line MDA-MB-231 leads to formation of tumors with
very few cells of one but many cells from another clone [56].
Tracing ECM1+ and ECM1— clones in vivo would offer a
great approach to further investigate the occurrence of posi-
tive selection of ECM14- clones and clarify the role of ECM1
during tumor formation.

ECMI is a secreted glycoprotein and was first identified
in the mouse osteogenic stromal cell line MN7 [47]. Tt was
initially described as modulator of proliferation and differ-
entiation of epidermal keratinocytes and basement membrane
reconstitution in the skin [48]. However, it has also
been linked to angiogenesis and malignant transformation

[32-34, 37, 38, 48-50]. Han et al. demonstrated that
rECM1 stimulated proliferation and blood vessel formation
in the chorioallantoic membrane of chicken embryos [32] and
Wang et al. found it to be expressed particularly in highly
malignant breast epithelial tumors [34]. Recently, Wu et al.
linked ECM1 to breast cancer progression by suggesting a
role of ECMI in facilitating metastasis through increased
invasion and adhesion capacity of ECMI-expressing cancer
cells [54]. These data are in line with our findings in the
current study. Ferraro et al. recently showed that ECs are
capable of increasing migration and invasion of SKBR3
breast cancer cells [57]. However, a direct involvement of
cancer-secreted ECMI1 in cancer progression through
induction of an endothelial feedback supporting cancer
migration and invasion has not been reported yet. Here, we
show that the increased migration is directed toward the
endothelium, suggesting that ECM1 may play a mediating
role in inducing ECs to promote cancer cell migration from
the primary tumor toward the vasculature and therefore
support metastasis formation and tumor progression.
Survival analysis shows that expression of ECMI in
HER2+ breast tumors is associated with significantly
reduced distant metastasis-free survival (DMFS). Therefore,
targeting ECMI in tumors overexpressing HER2 could lead
to better patient prognosis. This is supported by a study of
Lee et al., which showed that ECM1 regulates resistance to
trastuzumab, a recombinant antibody targeting HER2 and the
most common drug used in treatment of HER2+ breast
cancer [49]. Interestingly, the TN breast cancer cell line
MDA-MB-231 also expresses high levels of ECMI and is
capable of inducing endothelial network formation in the
present study and previous studies [18, 19, 54]. KD of ECM1
in MDA-MB-231 inhibits these pro-angiogenic effects, sup-
porting the mediating role of ECMI in increasing the endo-
thelial network. We also report that rECMI is capable of
inducing a positive endothelial feedback on MDA-MB-231
migration. Since expression of ECMI also correlates with
worse outcome in TN and generally ER— breast cancer, its
molecular involvement in breast cancer progression might be
more general rather than only limited to HER2+ cancer.
Silencing of ECM1 in MDA-MB-231 led to a decrease in
cancer cell migration and invasion capacity, linking its
expression to increased tumor progression aggressiveness
[54, 55]. Therefore, ECM1 might represent a possible ther-
apeutic target for a broader range of breast cancer patients
than just HER2+ individuals. However, the specific rela-
tionship between HER2 overexpression and ECM1 still
needs to be elucidated. ECM1 expression is upregulated in
several HER2+ breast cancer cell lines including ZR7530,
SUM44PE, and HCC202. However, other HER2+- cell lines
such as SKBR3 or BT474 show no ECMI upregulation.
However, among the breast cancer cell lines with strong
ECM1 upregulation according to the GOBO database there
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are numerous ER— cell lines (e.g., HCC1143, HBL100,
SUM1315MO2, MDA-MB-435, and MDA-MB-231). Lee
et al. report that high ECM1 expression in HER2+ breast
cancer is correlated with poor prognosis and trastuzumab
resistance [49]. They suggest that ECM1 may interact with
EGFR family receptors that interact with HER2, attenuating
therapeutic action by trastuzumab. However, the mechanisms
of ECMI expression regulation itself are not very well
understood in HER2+- breast cancer. Smits et al. identified
conserved potential binding sites for transcription factors of
the Apl, Ets, and Spl family in the human ECMI gene in
MNT7 cells [58]. Ye et al. provide evidence that ECM1 is a
target of miR-486-3p in cervical cancer. Overexpression of
miR-486-3p thereby inhibited cell growth and metastasis by
targeting ECMI [59]. However, we could not detect differ-
ential expression of miR-486-3p between D492, D492M, and
D492HER2, suggesting that ECMI might be regulated
through a different mechanism in our HER2+ breast cancer
system. Generally, investigating the involvement of epige-
netic regulation in modulating ECMI1 expression and
downstream signaling could be of great interest though as it
could potentially give novel insights also in the context of
cellular cross talk.

In our model, ECM1 was identified as cancer-secreted
protein with pro-angiogenic properties that is capable of
inducing an endothelial feedback promoting cancer cell
migration toward ECs and invasion (Fig. 6). However, the
molecular mechanism through which ECM1 mediates this
feedback of the vascular niche on cancer progression has
not been described previously. Here, we identified an
upregulation of NOTCHI and NOTCH3 receptor expres-
sion in ECs upon treatment with D492HER2-CM and
rECMI but not CM from D492HER2 with ECM1 KD.
However, the initial microarray candidate, FABP4, could
not be confirmed in further experiments, indicating that the
subsequent downstream signaling may not involve FABP4.
This would coincide with the findings that in addition to
NOTCHI, also VEGFa, bFGF, and FOXOTI play potential
roles in regulation of FABP4 expression [60]. So far, ECM1
has been associated with EGF signaling [49], and ITGB4/
FAK/SOX2/HIFla [36] and WNT1/B-catenin [37] path-
ways, but a mediating role in NOTCH signaling has not
been described. NOTCH signaling is very complex and
plays a role in a large number of biological processes
[61, 62]. Nevertheless, recent studies suggest NOTCH1 as a
key player in inducing tumor angiogenesis and therefore
promoting tumor progression in cutaneous melanoma and
myeloma [25, 26]. Kalucka et al. have shown that NOTCHI
is involved in endothelial barrier function and angiogenesis
by controlling fatty acid metabolism [53]. These data would
support a possible involvement of endothelial NOTCH in
mediating the increase in endothelial network and possibly
the induction of the pro-cancerous feedback in breast
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cancer. Indeed, upon inhibition of endothelial NOTCH
signaling, the enhancing effect of ECM1 on network for-
mation and feedback was no longer observed, indicating the
existence of a ECMI/NOTCH axis involved in mediating
the cross talk between cancer cells and endothelium in terms
of promoting cancer progression (Fig. 6).

In conclusion, we have identified ECMI as a cancer-
secreted pro-angiogenic factor involved in inducing the
endothelial niche to support cancer progression through
increased cancer cell migration and invasion. Moreover, our
data indicate a novel, mediating role of ECMI in endo-
thelial NOTCH signaling, which appears to be involved in
mediating the induction of the cancer-promoting endothelial
feedback (Fig. 6). Taken together, our findings might open
up new possibilities for cancer treatment by understanding
how an activated vascular niche provides positive feedback
to the cancer and targeting this interaction between cancer
cells and their microenvironment.
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Fig. S1: CM of D492HER2 enhances endothelial network - 24 h and 48 h.

A Enhanced endothelial network formation in D492HER2-CM after 24 h
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Fig. S1: Condi;’ioned media of D492HER2 Znhanced endothelial network - 24 h and 48 h. A) Enhanch endothelial
network formation in D492HER2-CM after 24 h. Top: Phase-contrast images of HUVEC endothelial network after
24 h on top of matrigel in H14, D492-CM, D492M-CM and D492HER2-CM, 10x magnification (scale bar = 100 um).
Bottom: Corresponding angiogenesis images (Imagel, angiogenesis analyzer) showing branches, junctions, master
junctions, master segments and meshes. B) Endothelial network formation 24 h - Quantification. Quantification of
master junctions, master segments, total master segment length and meshes (angiogenesis analyzer). Statistical
analysis performed in R, one-way ANOVA, *** p < 0.001, ** p < 0.01, * p < 0.05, - < 0.1 . C) Enhanced endothelial
network formation in D492HER2-CM after 48 h. Top: HUVEC endothelial network after 48 h (phase contrast).
Bottom: Angiogenesis images. D) Endothelial network formation 48 h - Quantification. Quantification of master
junctions, master segments total master segment length and meshes. One-way ANOVA, *** p < 0.001, ** p < 0.01,
*p<0.05-<0.1.
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Fig. S2: D492HER2 has increased affinity to ECs in 2D & 3D.

A Increased endothelial cell contact of D492HER2 in 3D
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Fig. S2: D492HER2 has increased affinity to ECs in 2D and 3D. A) Increased endothelial cell contact of
D492HER2 in 3D. 3D co-culture of D492 and D492HER2 with HUVEC on top of matrigel. Red arrows mark cells
attached to branching points fo the endothelial network. Scale bar = 100 pm. B) Increased endothelial cell
contact of D492HER2 in 2D. 2D co-culture of D492, D492M and D492HER2 with HUVEC (brown: DAB staining
for CD31) for 24h. Red arrows mark cells attached to brown endothelial cells. Scale bar = 50 um. C)
Quantification of B. Mean number of cells attached to HUVEC. Statistical analyses for C) performed in R, one-
way ANOVAs, *** p < 0.001, ** p<0.01, * p<0.05,-<0.1.



Fig. S3: Decreased DMFS when ECM1 but not CHI3L1 is expressed in
HER2+ tumors (breastmark).
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Fig. S3: Decreased DMFS when ECM1 but not CHI3L1 is expressed in
HER2+ tumors (breastmark). Analysis of distant metastasis-free survival
(DMFS) for ECM1 and CHI3L1 expression in different breast cancer
subtypes (database breastmark).
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Fig. Fig. 54: Differential survival pattern for ECM1 and CHI3L1 in HER2+ and ER- tumors (KM plotter). Comparison of
distant metastasis-free survival (DMFS) and relapse-free survival (RFS) for ECM1 and CHI3L1 between ER-, triple-
negative (TN), HER2+ and HER2+ ER- PR- samples.



Fig. S5: Transient knockdown of ECM1 inhibits pro-angiogenic effect of

D492HER2-CM.
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Fig. S5: Transient knockdown of ECM1 inhibits pro-angiogenic effect of D492HER2-CM. A) ECM1 knockdown.
Confirmation of transient ECM1 knockdown at gene expression level (Relative Gene Expression) and protein
expression level (IF staining), scale bar = 50 um. siRNA used at a concentration of 10 nM (Student’s t-Test *** p <
0.001, ** p < 0.01, * p < 0.05, - < 0.1 ). B) Reduced endothelial network formation in D492HER2siECM1-CM. Top:
HUVEC endothelial network after 4 h in H14, D492-CM, ctrl D492HER2-CM, siRNA neg. ctrl D492HER2-CM and
SiECM1 D492HER2-CM (phase contrast), 10x magnification (scale bar = 100 um). Bottom: Angiogenesis images
showing branches, junctions, master junctions, master segments and meshes. C) Endothelial network formation -
Quantification. Quantification of master junctions, master segments total master segment length and meshes.

One-way ANOVA, *** p < 0,001, ** p < 0.01, * p < 0.05, - < 0.1.
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Fig. S6: Increased migration of D492 and D492M overexpressing ECM1
towards ECs.
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Fig. S6: Increased migration of D492 and D492M overexpressing ECM1 towards ECs. A) Confirmation of stable
ECM1 overexpression and knockdown (gene and protein level). Confirmation in stable knockdown cell lines
(D492+ECM1, D492M+ECM1, D492HER2-kdECM1). Left: gene expression level (relative expression), right: protein
expression (western blot) and quantification. B) Increased migration of ECM1-overexpressing D492 and D492M
towards ECs. Transwell-migration assay of D492 empty vector ctrl and D492HER2 with ECM1 overexpression as
well as D492M empty and D492M overexpressing ECM1 towards HUVECs (80% confluent) seeded below the
transwell filter. Migration towards HUVECs (in H14 + EGM1) was compared with migration towards 10% FBS in
H14 + EGM5 (pos. ctrl) and plane H14 + EGMS5 (neg. ctrl). Student’s t-Test (R), *** p < 0.001, ** p < 0.01, * p <
0.05,-<0.1,



Fig. S7: Mildly increased gene expression of candidates in ECs upon treatment
with D492HER2-CM compared to CM from D492HER2 with ECM1 KD

A No upregulation of VEGFa, VEGFR2 or PDGFb in HUVECs treated with D492HER2-CM
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Fig. S7: Mildly increased gene expression of candidates in ECs upon treatment with D492HER2-CM compared to
CM from D492HER2 with ECM1 KD. A) No upregulation of VEGFa, VEGFR2 or PDGFb in HUVECs treated with
D492HER2-CM. RT-gPCR testing of common endothelial angiogenesis-regulating genes in response to CM
treatment. B) Top 10 up- and downregulated genes in HUVECs treated with CM from D492HER2 vs. CM from
D492HER2-kdECM1. Affymetrix human Clariom $ microarray, 2-fold change threshold, p-value adjusted. C) RT-
gPCR validation of candidates from A. Student’s t-Test (R), *** p < 0.001, ** p<0.01, * p<0.05,-<0.1.
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Fig. S8: CM from MDA-MB-231 enhances endothelial network & induces
endothelial feedback increasing MDA-MB-231 migration.
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Fig. $8: CM from MDA-MB-231 enhances endothelial network and induces endothelial feedback increasing
MDA-MB-231 migration. A) High ECM1 expression in MDA-MB-231, Relative Gene expression of ECM1 in MDA-
MB-231 and MCF7 compared to D492, D492M and D492HER2. B) DMFS & RFS in ECM1+/TN & ECM1+/ER- breast
cancer, ECM1 expression correlates with worse relapse-free survival (RFS) in triple-negative (TN) breast cancer
patients and with worse distant metastasis-free survival (DMFS) in ER- breast cancer patients. C) Enhanced
endothelial tube formation in MDA-MB-231 CM. Tep: HUVEC endothelial network after 4h in R10F, MCF7-CM and
MDA-MB-231-CM (phase contrast), 10x magnification, scale bar = 100 um. Bottom: Angiogenesis images. D)
Endothelial tube formation - Quantification. Quantification of master junctions, master segments total master
segment length and meshes. One-way ANOVA, *** p < 0,001, ** p < 0.01, * p < 0.05, < 0.1 . E) ECM1/CD31
expression correlation in ER- breast cancer. Correlation analysis of ECM1 and CD31 gene expression using
Metabric discovery data set showing significant positive correlation (p = 0.0181) in ER- breast cancer. F)
Endothelial feedback by rECM1 - schematic overview. Schematic work flow of conditioning of ECs using 60 ng/ml
rECM1. G) ECM1-induced ECs promote MDA-MB-231 migration. Transwell-migration assay of MDA-MB-231
treated with unconditioned medium (R10F), unconditioned HUVEC-CM and 60 ng rECM1-treated HUVEC-CM.
Number of migratory cells is shown for the different treatments, Student’s t-Test (R), *** p < 0.001, ** p<0.01, *
p<0.05,-<0.1.H) ECM1KD. Confirmation of ECM1 knockdown on gene expression level (RT-gPCR). Student’s t-
Test (R), *** p < 0.001, ** p < 0.01, * p < 0.05, - < 0.1 . |) Decreased endothelial tube formation upon ECM1
knockdown in MDA-MB-231. Quantification HUVEC endothelial netwerk after 4 h in ctrl media (R10F), MCF7-CM,
ctrl MDA-MB-231-CM, siRNA neg. ctrl MDA-MB-231-CM and siECM1 MDA-MB-231-CM. One-way ANOVA, *** p <
0.001, ** p<0.01, * p<0,05,-<0.1,
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Fig. S9: CM of MDA-MB-231 enhances endothelial network - 24 h and 48 h.

A Enhanced endothelial tube formation in MDA-MB-231 CM after 24 h
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Fig. S9: Conditioned media of MDA-MB-231 enhanced endothelial network - 24 h and 48 h. A) Top: HUVEC
endothelial network after 24 h in R10F, MCF7-CM and MDA-MB-231-CM (phase contrast), 10x magnification (scale
bar = 100 um). Bottom: Angiogenesis images showing branches, junctions, master junctions, master segments and
meshes. B) Quantification of master junctions, master segments total master segment length and meshes. One-way
ANOVA, *** p < 0.001, ** p < 0.01, * p < 0.05, - < 0.1 . C) Top: HUVEC endothelial network after 48 h (phase
contrast). Bottom: Angiogenesis images. D) Quantification of master junctions, master segments total master

segment length and meshes. One-way ANOVA, *** p < 0.001, ** p< 0.01, * p<0.05,-<0.1.



Fig. S10: CM of HER2+/ECM1+ HCC202 cells enhances endothelial network.

A Enhanced endothelial network formation in HCC202-CM after 4h
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Fig. $10: CM of HER2+/ECM1+ HCC202 cells enhances endothelial network A) Enhanced endothelial network
formation in HCC202-CM after 4 h. Top: Phase-contrast images of HUVEC endothelial network on top of
matrigel in ctrl RPMI, ctrl McCoys, SKBR3-CM and HCC202-CM, 10x magnification (scale bar = 100 um). Bottom:
Corresponding angiogenesis images (Imagel, angiogenesis analyzer) showing branches, junctions, master
junctions, master segments and meshes. B) Endothelial network formation - Quantification. Quantification of
master junctions, master segments, total master segment length and meshes (angiogenesis analyzer). Statistical
analysis performed in R, one-way ANOVA, *** p < 0.001, ** p<0.01, * p<0.05,-<0.1.
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Fig. S11: Tendency of decreased tumor volume in vivo upon ECM1 KD
in D492HER2.
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Fig. 511: Tendency of decreased tumor volume in vivo upon ECM1 KD in D492HER2. Relative tumor
volume (RTV) of of D492HER2 ctrl and D492HER2 kdECM1 tumors. RTV calculated according to the formula
0.5 x length x width?, Red arrow indicates timepoint chosen for analysis. Statistical analysis was performed
using Students T-test, , *** p < 0.001, ** p<0.01, * p<0.05,-<0.1.
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Fig. S12: Blocking endothelial NOTCH signaling prevents D492HER2-
induced increase in endothelial network formation.

A NOTCH inhibition blocks D492HER2-induced increase of endothelial network
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Fig. 512: Blocking endothelial NOTCH signaling prevents D492HER2-induced increase in endothelial network
formation. A) NOTCH inhibition blocks D492HER2-induced increase of endothelial network formation. Top:
HUVEC endothelial network in ctrl (H14), DMSO ctrl, DAPT ctrl, D492HER2-CM, D492HER2-CM+DMS0 and
D492HER2-CM+DAPT after 4 h. 4-6 wells as replicates per condition and 1-2 images taken per well at 10x
magnification (scale bar = 100 um). Bottom: Corresponding angiogenesis images (Imagel) angiogenesis analyzer).
B) Endothelial network formation - quantification. Quantification of master junctions, master segments, total
master segment length and meshes for each image using angiogenesis analyzer plugin. One-way ANOVA, *** p <
0.001, ** p < 0.01, * p< 0.05- < 0.1.
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Fig. S13: Similar HUVEC viability in CM vs. ctrl H14 during network
formation assay on top of matrigel.

A Similar HUVEC viability upon CM treatment compared to ctrl H14 in Calcein AM assay
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Fig. S13: Similar HUVEC viability in CM vs. H14 during network formation assay on top of matirgel. A) Similar
HUVEC viability upon CM treatment compared to H14 in Calcein AM assay. HUVEC endothelial network after 4 h,
24 h, 48 h and 72 h on top of matrigel in H14 ctrl, D492-CM and D492HER2-CM, 10x magnification (scale bar = 100
um). Left: overlay of phase contrast and fluorescent channel, Right: fluorescent channel. Calcein AM stained
viable HUVECs = green. B) Imagel quantification of Calcein AM staining intensity of HUVEC in H14, D492-CM and
D492HER2-CM after 4 h, 24 h, 48 hand 72 h (n = 12).



Supplementary Table 51: Secretome data. Table includes original secretome data (tab 1) (LFQ values, mass
spectrometry), lists of proteins higher secreted by D492HER2 compared to D492 (tab 2), compared to D492M (tab
3) (based on volcane plot analysis) and compared to both (tab 4, tab 5), results for enriched GO groups in proteins
higher secreted by D492HER2 compared to both (tab 6) (Panther database, overrepresentation test), secretion
levels of enriched GO groups and heat map analysis of proteins higher secreted by D482HER2 compared to both.

Supplementary Table 52: Microarray data. List of differentially expressed genes between all 3 replicates of
HUVECs treated with D492HER2 ctrl-CM and D492HER2 kdECM1-CM. Upregulated HUVEC genes in D492HER2
kdECM1-CM (green), downregulated genes in D492HER2 kdECM1-CM (orange). Adjusted p-value, fold change
(FC) and log2 FC.
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Abstract

3D cell culture methods have been an integral part of and an essential tool for mammary gland and breast cancer
research for half a century. In fact, mammary gland researchers, who discovered and deciphered the instructive role
of extracellular matrix (ECM) in mammary epithelial cell functional differentiation and morphogenesis, were the pio-
neers of the 3D cell culture techniques, including organoid cultures. The last decade has brought a tremendous increase
in the 3D cell culture techniques, including modifications and innovations of the existing techniques. novel biomaterials
and matrices, new technological approaches, and increase in 3D culture complexity, accompanied by several redefini-
tions of the terms 3D cell culture” and “organoid”. In this review, we provide an overview of the 3D cell culture and
organoid techniques used in mammary gland biology and breast cancer rescarch, We discuss their advantages, short-
comings and current challenges, highlight the recent progress in reconstructing the complex mammary gland microen-
vironment in vitro and ex vivo. and identify the missing 3D cell cultures, urgently needed to aid our understanding of
mammary gland development, function, physiology, and disease, including breast cancer.

Keywords 3D cell culture - Breast - Co-culture - Extracellular matrix - Imaging - Microenvironment - Organoid - Screening -

Stromal cells

Introduction

Our bodies and organs, including mammary gland, are com-
posed of billions of cells, which are organized in a highly
defined manner in three-dimensional (30) space to perform

specific functions, The 3D organization and composition of

extracellular matrix {ECM), and the identity and 3D architec-
ture of neighboring cells, form a tissue microenvironment,
which is fundamental o cell behavior and difTerentiation.
Thus, tissue microenvironment controls tissue growth, devel-
opment, homeostasis, and function. and is implicated in dis-
ease [1, 2]. Therefore, to faithfully model cell behavior and
function in vitro and ex vivo, 3D cell culture techniques are
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required because they allow replication of crucial cell-cell and
cell-ECM interactions of tissues in vivo [3]. By contrast, two-
dimensional cell cultures on rigid plastic or glass surface do
not provide physiologically relevant environmental context,
resulting in changes in cell function [4, 5].

The 3D cell culture methods have become staples in
the method toolbox of developmental and cancer biolo-
wists, In this review, we provide an overview of the 3D
cell culture methods used in mammary gland biology and
breast cancer research, ranging from a fairly simple cell
culture in 3D ECM, through spheroid culture in suspen-
sion, to complex organotypic co-cultures of multiple cell
types and organoids in 3D ECM. These methods are
discussed in the context of mammary gland histology
and development, and how they contributed to elucidation
of cellular hierarchy. crucial morphogenetic events, func-
tion, and disease of mammary gland. We provide a short
historical context to the rise of the 3D cell culture field,
point out technological advances that have been essential
to advanced 3D cell culture setups and analyses, and dis-
cuss current challenges and future perspectives of the 3D
cell culture techniques in mammary gland biology and
breast cancer research, including wishful envisioning of
development of currently missing 3D cell culture types.

@ Springer

251



1 Mammary Gland Biol Neoplasia

Mammary Gland Histology

Mammary gland is composed of two histologically and function-
ally distinet tissue compartments, epithelivm and stroma, The
epithelium consists of two main epithelial cell types, luminal cells
and basal (myoepithelial) cells, and forms a branched network of
tubular structures within the stroma. While there are species-
specific differences in the anatomy details, overall, the epithelial

take few principal forms, depending on their purpose:
Alveoli are spherical structures for milk production and are or-
ganized into multi-alveolar structures called lobuli. Ducts, si-
nuses, and cisternae serve to transport and store the milk and
are shaped as tubes, Mammary stroma is a complex tissue com-
posed of extracellular matrix (ECM) and several different cell
types, including fibroblasts, adipocytes, immune cells, as well

ectoderm. Subsequently, mammary placodes are defined, and
the underlying mesenchyme condenses. The mammary placode
starts to proliferate into the mammary mesenchyme, forming a
primary sprout, which further grows into denmal mesenchyme,
the precursor of mammary fat pad. The epithelium further bifir-
cates and proli lting in a rudi v branched tree by
the time of hirth.

Postnatally, the mammary gland remains relatively quiescent
until puberty and grows only slightly, proportionally to the
growth of the organism. However, with the onset of puberty in
females, the pubertal hormone stimuli awaken the dormant epi-
thelium, The distal parts of the rudimentary epithelial branches
develop into terminal end buds (TEBs), highly proliferative
structures which drive mammary epithelial expansion by inva-
sion into the fat pad and bifurcation. until a complex branched

a5 blood vessels and nerves, Stroma provides 1al regulato-
ry. and structurally and metabolically supportive functions for the
epithelium. Together with the endocrine signaling, epithelial-
stromal interactions effectively coordinate mammary epithelial
morphogenesis and homeostasis, and deregulation of these inter-
actions leads to developmental defects, including lactation defi-
ciencies, disease, and carcinogenesis (reviewed in [1, 2]).
Mouse is the most widely used experimental animal model
for mammary gland biology: yet, there are important differ-
ences in the architecture of the mammary gland between mouse
and human [6, 7). Mouse mammary gland is formed by a net-
work of ducts all leading to a single primary duct ending in the
nipple. Human mammary gland is composed of several indi-
vidual branched ductal networks, all leading to the nipple. The
resting (non-lactating) adult human gland is more branched.
containing terminal ductal lobular units (TDLUs), which repre-
sent a more advanced state of the epithelium towards the lac-
tating architecture than the epithelivm in the mouse [6, 7).
TDLUs are embedded in collagen I, hyaluronan and
fibroblast-rich intralobular stroma. The lobuli are swrrounded
by a dense interlobular stroma, which contains less cells and
maore thick collagen fibers, and separates the lobuli from the
adipose tissue. In contrast, mouse mammary epithelium is
encircled by a relatively thin layer of periductal fibroblasts,
and the stroma contains mostly adipose tissue [6. 7] (Fig. 1).

Mammary Gland Development

The sole purpose of the mammary gland, the production of
milk to feed progeny, is required only in sexually mature
females after they give birth to the progeny. Therefore, al-
though the mammary gland starts developing in both sexes
during embryogenesis. it fully develops and achieves full
function only in females postatally. In males, the mammary
gland remains rudimentary.

Embryonic mammary gland development (reviewed in [8])
starts with formation of milk lines by slight thickening of the
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P fills the whole fat pad by the end of puberty.
Further epithelial expansion emerges with each estrus cycle
(menstrual cycle in human) and fisrther continues with pregnan-
¢y, when mammary epithelium develops into alveolar structures
capable of milk production. Intriguingly, afier weaning, when
milk production is no longer required, secretory epithelium is
destroyed, and mammary gland remodeled into a pre-
pregnancy-like state via a highly controlled process of involution
[7]. Together, these highly dynamic and defined postnatal chang-
es make mammary gland an ideal model for study of morpho-
genesis, tissue plasticity, and of the powerful instructive role of
the microenvironment in regulation of epithelial devel
homeostasis, and cancer. In these efforts, 3D cell cultures have
been employed and proven valuable to a great extent.

3D Cell Cultures of the Mammary Gland

The Rise of 3D Cell Culture and Organoid Techniques
in the Mammary Gland Biology Field

Development of the first 3D cell culture techniques went hand-
in-hand with the discovery of the crucial role that the microen-
vironment plays in regulation of cell function and response [9],
Beginning the twentieth century researchers realized that while
cell culture on glass Petri dishes allowed cell proliferation and
migration, it did not enable expression of several tissue- and
function-specific markers in primary cells, such as hepatocytes
or mammary epithelial cells [10, 11]. However, they discovered
that culturing the cells on floating collagen gels allowed main-
tenance of some differentiation markers [12], including expres-
sion of some milk proteins in mammary epithelial cells in the
presence of lactogenic stimuli [117]. Moreover, when mammary
epithelial cells were culured in 3D collagen gels. they self-
assembled into structures similar to acini of mammary gland
tissue [13], These collagen gel cultures, which were essentially
the first 3D cell cultures, suggested that ECM is a major regu-
lator of gene exp [14]. and stimulated further research
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Fig. 1 3D cell cultures as models of mammary gland development and
cancer. Both mouse and human mammary glands contain branched
epithelial structures consisting of an inner layer of uminal cells and an
outer kayer of basal cells. In the mouse mammary gland, the epithelium is
surrounded by a layer of perk in a coll matrix,
but the majority of the: stromal volume of the non-| Iwmngg]m)d is taken
by adipocytes. In the human breast, the epithelium is organized into
terminal ductal lobular units {TDLUs), which contain a [broblast-rich
intralobrular stroma around the epithelium and are further embedded in a
dense collagen I-rich matrix of interlobular stroma. The adipose tissue is
more separated from the epithelivm in the human breast than in the mouse
mammary gland. In 3D cell culture of primary epithelial onzanoids,

into how the microenvironment regulates tissue function and
marphogenesis, for which the mammary gland became one of
the cardinal model systems.

A major advancement in the field of mammary 3D cell
cultures involved use of laminin-rich ECM derived from
Engelbreth-Holm-Swarm sarcoma [15], which revealed that
basal lamina both maintains tissue-specific cell differentiation
and function, and promotes epithelial cell polarization and
tissue-like morphogenesis [16, 17]. Moreover, one of the first
3D primary organoid cultures were developed in the mamma-
1y gland field, when the researchers creatively combined the
3D culture in collagen gels [18] or laminin-rich gels [19] with
a protocol for isolation of primary mammary epithelial tissue
fragments, which had been developed almost 50 years before
[20]. Altogether, these 3D cell culture and organoid cultures
have formed a strong methodological basis for deciphering the
complex interplay of ECM, mechanosignaling, endocrine,
paracrine and juxtacrine signaling in regulation of mammary
architecture and function, and for further development of more
complex and physiologically more relevant 3D culture
madels.

3D Cell Culture Types and Techniques

In a simplistic view, any culture of cells that allows their 3D
organization and/or interaction with ECM is a 3D cell culture.

Matrigel or collagen | are the most commonly used ECM. Mouse
orgaoids efficiently branch in the Matrigel, but ofien lose basal cells at
the tips of branches in these conditions. In fibrillar collagen T cultures,
primary mouse mammary epithelium becomes invns'mﬁ In co-culiures
with fi ithelium branches efficiently. Primary human
orzanoids form only amnll buds in Matrigel and for efficient branching
they require culiure in I'Ioelms collagen I gels. In such cultures, primary
human organoids or pmmnry humnn mvucpllhl.]m] cells form TDLU-like

by invasive b 15, In co-culture with en-
dothelial cells, human cmlial:hal cells w]lh stem cell properties (such as
13492) efficiently form prolonged branches

There are many types of 3D cell cultures based on their com-
plexity, and on the material (both cells and ECM) and tech-
niques used in their assembly (reviewed in [3] (Table 1)),

The 3D cell cultures can be composed ol one or more cell
types: in the latter case, it is often referred to as co-culture. Thc
eells can be cultured in nen-adherent conditions (
culture) or in the contact with ECM/scaffold. The cells can be
seeded as single cells, or be pre-aggregated by several
methods to form aggregates or spheroids, or as organoids
(Table 1). The organoids are structures formed by two or more
types of cells that by architecture and function resemble min-
iaturized organ units and can be of primary origin (explants) or
grown [rom mammary stem cells in 3D ECM. Spheroids, on
the other hand, are spherical masses of cells formed by prolif-
eration or aggregation, ofien of only one cell type (such as
breast cancer cells). Mammospheres are clonal spherical strue-
tures formed from mammary stem/progenitor cells in non-
adherent conditions [21, 22]. Organotypic cultures are the
most advanced 3D cell cultures that usually combine more
than two types of cells (ofien as co-culture of organoids and
stromal cells) in a 3D BCM that highly resemble the organ
architecture in vivo. All these 3D cell culture types can be
manually assembled wsing merely conventional laboratory
and cell culture equipment,

In addition to manually assembled 3D cell culture tech-
migues, two 3D cell culture technologies have been developed
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Table 1 303 cell culture types
Type Dicscription Strengths, special applications, weaknesses
Cellular input
Mammary and breast cancer cell  immortal cell lines of normal mammary gland or 2 availability; b ity ncross lak
lines IMATITEArY tWmor origin & genetic and phenotypie changes due to cell culture

Primary cells derived from

normal mammsary/breast or cancer cells isolated from
freshly collected tissue (as single cells or tissue

marnmary gland, breast tumors,
breast cancer or
milk

ESCs, iPSCs

Complexity of cellular inputs
monocultures

co-cultures

Complexity of cellular structures

i or from blood {circulating mor cells),
malignant effusion or ascites (metastatic cells), milk

pluripotent stem cells capable of di

adaptation and immortalization: missing natural
heterogeneity of breast tumors

o intact cellular genotype, phenotype and heterogeneity
representing the tissue of ongin {limitations in breast
cancer); potential for personalized medicine
applications

& accessibility; time consuming isolation; requirement
for cthical commitice approval and informed patient
consent; culture conditions for breast cancer cells
need further optimization

o any
cell type, including mammary gland cells

culture of one cell type or one type of tissuc fragments

culture of two or more different cell types or tissue
fragments

2 plicative potential
= di i Is not fully
commitice approval

requirement for ethical

2 enable heterotypic cellular interactions

& analysis of and processes of indi
cells (ECM attachment, mechanism of migration efe.)

= epithelial cells lack proper architecture

& simple assembly, more realistic in modeling wmor
response than 213 cultures

& poor cell heterogeneity, cell lme-dependent
architecture

@ q i
cell studics

of ial; stem

cell p

& recapitulate in vivo organ architecture,

Single celled cultures Cells seeded and cultured in 3D ECM as individual cells

Spheroids spherical formed by cell ar by
clonal growth

Mammaospheres spherical structures formed by clonal growih of

itor cells in dherent conditions

Organcids complex structures of two or more cell types that
structurally and functionally represent ministurized
organ units or recapitulate tumors in ECM; stem
cell-derived or tissue organcids

[ It ltures of v epithelial
cancer organoids with stromal cells in ECM

Methods of assembly

Manual 3D cell cultures assembled mamually by pipetting in
standard cell culture dishes

3D boprinting micropatierned 30 cell culture architecture generated by
programmed positioning of the bicink (cells and
ECM) by a 3D printer

Microfluidic devices 3D cell culivre in microfluidic devices per design

physiologically highly relevamt

2 most realistically recapitulate in vivo organ
architecture and epithelial-stromal interactions

2 no special equipment required

& precision, consistency, and reproducibility of culture
assembly

@ precise control of microenvironmental conditions
such as perfusion; very low consumption of culture
medium

The culture types are divided according to the type of cellular input, complexity of cellular inputs, complexity of cellular structures, and methods of

assembly

ECM extracellular matrix, ESCs embryonic stem cells, iPSCy induced pluripotent stem cells

to aid enhanced spatictemporal control of cellular localization
and micreenvironment. They include bioprinting and
microfluidic technologies (Table 1),

3D bioprinting is an additive manufacturing technology
that enables formation of a complex 3D tissue architecture

Q Springer

by precise positioning of bioink (a mixture of hydrogel scaf-
fold and cells) to desired spatial locations with microscale
precision. Several bioprinting methods exist, including inkjet,
extrusion-based. and laser-assisted method [23]. Using
bioprinting, both large-scale 3D mammary epithelial
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structures [24, 25] and models of tissue/tumor microenviron-
ment [26] can be assembled with consistency and reproduc-
ibility. Thus, 3D bioprinting is advantageous over manual
assembling of 3D cell cultures when architectural precision,
consistency and reproducibility is desired or required, such as
in high-throughput drug screening [27, 28].

Microfluidic technology has contributed to 3D cell culture
methods new platforms for generation of spheroids as well as

cultures in 3D were established. However, in general, the 3D
cell culture of mouse. rat, and human mammary cells is more
standardized, while the 3D cell cultures for other species are
still under development,

Primary cells derived from fresh tissue samples have only a
limited life span and replicative potential. Therefore, immor-
talization of primary cells to form cell lines with unlimited cell
culture potential has been widely used. Cell lines represent a

devices for 3D cell culture in microchannels all perfu-
sions, Microfluidic devices enable precise fluid control, and
thereby control of microenvironmental conditions such as
shear stress, pressure, oxygen, and nutrient or growth factor
gradients in 3D cell cultures on chip [29], Microfluidics has
been useful in studies on various aspects of mammary cell and
breast cancer biology. such as cell migration [30], cell-ECM
interaction [31], or cell-cell interaction [32], as well as in drug
screening [33, 34].

Cellular Sources for 3D Cell Cultures

Because mammary gland is an evolutionarily young organ
specific for mammals, the model organisms and potential
sources of primary cells for 3D culture formation are animals
restricted to the class Mammalia. Primary human tissue is the
most relevant source of cells for mammary and breast cancer
3D cell cultures because of the more straightforward applica-
tion of findings from these studies to human medicine,
However, it has been difficult 1o preserve primary human
mammary tissue architecture, complexity and heterogeneity
in long-term culture, and only recent advances in organoid
technology have brought considerable improvements
[35-38). Moreover. use ol patient tissues is associated with
several other challenges, such as interpatient heterogeneity,
inability to control multiple characteristics of the tissue, and

Iministrative burden (requi of ethical committee ap-
proval and informed patient consent).

Animal models such as mice, on the other hand, provide a
virtually unlimited source of tissue with the advantages of
genetic manipulation in vivo to provide source of primary
tissue/cells with introduced mulations according to study re-
quirement, use of inbred lines to reduce heterogeneity, and the
option to carefully control/select for multiple variables that
influence mammary tissue characteristics, such as estrus cycle
phase, parity, age, stage of mammary tumor development ete.
Mevertheless, other animal sources of primary cells have been
explored, too. Rat mammary tissue-derived organoids have
been shown to recapitulate mammary branching and lipid
droplet genesis in Matrigel-based 3D cell cultures [39, 40].
Furthermore, mammosphere assay has been used to quantify

¥ p itor cell | ial in a wide range of
mammalian species, from mouse and rat through dog and
cat to water buffalo (reviewed in [41]). From several species,
such as dog [42] or goat [43], mammary organoid or spheroid
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us and inexp platform to model biological
processes and have proven useful in both developmental and
cancer biology. However due to adaptation to 2D culture en-
vironment, many cell lines differ genetically and phenotypi-
cally from their origin [44]. Therefore, important steps have
been taken in recent years to improve culture conditions for
primary mammary epithelial cells, including ER positive
mammary epithelial cells [45] and putative human breast stem
cells [37, 46].

Nowadays, there are many normal mammary epithelial cell
lines and breast cancer cell lines available. The most widely
used normal mammary epithelial cell lines include MCF10A
and D492, which are both of human origin and with distine-
tive morphogenetic properties. MCFI0A is a spontaneously
immortalized human mammary epithelial cell line derived
from a fibrocystic tissue [47]. In 3D Matrigel. MCF10A cells
generate polarized acini-like spheroids with a hollow lumen
[5. 48]. In 3D ECM consisting of Matrigel and collagen 1.
MCFI0A cells form branched interconnected networks of
cells with mixed basal and luminal phenotype that lack proper
architecture of breast ducts [49].

The D492 cell line was established from normal breast
tissue obtained from reduction mammaoplasty by immortaliza-
tion of MUCT negative and EpCAM positive suprabasal cells
[50]. D492 cells generate both luminal- and myoepithelial
cells in culture and form elaborate branching structures when
embedded in Matrigel [50]. Moreover, in a co-culture with
breast endothelial cells, D492 cells display increased
branching ability and undergo irreversible epithelial-to-
mesenchymal transition (EMT), as evident by the formation
of spindle-like mesenchymal colonies [51]. The propensity of
D492 cells towards EMT could be linked to the method of
their immortalization by human papilloma virus 16 oncogenes
E6 and E7, expression of which has been comrelated to EMT
induction [52, 53]. N heless, D492 cells have been widely
used to study branching morphogenesis and cellular plasticity
(reviewed in [54]).

Normal luminal epithelial cells polarize correctly and gen-
erate growth-arrested acinus-like colonies in response to cues
from the basement membrane, whereas myoepithelial cells
form polarized ball-like structures [3. 55]. Malignant mamma-
ry epithelial cells, on the other hand, fail to polarize and often
form disorganized proliferative colonies in 3D reconstituted
basement membrane matrix [3, 56]. In fact, in 3D Matrigel,
breast cancer cell lines adopt one of four distinct
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metabolism in lactation [91]. However, only few authors have
executed concise studies on lactation itself in 3D cell cultures.
Mammary epithelial line KIM2 cultured in a synthetic fat pad
showed the potential to form a ductal system capable of milk
production and subsequent involution [92]. Later, primary
mammary organoids were demonstrated to undergo
pregnancy is and milk production up-
on proper hormonal treatment, and an involution-like process
upon withdrawal of lactation stimuli. Interestingly, after hav-
ing gone through the involution-like process, these organoids
were able to enter a new round of morphogenesis [64].
Importantly, the organoids derived from primary mammary
tissue retain contractility of the myoepithelial layer [64, 93],
another sign of physiological relevance of these organoid
models.

Together, these advanced 3D cell culture models —
organoids bear a potential to become a platform for research
on milk production, drug 1cslmg. and are a promising source
for food-product including infant nutrition.
Although to date no protocols fnr human lac1.almn organoids
have been reported, suggesting that inducing lactation in hu-
man cells might be more challenging, emerging start-up com-
panies are confidently up to the task of cultured human breast
milk production [94, 95].

ssaciated alve

3D Cell Cultures in Breast Cancer Research

Breast cancer is a heterogenous disease. Breast tumors differ
both between patients (intertumor heterogeneity) as well as
show genomic and biological variations between cells within

spheroids bring another level of complexity and display a
higher resistance to anti-cancer drugs [100-102]. Spheroids
mimic some main features of solid tumors, such as structural
organization, hypoxia, and nutrient gradients, and are widely
used in drug discovery for screening of large numbers of mol-
ecules [100]. Sphervids can be established from breast cancer
cell lines alone or in co-culture with stromal cells,

Still, patient-derived tumor tissue is superior to cancer cell
lines in representing the actual tumor tissue. Therefore, the
focus of preclinical cancer rescarch has increasingly been
shifted from using cancer cell lines towards the use of patient-
derivied material. As such, PDX models are advantageous due
to their recapitulation of tmor-stromal interactions and repre-
sentation of the heterogeneity of cancer. even afler serial pas-
saging in mice [103]. One of the major limitations of PDX
models is that the immune and stromal components are of
mouse instead of human origin, but this may be improved by
co-engraftment of human bone-mammow cells and/or cancer-
associated fibroblasts [104], Moreover, the technique is time-
consuming, laborious, inefficient and has a long culture cyc]c
which makes it ur ble for high-l i
[105]. In comparison, patient-cerived tumor organoid cultures
or PDX organoid cultures are less time and resource demanding
and have a short culture cycle, which makes them superior for
biohanking, drug screening, and precision medicine (Fig. 2)
[36, 105]. Organoid technology has a great potential to retain
the heterogeneity of the tumor tissue [36, 59], but the organoid
culture protocol requires further optimization o enable long-
term culture of all breast cancer subtypes [35]. Originally-
dcscn'bod. breast cancer organoid culture medium [36] favors

each tumor (intratumor heterogeneity). Tntertumor b
neity can be classified from a histopathological perspective
based on morphological differences between breast tumors
(ductal carcinoma in situ, invasive ductal carcinoma or inva-
sive lobular carcinoma) or based on their molecular signature
{luminal A, luminal B, HER2 positive, triple negative, and
normal-like tumors) [96, 97). On the other hand, intratumor
heterogeneity arises by tumor cell evolution in response to
microenvironmental pressures in the context of different tu-
mor etiologies [98]. Thus, wmor microenvironment shapes
tumor evolution. The tumor microenvironment is comprised
of ECM and of both normal and tumor-activated stromal cells,
such as cancer-associated fibroblasts (CAFs). adipocytes, im-
mune cells (such as tumor-associated macrophages), and en-
dothelial cells [99].

Breast cancer h and the implication of the mor
microenvironment in breast cancer progression imposes a need
for experimental models that can recapitulate this complexity,
Therefore, 3D cell culture methods have proven an invaluable
tool for preclinical breast cancer research (Fig. 2). They bridge
th gap lx.rwu:n 2D cell cultures, which do rlul capture tumaor

ity, nor the mi ironmental i and an-
imal models. Superior to drug sereens in 2D cell cultures,
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pansion ol basal-like cells [35]. Moreover, primary
breast cancer organoid cultures ofien contain also residual non-
malignant mammary tissue, which severely limits their suitabil-
ity for biohanking or drug screening [55).

Organoid technology is also accelerating the preclinical
breast cancer research using GEMMs, GEMM-denved mam-
mary tumor organoids can be readily established and rapidly
expanded in vitro, while recapitulating the epithelial morphaol-
ogy and preserving the drug response of the original tumor
[106]. GEMM organcids can be exposed o genetic or phar-
macologic screens in vitro, and efficiently engrafied into syn-
geneic hosts, making them a powerful tool for rapid testing of
breast cancer mechanisms [106]).

Importantly, to fully capture the tumor complexity and to
provide breast tumor models with the highest pathophysiolog-
ical relevance. stromal microenvironment must be included in
the tumor-derived cultures.

Modeling Complex Stromal Microenvironment of
Normal Mammary Gland and Breast Tumors

Together with GEMMSs. 3D cell cultures have been very help-
ful in modeling and deciphering the role of individual stromal
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and the cells can be seeded on decellularized tissue-ECM
sections for further studies [70]. Extracted and solubilized
decellularized ECM can be added to scaffolding matrix, such
as the above-mentioned alginate or peptide gels, or to Matrigel
[71]. to study the effect of primary ECM components (but not
their primary organization) on cell behavior,

3D Cell Cultures in the Service of Research on
Mammary Gland Development

Branching Morphogenesis

Branching morphogenesis is a fundamental process of mam-
mary gland development. Branching of mammary epithelial
ducts occurs first prenatally during embryonic development.
Later, during puberty, the mammary epithelium is elaborated
into the complex branched tree of a mature gland through a
process of primary branching by bifurcation of TEBs, and
secondary branching via formation of lateral branches from
existing ducts. Further branching (tertiary branching) occurs
during each estrous cycle and during pregnancy to expand
alveolar surface for laciation.

h regulating y branching morph .
sis are of great interest both for their relevance to development
of other branched organs and because they are often hijacked
during breast cancer invasion. 3D cell culture models allow for
studies on branching morphogenesis, polarization and lumen
formation, which are not possible in 21 monolayer cultures,
Gienetically engineered mouse models (GEMMs) have led

v

replacement, but does so in a much richer medium containing
also serum and hydrocortisone [19, 38).

FGF2-induced branching of primary mouse mammary
organoids has become the golden standard for ex vivo studies
on mammary epithelial branching morphogenesis, Among other
findings, this model has helped to shed light on the role of ERK

ignaling [83], ECM p [66], and myoepithelial cell
function [84] in mammary epithelial morphogenesis, and the
requi of morph is for efficient | ion [64]. The
maodel has also supported in vivo studies on pubertal mammary
branching phenotypes in GEMMs [85-87]. or helped to identify
novel modulators of v branchi is by a
chemical sereen [B8],

Nevertheless, the architecture and development of human
mammary gland is different from mouse mammary gland.
Among other differences, human mammary epithelivm
achieves a more complex and more mature architecture during
puberty than mouse mammary epithelium, which remains im-
mature until pregnancy. Thus, mouse models and mouse
organoid cultures bring only limited insights into the mecha-
nisms of human mammary development, including branching
morphogenesis. Human organoid cultures provide a very use-
ful tool to elucidate these events and to decipher interspecies
differences. They revealed differential regulation of ductal
morphogenesis by EGFR and FGFR2 ligands between mouse
and human. While mouse organoids readily branch in re-
sponse o FGFR2 ligands, human organoids require EGFR
signaling for ductal outgrowth and the level of EGFR signal-

morph

several signaling pathways important for mammary gland
branching morphogenesis, such as receptor tyrosine kinases
EGFR. FGFR. IGFR or c-met [72-76]. To bring insights into
the soluble ligands of these receptors that are involved in the
branching morphogenesis, 3D cell cultures of mammary epi-
thelium have been essential because the receptors are ofien
promiscuous and genetic knock-out of a soluble ligand is often
rescued by another from that ligand family. 3D cell cultures of
primary mammary organoids have provided an important func-
tional assay to directly assess the effect of a ligand added 0 a
defined cell culture medium, FGF2, TGF«, EGF or neuregulin
were found to promote branching of mouse mammary epithe-
lium in Matrigel culture [19, 64, 77, 78], Yet FGFT, FGF10, or
HGF, all predicted to be imporant for mammary branching
morphogenesis by their receptor specificity, did not induce
mouse mammary organoid branching in Matrigel [19, 64,
T8-80]. However, all these growth factors induce invasive
branching morphogenesis of mammary epithelium in collagen
I cultures [18, 81, 82]. Importantly, when companing results
from different studies. it is critical to pay attention also to the
basal organoid culture medium used. Mammary epithelial re-
sponse to growth factors may be modulated by other compo-
nents of the medium, such as in the case of FGFT, which does
not induce branching in medium containing only serum
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ing regulates myoepithelial cell fate [38). Moreover, human
mammary organoid cultures in deformable collagen suggest
that human mammary ducts and terminal ductal lobular units
are formed by invasive branching morphogenesis, while
mouse mammary ductal network is formed by non-invasive
collective cell migration |37, 77).

Advanced 3D cell culture models have helped to decipher
the role of stromal cells in mammary epithelial branching
ph is, or the mechanisms of lactation. These 3D cell
culture models will be discussed in following chapters.

mor

Lactation

‘While mechanisms of branching morphogenesis are well stud-
ied in 3D cell cultures. the hallmark function of mammary
gland, lactation, has been much less covered by the 3D cell
cultures, Importantly, the assembly of proper architecture of
mammary epithelium was shown decades ago to be impera-
tive for in vitro lactation [17]. Thus, 3D cell cultures are an
essential tool for laboratory studies of lactation.

Detection of milk production, such as by immune detection
of [-casein or other milk proteins. has been employed as a
read-out of mammary organoid functionality in several studies
[60, 89, 90]. In another study. spheroids of breast adenocarci-
noma cells PMC42 were used to investigate copper
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BC cell lines

Fig. 2 Breast cancer 3D culivres, To study breast cancer in 3D cell
culture, primary tumor cells can be isolated from breast cancer (BC)
patients, mouse mammary tumors, or from patient-derived xenografis
{PIIXs). Aliematively, established breast cancer (BC) cell lines, routinely
culiured and expanded in 21, can be cultured in 3D ECM 1o provide more
realistic and pathophysiologically relevant models of breast cancer. 3D
breast cancer models such as breast cancer organoids enable long-term
culture of primary tumor cells while preserving their heterogeneity and

cell populations in mammary gland development and disease.
In 3D ECM, mammary cpithelial cells or breast cancer cells
can be co-cultured with specific stromal cells of choice ac-
cording to the experiment, providing a defined reductionist
experimental setting in in vivo-like conditions.

For example, advanced co-cultures of primary mammary
organoids with primary mammary fibroblasts have helped to
understand the role of fibroblasts in regulation of mammary
epithelial morphogenesis [107, 108]). When co-cultured with
mammary epithelivm in 3D Matrigel, mammary fibroblasts
induced branching, and this process was regulated by EGFR
and FGFR signaling in fibroblasts [79, 109]. To model
epithelial-stromal interactions during lactation and invelution
in vitro, a synthetic fat pad model was developed [92, 110]. In
this model, 3D scaffold of collagen and hyaluronic acid is
freeze-dried to achieve proper architecture and then sequen-
tially seeded with preadipocytic, mammary epithelial, and
even monocytemacrophage cell lines, while treated with
adipogenic or lactogenic media to achieve cell functional dif-
ferentiation towards cell types of the mammary gland. To
interrogate the role of endothelial cells in mammary epithelial
morphogenesis, 3D co-cultures of D492 cells with breast en-
dothelial cells can be employed [31]. Recently. a biomimetic
microfluidic 3D culture model was developed. in which hol-
low channels in collagen 1 ECM are coated with Matrigel and
seeded with MCF10A cells to form a duct-like structure, or
with primary human dermal microvascular cells to form a
wessel-like structure [111], This model facilitates studies on
paracrine signaling between mammary epithelium and
endothelium.

recapilulating the hisiopathological and genetic features of original -
mors. 30 breast cancer eell models have a wide application in studies
on hreast cancer cell mechanisms, including invasion, metastasis forma-
tion, and interaction with tumor microenvironment, and provide a mal-
leable platform for development and high-throughput testing of antican-
cer therapies because they allow more accurate prediction of the drug
responses of patients

To aid research on the role of microenvironment in breast
cancer disease, there have been major efforts to reproduce
breast tumor ment in vitro { d in [112]).
Multiple studies have adopted the co-culture approach, in
which only breast cancer cells were cultured in 3D ECM en-
vironment, while the stromal cells were cultured in a transwell
that allowed only paracrine signaling but avoided cell-cell
contact between the epithelial/cancer and stromal compart-
ments. However. to reproduce the epithelial-stromal interac-
tions in breast cancer using 3D cell cultures more realistically,
cellular contacts should be enabled. First, both breast cancer
cells and stromal cells can be seeded as single-celled suspen-
sions in ECM [113, 114]. Another common approach has
been aggregation of breast cancer cell lines into spheroids
and their co-culture with endothelial or fibroblasts cell lines
[115]. Alternatively, the breast cancer cells have been aggre-
gated together with endothelial or fibroblast cells by various
methods, including aggregation in non-adherent plates. such
as coated with agar [116], the hanging-drop method [117,
118]. magnetic levitation [119]. or microprinting [120].
Recently, there has been a major progress towards develop-
ment and use of pathogenctically highly-relevant 3D co-
cultures of primary tumor-derived organoids and stromal
cells, including immune cells or cancer-associated fibroblast
[121-123]. These 3D co-culture models enable dissection of
dynamic changes in tumor environment, associated with -
mor pro ion and is. including immune cell sup-
pression or education [121, 123]. An interesting model of
primary tumor fragment co-culture with adipocytes in aniso-
tropic collagen scaffolds, on the other hand., faithfully mimics
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collagen orientation in the tumor invasive front and thus en-
ables guantification of invasive potential of primary tumors
and testing the response of invading cells on therapeutic drugs
[124]. Altogether, 3D co-cultures derived from patient tumors
represent a promising ool for precision medicine, mcluding
drug-efficacy testing for personalized therapy.

In order to gain increased control over spatial distribution
of cells and ECM., and biophysical and biochemical factors in
madels of the tumor microenvil bioprinting (reviewed
in [125]) and microfluidics have been explored. Using
bioprinting. cells can be quite precisely distributed in 3D ac-
cording to experimental needs. For instance, breast cancer
cells can be spatially positioned onto ex vivo microvascular
networks from rat mesentery for studies on cancer cell migra-
tion, invasion, angi is and lymp is [126].
Furthermore, 3D bioprinting scaffolds can be tailored for
in vitro modeling of the breast cancer ECM, such as by
adjusting scaffold material, the pore size, fiber density, and
oricntation of the layers [125]. Microfluidics has been widely
used to study extravasation and metastasis [127, 128].

The Synergy of Mouse Models and Organoids

3D cell cultures are a great allernative to excessive use of
animal models for many applications from basic it h can-
cer research to toxicology studies. However, mouse models do
have their indisputable place in v gland biology and
breast cancer research for their high physiological relevance
that is still far ahead of any in vitro organotypic culture. In
fact, mouse models and primary 3D cullures benefit from each
other greatly.

First, GEMMs carrying fluorescent labels of cells are a
great source of organoids for time-lapse confocal imaging,
especially for imaging over several days, when fluorescent
dyes are continuously diluted out. Also, different cells types

Furthermore, the organotypic 3D co-cultures enable investi-
gation of contribution of the epithelial and stromal compart-
ment to the phenotype: the epithelial organoids can be cul-
tured alone, or in the presence of the stromal cells (incl. spe-
cific stromal cell types), This approach has been used to iden-
tify the causative role of stromal cells in knock-out mouse
models [109, 131] (Fig. 3C). Conversely, primary mammary
cells can be expanded and genetically manipulated ex vivo as
organoids and then transplanted into a cleared mammary fat
pad for rapid generation of somatic GEMMs [132] (Fig. 3D,

Techniques for Imaging of 3D Cell Cultures

I techni

ging Jues are ial to analysis of 3D cell cultures.
They provide the critical readout of cellular architecture, func-
tion and identity in the 3D cell cultures, Brightfield microscopy
allows assessment of gross morphology of individual cells,
spheroids or organoids in 3D cell cultures, including during live
cell imaging. Fluorescence microscopy (epifluorescence, laser-
scanning or spinning disc confocal, light-sheet, or multiphoton
microscopy ) enables a more detailed characterization of cellular
composition, including cell type identification in organoid cul-
tures and organotypic co-cultures. Electron microscopy (scan-
ning and transmission electron microscopy) provides insights
into ultrastructure of cells or fine surface morphelogical details
of cells, organoids or ECM. Moreover, when selecting the ap-
propriate imaging method, besides the level of morphological
and histological detail achievable, compatibility with live cell
imaging. photoloxicity, or requirement of special sample prep-
aration must be carefully considered (Table 2).

Live-Cell Imaging of Organoids

3D cultures provide the possibility 1w observe. in real time,
processes that are naturally buried deep in the tissue.

can be marked with different fluorophores to facilitate

Epithelial | is usually occurs in relatively long time,

of their contribution to resulting phenotype, such as the role of
basal cell during mammary organoid branching morphogene-
sis orinvasion [77, 84, 129] (Fig. 3A). Furthermore, organoids
from inducible fluorescent reporter mouse models can be used
for live visualization of lincage tracing [89] (Fig. 3B).
Coneeptually similar is the vse of mammary tissue-dernved
epithelial organoids from inducible breast cancer GEMMs
for ¢ lled induction of activity, such as for re-
sidual discase modeling ex vivo [130].

Furthermore, mammary organoid cultures and co-cultures
can help to decipher mechanisms of genetic knock-outknock-
down in mouse models, For instance, when a conventional
genetic knockout results in mammary developmental pheno-
type. organotypic 3D cell culture can be used to visualize
organ morphogenesis within controlled environment, and thus
test the potential systemic effect (such as through changes in
endocrine regulation of mammary gland development).
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mor
oécillau‘ng from days 1o weeks, and there are multiple issues
that need to be taken into consideration [133). First, the photo-
toxicity resulting from oxygen radical formation can be a lim-
iting factor for imaging dependent on laser illumination. This
could be overcome by cither lowering the exposure time, laser
power, or frequency of image taking, However, a compromise
between the quality/detail and low phototoxicity/cell viability
will always be required. A practical way how to observe long-
term morphogenesis with low phototoxicity is the use of bright
field or differential interference contrast imaging, either to cap-
ture the morphogenesis itself. or to identify a shorter window
for more detailed imaging. Bright-field live-cell imaging has
been successfully used to visualize branching of organoids
and collective cell migration [77, 84, 134], cell invasion into
ECM [84, 131], epithelial interaction with stromal cells [79]
and at a high frame rate it was used to visualize myoepithelial
cell contraction [64, 93]. Furthermore, bright-field imaging is a
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Fig. 3 Examples of synergistic
use of genetic mouse models
{GEMMSs) and 31 organoid cul-
tures. A, B, GEMMs carrying

conditionally expressed (b) fluo- K5-EGFP

rescent labels can be used as
source of fluorescently labeled
cells/organoids for cell type visu-
alization (a) and clonal tracing (b)
during ex vive culiure, C, 3D
organoid fco-jeultures enable
deciphering the causative cell
types responsible for the pheno-
type observed in conventional
knockout models. In this scheme,
the phenotype of decreased epi-
thelial branching and fat pad in-
vasion in KO mammary gland
during puberty is caused by a de-
fect in stromal cells. D Primany
cells/organoids can be genetically
maodified ex vive and transplanted
into cleared mammary fat pad to
create somatic GEMMSs for fur-
ther investigation

R2BmMTImG

KO mouse

- % @ transplant
—_— —_—

wi arganoid

promising source for high-throughput drug screening, when
coupled with automated image analysis [133, 136).

Confocal live-cell imaging greatly enhances the morphologi-
cal detail acquired. However, it requires genetic fluorescent

markers or live-cell imaging dyes. M ., the pl icity

P T
QD

call bype
visualization

clanal
tracing

+adeno-Cre

wi apithalium
wt stroma

no phenotype
KO epithelium
wi stroma

no phenotype

wt epithelium
KO stroma

phenotype

mouse MG with
somatic mutation

shRNA/CRISPR

light-sheet microscopy or computational post-processing of
epifluorescence images enable long-term imaging without
worries about laser-induced damage to observed cells [137].

Imaging of Fixed O id

of lasers must be taken into considerations [133]. With the right
settings, single cells can be imaged in the tissue context of
organoids in 3D over time (providing a 4D measurement) to
study morphogenesis, signaling, or interaction with the surmound-
ing tissue [77, 129]. Advanced microscopy techniques, such as

‘When the highest possible detail is needed, analysis of fixed
samples might be necessary, Fixed samples provide a wide
possibility to stain 3D cell cultures with dyes that are either
cytotoxic themselves (e.g. phalloiding or require cytoloxic

Table 2 Comparison of imaging methed applicability for 30 cell cubiure analysis

Microscopy technique live imaging resolution depih of imaging phatotoxicity sample preparation costs of imaging
1. bright-field possible low NA negligible casy low

2. epifluorescence possible low NA low moderate low

3. laser scanning conf. possible high low high moderate middle

4. spinning dise conf. possible high low low moderate high

5. light-sheet possible high high low laborious high

6. multiphoton possible high very high low moderate high

3o 6 with elearing impossible high very high NA moderate to laborious high

7. 8EM impossible high NA NA labonous middle

8 TEM impaossible ulira-high N/A N/A laborious middle
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preparation before staining (e.g. cell permeabilization before
immunolabeling of specific proteins). Furthermore, clearing
can be applied to fixed samples to enhance imaging resolution
and imaging depth of studied 3D cell cultures. There are many
methods for tissue clearing that are far beyond the scope of
this article (for a review, see [138, 139]). Some of these clear-
ing methods, such as vsing a fructose-glycerol clearing agent,
have already been successfully employed to clear mammary
organcids [140]. Additionally, proper mounting of the sample
can enable shortening the working distance of the objective
used, thus enabling the use of higher magnification [67. 140].
M a ission el microscopy can be used to
unveil eell ultrastructure of 3D cell cultres [17, 63].

Conclusions and Future Perspectives

3D cell culture models have greatly facilitated dissection of
mechanisms that late m v gland develop and
disease. Recent developments in 3D cell culture techniques
have culminated in optimization of organotypic cultures that
realistically mimic cellular architecture and function of post-
natal mammary gland and breast tumor tissues ex vivo and
in vitro.

Mammary organotypic 3D cultures conveniently enable
reconstitution of pathophysiologically highly relevant models
of mammary gland or breast tumors from genetically manip-
ulated cells and from different combinations of cell types,
together with introduction of allerations to ECM composition,
architecture, stiffness, or other microenvironmental character-
istics according 1o experimental needs, while being amenable
to imaging. In fact, time-lapse live-cell imaging of organoid
cultures have provided invaluable insights into processes of
normal devel and twumori which are in vivo
inaccessible to human eye. Moreover, patient-derived breast
tumor organoids have provided a new tool for dissection of
tumor | weity, mech of tumorig and a
platform for precision medicine. Emerging 3D organotypic
co-cultures have revealed important insights into the roles of
stromal cells in mammary gland development and breast can-
cer. However, long-term co-culture of multiple cell types re-
mains a challenge — both from the perspective of optimal
culture conditions as well as from the perspective of imaging.

One particularly underdeveloped field in the 3D cell culture
models of the mammary gland are models of embryonic de-
velopment. In this field. explant cultures of embryonic mam-
mary gland have dominated. However, we envisage future
development of embryonic organotypic cultures, which will
help to shed light on the earliest processes of mammary mor-
phogenesis, such as specification of mammary epithelial and
stromal lineages or instructive signals for embryonic
branching morphogenesis. Moreover, ESCs and iPSC-
derived organcids offer a great platform for medeling of
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mammary lincage specification as well as disease modeling
that remains to be exploited. Meanwhile. advances in material
science, additive manufacturing, microfluidics, automatiza-
tion, or imaging technologies keep providing novel materials,
technologies and methods for building and analysis of 3D cell
cultures, inspiring development of novel culture types and
setups, and the approaches to their assembly and analysis,

The recent re-discovery of the organoid technology that
first emerged three decades ago in the mammary gland biolo-
gy field, and development of protocols for culture of a wide
range of “organs in a dish™ has taken the bioscientific world by
storm. The organoid technologies have won their place in the
seientific spotlight and hold promise for new scientific discov-
eries, biotechnology applications, and personalized medicine.
Hop on the organoid technology train, it will bring you closer
to your new scientific discoveries and achievements!
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