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Agrip
Brjostkirtillinn er greinétt liffeeri sem skiptist i bledla og samanstendur af
tviskiptri  pekju af holleegum pekjufrumum og vodvapekjufrumum.
Grunnhimnan, sem medal annars er rik af kollagen 1V, skilur pekjuna fra
bandvefnum i kring en i honum mé& finna aedapel, bandvefsfrumur og
onaemisfrumur. Brjéstkirtill kvenna nytur sérstddu par sem meirihluti
proskaferils hans & sér stad eftir ad fésturskeidi er lokid, adallega a
kynproskaskeidi, en Kirtillinn lykur ekki fullum proska fyrr en & medgéngu. Vio
petta greinast Kirtileiningar i bledlum enn frekar og mjélkurmyndandi
pekjueiningar myndast. Visir ad pessu ferli & sér stad i hverjum tidahring
pegar kirtillinn byr sig undir mégulega medgéngu og pvi skiptast & timabil
uppbyggingar og nidurbrots & medan & fribsemistimabili kvenna stendur.
Pessu ferli er vidhaldid af stofnfrumum og pekjuforverum sem sérheefast i
holleegar kirtilpekjufrumur eda vodvapekjufrumur asamt pvi ad vidhalda eigin
stofnum. D492 er frumulina med stofnfrumueiginleika sem einangrud var Ur
edlilegum brjéstvef. Frumulinan getur myndad frumur sem hafa hvor um sig
eiginleika Kirtilpekju og védvapekju og myndar pyrpingar med greinétta
formgerd i prividri raekt. Fyrri rannséknir hafa synt ad badar svipgerdir eru
naudsynlegar fyrir greindtta formgerd i privioum pyrpingum D492
frumulinunnar. par ad auki er bandvefsumbreyting pekjufrumanna i kirtinum
naudsynleg til ad frumurnar geti skridid inn i umlykjandi stodvef og myndad
greindtta formgerd. Ymsir peettir koma ad styringu greinéttrar formgerdar,
bandvefsumbreytingar og frumusérhaefingar i pekju brjostkirtilsins. |
doktorsverkefni minu beindi ég sjonum ad ncRNA sameindum og
grunnhimnupaettinum peroxidasin (PXDN) og notadi D492 frumulinuna asamt
dotturlinunni D492M, sem hefur bandvefseiginleika, til ad rannsaka hlutverk

pessara patta i fyrrnefndum ferlum.

i fyrstu greininni  rannsdékudum  vid  hlutverk miR-203a i

bandvefsumbreytingu i D492/D492M frumumaodelinu og greinoéttri formgerd i



D492. Nidurstddur syndu ad tjaning miR-203a eykst i samraemi vid myndun
greindttrar formgerdar. Einnig kom i ljés ad tjaning miR-203a er litil sem
engin i D492M midad vid D492 en yfirtjdning & miR-203a i D492M leiddi ad
hluta til vidsnunings & bandvefsumbreytingu med aukinni tjaningu & luminal

og basal markerum. Einnig kom i lj6s ad i D492M™R?%? dré mest dr tjaningu
PXDN. Vio stadfestum sidar ad PXDN er markgen miR-203a sem binst vid

bindiset & 3'UTR proéteinsins og veldur par med nidurtjaningu.

Onnur greinin segir frA meginrannsékn doktorsverkefnisins sem beindist
ao PXDN préteininu, sem myndar krosstengi a milli kollagen IV sameinda, og
hlutverki pess i frumusérheefingu og myndun greinoéttrar formgerdar i D492.
Yfirjaning & PXDN i D492 syndi ad proteinido ytti undir 6sérheefda basal
svipgerd og dr6é um leid ur kirtilpekju- og vodvapekjusérhaefingu. Petta leiddi
til hindrunar & myndun greinéttrar formgerdar par sem porf er & baedi
vodvapekju og kirtilpekju. Jafnframt kom fram aukin tjaning a
umritunarpaettinum p63, sem pekkt er ad vidheldur basal svipgerd i
brj6stapekju. RNA radgreining syndi ad auki ad gen sem taka patt i ferlum
tengdum sérhaefingu og proskun pekjuvefja voru med aukna tjaningu en ad
sama skapi var virkni i bandvefsumbreytingu pekjuvefjar, sem er
naudsynlegur ferill i greinéttri formgerd, verulega skert. Nidurstodur
rannsoknarinnar syndu fram & adur épekkt hlutverk PXDN i frumusérhaefingu

i brjostkirtlinum en genid hafdi fram til pessa ekki verid skodad i pessu tilliti.

i pridju greininni var hlutverk IncRNA sameindarinnar MEG3 i
bandvefsumbreytingu og frumusérheefingu i D492/D492M frumumadelinu
kannad. bpar kom i lj6s ad MEG3 er bundid vid bandvefslika svipgerd en
tjaning pess var markteekt haerri i bandvefslikum frumulinum midad vid
pekjufrumulinur. Vid yfirtjaningu & MEG3 i D492 vard svipgerdarbreyting i att
ad basal svipgerd asamt marktaekri aukningu a bandvefslikum eiginleikum og
medfylgjandi aukinni tjaningu & bandvefskennipréteinum. par ad auki dr6 ar
greinottri formgerd i D492"5%*. Vid nidurslatt & MEG3 i D492M vard
vidsnlningur & bandvefsumbreytingu og pekjueiginleikar jukust, p6 adeins i

att ad kirtilpekjusvipgerd. bessar nidurstddur voru stadfestar med RNA



radgreiningu sem syndi fram a ad dregid hafdi Ur virkni bandvefsumbreytingar

samfara nidurtjaninu & bandvefsgenum og aukningu a kirtilpekjugenum.

Til samantektar varpadi ég ljosi & hlutverk ncRNA sameindanna MEG3 og
miR-203a i bandvefsumbreytingu, frumusérhaefingu og greindttri formgerd i
D492 og D492M en einnig bar ég kennsl & PXDN sem markgen miR-203a. |
framhaldinu syndi ég fram & ad PXDN, sem hingad til hefur ekki verid
rannsakad i brjéstapekju, eykur basal svipgerd i D492 en dregur Ur

frumusérheaefingu og hindrar myndun greinéttrar formgerdar i D492.

Lykilora:
Brjostkirtill, D492, PXDN, ncRNA, EMT, frumusérhaefing






Abstract

The mammary gland is a branched, lobular organ comprised of terminal duct
lobular units (TDLUSs) that contain bilayered epithelium of inner luminal cells
and outer myoepithelial cells. The basement membrane, with collagen IV as
the chief component, separates the epithelium from the surrounding stroma
which is rich in fibroblasts, microvessels, and immune cells. The human
female mammary gland is unique as its main developmental period occurs
long after birth during puberty, and full maturity is not reached until pregnancy
where branching is increased, and milk-producing units are formed.
Furthermore, the gland undergoes cyclical changes during each menstrual
cycle in preparation for a possible pregnancy, where the epithelium expands
and is subsequently broken down if pregnancy does not occur. This process
is maintained by epithelial stem cells and progenitor cells that differentiate
into luminal and myoepithelial cells in addition to maintaining their population.
D492 is a breast epithelial cell line with stem cell properties, isolated from the
suprabasal subpopulation of normal breast epithelium. The suprabasal
population is believed to contain mammary stem cells, reflected in the ability
of D492 cells to undergo branching morphogenesis when cultured under
three-dimensional conditions. These branching structures resemble the
TDLUs of the breast and require plasticity of D492 cells which can form
populations of cells with luminal and myoepithelial characteristics. In addition
to epithelial plasticity, epithelial-to-mesenchymal transition (EMT) is a central
process in branching morphogenesis in the breast, as epithelial cells require
mesenchymal characteristics to be able to migrate into the surrounding
matrix when branches are being formed. A myriad of factors is involved in the
control of branching morphogenesis, EMT, and epithelial differentiation within
the breast. In my Ph.D. project, | applied the D492 cell model along with its
mesenchymal daughter cell line D492M and focused on the role of the
ncRNAs MEG3 and miR-203a and the basement membrane factor

peroxidasin (PXDN) in these processes.

Vi



The first article focused on the role of microRNA (miRNA) miR-203a in
EMT in D492 and D492M in addition to branching morphogenesis in D492.
Small RNA sequencing revealed that miR-203a expression is increased
during branching with increased colony complexity and cell differentiation.
Furthermore, we found that miR-203a was significantly less expressed in
D492M compared to D492. Overexpression of miR-203a in D492M lead to
partial mesenchymal-to-epithelial transition (MET) with upregulation of both
luminal and basal markers. We also found that PXDN was the most

downregulated gene in D492M™"%%

. Subsequently, we confirmed that miR-
203a targets the 3‘UTR of PXDN, resulting in post-transcriptional

downregulation.

In the second article, | present data which were the main focus of my
Ph.D. project, the collagen IV crosslinker PXDN and its role in epithelial
differentiation and branching morphogenesis in D492. Overexpression of
PXDN in D492 eliminated the luminal and myoepithelial phenotype while
inducing undifferentiated basal phenotype, thereby negatively affecting
plasticity that is characteristic for the D492 cell line. This led to complete
inhibition of branching morphogenesis. | also present evidence that induction

PXDN

of basal phenotype in D492 cells is mediated through upregulation of
p63, which maintains basal phenotype in breast epithelium. Furthermore,
RNA-sequencing reveals significant enrichment in pathways involved in
POV while EMT, a

significant pathway involved in branching morphogenesis, is significantly

epithelial differentiation and development in D492

downregulated.

In the third article, the role of the long non-coding RNA (IncRNA) MEG3 in
EMT and epithelial differentiation in D492 and D492M was explored. Results
showed that MEG3 expression was associated with mesenchymal phenotype
and was significantly higher in mesenchymal cell lines. Overexpression of
MEG3 in D492 was accompanied by increased basal and mesenchymal
features and reduced branching morphogenesis. With knock-down of MEG3
in D492M partial MET was observed with an increase in epithelial markers

but only towards the luminal phenotype. Results from D492M were confirmed
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by RNA sequencing which showed that the EMT pathway was downregulated
with simultaneous downregulation of mesenchymal genes and upregulation

of luminal markers

To summarize, | investigated the role of ncRNAs MEG3 and miR-203a in
EMT, epithelial differentiation, and branching morphogenesis in the D492 and
D492M cell lines. Furthermore, | identified PXDN, a collagen IV crosslinker
previously unexplored in the mammary gland, as a target of miR-203a.
Subsequently, | showed that PXDN induces basal phenotype and stemness
with a simultaneous reduction in differentiation and inhibition of branching
morphogenesis in D492. In addition, | showed that this effect was elicited

through the p63, presenting a novel link to PXDN.

Keywords:

Mammary gland, D492, PXDN, ncRNA, EMT, cell plasticity
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1 Introduction

1.1 Anatomy of the human breast

The human breast is a modified skin gland, divided into collections of terminal
duct lobular units (TDLUSs) which represent the functional milk producing units
of the breast (Figure 1). The TDLUs are acinar structures which interconnect
with intralobular ducts that merge into larger interlobular ducts, forming
passageways that eventually terminate at the nipple. The TDLUs can be
divided into two layers of epithelial cells; an inner layer of luminal epithelial
cells (LEPs) which are surrounded by an outer layer of myoepithelial cells
(MEPs). The LEPs form the ducts of the gland along with the secretory
alveoli where milk production takes place during the lactational period.
Finally, in contact with the underlying basement membrane but not protruding
into the lumen are the suprabasal cells, believed to be progenitor cells of the
breast. The TDLUs are surrounded by collagen rich matrix containing
fibroblasts, adipocytes, endothelium and immune cells, which together with
the matrix form the breast stroma (Macias and Hinck 2012, Bonnans, Chou et
al. 2014).

A central element in the development of the mammary gland is branching
morphogenesis, a highly conserved process that can also be observed during
embryogenesis in other branched organs such as the lung, kidney and
salivary gland (Affolter, Zeller et al. 2009, Huebner and Ewald 2014).
However, the breast is unique as extensive branching morphogenesis does
not occur until puberty. During this period the TDLUs are formed when
hormonal queues facilitate the elongation of the functional epithelium into the
surrounding stroma, along with remodeling of the surrounding extracellular
matrix (ECM) (Fata, Werb et al. 2004). After puberty the breast undergoes
continuous remodeling with periods of epithelial proliferation and
differentiation in preparation for pregnancy, followed by epithelial regression

and apoptosis if impregnation has not occurred.
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Finally, terminal epithelial differentiation and developmental potential is
reached during pregnancy and the gland becomes lactation competent. The
cycle is completed at weaning when the glandular tissue undergoes
involution and the breast returns to its resting state (Hansen and Bissell
2000, Fata, Werb et al. 2004, Macias and Hinck 2012). The extensive
morphological and functional development of the breast is believed to be
induced by mammary epithelial stem cells that direct both the cyclical
changes and the lactation preparation of the gland (Ruan and Kleinberg
1999, Hansen and Bissell 2000, Macias and Hinck 2012).

TDLU

Adipocytes Fibroblast

Leukocyte

Myoepithelial
cell

Basement
membrane

Luminal epithelial
cell

Endothelial cells

Extracellular
matrix

Figure 1. Anatomy of the human breast. The basic functional unit of the breast, the
TDLU, can be divided into two compartments. The epithelial compartment contains
the functional glandular epithelium with LEPs and MEPs. The stromal compartment
supports the functional epithelium and contains adipocytes, leukocytes, endothelial
cells and fibroblasts that produce and maintain the ECM. The two compartments are
separated by the basement membrane rich in collagen IV.
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1.2 Breast epithelial stem cells in the normal gland and
breast cancer

Stem cells are defined by self-renewal, differentiation and homeostatic
control and the idea of stem cells within the mammary gland, accounting for
the gland’s dynamic nature, is well established (Dalerba, Cho et al. 2007,
Visvader and Stingl 2014). The first evidence of the existence of mammary
gland stem cells came as a result of complete epithelial branching structures
growing from sections of mouse mammary epithelium that had been
transplanted into cleared recipient fat pad (Deome, Faulkin et al. 1959).
Later, Kordon and Smith (1998) reported that retrovirally transduced mouse
mammary cells produced glandular tissue with the same viral traces as the
original cells, indicating extensive clonal outgrowths. Bipotent stem cells were
first reported in human mammary glands in 2001 when Stingl et al. reported a
population of cells that could be stimulated to produce cells with either
luminal phenotype (expressing MUC1, K18, K19 and EpCam) or
myoepithelial phenotype (expressing K14). In 2002, Gudjonsson et al.
reported MUC1/EpCAM" cells that were able to differentiate into both K14"
and K19" cells. By 2005, three different populations of human mammary
gland progenitor cells had been identified; the bipotent population mentioned
before along with lineage restricted luminal progenitor cells and myoepithelial
progenitor cells, respectively. Both the bipotent and the lineage restricted
luminal progenitor populations expressed EpCam and CD49f, however the
luminal restricted population was characterized by positive MUC1 expression
not found in the bipotent population (Stingl, Raouf et al. 2005). At the time, a
pattern of multi-step hierarchy with increasing differentiation among
mammary gland stem cells was beginning to emerge. Finally, in 2007
Villadsen et al. identified ductal epithelial cells that co-expressed K14 and
K19 and were able to form TDLU-like structures in three-dimensional
reconstituted basement membrane (3D-rBM). Populations with K14%/K19',
K14/K19 or K14/K19" expression were identified as lineage restricted and

were unable to branch in vitro. Since then, lineage tracing in mice further
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supports the existence of a stem cell hierarchy within the mammary gland
(Inman, Robertson et al. 2015).

Breast cancer is the most common type of cancer in women worldwide. It
has been estimated that in 2018, 2.1 million women were diagnosed with
breast cancer and over 626.000 women died (Bray, Ferlay et al. 2018).
Breast cancer is a heterogeneous disease where treatment options and
prognosis are largely dependent upon subtype (Harbeck, Penault-Llorca et
al. 2019). Based on gene expression signature of 50 genes (PAM50) six
different subtypes of breast cancer have been suggested (Figure 2): Basal-
like, Luminal A, Luminal B, HER2-enriched, Claudin-low and Normal-like
(Perou, Sgrlie et al. 2000, Cheang, Martin et al. 2015, Harbeck, Penault-
Llorca et al. 2019). However, routine diagnosis and treatment selection are
carried out by histological evaluation and immunohistochemistry of four key
proteins: Human epidermal growth factor receptor 2 (HER2), estrogen
receptor (ER), progesterone receptor (PR) and Ki67, a proliferation marker
(Harbeck, Penault-Llorca et al. 2019). It is well known that breast cancer cells

can hijack developmental programs and utilize to their benefit.

Basal-like Claudin-low | HER2-enriched Luminal B Luminal A

Normal-like

Proliferation
. High grade
Basal-like genes

ER

Low grade

HER2

Figure 2. PAM50 classification of breast cancer. PAM50 classifies breast cancer
tumors into six different subtypes based on genetic signature. These subtypes vary in
major cell phenotype and marker expression status which can significantly affect
aggressiveness and response to therapy. Adapted from Harbeck et al. 2019.
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In recent years there has been increasing evidence that mammary stem
cells play a role in breast cancer development and progression and,
furthermore, are able to give rise to progeny that contribute to heterogeneity
within breast tumors that can significantly impact prognosis and treatment
outcome (Dalerba, Cho et al. 2007, Visvader 2009, Palomeras, Ruiz-
Martinez et al. 2018). Stem cells harbouring this tumor associated phenotype
are commonly referred to as cancer stem cells (CSC), originally identified by
Al-Hajj et al. (2003). They reported a limited subpopulation of primary breast
cancer cells with the ability to initiate tumor growth in mice. Furthermore, the
tumors from the mice were similar in heterogeneity as the original tumors,
supporting the presence of stemness in the original cells. Since then,
mammosphere assays and cell sorting techniques for CSC markers, such as
luminal marker CD24, basal marker CD44 and aldehyde dehydrogenase
(ALDH) have been applied to identify cells with CSC properties in vitro
(Charafe-Jauffret, Monville et al. 2008, Dittmer 2018).

1.3 Epithelial-to-mesenchymal transition

A certain degree of plasticity is necessary for branching morphogenesis to
take place within the breast gland. To carry out this task the cells need to
lose the cell-to-cell adhesion characteristic for epithelial tissue and acquire a
mobile form to invade the surrounding stroma. To fulfil this requirement,
epithelial cells undergo epithelial-to-mesenchymal transition (EMT), where
cells lose epithelial characteristics while gaining mesenchymal traits, which is
a key mechanism of embryonic development and wound healing (Moustakas
and Heldin 2007, Yang and Weinberg 2008, Thiery, Acloque et al. 2009). The
EMT program in mammary gland development has been extensively
described in mice. During the embryonic stage the cells of the mouse
mammary bud undergo partial EMT to facilitate the formation of the
rudimentary mammary gland, and subsequently re-epithelialize in the reverse
process of MET (Nanba, Nakanishi et al. 2001). As in humans, rapid
morphogenesis and ductal growth are initiated at the onset of puberty in mice
with full developmental potential being reached during pregnancy (Inman,

Robertson et al. 2015). Ductal growth, herein elongation and bifurcation,
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occurs mainly at the terminal end buds (TEBs), which correspond to the
human TDLUs, and is driven by collective cell migration (Ewald, Brenot et al.
2008). Epithelial cells at the tip of the TEBs have mesenchymal
characteristics acquired via EMT, which facilitates migration of cells into the
mammary fat pad (Ewald, Huebner et al. 2012). Therefore, it is believed that
branching morphogenesis and EMT are closely related and even regulated

through similar mechanisms.

EMT is marked by phenotypic and functional changes within cells (Figure
3). Mesenchymal cells acquire increased mobility resulting in greater ability
for migration and invasion. Furthermore, they display resistance to apoptosis
(Hanahan and Weinberg 2011). Downregulation of the epithelial marker E-
cadherin is widely considered the hallmark of EMT (Peinado, Olmeda et al.
2007). The suppression of E-cadherin and the induction of EMT is driven by
several transcription factors, mainly ZEB1, ZEB2, TWIST1, TWIST 2, SNAI1
and SNAI2. In addition to suppression of epithelial markers these
transcription factors induce the expression of mesenchymal markers, most
notably N-cadherin, a-SMA, vimentin and fibronectin (Moustakas and Heldin
2007, Georgakopoulos-Soares, Chartoumpekis et al. 2020). Further switch in
marker expression can often be noted during EMT where epithelial markers
such as epithelial adhesion molecule (EpCAM) and epithelial keratins are
downregulated while mesenchymal markers such as alpha-smooth muscle
actin (a-SMA) and fibronectin (FN1) are upregulated (Luo, Brooks et al.
2015). Morphological changes also become apparent as cuboidal shape of
the epithelial cell changes towards spindle shaped mesenchymal morphology
where cellular protrusions assist the cell in eliciting its migratory behavior
(Yang and Weinberg 2008).
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Figure 3. Epithelial-to-mesenchymal transition. In EMT epithelial cells lose the
epithelial phenotype and acquire mesenchymal characteristics. EMT is carefully
controlled via transcription factors (red box) that directly or indirectly inhibit expression
of epithelial markers (green box) and facilitate the upregulation of mesenchymal
factors (yellow box). During this process the epithelial cells lose adhesion to
neighbouring cells and gain the ability to migrate. Adapted from Dongre and Weinberg
2019.

There is accumulating evidence that EMT can induce stem cell properties
in both normal epithelial cells and cancer. Paralogous stem-cell programs
have been identified in normal mammary stem cells and tumor initiating cells
linked to the activity of SNAI1 and SNAI2 (Ye, Tam et al. 2015). SNAI2 has
also been linked to stem cell regulation in the normal mammary gland, where
stem cell activity is blocked if SNAI2 is inhibited. Furthermore, transient
overexpression of SNAI2 in LEPs can revert their phenotype to mammary
stem cells (Guo, Keckesova et al. 2012). Induction of EMT can also
encourage upregulation of stem cell markers and the acquisition of stem cell
functional traits, such as increased mammosphere formation (Mani, Guo et
al. 2008). The EMT program can also induce stem-like properties to cancer

cells (Shibue and Weinberg 2017) which can greatly influence prognosis and



Anna Karen Sigurdardottir

treatment outcome, as cancer stem cells in various tumor types are widely
considered to be resistant to therapy (Singh and Settleman 2010, Kotiyal and
Bhattacharya 2014, Zhou, Li et al. 2017, Kusoglu and Biray Avci 2019). This
is largely due to cancer stem cells contributing to tumor heterogeneity which
results in poorly differentiated cell populations. This leads to the formation of
different cancer cell subtypes that may differ in their response to therapy,
contributing to therapy resistance and increasing the risk of relapse (Li and
Bhatia 2011).

1.4 The basement membrane

The functional epithelium of each organ rests upon a thin, acellular matrix
that separates the epithelial cells from the underlying connective tissue. This
matrix, commonly referred to as the basement membrane, is specifically
adapted to the needs of each organ with molecular composition that reflects
the functional role of the epithelium resting above it (Halfter, Oertle et al.
2015). The ECM not only maintains tissue integrity and structure, but also
plays critical role in cell homeostasis, plasticity as well as signaling (Nelson
and Bissell 2006; Xu, Boudreau, and Bissell 2009; Bonnans, Chou, and Werb
2014). Changes in the microenvironment serve the epithelial cells with
mechanical and chemical cues which in turn influence cell behavior, thereby
linking tissue function and architecture. This effect is mediated through ECM-
receptors on the cell surface, which induce conformational changes in the
cytoskeleton. The cytoskeleton then mediates information to the nucleus,
leading to changes in gene expression (Nelson and Bissell 2006; Fata, Werb,
and Bissell 2004).

Anatomically the breast epithelial stem cells rest in direct contact with the
basement membrane and the ECM is a key player in determining stem cell
fate (Watt and Hogan 2000). A well-known example of this is the terminal
differentiation that occurs in keratinocytes when they detach from the
basement membrane and move up into the upper layers of the epidermis
(Watt 1989), further supported by the fact that ECM protein ligation in

suspended keratinocytes can inhibit terminal differentiation (Adams and Watt
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1989). Interestingly, skin differentiation and stratification is believed to be
mediated through the transcription factor p63, which is expressed in basal
cells but becomes repressed as differentiation progresses (Koster and Roop
2004). Crosstalk between epithelial stem cells and the ECM has also been
observed. Trappmann et al. (2012) proposed that stem cells exert
mechanical force on the collagen fibers they attach to and utilize the

feedback to determine degree of differentiation.

The main structural component of the basement membrane is collagen 1V,
along with other factors such as perlecans, proteoglycans, laminins and
nidogens, interwoven between its fibres (Brown, Cummings et al. 2017).
Collagen IV is known to preserve the epithelial phenotype, making separation
from the surrounding stroma an important function of the basement
membrane as collagen I, a main component of the stroma, can induce EMT
when in contact with epithelial cells (Zeisberg, Bonner et al. 2001).
Furthermore, collagen 1V is necessary for the development and maintenance
of basoapical polarity of epithelial cells, which is a prerequisite for proper
function and homeostasis in normal tissue (Plachot, Chaboub et al. 2009).
The same is true for breast epithelial cells. For example, Gudjonsson et al.
(2005) showed that normal primary LEPs cultured in collagen | matrix in vitro
showed reversed polarity that was only corrected in a coculture with normal
MEPs. However, when they cultured LEPs in rBM correct polarity was
observed. In contrast, carcinoma cells are unable to polarize (van Deurs, Zou
et al. 1987), even when provided with a sound rBM in vitro, when at the same
time normal cells are able to carry out correct polarity, lumen formation,
regulation of growth and production of their own basement membrane
components when grown in the same type of rBM environment (Gudjonsson,
Rgnnov-Jessen et al. 2002). Disruption of the collagen IV scaffolding and the
basement membrane is a key event in cancer development as it marks the

transition from carcinoma in situ to invasive disease.
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1.5 Peroxidasin

PXDN is a peroxidase enzyme and a member of animal heme-peroxidase
family that was originally discovered in Drosophila melanogaster (Nelson,
Fessler et al. 1994, Cheng, Salerno et al. 2008). The structure of PXDN
(Figure 4) is somewhat unique as it contains a catalytic peroxidase domain,
leucine-rich repeats, von Willebrand factor- and immunoglobulin domains in
addition to structural components that are reminiscent of other ECM proteins
(Nelson, Fessler et al. 1994). Bhave et al. (2012) reported that PXDN
facilitated the formation of covalent sulfilimine bonds between the C-terminal
NC1-domains of collagen IV fibers (Figure 5), thereby confirming the
contribution of PXDN to basement membrane synthesis and stabilization.
Finally in 2015, Ero-Tolliver et al. found that the catalytic peroxidase domain
and the immunoglobulin domains of PXDN were essential for sulfilimine
crosslinking. Cysteine residues within the PXDN structure, which are highly
conserved among animal species, were shown to facilitate trimerization of
PXDN (Soudi, Zamocky et al. 2012). These PXDN-trimers were excreted to
the extracellular space where they formed patches which are presumed to be
hot-spots for collagen IV crosslinking at the cell surface. Conversely, the
monomeric form of PXDN, although being secreted by cells, did not attach to
the cell surface and was insufficient in crosslinking collagen IV. This indicates
that PXDN trimerization is necessary for collagen IV crosslinking although
cells can secrete both protein forms. Furthermore, the presence of PXDN at
the cell surface might partake in basement membrane factor binding, which
could take place via PXDN motifs that are found in other ECM adhesion

proteins (Lazar, Péterfi et al. 2015).

In vivo data regarding the function of PXDN is limited. However, due to its
key role in basement membrane homeostasis it is believed to be important in
development. In terms of specific cell populations PXDN expression has
been found in fibroblasts, endothelial cells and epithelial cells in various
organs across diverse animal species (Péterfi, Donko6 et al. 2009, Soudi,
Zamocky et al. 2012). In preghant mice, PXDN expression is significantly

upregulated in uterine epithelial cells and stromal cells at the location of the
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embryo during implantation, indicating an important role of PXDN in
basement membrane remodeling during early pregnancy (Jones-Paris, Paria
et al. 2017).

s —JI-© 8 ®®— 1 Fox—

Figure 4. Amino acid sequence of PXDN. S: Signal peptide; LRR: Leucine rich
repeat domain; Ig: Immunoglobulin domain; Pox: Peroxidase domaine; VWC: Von
Willebrand factor C domain. Adapted from Soudi et al. 2015.

.
11

Figure 5. PXDN sulfilimine bond formation. PXDN uses hydrogen peroxide and
halide ions to catalize the formation of covalent sulfilimine bonds between NC1
domains of collagen IV. Adapted from Péterfi and Geiszt 2014.
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Furthermore, PXDN was recently linked to EMT, an important developmental
process like previously discussed, as a target of EMT transcription factor
SNAI1 (Sitole and Mavri-Damelin 2018). However, further investigation into
the role of PXDN in EMT is lacking. The role of PXDN in disease has only
been studied to a limited extent. Mutations in the PXDN gene result in severe
ocular malformations, mainly in the anterior chamber of the eye. In humans,
homozygous mutation presents as congenital corneal opacity and cataract
with an increased risk of developing glaucoma, a disease that leads to
abnormal intraocular pressure and damage to the optic nerve (Khan, Rudkin
et al. 2011). In mice, homozygous PXDN mutations cause defected
development in the anterior chamber which results in micropthalmia.
Furthermore, structural integrity of the lens, likely due to basement
membrane disfunction, is compromised which results in lens material leakage
and subsequent ocular inflammation (Yan, Sabrautzki et al. 2014). Péterfi et
al. (2009) implicated increased transforming growth factor (TGF-B1)
mediated PXDN production to the development of fibrotic kidney after
induced kidney damage in a mouse model. Altered PXDN expression has
also been implicated in neoplastic disease. First, Jayachandran et al. (2016)
observed consistently elevated PXDN expression in invasive mesenchymal
melanoma cells as well as significantly increased expression in metastatic
melanoma lesions. Zheng & Liang (2018) then reported significantly worse
survival in ovarian cancer patients with high PXDN expressing tumors.
Furthermore, they observed reduced proliferation as well as suppressed
invasion/migration and wound healing potential in the ovarian cancer cell line
HEY when PXDN was silenced. Elevated PXDN expression has also been
detected in the microvasculature of primary and metastatic glioma (Liu,
Carson-Walter et al. 2010).

The role of PXDN in mammary gland development and breast cancer has
not been previously described, beyond the identification of PXDN and other
ECM proteins in plasma samples extracted during tumor progression in the

inducible HER2/neu mouse model of breast cancer (Pitteri, Kelly-Spratt et al.
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2011). Therefore, the article presented in this thesis represents the first

functional analysis of PXDN in the mammary gland.

1.6 Non-coding RNAs

The term non-coding RNA (ncRNA) refers to RNA that does not encode a
protein, a part of the genome formerly believed to be genetic noise without
function (Mattick and Makunin 2006). However, it has come increasingly to
light that the ncRNAs serve diverse functions within the cell but most notably
they are intricately involved in the regulation of gene expression (Mattick and
Makunin 2006, Wei, Huang et al. 2017). Two types of ncRNAs fall within the
scope of this thesis as participants in mechanisms involved in mammary
gland biology: MiRNAs and IncRNAs.

1.6.1 MicroRNAs

MiRNAs are 22 nucleotide (nt) long, single stranded ncRNAs that play an
important role in post-transcriptional gene regulation (Bartel 2004). They
were first discovered nearly thirty years ago (Lee, Feinbaum et al. 1993), and
have since then been widely studied so that their role as protein repressors
has come increasingly to light. MiRNAs have been shown to actively regulate
cell fate and phenotype and in recent years they have gained increased
attention as participants in carcinogenesis, as context dependent tumor
promoters and suppressors, and as biomarkers in various diseases
(Lujambio and Lowe 2012, Casey, Sweeney et al. 2016, Ali Syeda, Langden
et al. 2020). The principal mechanism of post-transcriptional regulation of
miRNAs is complementary base pairing to target mRNA sequence, causing
mRNA degradation or transport into p-bodies which leads to translational

suppression (Rana 2007).

MIiRNA maturation takes place in two steps (Figure 6), starting with
primary miRNAs (pri-miRNA) that are cleaved by Drosha, a ribonuclease Il
enzyme (Rnase Ill), into hairpin precursor miRNA (pre-miRNA) that are
around 60 nucleotides in length (Lee, Ahn et al. 2003). Exportin 5 (EXP5), a
nuclear transport receptor, then transports the pre-miRNA from the nucleus

13



Anna Karen Sigurdardottir

and into the cytoplasm (Yi, Qin et al. 2003), where Dicer, another Rnase llI
enzyme, receives the pre-miRNA and processes it into a miR-miR* duplex
(Zhang, Kolb et al. 2002)

Gene TN

l RNase llI

pri-miRNA Nucleus
l Drosha

pre-miRNA (I ymmmr

1 EXP5

pre-miRNA (I ymmmr

l Dicer
Cytosol

miR-miR* duplex m

l Ago
miRNA
mMRNA 5 @ULLLLLLLLLLULUILULLL m-A A) ---3

RISC

Figure 6. The maturation of miRNAs. The maturation of miRNAs involves a
carefully orchestrated process first within the nucleus and then in the cytosol. MiRNA
precursors are processed by the Rnase Ill enzymes Drosha and Dicer and finally with
AGO protein, which results in a functioning miRNA that binds to a 3'UTR mRNA target
site via RISC. Adapted from Soifer et al. 2008.

Further processing is facilitated by Argonaute (AGO) protein, where the miR*
is cleaved off, resulting in a functional miRNA that forms an RNA-induced
silencing complex (RISC) along with the associated AGO protein (Ameres
and Zamore 2013). A seed-sequence located at the miRNA 5 end
determines the binding of the RISC to the target mRNA. Although binding

sites can be located anywhere on the mRNA the most potent binding, leading
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to the most effective downregulation in expression, occurs at the
3’'untranslated region (3’'UTR) of the mRNA (Gu, Jin et al. 2009).

Several miRNAs have been linked to EMT regulation, most notably the
miR-200 family. Five miRNAs belong to this family, divided into two separate
clusters: MiR-200c and miR-141 on chromosome 12 and miR-200a, miR-
200b and miR-429 on chromosome 1 (Zaravinos 2015). The only difference
between the two groups of miRNAs is one base located in their seed
sequence (Hilmarsdottir, Briem et al. 2014). The main role of the miR-200
family in EMT is suppression through targeting of transcription factors ZEB1
and ZEB2 which are suppressors of E-cadherin and inducers of EMT (Burk,
Schubert et al. 2008, Gregory, Bert et al. 2008, Park, Gaur et al. 2008).
Overexpression of miR-200 family members in cells leads to MET with loss of
mesenchymal features and upregulation of epithelial markers along with
induction of epithelial phenotype (Korpal, Lee et al. 2008). A reciprocal
feedback loop exists between ZEB1/2 and miR-200 family members as ZEB
1 can suppress expression of miR-200c-141 and ZEB1 and ZEB2 induce
downregulation of miR-200ba-429 (Bracken, Gregory et al. 2008, Burk,
Schubert et al. 2008). The D492 cell model has successfully been applied to
study the role of miR-200c-141 in EMT and branching morphogenesis when
Bylgja Hilmarsdottir, a former Ph.D. student at the Stem Cell Research Unit,
discovered that miR-200c-141 cluster was significantly downregulated in
D492M compared to D492. Upregulation of ZEB1/2 was also confirmed in
D492M, in agreement with the known role of the miR-200c-141 as previously
discussed. Furthermore, Hilmarsdottir found that overexpression of miR-
200c-141 in D492 cells inhibited EMT in coculture with endothelial cells, while
overexpression in D492M reversed the cells into MET and induced a luminal

epithelial phenotype (Hilmarsdéttir, Briem et al. 2015).

1.6.2 Long non-coding RNA and MEG3

Another class of ncRNAs are the IncRNAs, that were discovered with
advances in RNA sequencing technology (Mattick and Rinn 2015). The term
IncRNA refers to nc RNA that is longer than 200 nt in length (Eades, Zhang

15



Anna Karen Sigurdardottir

et al. 2014). The IncRNAs are key gene expression regulators and take part
in various mechanisms active on the transcriptional, post-transcriptional and
translational levels (Nie, Wu et al. 2012, Goff and Rinn 2015, Gloss and
Dinger 2016). Unlike other RNA molecules the relationship between the
tertiary structure of IncRNAs and their function remains unknown, partly due
to their complexity and size (Uroda, Anastasakou et al. 2019). This
contributes to the fact that INcRNAs are generally still poorly understood.
However, there is increasing evidence for their role in various cell
mechanisms such as differentiation, growth, survival, migration and invasion
(Mercer, Dinger et al. 2009, Sun, Luo et al. 2013, Di Gesualdo, Capaccioli et
al. 2014, Fatica and Bozzoni 2014). Data from Guttman et al. (2009) revealed
that IncRNAs are tightly regulated during development and are under control
of key transcription factors that take part in embryogenesis. However, recent
evidence indicates that INcRNAs are not conserved to the same degree as
MRNAs and variation between closely related species has also been noted,
although this does not necessarily indicate lack of importance (Gloss and
Dinger 2016). There is accumulating evidence that INncRNA play key roles in
various diseases. Calin et al. (2007) reported altered expression of many
IncRNAs in both leukemia and solid tumors. Later, certain IncRNAs were
found to be differentially expressed between primary tumors and metastasis
(Gupta, Shah et al. 2010) and dysregulated in response to DNA damage
(Huarte, Guttman et al. 2010).

Maternally expressed gene 3 (MEG3) is a IncRNA that belongs to the
imprinted DLK1-DIO3 locus on human chromosome 14. Incorporated within
the locus are three paternally expressed protein coding genes and many
maternally expressed non-coding genes, including over 50 mMIiRNAs
(Benetatos, Vartholomatos et al. 2014, Dill and Naya 2018, Baulina, Osmak
et al. 2019). MEG3 is controlled by differentally methylated promoter regions
within the DLK1-DIO3 locus (McMurray and Schmidt 2012), and is necessary
in embryonic neural development where its non-imprinted form directs
Polycomb protein chromatin targeting (Mercer, Dinger et al. 2008, Kaneko,

Bonasio et al. 2014). However, in adult tissue the imprinted form interacts
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with p53 and thereby participates in mechanisms such as apoptosis (Zhou,
Zhong et al. 2007). Different splice variants of MEG3 stimulate the p53
pathway to a varying degree which results in selective target gene
upregulation (Zhu, Liu et al. 2015). Reports on the involvement of MEG3 in
EMT have been conflicting. MEG3 has been linked to EMT induction in
glioma cells and in TGF-B mediated EMT in lung cancer cells (Terashima,
Tange et al. 2017, Yang, Bian et al. 2020). However, MEG3 repressed EMT
in cholangiocarcinoma and cervical cancer (Chen and Qu 2018, Li, Jiang et
al. 2019). Likewise, the role of MEG3 in tumorigenesis is also unclear, as
various studies have linked it to either tumor suppression or induction
(Chunharojrith, Nakayama et al. 2015, He, Luo et al. 2017, Wei and Wang
2017, Ghafouri-Fard and Taheri 2019, Wang, Fu et al. 2019, Zhang and Gao
2019). Therefore, the role of MEG3 is still poorly understood and remains to

be further investigated.

1.7 The D492 cell model

The D492 cell line was originally isolated from the suprabasal cell population
of the normal breast. The suprabasal cells were isolated from primary cells by
sorting according to their characteristic EpCam’/MUC1 marker status,
separating them from the EpCam*/MUC1" luminal cells and EpCam/MUC1
myoepithelial cells. Subsequently, immortalization was performed using the
E6/E7 oncogenes from human papilloma virus 16 (Gudjonsson, Villadsen et
al. 2002). The assumption of D492 stem cell properties is based on the cell
line’s ability to form both luminal and myoepithelial cells in monolayer culture
as well as branching colonies resembling the TDLUs of the breast when
cultured in 3D-rBM (Figure 7.a) (Gudjonsson, Villadsen et al. 2002, Villadsen,
Fridriksdottir et al. 2007). Furthermore, a subpopulation of D492 cells is
positive for both cytokeratin 14 (CK14) and cytokeratin 19 (CK19), a feature
also observed in suprabasal cells of the breast in situ and an indicator of
stem cell phenotype (Villadsen 2005, Villadsen, Fridriksdottir et al. 2007).
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Figure 7. Colony conformation of D492 cells in 3D coculture with endothelial
cells. A. D492 cells can form branching colonies reminicent of breast TDLUs when
cultured in 3D-rBM. This ability is retained in coculture with endothelial cells. B. In
coculture with endothelial cells D492 cells undergo EMT, forming spindle shaped
colonies. D492M was isolated from a spindle shaped colony. C. D492 cells also form
solid round spheres in both monoculture and coculture with endothelial cells. (Scale
bar = 100 pum).

D492 has been used to investigate epithelial-endothelial interactions.
Coculture of D492 cells with endothelial cells in 3D-rBM enhances branching
morphogenesis and induces EMT, indicated by the creation of spindle
shaped colonies (Figure 7.b) alongside the branched and spherical colonies
(Figure 7.c) usually observed in D492 monoculture. When isolated, cells from
these spindle shaped colonies were found to have increased expression of
mesenchymal markers N-cadherin, vimentin and alpha smooth-muscle actin,
while epithelial markers such as E-cadherin, keratins and transcription factor
p63, were downregulated. Furthermore, mesenchymal traits such as
increased anchorage independent growth, apoptosis resistance, increased
migration/invasion and increased CD44/CD24 ratio were observed in the
cells derived from spindle shaped colonies. Together, these results indicated
a switch from an epithelial phenotype to a mesenchymal phenotype and thus
this new cell line was named D492M (Sigurdsson, Hilmarsdottir et al. 2011).
Together D492 and D492M have successfully been used as an in vitro model
for EMT in the mammary gland, especially when it comes to the involvement
of ncRNAs (Hilmarsdottir, Briem et al. 2015, Briem, Budkova et al. 2019,

Briem, Ingthorsson et al. 2019, Budkova, Sigurdardottir et al. 2020).

All three articles along with the unpublished data presented in this thesis
are based upon work with the D492 cell line along with D492M, with
supporting data from other breast epithelial cell lines and primary cells. The

D492 cell model therefore forms the basis of my Ph.D. project as a
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representation of arguably the most dynamic and versatile organ of the body:
The mammary gland, an organ that is so important to our existence that it

gave an entire class of animals its name, mammals.
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2 Aims

Mammary gland development is a process of epithelial and extracellular
remodeling from the embryonic stage and throughout the reproductive period,
which is under careful regulation of intrinsic and extrinsic signaling pathways.
Epithelial plasticity is a vital feature of mammary epithelial cells during
branching morphogenesis, where the cells form the network of functional
units and interconnecting ducts that comprise the epithelial ductal tree, and
refers to the ability of epithelial cells to change phenotype in reaction to
various signals. EMT and its reverse process of mesenchymal-to-epithelial
transition (MET) are examples of epithelial plasticity that are important in
branching morphogenesis. It has come increasingly to light that ncRNAs are
important regulatory factors in EMT. MiRNAs can target EMT transcription
factors and thereby influence branching morphogenesis. Other types of
ncRNAs, the long-non coding RNAs (Inc-RNAs), have also been implicated in
EMT regulation, although their role is still not completely understood. The
general aim of this thesis was to apply the epithelial progenitor cell line D492
and its mesenchymal daughter cell line D492M to explore the role of ncRNAs
miR-203a and MEG3 in EMT and branching morphogenesis. Furthermore, to
explore the expression pattern and functional role of the miR-203a target
PXDN in the mammary gland and epithelial plasticity. For these purposes |
used 3D culture methods that capture the ability of the D492 cell line to form
branching colonies, thereby mimicking the branching structure of the
mammary gland and allowing me to explore the involvement of the

aforementioned factors in mammary gland development.

2.1 Specific aims
1. To analyze the involvement of ncRNAs miR-203a and MEG3 in breast

morphogenesis, epithelial cell plasticity and EMT.

2. To investigate the expression pattern of PXDN in the human breast
and its effect on cell plasticity and branching morphogenesis in D492
cells.
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3 Materials and methods

Detailed description of methods can be found in the materials and methods
section in each article. However, in this chapter, | specifically describe
methods that | used during my studies.

3.1 Cell culture
For a detailed description of methods for culturing of D492 cells please refer
to article IV where protocols for monolayer culture, 3D culture and 3D

coculture with endothelial cells are covered in detail.

3.2 Lentiviral packaging and transduction

Pseudoviral particles for lentiviral overexpression were produced by
transfecting HEK293-T cells with PMDG.2 and psPAX2 plasmids using
Turbofect (Thermo Fisher Scientific, R05319). Culture media was without
serum and antibiotics. Viral supernatant was collected after 24, 48 and 72
hours and filtered through 0.45 um pore filter. 1.5x10° D492 cells were plated
per T25 flasks, so that they had reached 60-80% confluency 24 hours later,
i.e. at the time of transduction. They were then treated with 1 ml of lentiviral
particles along with 1 ml of media and 8 pg/ml polybrene. Successfully

transduced cells were selected by treating the cells with antibiotics or FACS

Table 1. Summary of plasmids used in lentiviral overexpression of PXDN.

Plasmid Manufacturer, catalog no.

pLenti-C-Myc-DDK-P2A-Puro tagged | Origene, PS100092
cloning vector

pLenti-C-Myc-DDK-P2A-Puro lenti Origene, RC224518L3
ORF clone of Human peroxidasin

homolog

pMD2.G Addgene, #12259
psPAX2 Addgene, #12260
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based on positive fluorescent signalling. Altered expression of target genes

was confirmed via real-time quantitative PCR (qRT-PCR).

3.3 Proliferation assay

Proliferation assay was performed by seeding 5.0x10° cells into 96-well plate
pre-coated with collagen | (PureCol Type | Collagen Solution, Advanced
Biomatrix, 5005). Cells were incubated and proliferation rate monitored in
IncuCyte ZOOM live cell imaging system (Sartorius) until full confluency was

reached. Media was changed three times a week.

3.4 Apoptosis assay

Resistance to chemically induced apoptosis was determined by treatment
with 10 pg/ml Camptotechin (Sigma-Aldrich, C9911) and 0.1% DMSO as
control. Caspase-3/7 reagent (Essen Bioscience, 4440) was used to monitor
apoptosis. Cells were incubated and monitored in IncuCyte live cell imaging

system as per manufacturer instructions.

3.5 Migration assay

For migration assay in IncuCyte 1.0x10* cells were seeded in
quadruplicates onto 96-well ImagelLock plates pre-coated with collagen |
solution. Cells were grown until confluent after which a wound was formed
with Woundmaker. Wound closure was monitored in IncuCyte live cell
imaging system until wounds were completely closed and data exported as

wound confluency (%).

3.6 Invasion assay

For invasion assay in IncuCyte 1.0x10” cells were seeded in quadruplicates
onto 96-well ImagelLock plates pre-coated with collagen | solution. Cells were
grown until confluency after which a wound was formed with Woundmaker.
Matrigel was applied on top of cells immediately after wound formation.
Wound closure was monitored in IncuCyte live cell imaging system until

wounds were completely closed and data exported as wound density (%).
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3.7 Mammosphere assay

Mammosphere formation ability was assessed in 96 well plate format. Plate
wells were pre-coated with 20 mg/ml Poly Hema and subsequently dried
overnight at 37°C. The next day 5.0x10° cells were seeded in 5% Matrigel
per well. Mammosphere formation was monitored for 10 days. Cells were
incubated at 37°C and media changed three times per week.

3.8 Flow cytometry

Before performing flow cytometry, D492”*®" and D492°™" cells were grown
in triplicates in T25 cells until 95% confluent. After trypsinization cell pellets
were resuspended in 30 uL of CellWASH (BD Biosciences, 349524). Cell
suspensions were incubated with 3 uL of PE Mouse Anti-Human CD24 clone
ML5 (BD Biosciences, 560991) and FITC Mouse Anti-Human CD44 clone
IM7 (BD Biosciences, 103006), respectively, for 15 minutes at room
temperature. Mouse IgG; PE (BD Biosciences, 345816) and Mouse IgG;
FITC (BD Biosciences, 550758) were applied as isotype controls. Cells were
then washed with CellWASH and centrifuged at 1500 rpm for 6 minutes. Cell
pellets were resuspended in 300 pL of CellWASH and subjected to flow
cytometry in Navios Flow Cytometer (Beckman Coulter).

3.9 Aldefluor assay

Before performing Aldefluor assay D4927®™ and D492°™" cells were grown
in triplicates in T25 cells until 95% confluent. Aldefluor assay was performed
by using ALDEFLUOR Kit (Stemcell Technologies, 01700) as per
manufacturer instructions. Aldefluor activity was measured in Navios Flow

Cytometer (Beckman Coulter).

3.10 Quantitative reverse transcription PCR analysis

Total RNA extraction was performed with Tri-Reagent (Thermo Fisher
Scientific, AM9738). Reverse transcription into complementary DNA (cDNA)
was performed with LunaScript RT SuperMix Kit (New England BiolLabs,
E3010L) and gRT-PCR was performed with Luna Universal g°PCR Master
Mix (New England BioLabs, M3003L). For gqRT-PCR analysis of miRNAs,
cDNA was produced with

25



Anna Karen Sigurdardottir

Table 2. Summary of primers used in gRT-PCR analysis of mRNA and miRNA.

Primer Manufacturer, catalog no.

PXDN IDT, Hs.PT.58.630748

CK14 IDT, Hs.PT.58.4592110

CK19 IDT, Hs.PT.58.4188708

CK5/6 IDT, Hs.Pt.58.14446018

TP63 IDT, Hs.PT.58.2966111

MEG3 exon 10-11 IDT, Hs.PT.58.25190740

CDH3 IDT, Hs.PT.58.39234242

GAPDH IDT, Hs.Pt.39a.22214836

ZEB1 Thermo Fisher Scientific, Hs00232783_m1
ZEB2 Thermo Fisher Scientific, Hs00207691 _m1
SNAI1 Thermo Fisher Scientific, Hs00195591 _m1
SNAI2 Thermo Fisher Scientific, Hs00950344 _m1
TWIST1 Thermo Fisher Scientific, Hs01675818 s1
GAPDH Thermo Fisher Scientific, 4326317E
hsa-miR-203a Exigon, #205914

hsa-miR-127-3p
hsa-miR-141-3p
hsa-miR-200c-3p
hsa-miR-205-5p
hsa-miR-409-3p
hsa-miR-411-5p
hsa-miR-493-3p
U6 snRNA

Qiagen, YP00204048
Exiqon, #204502
Exigon, #204482
Exigon, #204487
Qiagen, YP00204358
Qiagen, YP00204531
Qiagen, YP00204557
Qiagen, YP00203907

universal cDNA synthesis kit Il (Exigon) and gRT-PCR was performed with
EXiLENT SYBR Green master mix. A list of primers used for miRNA gRT-

PCR can be found in the materials and methods chapters of each paper.
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Analysis was performed on Applied Biosystems 7500 Real-Time PCR system

and the 2*““method was used to calculate relative expression differences.

3.11 Western blot assay

Cells were washed with ice cold phosphate buffered saline (PBS) before lysis
with radioimmunoprecipitation assay (RIPA) buffer containing protease and
phosphatase inhibitors (Halt Protease Inhibitor Cocktail, Thermo Fisher
Scientific, 78430). Bradford reagent (BioRad, 5000002) was used to measure
protein concentration. Protein was separated in equal amounts (5-20 ug) on
10% NuPage Bis-Tris gel (Invitrogen, NP0301PK2) using NuPage MES
running buffer (Thermo, Fisher Scientific, NP0O002). Protein was transferred
with NuPage Transfer buffer (Thermo Fisher Scientific, NP0006-1) to
polyvinylidene fluoride (PVDF) membrane (Millipore, IPFL0O0010). Membrane
blocking was conducted with Odyssey TBS blocking buffer (LiCor, 927-500).
Incubation with primary antibodies was carried out overnight at 4°C with
subsequent incubation with secondary antibodies for 1 hour at room
temperature. Protein bands were detected with Odyssey Infrared Imaging

System (Li-Cor). Bands were quantified in ImageJ.

3.12 Immunochemistry

Cells were fixed in 4% paraformaldehyde for 1 hour at room temperature.
Cells were then rinsed with 1xPBS and incubated with primary antibodies at
4°C overnight. Fluorescent labeling was performed with fluorescent isotype-
specific secondary antibodies (Alexa fluor, Thermo Fisher Scientific), DAPI
nuclear counterstain (Sigma-Aldrich, #D9542) and Phalloidin (Thermo-
Scientific, #A12379). Imaging was performed on Zeiss LSM 5 Pa laser-

scanning microscope (Carl Zeiss) and Olympus Fluoview 1200.
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3.13 Immunohistochemistry on paraffin-embedded tissue

Tissue slides were boiled twice for 5 minutes each time in citrate buffer.
Antigen blocking was performed with 5% bovine serum albuimin (BSA) in 0.1
M Tris buffer. Slides were incubated with primary antibodies for 60 minutes at
room temperature. Fluorescent labelling was performed with fluorescent
isotype specific secondary antibodies (Alexa fluor, Thermo Fisher Scientific.
Imaging was performed on Zeiss LSM 5 Pa laser-scanning microscope (Carl

Zeiss) and Olympus fluoview 1200.

Table 3. Summary of antibodies used in Western blot and immunochemistry of cells
and paraffin-embedded breast tissue.

Antibody Manufacturer, Catalog no.
PXDN A gift from Dr. Miklos Geiszt
K14 Abcam, ab7800

K19 Santacruz, sc-6278

K19 Abcam, ab7754

K5/6 Invitrogen, #180267

p63 Abcam, ab124762

P63 Novocastra, NCL-p63
EpCam Abcam, ab71916

Actin Li-Cor, #924-42212
Histone H3 Cell Signaling, #4499

28




Materials and methods

3.14 Transient knock-down with siRNA

Transient knock-down of TP63 and PXDN in D492”° and D492 cells,
respectively, was performed with target-specific small interfering RNA
(siRNA), using Lipofectamine RNAIMAX transfection reagent (Thermo Fisher
Scientific, #13778075) as per manufacturer’s protocol. Cells were subjected
to assays 48 hours after transfection.

Table 4. Summary of siRNA used in transient knock-downs in D492 and D492”*°"

cells.

SiRNA Manufacturer, Catalog no.

TP63 Thermo Fisher Scientific,
#s16411 lot. ASO2HNILT

PXDN Thermo Fisher Scientific,
#4392421 lot. AS02B0C4

3.15 RNA sequencing

Total RNA was isolated from cells in monolayer at 80% confluency and on
day 8 of 3D on top of matrix culture. RNA sequencing was performed by
DeCode Genetics. RNA transcript expression was quantified in Kallisto
version 0.46.1 (Bray, Ferlay et al. 2015) using the Homo Sapiens GRC38
release 96 reference transcriptome (Yates, Achuthan et al. 2019). Differential
gene expression was computed with the Sleuth R package v0.30 (Pimentel,
Bray et al. 2017). Gene enrichment analyses were performed using the Gene
Set Enrichment Analysis (GSEA) database (gsea-msigdb.org) with pre-
ranked gene lists and the Hallmark and C5 Ontology gene sets for
HALLMARK and GO analyses, respectively (Mootha, Lindgren et al. 2003,
Subramanian, Tamayo et al. 2005). Pre-ranking was performed by
multiplying p-value with sign of log2-fold change. GSEA results were
presented as bar plots generated in Excel or GraphPad Prism. Volcano plots
were generated based on p-value and Log2-fold change of selected markers.
Heatmaps were generated based on most significantly differentially
expressed genes between cell lines. Volcano plots were generated in
GraphPad Prism or using the EnhancedVolcano R package v1.8.0 (Blighe
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2020). Heatmaps were generated in GraphPad Prism or using the
ComplexHeatmap R package v2.7.7 (Gu, Eils et al. 2016).

3.16 Luciferase assay

Synthetic oligonucleotides containing position 106-113 of human PXDN
3'UTR with target sequence for hsa-miR203a-3p and control with sequence
deletion were cloned into pmirGLO Dual-Luciferase miRNA Target
Expression Vector (Promega). The correct sequence was verified via DNA
sequencing (Eurofins Genomics). As a positive control, the target sequence
for miR-203a-3p on p63 3’'UTR was cloned into pmirGLO in addition to target
site deletion and mismatch sequence for negative control. Luciferase assay
was carried out in HEK293T cells in a 96-well plate format. 3.0x10" cells were
plated in each well and incubated overnight. Cells were then transfected with
hsa-miR203a-3p mimic at a final concentration of 100 nM, with Lipofectamin
RNAIMAX in high glucose Dulbecco’s Modified Eagle Medium (DMEM)
without antibiotics and serum. 24 hours later cells were transfected with 200
ng/well pmirGLO luciferase plasmid, using Lipofectamine 3000. Luciferase
activity was assessed 24 hours later using Dual-Glo® Luciferase Assay
System. Results were normalized against background firefly luciferase

activity.

3.17 Transient transfection with miRNA mimics and
inhibitors

Transient transfection of D492M with miRNA mimics and inhibitors was
performed by treating cells with 50 pmol of mirVANA mimics of miR-23a-3p
(Thermo Fisher Scientific, 4464084, Assay ID MC10644) and miR-29a-3p
(Thermo Fisher Scientific, 4464084, Assay ID MC12499), mirVANA inhibitors
for miR-23a-3p (Thermo Fisher Scientific, 4464084, Assay ID MH10644) and
miR-29a-3p (Thermo Fisher Scientific, 4464084, Assay ID MH12499) along
with mirVANA mimic negative control #1 (Thermo Fisher Scientific, 4464058)
and mirVANA inhibitor negative control #1 (4464076). RNAIMAX (Thermo
Fisher Scientific, 13778075) was used as transfection reagent as per
manufacturer instructions.
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3.18 Isolation of primary cells from
reductionmammoplasties

Primary cells were isolated from breast tissue obtained via reduction
mammoplasties (approved by the Icelandic Bioethics Committee VSN-13-
057). Luminal epithelial cells and myoepithelial cells were subjected to
magnetic labelling with anti-EpCam-conjugated microbeads (Miltenyi Biotech,
#130-105-958) and subsequently separated via MiniMACS according to
manufacturer’s instructions (Miltenyi Biotech). For detailed description of
isolation of BRENCs from breast tissue please refer to Article IV. BRENCs
were magnetically isolated via the use of anti-CD-31 conjugated microbeads
(Miltenyi Biotech, #130-091-935).

3.19 Statistical analysis

Statistical analysis was performed using GraphPad Prism, version 8. Data is
presented, unless otherwise stated, as an average of three independent
experiments with error bars representing standard deviation. Statistical
significance was considered for p values under 0.05. Statistical analysis of

each experiment is described in detail in each paper.

3.20 Image graphics

Graphic images were drawn in BioRender, available at www.biorender.com.
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4 Results and discussion

In this chapter, | will summarize published and unpublished data acquired
during my Ph.D. and discuss in context with published literature in the field.

Published articles are included at the end of the thesis.

4.1 Article I: MiR-203a is differentially expressed during
branching morphogenesis and EMT in breast
progenitor cells and is a repressor of peroxidasin
(published in Mechanisms of Development in 2019)

It is well established that miRNAs play an important role in the regulation of
branching morphogenesis and EMT through post-transcriptional modulation.
In this paper, which was a part of Eirikur Briem‘s Ph.D. project, we applied
the D492 and D492M cell lines, that offer a realistic model of EMT and
branching morphogenesis in breast epithelial progenitor cells as was
discussed in the introduction to this thesis, to investigate differentially
expressed miRNAs by performing small RNA-sequencing in monolayer and
3D culture. A former Ph.D. student at the Stem Cell Research Unit, Bylgja
Hilmarsdottir, had previously published data where miRNA expression of
D492 and D492M in monolayer was compared (2015). Hilmarsdottir reported
significant downregulation of miRNAs related to EMT, in particular the miR-
200c/141 cluster, in D492M compared to D492. However, as 3D culture
offers microenvironmental input and can better mimic in vivo conditions
compared to monolayer culture we were curious to see whether similar
results would be observed when D492 and D492M were cultured in 3D-rBM.

4.1.1 MiR-203a is significantly downregulated in EMT through
other mechanisms than promoter methylation

Small RNA sequencing of D492 and D492M in 3D culture, revealed that miR-
203a was the fourth most significantly downregulated miRNA in D492M
compared to D492, the other three being miR-200c, miR-141 and miR-205
(Figures 1.A and 1.B in article I). MiR-200c and miR-141, as members of the
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miR-200 family, had previously been linked to branching morphogenesis and
EMT in the D492 cell line (Hilmarsdéttir, Briem et al. 2015), and are well
known inducers of EMT (Gregory, Bert et al. 2008, Park, Gaur et al. 2008,
Hilmarsdottir, Briem et al. 2014), like previously discussed. Likewise, both
miR-205 and miR-203a had been linked to EMT (Gregory, Bert et al. 2008,
Zhang, Zhang et al. 2011, Ding, Park et al. 2013, Chao, Chang et al. 2014).

A few mechanisms exist that regulate miRNA activity within the cell, one
of them being epigenetic modulation through methylation of the promoter
CpG islands which results in gene silencing (Correia de Sousa, Gjorgjieva et
al. 2019). Disruption in promoter methylation of miRNAs with resulting
deregulation of mMIRNA expression is also a known factor in cancer
(Daniunaite, Dubikaityte et al. 2017, Varghese, Shukla et al. 2018, Zare,
Bastami et al. 2018). With this in mind, we were interested in seeing whether
the promoter methylation played a role in the differential expression of the
four most downregulated miRNAs in D492M compared to D492: miR-141,
miR-200c, miR-205 and miR-203a. Neves et al. (2010) had previously
reported that the miR-200c/141 cluster was regulated through promoter
methylation during EMT in the normal breast epithelial cell line HMLE and
breast cancer cells. Using HumanMethylation450 BeadChip and bisulfite
sequencing we found that while miR-200c, miR-141 and miR-205 had
increased methylation in D492M, miR-203a was not differentially methylated
between the two cell lines (Figures 2.A and 2.B in article 1). We therefore
concluded that miR-203a downregulation during EMT was due to other

regulatory mechanisms than promoter methylation.

4.1.2 MiR-203a in branching morphogenesis and epithelial
differentiation

Since both EMT and miRNAs are known participants in branching
morphogenesis we were curious to investigate the miRNA profile during
branching. To do this we isolated RNA during early branching (day 7),
branching (day 14) and late branching (day 21) in D492 cultured in 3D-rBM
and performed small RNA-sequencing to analyze differential miRNA

expression. This revealed that miR-203a was significantly upregulated
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throughout branching morphogenesis, indicating a possible role in epithelial
differentiation (Figure 3.A and 3.B in article ). We therefore decided to
explore the expression of miR-203a in primary cells as well as other breast
epithelial cell lines displaying either epithelial or mesenchymal phenotype. In
primary cells, miR-203a had the highest expression in LEP, while expression
in MEP was significantly lower. Furthermore, miR-203a expression was
significantly higher in EpCAM" than in EpCAM™ D492 cells (Figure 3.C in
article ). Our results were in agreement with previously published data by
DeCastro et al. (2013) and Pal et al. (2015) that also reported high miR-203a
expression in luminal cells. The luminal restriction of miR-203a might be due
to its targeting of the basal factor p63 (Yi, Poy et al. 2008, DeCastro, Dunphy
et al. 2013), which induces basal phenotype when its expression is induced
in LEPs (Wuidart, Sifrim et al. 2018). MiR-203a might therefore take part in

the preservation of the luminal phenotype within the mammary gland.

We also found that while miR-203a was expressed in both LEPs and
MEPs, very little expression was detected in fibroblasts and close to none in
breast endothelial cells (BRENCs) (Figure 3.C in article I). To investigate
whether miR-203a expression was restricted to the epithelial phenotype we
performed gPCR in the normal breast epithelial cell line HMLE and its
mesenchymal counterpart HMLEmes, as well as in the normal breast
epithelial cells MCF10 and the triple negative breast cancer cell line MDA-
MB-231. This revealed a significant correlation between miR-203a
expression and the epithelial phenotype.

4.1.3 Overexpression of miR-203a leads to partial reversion to
epithelial phenotype in D492M

Having established that miR-203a was affiliated with the epithelial phenotype,
in D492 and other cell lines, we decided to perform stable overexpression
through lentiviral transfection of miR-203a in D492M (Figure 4.A in article ).
We found that overexpression of miR-203a affected phenotype both in
monoculture and in 3D-rBM in D492M: In monolayer D492M™R203% cells were
more adherent to each other compared to D492M°™Y. Furthermore, we

found that in 3D-rBM D492™"?%2 ce|is formed more compact 3D colonies,
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although they still retained the spindle shaped morphology and mesenchymal
protrusions compared to D492M°*™Y (Figure 4.B in article 1). With functional
experiments, we found that miR-203a overexpression reduced proliferation,
migration, invasion and anchorage independent growth in D492M, with a
concomitant increase in sensitivity to chemically induced apoptosis, which
are traits that are usually affiliated to the epithelial phenotype (Figures 4.C
and 4.G-l in article ). Immunostaining revealed that the epithelial marker E-
cadherin was slightly increased, while the mesenchymal marker N-cadherin

was repressed in D492\ MR-203a

(Figure 4.D in article I). A follow up by
Western blot confirmed this (Figure 4.E in article 1). Furthermore, qRT-PCR
showed that the EMT marker SNAI2 was significantly downregulated in

D492M™R?9% compared to D492M°™Y (Figure 4.F in article ).

4.1.4 Identification of PXDN as atarget of miR-203a
As miR-203a affected the phenotype of D492M we were curious to gain a
broader view of the effect overexpression of miR-203a had on gene

expression. Therefore we decided to perform RNA-sequencing on D492M™%

0% and D492M. Data analysis identified PXDN as the most significantly

downregulated gene in D492M™"2%%

(Figure 5.A in article 1), indicating that
this gene might be a target of miR-203a. Target analysis of PXDN in the
online database TargetScan (Friedman, Farh et al. 2009) revealed that miR-
203a likely had a highly conserved 8mer binding site at position 106-113 on
PXDN 3‘UTR, as well as two poorly conserved sites 638-645 and 1618-1624
(Figure 8 and Figure 5.B in article ). To investigate further the relationship
between PXDN and miR-203a we then decided to treat D492M with a miR-
203a-3p mimic, which resulted in a significant downregulation of PXDN
compared to D492M treated with negative control mimic. Furthermore, we
showed that D492M™%?%2 cells showed significant PXDN upregulation after
treatment with miR-203a inhibitor (Figure 5.C in article 1). However, for
binding to be confirmed between miRNA and its target 3'UTR, a luciferase
reporter assay had to be performed (Figure 9). Here, we cloned the miR-
203a-3p target sequence at the PXDN 3‘UTR (position 106-113) into a

luciferase reporter plasmid, using deleted sequence target site as control. We
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then transfected HEK-293T cells with each plasmid along with miR-203a-3p
mimic, where the cells transfected with the plasmid containing PXDN 3‘UTR
sequence showed significantly less luciferase activity than the control (Figure
5.D in article 1). This confirmed that miR-203a regulates the expression of
PXDN by binding to position 106-113 on the 3‘UTR, which is novel and
previously unpublished.

Human PXDN ENST00000252804.4 3' UTR length: 2317

72
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< broadiy conserved among vertebrates
mik-23-3p
H

Figure 8. 3‘UTR of PXDN with predicted targeting miRNAs. miR-203a has a high
probability of target binding, with 8mer complementary binding site. Image obtained
from the TargetScan database v.7.2 (Agarwal, Bell et al. 2015).

37



Anna Karen Sigurdardottir

Firefly luciferase gene miR-203a target site

on PXDN 3'UTR

pmirGLO vector

mYm miR-203a

Firefly luciferase protein s@uunnnn R RG
miR-203a binds to target
sequence and blocks translation
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No firefly luciferase protein

l
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Figure 9. The principle of luciferase reporter assay for the confirmation of miR-
203a binding to PXDN 3‘UTR target site. A pmirGLO plasmid containing the target
sequence of the 3'UTR of PXDN was transfected into HEK-293T cells. The cells were
then treated with a miR-203a mimic that, upon binding to the PXDN 3'UTR target
sequence on the plasmid, inhibited the formation of firefly luciferase protein and thus
inhibited light emission (right). Conversely, control samples treated with negative
control mimic did not bind to the target sequence, thereby allowing the production of
luciferase protein and light emission (left). Adapted from the Promega protocol for
pmirGLO vector plasmids, available at www.promega.com.
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4.1.5 Regulation of PXDN expression via other miRNAs

Information on the mechanisms behind PXDN regulation is limited. Few
studies have been published on the subject and miR-203a is the first miRNA
that was confirmed to be a suppressor of PXDN via Luciferase Reporter
Assay, as is described in article 1. However, analysis of TargetScan reveals
other miRNAs that likely target the 3'UTR of PXDN (Table 1). Besides miR-
203, two other miRNAs that are significantly differentially expressed between
D492 and D492M at day 14 of 3D culture (Figure 1.A. in article 1) likely target
PXDN: MiR-23-3p and miR-130-3p/5p. Of these miR-130-3p has the highest
probability of conserved targeting (Pct) score, which can be interpreted as
the highest likelihood of binding. Furthermore, six miRNAs, including miR-
203, that possibly target PXDN are significantly differentially expressed
during branching morphogenesis in D492 in 3D (Figure 3.A. in article 1).
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Table 4 MiRNAs with predicted target sequences on conserved PXDN 3‘UTR
sites. ® MiRNAs that were S|gn|f|cantly differentially expressed between D492 and
D492M at day 14 of 3D culture. &) MiIRNAS significantly dlf'ferentlally expressed
between timepoints during branching morphogenesis in D492 in 3D. Gee) MiRNAS with
confirmed binding to PXDN. Pcy: Probability of conserved targeting for a single target
site. Data obtained from TargetScan, version 7.2 (www.targetscan.org/vert_72/).

miRNA 3‘UTR position | Seed match Pcr
hsa-miR-29-3p 279-286 8mer 0.95
hsa-miR-9-5p 2248-2255 8mer 0.95
hsa-miR-4500 1047-1053 7mer-1A | 0.94
hsa-miR-4458 1047-1053 7mer-1A | 0.94
hsa-let-7-5p®** 1047-1053 7mer-1A | 0.94
hsa-miR-98-5p 1047-1053 7mer-1A | 0.94
hsa-miR-98-5p 1177-1183 7mer-1A | 0.94
hsa-let-7-5p 1177-1183 7mer-1A | 0.94
hsa-miR-4500 1177-1183 7mer-1A | 0.94
hsa-miR-4458 1177-1183 7mer-1A | 0.94
hsa-miR-19-3p** 2260-2266 7mer-m8 | 0.83
hsa-miR-454-3p®** 2261-2267 7mer-m8 | 0.8
hsa-miR-4295 2261-2267 7mer-m8 | 0.8
hsa-miR-301-3p 2261-2267 7mer-m8 | 0.8
hsa-miR-3666 2261-2267 7mer-m8 | 0.8
hsa-miR-130-3p™* 2261-2267 7mer-m8 | 0.8
hsa-miR-19-3p 295-301 7mer-1A | 0.58
hsa-miR-23-3p 823-830 8mer 0.53
hsa-miR-130-5p* 823-830 8mer 0.53
hsa-miR-29-3p 128-134 7mer-m8 | 0.45
hsa-miR-203-3p (tex)Gre) 106-113 8mer 0.23
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4.1.6 PXDN and mesenchymal traits

Considering that PXDN was significantly upregulated in D492M compared to
D492 we decided to see what influence silencing of PXDN would have in
D492M by utilizing PXDN siRNA. Interestingly, we saw that this led to a
reduction in proliferation and increased sensitivity to apoptosis (Figures 6.A
and 6.B in article I). In EMT increased proliferation and resistance to
apoptosis is often attributed to the mesenchymal phenotype (Hanahan and
Weinberg 2011), and one could therefore imagine that PXDN silencing was
inducing epithelial traits in the otherwise mesenchymal D492M. Interestingly,
Sitole and Mavri-Damelin (2018) reported the opposite effect in two cervical
carcinoma cell lines, where EMT inducing treatment with TGFB caused
significant downregulation of PXDN with concomitant downregulation of the
epithelial marker E-cadherin and upregulation of the mesenchymal markers
SNAI1 and vimentin. Furthermore, they showed via luciferase reporter assay
that SNAIL1 directly represses PXDN expression. In this context D492M
expresses SNAI1 while D492 does not (Hilmarsdottir, Briem et al. 2015).
Other publications have also linked PXDN to the mesenchymal phenotype.
Jayachandran et al. (2016) reported that PXDN expression was consistently
elevated in mesenchymal-like melanoma cells. When PXDN was silenced in
these cells a reduction in invasion and migration was reported. Furthermore,
PXDN expression has also been linked to mesenchymal traits, including
increased migration and invasion, in both ovarian and prostate cancer cells
(Barnett, Arnold et al. 2011, Zheng and Liang 2018). The linkage between a
mesenchymal phenotype and PXDN therefore seems real, at least in cancer
cells, which is interesting considering the known mechanism of action for the
PXDN protein as a crosslinker of collagen 1V in epithelial tissue basement

membrane.

In conclusion, we found that miR-203a is significantly downregulated in EMT
and that downregulation is not due to promoter methylation. Furthermore,
miR-203a is also upregulated during branching morphogenesis in D492 in
3D-rBM and is closely affiliated to the epithelial phenotype confirmed via

functional assays and increased expression of epithelial markers. We also
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confirmed via luciferase reporter assay that miR-203a binds to position 106-
113 on PXDN 3‘UTR, resulting in significantly reduced luciferase activity in
HEK-293T cells transfected with a luciferase reporter plasmid containing the
3'UTR target site of PXDN. Furthermore, preliminary data indicates that miR-
29a and miR-23a also target PXDN, thereby contributing to its regulation.
Finally, PXDN silencing in D492M reduced proliferation and increased
sensitivity to chemically induced apoptosis, traits typically related to the
epithelial phenotype, raising the question of whether PXDN might be involved

in epithelial cell plasticity.

42



Results and discussion

4.2 Article Il: PXDN enhances basal phenotype and inhibits
branching morphogenesis in breast epithelial
progenitor cell line D492 (Published in Journal of
Mammary Gland Biology and Neoplasia in 2022)

In article 2, of which | am the first author, | focused on PXDN. | explored
PXDN expression pattern in the breast and applied the D492 cell line,
cultured in monolayer and 3D-rBM, to study its function in epithelial cell
plasticity, branching morphogenesis and EMT. Finally, | investigated the

possible role of PXDN in breast cancer.

4.2.1 Breast tissue expression of PXDN

When we identified PXDN as a target of miR-203a, its role in breast
development and neoplasia had not been studied to any extent. As no
published material was available on the subject the relevance and overall
expression pattern of PXDN in the breast was unknown. In the Human
Protein Atlas (HPA) (Uhlén, Fagerberg et al. 2015), RNA expression of PXDN
had been confirmed in most epithelial tissues except for the upper respiratory
tract and oral mucosa, while protein level confirmation was still lacking for all
tissue types. Epithelial tissue expression was unsurprising given the known
role of PXDN as a crosslinker of collagen IV within the basement membrane,
as previously discussed. However, interestingly, female reproductive organs
collectively expressed higher levels of PXDN compared to other organ
systems. On closer inspection this marked difference in expression can
mostly be attributed to high levels of PXDN in the breast, corresponding to
60.8 NX (tissue expression above normalized expression) while other female
reproductive organs (the vagina, ovary, fallopian tube, endometrium, cervix
and placenta) each have expression under 20.5 NX (Figure 1.a in article II).
To confirm the results from HPA | performed immunohistochemistry for
PXDN in paraffin-embedded normal breast tissue. This revealed that protein
level expression was present in both the luminal and basal/myoepithelial
layer of the epithelium, in fibroblasts and endothelium (Figure 10 and Figure

1.b in article II).
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Figure 10. The context of PXDN expression pattern in normal human mammary
gland. a. Negative control sample from normal human mammary gland embedded in
paraffin, immunostained with hematoxylin. Scale bar = 100 pm. b.
Immunohistochemistry for PXDN expression in a TDLU reveals positive (red) staining
in epithelium, fibroblasts and endothelial cells. Counterstaining was performed with
hematoxylin. Scale bar = 100 pm. c. A closer look at an acinus shows that PXDN is
present in both luminal cells (black arrow) and myoepithelial cells (white arrow).
Counterstaining performed with hematoxylin. Scale bar = 10 pm.
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Next, | decided to investigate the mRNA-level expression of PXDN in four
main primary cell types isolated from reduction mammoplasties: LEPs,
MEPs, fibroblasts and BRENCs (Figure 1.c in article Il). Confirmation of
EpCam expression in MEPs and LEPs was performed via Western blot
(Supplementary figure 1 in article Il). The results showed that PXDN was
expressed in all cell types, although expression was significantly higher in
BRENCs compared to epithelial cells. This was not surprising since high
concentration of PXDN has previously been reported in endothelium (Cheng,
Salerno et al. 2008). Furthermore, MEPs expressed lower levels of PXDN
than LEPs, although the difference was not significant. However, there was
considerable variation in expression within MEPs. This could be attributed to
individual variation, due to factors such as tissue composition or hormonal
status, or that PXDN expression can vary within the MEP subpopulation.
Interestingly, Western blot showed higher protein level expression of PXDN
in MEPs than in LEPs, although this could be attributed to post-translational

modifications of the protein (Figure 1.d in article II).

PXDN expression in LEPs is interesting with regards to its role as a
crosslinker of collagen IV. Previous research has shown that when cultured in
collagen | matrix, without the exogenous collagen IV provided in rBM, LEPs
form acini but are unable to polarize correctly in the absence of MEPs.
Furthermore, LEPs did not produce their own collagen IV (Gudjonsson,
Rgnnov-Jessen et al. 2002), which may indicate that MEPs are the primary
generators of the basement membrane. This, however, does not exclude the
possibility that LEPs can influence the structure of the basement membrane
by expressing ECM remodeling factors. Finally, since PXDN is expressed in
mammary fibroblasts, located within the inter- or intralobular stroma, it would
be interesting to see whether increased stromal stiffness in the breast
influences PXDN expression in the fibroblasts although this falls outside the
scope of this thesis. It also raises the question of whether PXDN possesses
other unknown roles besides crosslinking collagen 1V, since collagen IV is
exclusively found within the basement membrane and not in the stroma

(Khoshnoodi, Pedchenko et al. 2008). Interestingly, overexpression of PXDN
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in D492 cells did not alter the expression of COL4A1 and COL4A5 compared
to D492°™Y (Supplementary figure 2 in article I1), which indicates that PXDN

is not involved in the regulation of collagen IV.

To confirm the presence of PXDN protein, | decided to perform
immunohistochemistry on normal paraffin-embedded breast tissue. This
revealed consistent protein signal within all cells of the functional epithelium,
in both TDLUs and ducts, as well as in fibroblasts and endothelial cells
(Figure 1.b in article Il). It was also readily apparent that PXDN expression
was not restricted to the basal epithelial compartment, consistent with evenly
distributed mRNA-level expression in both LEPs and MEPs. Furthermore,
fibrils positive for PXDN were observed within the intralobular and interlobular

stroma where collagen IV is not present in normal tissue.

To summarize, both publicly available data along with qRT-PCR results
and immunohistochemistry confirm for the first time that PXDN is expressed
in normal breast tissue and with this in mind, | decided to study the functional
role of PXDN by overexpressing the gene in the D492 cell line.

4.2.2 Overexpression of PXDN induces basal epithelial
phenotype

To achieve overexpression of PXDN in D492 | utilized lentiviral transduction
PXON compared to D492°™Y. |

confirmed the overexpression with qRT-PCR, Western blot and

which resulted in 65-fold upregulation in D492

immunofluorescent staining (Figure 2.a in article 1l). When cultured in

PXDN

monolayer the alteration in phenotype in D492 was evident: While

D492°™ cells had relatively even distribution on the culture surface,

D4927® cells adhered more to each other and formed patches that

PXON cells

empty

eventually merged with increasing confluency. Furthermore, D492
were smaller and more homogeneous in appearance compared to D492
cells (Figure 2.b in article Il). Results from gRT-PCR revealed significant
upregulation of basal cell markers KRT14 and KRT5/6 with simultaneous

PXDN

downregulation in the luminal marker KRT19 in D492 (Figure 3.a in article

II), which | confirmed by Western blot (Figure 3.b in article ).
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Immunofluorescent staining of cells in monolayer confirmed the difference in
KRT5/6 and KRT14 expression between D4927*®°N and D492°™Y, where
overexpression of PXDN resulted in increased expression of both markers.
However, the difference between the two cell lines was more subtle with

regards to KRT19 expression. In fact, most D492P®N

cells display dual
expression of KRT14 and KRT19 (Figure 3.c in article Il). A previous study
identified KRT14-positive basal cells with concurrent KRT19 expression as
progenitor cells in the breast (Gudjonsson, Villadsen et al. 2002, Petersen,

Gudjonsson et al. 2003).

PXDN
2

4.2.3 Branching morphogenesis is inhibited in D49
Since a distinct feature of the D492 cell line is the ability to form branching
structures when cultured in 3D-rBM, | decided to see whether a PXDN
induced change in phenotype could also be observed in 3D. For this purpose,
| utilized the 3D on-top method and followed the colony formation in
IncuCyte, which allowed me to observe cell movement and the morphological
timeline in greater detail than the traditional fixed timepoint observation
method. This revealed that during the first 24 hours of culture D4927®",
starting as single cells after plating, were more mobile and clumped together
so that colonies had already begun to form the next day. Meanwhile,
D492°™" remained as single cells. On day 4 of culture, D492°™" had formed
colonies in the early stages of branching. However, these colonies were

PXDN

considerably smaller than D492 colonies, which also showed no signs of

branching and retained a solid round morphology. Four days later, on day 8

PXDN’and

of culture, D492°™" colonies had reached the same size as D492
phenotypic difference was evident (Figure 11). In short, while D492°™"
colonies retain the branching ability of the original D492 cell line, PXDN

overexpression is maintained in D492”"

cells in 3D culture (Figure 4.b in
article 11) and inhibits branching (Figure 4.a in article Il). Furthermore, the
observations | made during the first days of the 3D on-top culture indicated
that while D4927®" were able to migrate together to kickstart colony
formation, D492°™" likely grew colonies from single or few cells which is a

more time-consuming process. After quantification of colony morphology, |
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found that there was no significant difference in colony size and number
between D492”"°N and D492°™" on day 8 of culture. However, about 45% of

PXDN

D492°™Y colonies had branching morphology while all D492 colonies

were solid spheroid (Figure 4.c in article Il). In summary, early colony

formation was enhanced in D492”"N

although colony number remained
roughly similar to D492°™" at later stages. However, the most important
difference lies in the colony morphology as branching morphogenesis is a

key feature of the D492 cell line (Briem, Ingthorsson et al. 2019).
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D492 D497

Day 0

Day 1

Day 4

Day 8

Figure 11. Colony formation in D492°™"Y and D4927®". D492"" cells show
increased affinity towards each other and have started migration and colony formation
24 hours after plating on top of Matrigel. On day 4 D492""°" colonies are fewer in
number although bigger in size while D492°™" shows signs of earl)é branching. On
day 8 D492°™Y colonies have reached a similar size to D492”®™ and show
branching morphology in combination with spheroid morphology. Branching is
inhibited in D492"*°N. Scale bar = 300 pm.
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4.2.4 PXDN induces migration and invasion in D492

Next, | was interested in seeing whether altered phenotype and morphology
of D492°""" cells were reflected in function as well. Proliferation assay
showed little to no significant difference in proliferation between the two cell

lines (Figure 5.a in article I1l). However, D492"*™N

cells were significiantly
more sensitive to chemically induced apoptosis than D492°™Y
(Supplementary figure 3 in article IlI). A possible mechanism behind the
difference in cell death between D492”°" and D492°™" might be found in
the peroxidase activity of PXDN. The peroxidase domain of PXDN utilizes
H,0, and yields hypochlorous acid, which is a strong oxidant and an inducer
of oxidative stress through the generation of reactive oxygen species (ROS)
(Cheng, Salerno et al. 2008, Yuan, Wang et al. 2009, Ma, Zhang et al. 2013).
Camptotechin utilizes ROS to provoke cell cycle arrest and apoptosis
(Prasad Tharanga Jayasooriya, Dilshara et al. 2018). In migration assay,
performed by monitoring cell migration on collagen | coated surface after

wound-making, D492”*PN

cells closed the wound significantly faster than
D492°™Y_|n fact, only 12 hours post-wound-making the wound area of
D492 cells had reached around 90% confluence (Figure 5.b in article I1).
When the assay was stopped at 20 hours post wound-making, D492°™" cells
had only reached around 70% confluence. Similarly, in invasion assay
D492 reached peak relative wound density 24 hours post-wound-making,
which D492°™Y cells had not reached when the assay was stopped at 70
hours (Figure 5.c in article Il). Sequence images of the wound closure
g q g

revealed that wound edges of D492”*PN

cells had already merged at 12
hours post wound making (Figure 5.d in article 11). As there was no significant
difference in proliferation between the two cell lines this pattern of increased

migration and invasion in D492

could not be explained by an increased
proliferation rate. A closer look at time sequence images from the invasion
process revealed that while D492°™" cells formed clear filopodia at the

PXDN cells formed much smaller and finer

wound edge, the edge of D492
protrusions that also can be described as filopodia (Figure 5.e in article II).

Filopodia are comprised of highly crosslinked and organize branched actin
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filaments and have been linked to mesenchymal phenotype (Albuschies and
Vogel 2013, Jacquemet, Hamidi et al. 2015, Schaks, Giannone et al. 2019).
However, when inspecting the actin filament immunostaining of D492°™" and
D4927®" one notices that D492°™" cells at the wound edge resemble
mesenchymal cells that are only loosely connected to their neighboring cells.

In contrast, D4927*"N

cells maintain close cell-cell adhesion. This might

PXON cells

indicate that instead of employing EMT to acquire cell motility, D492
use collective migration where the epithelial phenotype with intact cell-cell

contact is maintained (Ewald, Brenot et al. 2008, llina and Fried| 2009).

4.2.5 PXDN affects D492 cell plasticity

Due to the profound changes in phenotype and function of D4927*""

cells, |
decided to perform RNA-sequencing comparing the cell line to D492°™" in
monolayer and 3D. Results in monolayer revealed that basal/myoepithelial
gene signature was upregulated compared to luminal genes (Figure. 6.a in
article 1), supporting the results from gRT-PCR. Furthermore, TP63 was one

of the most upregulated genes in D4927*PN

overall (Figure 6.b in article I1). As
monolayer marker expression had indicated that cell plasticity was inhibited
in D4927"" | was interested in seeing whether this phenotype was preserved
in 3D culture as lack of branching morphogenesis suggested. Indeed, a
similar trend in luminal and basal/myoepithelial marker expression was
evident in 3D culture, where KRT14 and TP63 were most significantly

PXON \vas confirmed

upregulated (Figure 12). Upregulation of TP63 in D492
with gRT-PCR, Western blot, and immunofluorescent staining (Figure 6.c-e.
in article 11). To investigate the possibility of a feedback loop between PXDN

and TP63 expression | performed TP63 knock-down in D4927®N

, using two
different siRNAs. Although a successful knock-down of TP63 was reached
with both siRNAs (Supplementary figure 4.a in article Il), this was not
sufficient to significantly affect the expression of PXDN (Supplementary figure
4.b in article 1) or the expression of KRT14 and KRT19 (Supplementary
figure 4.c in article 1l). These findings indicate that PXDN expression induces
upregulation of p63 but not vice versa. It also indicates that other basal

mediators might be involved in the induction of basal phenotype observed in
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D492""°N. Transient siRNA mediated knock-down of PXDN in D492 cells
also did not change the expression of KRT14, KRT19 or TP63
(Supplementary figure 5 in article 1), although this was expected since
physiological PXDN expression in D492 is very low.
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Figure 12. The basal differentiation of D492""N cells is maintained in 3D culture.

Volcano plot of results from RNA sequencing, showing luminal and
basal/myoepithelial markers in D492”®" vs. D492°™" in 3D culture. Compared to
monolayer (Fig. 5.a in manuscript 1I) overall marker trend is similar, indicating that
suppression in cell plasticity as an effect of PXDN overexpression is preserved in 3D.
Most notably, myoepithelial specific markers THY1 and ACTA2 are both significantly
downregulated in D492”*™" cells.

KRT14+/KRT19+ cells have previously been identified as progenitor cells
in the breast epithelium (Gudjonsson, Villadsen et al. 2002, Petersen,
Gudjonsson et al. 2003). Boecker et al. (2018) proposed a model of
mammary gland epithelial cell differentiation based on the expression pattern
of key luminal and basal/myoepithelial markers (Figure 13). They suggest
that KRT5+/KRT14+/p63+ basal cells represent a progenitor population
within the epithelium that can differentiate into either myoepithelial or luminal
lineage. A previous study by Villadsen et al. (2007) presented evidence that
KRT14+/KRT19+ had stem cell properties as they were able to form
branching structures in vitro, forming cells with both luminal and myoepithelial
characteristics while also maintaining their own population. The

KRT5+/KRT14+/KRT19+/p63+ status of D4927® cells, confirmed on the
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mMRNA level by both gRT-PCR and RNA-sequencing and on the protein level
by both immunostaining and Western blot, indicates that they have adopted a
basal phenotype. Furthermore, when comparing immunostainings of
D492°"°N and D492°™" it became evident that while D492°™ are more
heterogeneous in the expression of KRT5, KRT14 and KRT19, which reflects

PXDN cells are more

the progenitor cell aspect of the D492 cell line, D942
homogeneous with regards to the expression pattern of the three markers
(Figure 3.c in article 1I). While this data indicates that D492"°N cells are
losing the ability to form cells with luminal phenotype it raises the question of

whether they are still able to form cells with myoepithelial phenotype.
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Figure 13. Suggested model of epithelial differentiation in the breast. Model of
mammary epithelial cell differentiation based on the expression of luminal markers
KRT8 and KRT18, basal/myoepithelial markers KRT5, KRT14 and p63 and
myoepithelial specific marker a-SMA, proposed by Boecker et al. (2018). While this
study reports that KRT5+KRT14+/- cells are restricted to the luminal epithelium,
KRT5+/KRT14+/p63+ cells are defined at basal cells and can differentiate into both
luminal and myoepithelial lineages. Figure adapted from (Boecker, van Horn et al.
2018).

To answer this question, | applied the RNA sequencing data to investigate
the expression of THY1 and ACTA2 (a-SMA), both myoepithelial specific
markers (Sapino, Macri et al. 1990, Gudjonsson, Villadsen et al. 2002). In

monolayer culture, THY1 was significantly downregulated while ACTA2 did
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not reach 2-fold downregulation although the difference was significant
(Figure 5.a in article 1l) This pattern was maintained in 3D culture where both
markers were significiantly downregulated (Figure 13). One of the defining
characteristics of the D492 cell line is the ability to sustain its own population
while also vyielding THY1+/a-SMA+ expressing cells with myoepithelial
characteristics (Gudjonsson, Villadsen et al. 2002). This ability seems to be

suppressed in D4927N

cells in both monolayer and 3D culture, indicating
that although PXDN overexpression is inducing basal phenotype in D492
cells the cells are losing the ability to form cells with myoepithelial phenotype
at the same time. Hilmarsdottir et al. (2015) had previously published data
that showed that both the luminal and myoepithelial phenotype, formed due
to D492 plasticity, were necessary for branching morphogenesis in 3D-rBM.
My data indicates that D492”*®"

with basal, not luminal or myoepithelial, phenotype which likely contributes to

cells have lost plasticity and only form cells

the complete inhibition of branching morphogenesis in 3D culture.

4.2.6 PXDN enriches pathways involved in development and
differentiation

Since | had seen that basal gene signatures were upregulated in D4927™"
compared to D492°™" | was curious to see whether this would be reflected in
changes in pathway enrichment. Therefore, | performed GSEA GO-analysis
using the C5 ontology gene sets. This revealed that pathways involved in
development and differentiation were most significantly enriched in
monolayer (Figure 7.a in article Il), while metabolic pathways were mainly
enriched in 3D (Figure 7.b in article II). | was most interested in the
GO_EPITHELIAL_CELL DIFFERENTIATION pathway as that reflected the
experimental results and included TP63, KRT14 and KRT5 along with
associated genes. Volcano plot of genes involved in the pathway showed that
over two-thirds of significantly differentially expressed genes were
upregulated, while approximately one-third were downregulated (Figure 7.c in
article 11). This is also reflected in a heatmap displaying the top 40
significantly differentially expressed genes, where most genes are

PXDN

upregulated in D492 cells compared to D492°™" (Figure 7.d in article II).
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4.2.7 PXDN inhibits EMT in D492 in monolayer and 3D culture
Having observed that branching morphogenesis was inhibited in D4927*®" in
addition to the lack of mesenchymal phenotype in cell invasion assay, | asked
the question how EMT was influenced by overexpression of PXDN. EMT can
facilitate migration and invasion in epithelial cells, where the formation of cell
protrusions is one of the phenotypical changes observed in cells that have
undergone EMT and acquired motility (Sigurdsson, Hilmarsdottir et al. 2011,
Oyanagi, Ogawa et al. 2012, Ye and Weinberg 2015, Aiello, Maddipati et al.
2018). | therefore applied the RNA-sequencing data from D492°™ and
D492°*° in monolayer and performed GSEA analysis using the HALLMARK
dataset. Interestingly, this revealed that EMT was the most downregulated

PXDN

pathway in D492 in both monolayer (Figure 8.a in article t 1) and 3D
(Figure 8.b in article 1l), meaning that the genes belonging to this pathway
were significantly downregulated in the cell line beyond what would be
expected by chance. Next, | looked at the expression pattern of known EMT
factors and presented factors that were significantly differentially expressed
in a heatmap (Figures 8.a and 8.b, bottom, in article II). 7 out of 12 EMT

PXON compared to D492°™Y in monolayer,

genes were downregulated in D492
and 13 out of 16 EMT genes in 3D. Currently, work by Sitole et al. (2018) is
the only paper linking PXDN to EMT. They demonstrated that PXDN was
downregulated in cervical carcinoma cell lines after TGFB1-induced EMT.
Furthermore, they showed that TGF@1 facilitated binding of SNAI1, an EMT-
transcription factor (Nieto 2002, Barrallo-Gimeno and Nieto 2005), to the
PXDN promoter, causing downregulation of PXDN. The fact that SNAIL is

significantly downregulated in D492”°N

might indicate that there is a
reciprocal feedback loop between the two genes (Figure 14), pointing to a
possible regulatory role of PXDN in EMT. SNAI1 downregulation could also
simply be a response to other differentially expressed factors in D492”""
that collectively suppress EMT. However, further investigation into the
precise role of PXDN in EMT is beyond the scope of this paper. Although the
link between PXDN and EMT was not explored further the pathway analysis

provides important information when it comes to explaining the complete
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inhibition of branching morphogenes. As discussed in the introduction, EMT

is an important mechanism in branching morphogenesis.

TGFB1

SNAI1

Figure 14. A possible reciprocal feedback loop between SNAI1 and PXDN.
SNAIL, induced by TGFB1, binds to the promoter of PXDN (Sitole et al. 2018). SNAI1
expression is reduced in D492PXDN which might indicate the presence of a reciprocal
feedback loop between SNAI1 and PXDN.

4.2.8FGFR2 is significantly downregulated in D492

Although suppression of cell plasticity could account for branching
morphogenesis inhibition, | was interested in seeing whether changes in
other mechanisms involved in branching were altered in D492”°°N. Most
notably, members of the FGF pathway were significantly differentially
expressed. The FGF pathway is critical in embryonic and postnatal mammary
gland development in the mouse (Mailleux, Spencer-Dene et al. 2002,
Veltmaat, Relaix et al. 2006, Parsa, Ramasamy et al. 2008). The pathway
includes four receptors (FGFR1-4) and 22 different FGF ligands that can
each bind to one or more receptors (Eswarakumar, Lax et al. 2005). Both
FGFR1 and FGFR2 are expressed in the mammary gland epithelium during
development (Dillon, Spencer-Dene et al. 2004, Lu, Ewald et al. 2008, Pond,
Bin et al. 2013), where FGFR1 deletion has been shown to delay mammary

gland growth (Pond, Bin et al. 2013). FGFR2 is an inducer of luminal
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differentiation, which is inhibited in FGFR2 null basal cells along with
branching morphogenesis. Interestingly, RNA-sequencing revealed that
FGFR2 was significantly downregulated in D492”*®™ compared to D492°™"Y
in both monolayer and 3D (Supplementary figure 7 in article II). Although the
relationship between PXDN and members of the FGR pathway were not

investigated further these results provide grounds for further investigations.

4.2.9PXDN in breast cancer

After searching for PXDN in the BreastMark online database (Madden,
Clarke et al. 2013) | discovered that women suffering from HER2-positive
breast cancers had significantly worse distant metastasis free survival
(DMES) if their tumors had high PXDN expression compared to women with
low PXDN expressing tumors (p=0.00482). Follow up analysis in the online
Gene Expression-Based Outcome (GOBO) database (Ringnér, Fredlund et
al. 2011) confirmed this (p=0.033) in addition to worse DMFS in basal breast
cancers (p=0.02445) (Supplemental figure 6.b in article 1l). Subsequently, |
wanted to know how PXDN expression influenced overall survival (OS) in
breast cancer patients with HER2 positive tumors since | had seen similar
results in both the BreastMark and GOBO databases. GOBO analysis, with
stratification according to grade and node status, revealed that high PXDN
expression reduced the 10 years survival rate from ~60% to ~25%.
Furthermore, PXDN increased the risk of positive lymph node status at
diagnosis (Hazard ratio of negative lymph nodes around 50%, p=0.004)
(Figure 15.a). In the following analysis, where | stratified results according to
ER status and grade, | found that this striking difference in OS could be
contributed to ER-negative tumors (0.0309) and not ER-positive tumors
where the difference in OS was not significant (0.239) (Figure 15.b-c).
Women with ER-negative tumors, that already had high grade tumors or
metastatic lesions in regional lymph nodes upon diagnosis, showed an even

more drastic reduction in OS if the tumors had high PXDN expression.

After analyzing the publicly available data | was interested in whether
PXDN was expressed in breast tumors. Therefore, | performed
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immunohistochemistry on paraffin-embedded breast tumors of HER2-
amplified, basal-like and ER-positive subtypes. Interestingly, | found that
PXDN was expressed in all tumors to a similar degree, both in the cancer
cells and as fibrils within the cancer stroma (Supplementary figure 6.a in
article Il). If PXDN is present in all breast tumors it raises questions why
women with HER2-amplified tumors have a worse prognosis with high PXDN

expression.

The reason why PXDN would decrease survival only in HER2-positive
breast cancer is unclear. Breaching of the basement membrane is a major
event in carcinogenesis as cancer transitions from localized carcinoma in situ
to infiltrative disease (Rowe and Weiss 2008). As PXDN essentially stabilizes
the basement membrane through collagen IV crosslinking one would think
that PXDN would serve as a tumor suppressor by matrix strengthening.
However, further analysis with the GOBO database reveals that there is an
overwhelming significant correlation (p<1.0'1°) between PXDN expression

and stromal gene signature.

Various factors related to the expression of particular genes can
negatively influence survival in breast cancer patients and the result is
usually a complex mixture of genetic and environmental inputs. However,
most of these interplaying factors can be put into one of two categories, and
in some cases both: Factors that contribute to tumor aggressiveness and
factors that result in increased resistance to therapy. The reason for this
drastic difference in survival only in women with HER2-positive ER-negative
tumors remains unclear as no clear-cut connection between PXDN and the

HERZ2 receptor has been made.
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Figure 15. GOBO analysis of PXDN expression in breast cancer. a. High
expression of PXDN significantly reduces overall survival (OS) in women with HER2-
amplified breast cancer (left) and increases the risk of positive lymph node status at
diagnosis (right). b. The negative effect of PXDN upregulation seen in all HER2-
amplified cancers is mainly due to ER-negative tumors (p=0.03095). c. The negative
effect is not significant in ER-positive tumors (p=0.23892). Data was obtained via the
GOBO database (Ringnér, Fredlund et al. 2011) using the PAM50 dataset.
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In conclusion, | used publicly available databases, paraffin-embedded
breast tissue and primary cells isolated from reduction mammoplasties to
analyze the expression pattern of PXDN in the human mammary gland,
which suggested that PXDN is present in the whole mammary epithelium as
well as in fibroblasts and endothelial cells. Furthermore, | overexpressed
PXDN in the breast epithelial progenitor cell line D492 and discovered a
novel role of PXDN in the suppression of branching morphogenesis (Figure
16) by inhibition of cell plasticity and EMT, partially mediated through

increased expression of transcription factor p63.

Luminal characteristics
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Figure 16. A summary of the effect of PXDN overexpression in D492 cells. D492
can form cells with both luminal and myoepithelial characteristics. Both phenotypes
are necessary to form branchin% structures in 3D culture, as was shown by
Hilmarsdottir et al. (2015). In D492™®" cells this plasticity has been inhibited and the
cell line yields a population with basal characteristics that is incapable of branching
morphogenesis.
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4.3 Article lll: Expression of ncRNAs on the DLK1-DIO3
locus is associated with basal and mesenchymal
phenotype in breast epithelial progenitor cells
(published in Frontiers Cell and Developmental
Biology in 2020)

In Article Ill, of which | am the second author, we applied the D492 and
D492M cell models to study the IncRNA MEG3 and its effect on cell
phenotype and epithelial plasticity. The work on MEG3 is the Ph.D. project of
Zuzana Budkova with contributions from other lab members.

4.3.1 Expression of MEG3 and miRNAs from the DLK1-DIO3
locus is associated with mesenchymal phenotype

MEG3 first came to the attention of the lab after microarray analysis of
MiRNA expression in D492 and D492M revealed that out of the 25 miRNAs
most highly expressed in D492M compared to D492, 15 belonged to the
DLK-DIOS3 locus (Figure 1.B in Article Ill), of which MEG3 is also a member
as previously discussed. Furthermore, RNA sequencing revealed that MEG3
and MEG8 are among the most differentially expressed Inc-RNAs in D492M
(Figure 1.C in Article Ill). To confirm these results, we selected two miRNAs
from each of the maternally expressed clusters in the DLK-DIO3 locus, miR-
127 and miR-493 from cluster A and miR-409 and miR-11 from cluster B
(Figure 1.D in Article Ill). We then performed qRT-PCR on D492 and D492M,
which revealed that both MEG3 and each of the miRNAs were significantly
upregulated in D492M (Figure 1.E in Article IlI). Small RNA sequencing on
D492 and D492M showed that most miRNAs from the DLK1-DIO3 locus
were upregulated in D492M (Supplementary figure 1 in Article |lII).
Furthermore, qRT-PCR performed on material from the epithelial cell line
HMLE and its mesenchymal counterpart HMLEmes, also showed significant
upregulation of MEG3 along with the cluster A miRNAs, miR-127 and miR-
493, in the mesenchymal line (Figure 1.F in Article IlI).

Next, we wanted to see whether the expression of MEG3 and the four
miRNAs was also related to the mesenchymal phenotype in primary cells.

Indeed, MEG3 was significantly upregulated in primary mammary fibroblasts
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compared to the epithelial compartment, comprised of LEP, MEP and whole
organoids. MEG3 expression was also significantly upregulated in BRENCs
which, along with the expression seen in the fibroblasts likely contributed to
the increased expression seen in whole tissue (Figure 2.A in Article III).
Concurrent upregulation of miR-127, miR-409, miR-411 and miR-493 was
also seen in fibroblasts compared to D492, LEP and MEP (Figure 2.B in
Article 1llI). GOBO dataset analysis revealed that MEG3 expression is
primarily found within the stromal compartment and correlates with
expression of ECM related genes (Supplementary figure 2.A in Article III),
and furthermore, MiPanda analysis shows that MEG3 positively correlates
with mesenchymal genes in both normal breast tissue and breast cancer
(Supplementary figure 2.B in Article III).

4.3.2 MEG3 imprinting is not lost in D492M

Given that the DLK1-DIO3 locus is imprinted in adult cells (Zhu, Botticelli et
al. 2019), as previously discussed, we were interested in knowing whether
upregulation of MEG3 in D492M occurs due to loss of the expected
monoallelic expression. By utilizing pyrosequencing (Harrington, Lin et al.
2013) we observed that on the DNA level in D492M, at the site of a
heterozygous single nucleotide polymorphism (SNP) at the MEG3 locus (C/T,
rs4906024), the frequency of the C- and T-alleles was 48% and 52%,
respectively, which was close to the expected ratio of 50% for each allele as
both D492M and D492 are diploid. However, on the cDNA level the
expression of the C allele was 0% and 2% in D492 and D492M, respectively
(Figure 3 in Article IIl). This confirmed the expected monoallelic expression of
MEG3 which led us to the conclusion that increased MEG3 expression in

D492M is not due to loss of imprinting.

By utilizing CRISPR activation (CRISPRa) and CRISPR interference
(CRISPRIi) we established stable overexpression in D492 (D492“¢%) and
knockdown in D492M (D492MKD"ME63), respectively, and control cell lines
using sgRNA (D492CTRL and D492MKD"CTRL). Evaluation of the stable cell lines

cultured in monolayer revealed no apparent difference in phenotype.
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4.3.3 MEG3 expression in breast cancer

Evidence is emerging that links the mesenchymal and partial EMT phenotype
to increased aggressiveness in breast cancers (Hanahan and Weinberg
2011, Chaffer, San Juan et al. 2016, Shibue and Weinberg 2017, Krdger,
Afeyan et al. 2019, Jgrgensen, Forsare et al. 2020), and others have also
reported that EMT and stemness related gene signature can predict the in
vitro behavior and plasticity of breast cancer cell lines when it comes to
therapy resistance (Akbar, Ishilen et al. 2020). Since we saw that MEG3
expression is correlated with mesenchymal phenotype we wanted to
investigate the MEGS3 expression in different breast cancer subtypes and the
effect on overall survival (OS) and distant metastasis free survival (DMFS).
We found that normal-like tumors had significantly higher expression of
MEG3 (p=0.0003) than other breast cancer subtypes, while OS was not
affected (Figure 4.A in Article Ill). The normal-like subgroup, due to its
genetic clustering with normal breast tissue, increased stromal compartment
and low cellularity has come under increased scrutiny as a misdiagnosis due
to its high normal tissue percentage (Peppercorn, Perou et al. 2008, Parker,
Mullins et al. 2009, Prat and Perou 2011). As we had found that MEGS3
expression was mainly contained within the breast stroma, in addition to the
high stromal component of normal-like tumors we omitted this subgroup from
the subsequent survival analysis, which then showed a significant negative
effect of high MEG3 tumor expression (p=0.01) on survival in the remaining
subgroups. Furthermore, we found that high MEG3 expression correlated
with poorer DMFS in grade 3 tumors (p=0.00273) as well as in luminal B
tumors (p=0.04607) (Figure 4.B in Article IIl). Luminal B tumors are typically
reported as more aggressive than luminal A tumors, with increased
expression of proliferative markers, low expression of hormone receptors and
higher grade at diagnosis. Overall, luminal B tumors have a similar prognosis

as basal-like and HER2-enriched tumors (Ades, Zardavas et al. 2014).
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4.3.4 MEG3 expression influences the expression of miRNAs at
the DLK1-DIO3 locus

As previously mentioned, there are two clusters of miRNAs on the maternally
expressed DLK1-DIO3 locus. We were interested in how alterations in MEG3
expression affected the expression of miRNAs in the locus. After confirmation
of successful overexpression of MEG3 in D492 and knockdown in D492M
(Figure 5.A in Article Ill) we performed gRT-PCR for the miRNAs previously
mentioned: MiR-127 and miR-493 from cluster A and miR-409 and miR-11
from cluster B. We found that the overexpression of MEG3 in D492 was met
with a concurrent increase in the miRNAs. Furthermore, the opposite was
seen with MEG3 knockdown in D492M where expression of the four miRNAs
was suppressed (Figure 5.B in Article 1ll). When put into context with the
results presented in chapter 4.3.1 of this thesis, where the expression of the
four miRNAs had a positive correlation with MEG3 expression in both the
D492/D492M and HMLE/HLMEmes cell models, there is sufficient evidence
to indicate that MEG3 is involved in the regulation of miRNAs in the DLK1-
DIO3 locus, at least in part, or that there is a common regulatory mechanism
for both elements. Analysis of expression correlation between MEG3 and
mMiRNAS, using the Cancer Genome Atlas (TCGA), revealed that 30 out of the
40 miRNAs that positively correlated with MEG3 belonged to the DLK1-DIO3
locus (Table 1 in Article 1ll). As each of the 54 miRNAs found in the locus
have multiple predicted targets it is clear that alterations in MEG3 expression

can significantly affect the cellular phenotype and function.

4.3.5 RNA-sequencing analysis of D492M<PMES3

In an attempt to gain insight into the influence MEG3 manipulation has on
gene expression we performed RNA sequencing on D492"5%° D492m*PMEe3
and their respective control cell lines. The resulting sequencing data failed to
confirm the overexpression of MEG3 in D492Y5%® due to high inter-sample

variation. Therefore, we decided to focus on D492MKPMEG3

Initially, we generated a volcano plot for the RNA sequencing data from
D492M*PMES? and D492M PR to visualize the symmetry and distribution of
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the data (Supplementary figure 3.A in Article III). We found that among the 30
most differentially expressed genes were transcripts related to histone
modification, metabolism, cell division, differentiation and adhesion as well as
the ECM (Supplementary figure 3.B in Article IlI). Next, we performed Gene
Set Enrichment Analysis (GSEA) (Mootha, Lindgren et al. 2003,
Subramanian, Tamayo et al. 2005), using the Hallmark dataset as a
reference gene list. GSEA enables its users to detect pathway-level patterns
in transcriptomic data and can inform whether a given cell mechanism is
enriched or not depending on the differential expression and respective
statistical significance of the genes involved. This revealed that knockdown of
MEG3 in D492M leads to negative enrichment of EMT (Figure 6.A in Article
II). Conversely, we found that expression of luminal epithelial markers was
upregulated in  D492M"°MES®  with  concurrent downregulation in
mesenchymal markers (Figures 6.B and 6.C in Article IIl). It has been known
for some time that MEG3 plays a regulatory role in EMT. However, there
have been conflicting reports on whether MEG3 is inducing or suppressing
the mesenchymal phenotype, although there is currently more evidence
pointing towards the latter (Terashima, Tange et al. 2017, Zhang, Shi et al.
2017, Deng, Fan et al. 2018, Yu, Geng et al. 2018). It was therefore
interesting that MEG3 knockdown in D492M was accompanied by reduced
EMT and upregulation of luminal markers. Due to these results, we were

curious to see whether this would be reflected in cell phenotype and function.

4.3.6 The role of MEG3 in mesenchymal phenotype and stemness
To confirm the differential expression of mesenchymal markers we had seen
in the RNA-sequencing data, we performed gRT-PCR on D492ME,
D492M*®ME®® and their respective control cell lines. In D492YF®?
mesenchymal markers SNAI2 and ZEB1 were significantly upregulated
compared to D492°™", Conversely, in D492M PMES? SNAI2 and ZEBI, along
with the additional mesenchymal markers ZEB2 and TWIST1 were
significantly downregulated compared to D492MKPCTRE (Figure 7.A in Article
IIl). These results further confirmed our suspicion that MEG3 induced

mesenchymal properties.
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Since MEG3 knockdown in D492M had also resulted in upregulation of
luminal epithelial markers we were curious to see how MEG3 expression
influenced epithelial differentiation in D492 and D492M. This was done by
measuring the expression of the luminal marker KRT19 and basal marker
KRT14, previously discussed in the context of epithelial cell differentiation,
via gRT-PCR and Western blot (Figure 7.B in Article IlI). This revealed that
KRT19 was significantly downregulated in D492 while KRT14 was

CTRL " This indicates a shift

significantly upregulated, compared to D492
towards a basal phenotype in the D492 cell line when MEG3 is
overexpressed. Conversely, KRT14 expression was significantly
downregulated in D492M

expression of KRT19. Furthermore, we found that mRNA expression of the

KD-MEG3 “although no change was observed in the

basal markers TP63 and P-cadherin (CDH3) was significantly increased in
D492"5%* compared to D492°™" while significant downregulation of the
basal marker KRT5 was seen in D492M"P™E® compared to D492M<PC™R-
(Figure 7.D in Article IlIl). On the protein level increased expression of all
three markers, CDH3, p63 and KRT5 was confirmed in D492"5® compared
to D492°™" while a significant decrease was only seen in p63 but not in
KRT5 in D492M*P™MEE3 compared to D492M ™" (Figure 7.E in Article 111).
These results indicate that MEG3 induces differentiation towards the basal
phenotype in the D492 model but does not induce EMT (Supplementary
figure 4 in Article 1l). Likewise, MEG3 knockdown in D492M does not induce
MET (Supplementary figure 4 in Article Ill). This might also indicate that the
involvement of MEG3 in EMT is context dependent and can change

according to cell type or even disease state (Figure 17).
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TMEG3 ! MEG3
D492 D492M
L KRT19 L KRT14
TKRT14 ! p63
Tp63
T P-Cad

Luminal marker
Basal marker

Figure 17. MEG3 effect on phenotype is context dependent. Overexpression of
MEGS3 in the epithelial D492 induces basal phenotype (left) but does not induce EMT.
However, in the mesenchymal D492M, which already expresses higher levels of
MEG3, knockdown does not increase the expression of epithelial keratins and basal
marker p63 and does not induce MET. On the contrary, basal keratin K14 and p63 are
downregulated.

To assess whether the influence of MEG3 on phenotype would affect the
behavior of the cell lines, we performed a series of functional assays. In D492
MEG3 overexpression decreased sensitivity to chemically induced apoptosis

compared to D492°™"

(Figure 8.A left in Article 1ll). Furthermore, we saw an
increase in cell migration and colony formation in mammosphere and low
attachment assays (Figures 8.B left and 8.C left in Article Ill). Also, in 3D-rBM
co-culture with endothelial cells (HUVECS), D492"%® showed increased
colony size and decreased branching (Figure 8.D in Article Ill). In contrast,
D492M"®ME® had slightly increased susceptibility to chemically induced

KD-CTRL Showed

apoptosis (Figure 8.A right in Article 1ll). Furthermore, D492M
significantly decreased migration as well as reduced colony formation
capabilities in mammosphere and low attachment assays (Figures 8.B right
and 8.C right in Article Ill). These results indicate that MEG3 overexpression

induces mesenchymal traits in D492, leading to resistance to apoptosis and
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increased motility which has previously been linked to the mesenchymal
phenotype, while D492M
et al. 2003, Hanahan and Weinberg 2011). Taken together, these results

KD-MEG3 showed the opposite effect (Dontu, Abdallah

indicate the emergence of a partial EMT-phenotype, induced by MEG3

expression.

In conclusion, our findings revealed that MEG3 is associated with
mesenchymal phenotype and is upregulated in D492M compared to D492,
along with selected miRNAs from two different clusters in the DLK1-DIO3
locus. Furthermore, we found that the observed upregulation in D492M was
not due to the loss of imprinting at the locus. Analysis via databases available
online also revealed that MEG3 expression was related to a significantly
worse prognosis in breast cancer. Furthermore, overexpression of MEG3 in
D492 enhanced traits related to mesenchymal phenotype and stemness,
while MEG3 knockdown in D492M reduced these factors. Therefore, we
postulate that in breast epithelial progenitor cells MEG3 induces a partial
EMT phenotype and increases plasticity. Through these mechanisms, MEG3

could be involved in breast cancer and contribute to a worse prognosis.
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4.4 Unpublished data
4.4.1A possible link between PXDN and stemness

In an attempt to clarify possible links between PXDN and breast cancer, we
applied flow cytometry assay to evaluate the expression of luminal marker
CD24 and basal marker CD44 in D492°™Y and D4927°". CD24 and CD44
are commonly used markers for the identification of stem cells, where CD24
/CD44" phenotype has been identified as a feature of cancer stem cells in
malignant breast tumors (Al-Hajj, Wicha et al. 2003, Charafe-Jauffret,
Monville et al. 2008, Ricardo, Vieira et al. 2011, Dittmer 2018). The majority
of D492°™Y cells, 90% + SD, are CD24'/CD44" whereas only 30% + SD of
D4927®™ cells are double positive. Moreover, PXDN induces a significant
shift towards CD24/CD44" as this fraction goes from 10% + SD in D492°™Y
up to 50% + SD in D492""". Finally, the CD247/CD44" population, which is
almost not present in D492°™Y, is increased to 15% + SD in D492”°"
(Figure 18). Ricardo et al. (2011) reported that CD24”°"/CD44" was a feature
of basal/mesenchymal phenotype. Furthermore, CD44 expression was
significantly correlated with the expression of basal markers. However, they
mainly associated CD24"°"/CD44" with basal-like breast cancers. ALDH1 is
another commonly used marker for cancer stem cells, which further divides
CD24"°"/CD44" cells into ALDH1°/CD24™°"/CD44" and ALDH1/CD24
"o%)cD44* subpopulations that have high tumorigenic and low tumorigenic
potential, respectively (Ginestier, Hur et al. 2007, Croker, Goodale et al.
2009). To investigate the ALDH1 activity of D492”*°" compared to D492°™" |
performed Aldefluor assay. Preliminary results showed that activity of ALDH1
PXON indicating that D492”"""

was considerably less in D492 cells were

ALDH1" (Figure 19).
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Figure 18. CD24-/CD44+ cell population is enriched in D492”"°". a. Results from
flow cytometry indicated a shift from CD24+/CD44+ in D492°™" towards CD24-
/CD44+ in D492”®™ p. A significant decline was observed in the CD24+/CD44+

population of D4927"N

with a concurrent significant rise in the CD24-/CD44+ cell

population. Statistical significance was determined by Two-way ANOVA (****p <
0.0001) and data is presented as results of triplicate experiments (mean + SD).
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Figure 19. D492"°" cells have reduced ALDH activity compared to D492°™Y.

Preliminary results from Aldefluor assay indicate that D492

PXPN are primarily ALDH®

with only 3.79% of the cell population presented as ALDH" compared to 25.95% of

D492°™Y cells.
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These results, together with the evidence for basal phenotype in D4927®"

presented in paper #2, might indicate that PXDN induces stem-like
phenotype. This could partially explain the negative effect high PXDN
expression has on survival in HER2-positive breast cancers as cancer stem
cells are generally considered to be therapy resistant and important
contributors to cancer cell heterogeneity (Dalerba, Cho et al. 2007, Visvader
2009, Palomeras, Ruiz-Martinez et al. 2018). However, this does not explain
why PXDN does not negatively affect survival in basal-like breast cancer,
typically considered to be aggressive with a high re-occurrence of lesions
(Cleator, Heller et al. 2007, Millikan, Newman et al. 2008, Lund, Trivers et al.
2009). Therefore, the relationship between PXDN and features of HER2-

positive breast cancers remains a topic in need of further research.
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5 Technical considerations

The nature of Ph.D. studies in any field requires the student to acquire skills
and theoretical knowledge to solve the problems that come up along the way.
Equally important is the ability to critically review one’s work to learn from the
mistakes made. In this chapter, | will describe the technical obstacles and
difficulties | encountered during my Ph.D. project and discuss what I, in
hindsight, would have done differently.

5.1 Stable overexpression of PXDN in D492 cells

In cell biology, a common method for studying protein function is
overexpressing or knocking down the protein coding gene of interest. In all, |
spent 18 months out of the first two years of my Ph.D. studies attempting to
optimize PXDN stable overexpression and knockdown in D492 and D492M,
respectively, using the CRISPR-dCas9 method without success. Although
this caused frustration and a sense of failure, it taught me valuable lessons in
both experimental planning and technical optimizations. When | subsequently
decided to try lentiviral overexpression of PXDN instead, the careful planning
and the attention to detail | had learned during my failures in CRISPR

resulted in successful overexpression on the first try.

CRISPR-Cas9 is a method of gene editing that presents scientists with
the opportunity to alter the genome in a site-specific manner. The CRISPR-
Cas9 method is in short based upon the generation of double-strand breaks
of the DNA helix by the Cas9 bacterial nuclease, guided to a specific
genomic region by guide-RNA (gRNA). The cell's repair mechanism can
imperfectly repair the double-strand break, leading to gene knockout (Qi,
Larson et al. 2013, Doudna and Charpentier 2014). At SCRU the CRISPRI
(CRISPR interference) and CRISPRa (CRISPR activation) systems are
routinely used. These two methods utilize deactivated Cas9 (dCas9) that is

unable to generate double strand breaks in the DNA. Instead, the dCas9 can
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target specific regions of the genome for editing (Gilbert, Horlbeck et al.
2014). In the CRISPRi method, a Kriippel associated box (KRAB) domain
has been fused to dCas9 leading to knockdown of the target gene (Gilbert,
Larson et al. 2013). Conversely, the CRISPRa method upregulates gene
expression through the application of a transcriptional activator that has been
fused to Cas9 (Perez-Pinera, Kocak et al. 2013), which in this case was
VP64. Conversely, stable gene overexpression with lentiviral transduction is
based on the use of recombinant lentiviral particles which contains an
element of the human immunodeficiency virus (HIV) to insert novel genetic
material into the genome of the host cell line (Naldini, Trono et al. 2016).
Lentiviruses are equipped with the ability to use the host cell to produce and
package their genetic material, thereby allowing the insertion of a target gene
sequence (Elegheert, Behiels et al. 2018). The downside to the lentiviral
method compared to CRISPR is the inability to select the insertion point of
the novel genetic sequence, which is therefore inserted at random.

The use of CRISPR-dCas9 is dependent upon optimizing virus production
and culture conditions of both the virus producing HEK-293T cells as well as
the cell line of interest. In my case, | could rely on the experience of both my
co-supervisor and fellow Ph.D. students at the lab that had successfully used
the method for their projects. However, despite my best efforts, as previously
mentioned, the overexpression of PXDN was unsuccessful.
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Figure 20. Gel electrophoresis of PXDN plasmids. Gel electrophoresis of pLenti-
C-Myc-DDK-P2A-Puro empty vector (empty) and pLenti-C-Myc-DDK-P2A-Puro lenti
ORF clone of Human peroxidasin homolog (PXDN) lentiviral plasmid mini-preps. The
plasmids were linearized with Notl and Mlul restriction enzymes to determine whether
empty and PXDN plasmids in the mini-preps were circular and thereby usable. In this
case, both empty and PXDN plasmids were usable and in supercoiled form, identified
due to less friction against the agarose gel and therefore faster run than the linearized
forms.

After reviewing my notes from the lab and after having successfully
overexpressed PXDN using the lentiviral method, | suspect that the root
cause of failure in CRISPR lies in the lack of quality control of the plasmids |
used as well as mistakes in virus production. With regards to the plasmids,
the biggest mistake was not verifying sufficient plasmid quality with gel
electrophoresis. Before performing lentiviral transduction, | was able to use
the results from gel electrophoresis to carefully choose the best minipreps of
plasmids for PXDN overexpression as well as the lentiviral packaging
plasmids (Figure 20). This helped me realize the difference that can arise in
mini-prep quality. During virus production, when transfecting HEK-293T cells
with the CRISPR-dCas9-KRAB and CRISPR-dCas9-VP64 plasmids,
respectively, |1 did so by using media supplemented with penicillin-
streptomycin and 10% fetal bovine serum (FBS) which is routinely used for
HEK-293T cell culture. However, after careful review of available literature, |
decided to produce the lentiviral particles without these factors. Although
CRISPR was not successful, | was able to utilize my experience of trial and
error gained during the process which resulted in the 65-fold overexpression
of PXDN in D492 cells as discussed in Article 2 and chapter 4.2 of this thesis.
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5.2 The search for areliable PXDN antibody

Only a few commercially available antibodies exist for PXDN and during the
initial stages of the project | purchased four of them from the following
companies: Abcam, Abnova, Merck-Millipore and Sigma-Aldrich (See Table
5). All antibodies were tested in Western blot according to their product
information. However, only the Anti-PXDN/VPO1l antibody from Merck-
Millipore had been used in immunostaining of both cells in monolayer and
paraffin-embedded breast tissue. Only a few published papers were specified

for each antibody as stated on each company’s website.

Table 5. A list of commercially available antibodies against PXDN purchased for this
project.

Antibody Manufacturer, Catalog no.

Anti-PXDN/VPO1 — N-terminal Abcam, ab179663

PXDN polyclonal antibody (A01) Abnova, HO0007837-A01

Anti-PXDN/VPO1 Antibody Merck-Millipore, AB1675

Monoclonal Anti-PXDN antibody Sigma- Aldrich, SAB1402973
produced in mouse

Initially, when work with PXDN began at our lab, we used PXDN anti-
rabbit antibody available by Merck-Millipore to perform immunostaining on
paraffin-embedded breast tissue. This staining showed a strong
concentration of PXDN in the epithelial cells located within the acini of the
breast gland, although immunostaining does not offer the resolution
necessary to distinguish LEPs from MEPs. Furthermore, PXDN was also
visible in stromal fibroblasts and endothelial cells. Probably the most
interesting aspect of these breast samples was positive PXDN staining within
the interlobular stroma with concurrent negative staining of collagen IV. This
raised the question of whether PXDN might have other functions than strictly
crosslinking collagen 1V, which is entirely possible, but at the same time,
unspecific binding could not be excluded due to the lack of validation of the

antibody used.
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A different problem arose when immunostaining of PXDN in D492M and
D492 was attempted. Here, no staining was visible in either cell line even
though PXDN expression in D492M should have led to a positive signal.
Later, when attempting to confirm the 70-fold overexpression of PXDN in
D492”®N compared to D492°™Y observed at the mRNA level via qRT-PCR,
immunostaining failed again as there was no visible signal in either cell line.
This was even though other markers, such as KRT14 and KRT19, tested at
the same time confirmed protein level expression that matched mRNA level
expression as seen in qRT-PCR. Attempts were made to treat D492"*°™ and
D492°™" with different concentrations and treatment duration of Brefeldin A,
an inhibitor of Golgi secretion, to prevent PXDN secretion into the ECM
before immunostaining. However, no signal emerged and the protein-level

confirmation of PXDN overexpression in D492 remained without success.

The lack of positive control for PXDN complicated optimization procedures
for the antibodies. In the beginning, | contemplated that the reason for
insufficient bands and immunostaining signals was due to expression levels
in both D492 and D492M being too low for detection. | therefore employed
The Human Protein Atlas online database to identify a cell line with high
expression of PXDN. RNA sequencing results available in the database
revealed that the breast cancer cell line SKBR3 contained levels of PXDN
that should be sufficient to detect the protein via Western blot. Although other
cell lines expressed higher levels of PXDN | chose SKBR3 due to it being a
breast cell line compatible with my experience in cell culture. Furthermore,
we already had the cell line available at our lab. Despite that qRT-PCR
results indicated that SKBR3 expressed higher levels of PXDN than D492M,
no bands were detected on Western blot which indicated that protein amount
was not the problem. | then decided that purchase of recombinant PXDN was
warranted and started by acquiring recombinant PXDN from Abnova
(HO0007837-Q01). However, testing on Western blot revealed a band of
much smaller size than the 165 kD expected for PXDN. Upon further
inspection, | discovered that this particular recombinant protein only

contained amino acids 1452-1561, which roughly corresponded to the
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position of the von Willebrand factor domain of PXDN. This amino acid
sequence contained the target for the Abnova antibody described above but

not the targets of the other antibodies.

It remained clear that the main problem regarding protein level detection
of PXDN was the questionable reliability of the commercially available
antibodies and the lack of positive control. A Hungarian group led by Dr.
Miklés Geiszt had published numerous papers on PXDN using a rabbit
monoclonal antibody made at their facilities. The published results in their
articles of both Western blots and immunostainings were in my opinion more
convincing than those published by other authors. For example, the band
appearing for PXDN in Western blots was single and of the correct size.
Furthermore, immunofluorescent images revealed both cytosolic and
membrane expression of the protein (Péterfi, Donkd et al. 2009, L&zar,
Péterfi et al. 2015). Dr. Geiszt kindly agreed to give us the antibody to test on
D4927*®N and D492°™" in Western blot and immunofluorescent staining in
both monolayer and 3D. Using whole recombinant PXDN, purchased from
OriGene, as positive control | finally got clear bands at 165 kD on Western
blot for D4927*®™ and D492°™Y (Figure 2.d in paper #2). Furthermore,
immunostaining was also successful in both monolayer and 3D and
confirmed the difference in protein level expression of PXDN in D4927°" and
D492°™Y,

By going through the process of optimizing PXDN protein detection |
learned that obtaining a reliable positive control should be a priority during
antibody testing as judging antibody performance without it is time
consuming, costly and likely to fail. It also taught me that reviewing literature
and diligent background work are necessary when antibodies are chosen,
especially when working with a protein that has not been studied extensively.
Furthermore, | learned that reaching out to other scientists that have
successfully solved the problem you are facing is well worth the try. This
experience proved to be one of two great problems | faced during my Ph.D.

project. The other big hurdle was overexpressing PXDN in the D492 cell line.
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5.3 Monolayer vs. 3D — Impact on gene expression

The traditional monolayer cell culture is well established and has greatly
contributed to biological research in the past. However, this type of culture
method has various limitations as cells grown in monolayer on top of coated
or uncoated surface lack the microenvironmental input that is present in vivo
(Souza 2016). This problem is most obvious in primary cells that have been
removed from their original scaffolding and placed in monolayer cultures.
Under these conditions, primary mammary epithelial cells lose the ability to
express organotypic gene signatures which will not be regained unless cells
are placed in 3D matrix (Lo, Mori et al. 2012). Like in other fields of organ
biology the prevalence of 3D cell culture methods has been on the rise in
mammary gland development and cancer research (Sumbal, Budkova et al.
2020). Here, 3D culture methods have proven to be an extremely useful tool
as they allow us to mimic the in vivo microenvironment by providing cells with
the ECM architecture that monolayer cultures lack (Weigelt and Bissell 2008,
Weigelt, Ghajar et al. 2014, Simian and Bissell 2017). Traditionally, D492
cells are grown in flasks pre-coated with collagen | and the phenotype under
these culture conditions is well documented. | therefore continued culturing
D492°™Y and D492""" on collagen | coated surface. However, Matrigel
mimics the composition and role of the basement membrane as it contains
collagen IV and other basement membrane components (Kleinman and
Martin 2005). Therefore, it is possible that collagen IV, along with mechanical
stimulus from the 3D environment and perhaps the aid of other ECM factors,
increased the expression of PXDN. Interestingly, | found that PXDN
overexpression did not significantly alter the expression of COL4Al1 and

COLA4AS5 genes (Supplemental figure 1 in article I1).

5.4 3D culture: Cells embedded in vs. on top of Matrigel

Having successfully overexpressed PXDN in D492, a part of the original
characterization of the cell line was to perform 3D embedded assay in
Matrigel, which members of the Stem Cell Research Unit have been

performing on D492 cells and its daughter cell lines for the past two decades
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with good results (Sigurdsson, Hilmarsdottir et al. 2011, Hilmarsdéttir, Briem
et al. 2015, Briem, Budkova et al. 2019, Briem, Ingthorsson et al. 2019).
Although relatively simple in setup and practice, the method of culturing D492
cells embedded within Matrigel is expensive and time consuming as
branching is traditionally observed for up to 21 days before analysis is
performed. Furthermore, the risk of failure in the form of ruptured or detached
Matrigel is high, as the gel is very delicate and can easily be damaged if not
handled with care, for example during change of media which | experienced
quite often. Therefore, an alternative and less expensive method would be
feasible. In this regard, we have found that culturing D492 cells on top of
Matrigel gives results compatible with the 3D embedded assay. This requires
up to three times less Matrigel, reducing cost significantly. Furthermore,
branching morphogenesis can be observed much sooner, setting the
experimental endpoint at 8 days instead of 21 days which reduces workload
and cost. When | originally cultured D4927*®™ and D492°™" using the 3D
embedded method | observed that D492"*° had lost the ability to branch
while D492°™"Y retained similar colony morphology seen in D492 (see further
in chapter 4.2). Subsequently, | observed that colony morphology remained
consistent in both D4927°" and D492°™" when the cells were cultured on
top of Matrigel as compared to embedded in Matrigel. Therefore, | decided to
utilize the 3D on top method in all subsequent experiments with D492”*"N

where 3D culture was needed.
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6 Summary and concluding remarks

Branching morphogenesis is a fundamental process in the development of
the mammary gland, resulting in the formation of epithelial ducts and
functional units with enough surface area to initiate and sustain efficient
lactation after pregnancy. Sadly, the functional epithelium within the TDLUs is
often the place of origin of breast cancer which, as was discussed in the
introduction to this thesis, manipulates normal developmental pathways for its
own benefit. Epithelial plasticity, and more specifically EMT and MET, is one
of the better-known examples of malignant turn in a previously benign
process. During my Ph.D. project | have applied the D492 and D492M cell
models, in monolayer and 3D culture, to explore the regulatory role of
ncRNAs miR-203a and MEG3, and the function of PXDN in branching
morphogenesis, epithelial plasticity and EMT that have formed the core of my

project.

The first article highlighted the role of miRNAs in breast morphogenesis
and EMT. By applying small RNA-sequencing we were able to identify the
most differentially expressed miRNAs in D492M compared to D492 in 3D
culture and found that miR-203a was one of the most downregulated in EMT.
We highlighted the dynamic nature of branching morphogenesis in the D492
cell line by showing temporal changes in miRNA expression at three different
time points in 3D culture, where miR-203a was significantly increased over
time. By overexpressing miR-203a in the D492M cell line we were able to
induce partial MET and by performing RNA-sequencing we identified PXDN
as a possible target of miR-203a. Finally, we confirmed binding between miR-

203a to a target site on PXDN 3'UTR by applying Luciferase Assay.

In the second manuscript, which was the focal point of my Ph.D. project |
showed via immunohistochemistry of breast tissue and gRT-PCR in primary
breast cells that PXDN is expressed in breast epithelium, fibroblasts and
endothelial cells. With the purpose of investigating the role of PXDN in the
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epithelium, | applied lentiviral transduction to overexpress PXDN in D492
cells. PXDN overexpression completely inhibited branching morphogenesis in
3D culture while inducing basal phenotype, partially mediated through p63,
and inhibited plasticity in D492 cells that lost the ability to form cells with
luminal or myoepithelial characteristics. Furthermore, D492”°" had
increased sensitivity to chemically induced apoptosis as well as increased
capability for migration and invasion highlighted by significantly decreased
wound closure time. Finally, by performing RNA-sequencing analysis | found
that PXDN upregulation enriches genes and pathways involved in epithelial
development and differentiation while causing reduced expression of EMT
genes and inhibiting the EMT pathway which is necessary for branching
morphogenesis.

The third article focused on the role of IncRNA MEG3 and ncRNAs on the
DLK1-DIO3 locus on phenotype in the D492 and D492M cell lines. We
showed that MEG3 and multiple miRNAs from the DLK1-DIO3 locus are
upregulated in EMT in the D492 cell model. We also showed that expression
of MEG3 and four different miRNAs from the locus are associated with the
stromal compartment in the breast and found that increased expression of
MEG3 is associated with worse survival in breast cancer. With
overexpression and knockdown of MEG3 in D492 and D492M cells,
respectively, miRNAs from the DLK1-DIO3 locus showed concomitant
changes in expression as well. RNA-sequencing data revealed that
knockdown of MEG3 in D492M cells decreased the expression of
mesenchymal and luminal genes and reduced enrichment of the EMT
pathway. Functional assays showed that MEG3 induced partial EMT when
overexpressed in D492 cells, and induced stem cell properties.

Finally, | presented unpublished data which suggests that PXDN is
relevant in breast cancer as high expression leads to significantly decreased
survival in women with HER2-positive breast cancer, despite also being
present in ER-positive and triple negative breast tumors as well, as | showed
with immunohistochemistry. Furthermore, | presented evidence that PXDN
increased stemness in D492 cells as indicated by a significant increase in
CD24/CD44" population and decreased activity of ALDH in D492"N

empty

compared to D492
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6.1 Future perspective

Our understanding of normal development and developmental pathways has
led to great advances in medicine. Herein lies the concept that to battle the
enemy one must first know how it operates. This is especially true in cancer
where accumulating mutations distort and manipulate normal function, often
for the benefit of the tumor. Breast cancer is one of the most prevalent cancer
worldwide, affecting women of all ages. Therefore, it is of the utmost
importance to identify novel biomarkers and therapeutic targets to aid in the

battle against this heterogeneous disease.

The ncRNAs are gaining interest in both development and disease. In
particular, the miRNAs, like miR-203a, are involved in a myriad of cellular
functions as each of them can target multiple genes. As the data presented in
this thesis showed that miRNAs are differentially expressed over time during
branching in D492 it would be interesting to see whether this applies to
branching morphogenesis in vivo as well. Following the branching process in
a mouse model and performing RNA sequencing on different time points
would provide valuable insight into the temporal regulatory function of
miRNAs in mammary development. Furthermore, as EMT aids carcinoma
cells in tissue invasion has been linked to increased therapy resistance
identifying novel therapeutic targets is integral in the battle against the
disease. It is possible that miRNAs that are downregulated during EMT, like
miR-203a, could either inhibit EMT from occurring or reverse the process. We
showed that miR-203a induced partial MET in D492M, indicating that this
could be possible. However, the drawback is that this might be easier said
than done in vivo, both due to technical limitations and due to unknown effect
on other tissues with systemic therapy. It might also be counter-productive to
induce MET in cancer cells if metastasis has already occurred, indicating the
presence of cancer cells in the bloodstream and lymphatic system, where
MET might facilitate the colonization of distant sites, thereby creating new

metastatic lesions.

Much is still left to explore with regards to the IncRNAs, as the precise

mechanism behind their function is still relatively unknown. We showed that
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high MEG3 tumor expression significantly reduced survival in breast cancer
patients. When held in context with the association to the affiliation we
presented between MEG3 and mesenchymal gene signature and the stromal
compartment it would be interesting to see whether MEG3 could be used as
an indicator of an increased mesenchymal component or EMT in breast
tumors. Furthermore, it would be interesting to see whether it might be
possible to inhibit MEG3 expression in breast tumors, possibly hindering

EMT, invasion and metastasis.

Much is still left unknown about the role of PXDN in the mammary gland
although the results discussed in this thesis indicate that further research is
valid. The fact that PXDN is expressed in both layers of the mammary
epithelium, within the TDLUs and in ducts indicates that PXDN must play a
role in epithelial cell function. On top of this PXDN is highly conserved
between species, which together with the data from the HPA presented in
this thesis might lead to the conclusion that PXDN must play some
fundamental role, whether it would be linked solely to basement membrane
stabilization or not. However, Kim et al. (2019) generated PXDN knockout
mice that showed no significant phenotypic defects other than anopthalmia.
Nonetheless, this does not automatically deem PXDN irrelevant in all tissue
except the eye as information on the histological appearance of different
organs, organ function, disease development and overall lifespan in these

knockout mice is still lacking, presenting an opportunity for further research.

As | presented evidence for PXDN expression within both layers of the
mammary epithelium it is interesting that D492 cells express very low levels
of PXDN. In the future it would be interesting to explore the existence of
PXDN-/low subpopulation within the breast epithelium, and whether the
phenotype of this subpopulation coincides with plasticity and progenitor cell
features. It also raises the question of whether it is indeed not increased
expression that is more relevant in the mammary gland in vivo, but the loss of
expression. With consideration to the data presented in this thesis, it is an
interesting thought whether programmed downregulation of PXDN within the

epithelium increases cell plasticity and alleviates EMT inhibition, thereby
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leading to branching. Therefore, identifying a normal mammary epithelial cell
line with high PXDN expression and performing knockdown studies might

provide more pieces of the puzzle.

As discussed in the results of this thesis the analysis of data available in
online databases indicates that high expression of PXDN significantly
decreases survival in women with HER2-positive/ER-negative breast cancer.
The data also shows that in the previously mentioned subgroup of breast
cancers women are at a higher risk of having larger tumors and lymph node
metastasis and at diagnosis if their primary tumors express high levels of
PXDN. This may indicate increased aggressiveness is the primary culprit of
decreased survival although chemoresistance cannot be excluded. The
mechanism behind this is largely unexplored and there is no clear-cut
explanation of how a collagen IV-crosslinker can have such an impact on
cancer progression. With results from the D492 cell line in mind, it might be
possible that high PXDN expression induces basal phenotype in breast
cancer cells, leading to increased heterogeneity and dedifferentiation which is
often associated with increased therapy resistance and worse prognosis.
However, why this would only happen in HERZ2-positive breast cancer

remains a mystery.

During my Ph.D. project | have gained valuable experience and insight
into the scientific process. | was very fortunate to have the opportunity to
apply the cell model D492 which provides a unique in vitro opportunity to
study branching morphogenesis, EMT and other processes involved in

mammary gland development.
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ABSTRACT

MicroRNAs regulate developmental events such as branching morphogenesis, epithelial to mesenchymal transition (EMT) and its reverse process mesenchymal to
epithelial transition (MET). In this study, we performed small RNA sequencing of a breast epithelial progenitor cell line (D492), and its mesenchymal derivative
(D492M) cultured in three-dimensional microenvironment. Among the most downregulated miRNAs in D492M was miR-203a, a miRNA that plays an important role
in epithelial differentiation. Increased expression of miR-203a was seen in D492, concomitant with increased complexity of branching. When miR-203a was
overexpressed in D492M, a partial reversion towards epithelial phenotype was seen. Gene expression analysis of D492M and D492M™R2932 reyealed peroxidasin, a
collagen IV cross-linker, as the most significantly downregulated gene in D492M™R2%%2, Gollectively, we demonstrate that miR-203a expression temporally cor-
relates with branching morphogenesis and is suppressed in D492M. Overexpression of miR-203a in D492M induces a partial MET and reduces the expression of
peroxidasin. Furthermore, we demonstrate 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
D492 breast epithelial progenitor cells and is downregulated in its
isogenic mesenchymal cell line D492M. Furthermore, miR-203a is a
novel suppressor of peroxidasin (PXDN), a collagen IV crosslinking
agent. MiR-203a may be an important regulator of branching mor-
phogenesis and basement remodeling in the human breast gland, pos-
sibly through its target PXDN.

1. Introduction

Developmental events underlying breast epithelial morphogenesis
are closely related to pathways important to cancer progression, i.e.
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
stem cells (Pechoux et al., 1999; Gudjonsson et al., 2002; Villadsen

et al., 2007; Petersen and Polyak, 2010). These stem cells are re-
sponsible for continuous tissue remodeling throughout the reproductive
period, as well as the extensive epithelial expansion and branching
morphogenesis 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
early 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 developmental stages in the post-natal 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 sequencing. Forty-seven miRNAs are differentially expressed
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 um.

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 constructed from small RNA sequencing 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 significance of the miRNAs downregulated in D492M.

puberty. Cellular linage tracing in humans is for obvious reasons not the stem cell biology 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 SNAII,
SNAI2, TWIST, ZEB1 and ZEB2 leading to increased expression of me-
senchymal and decreased expression of epithelial markers (Moustakas
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
as N-cadherin, vimentin, alpha smooth muscle actin and fibronectin are
increased in EMT (Moustakas and Heldin, 2007). Enhanced migration,
invasion and resistance to apoptosis are also characteristic for cells that
have undergone EMT (Hanahan and Weinberg, 2011). The tightly
regulated process of cell conversion seen in EMT is also a critical 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 increased aggressiveness and metastatic 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 regulators
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 promoting or tumor suppressing depending 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,
a member 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-200c-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-200c-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 epithelial miRNAs, including miR-203a, downregulated in
D492M. We demonstrated that miR-203a expression increases during
branching morphogenesis in vitro similar to its expression pattern in
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
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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
et al., 2008; Wellner et al., 2009; Feng et al., 2014). These miRNAs were
all downregulated with high statistical significance in D492M as shown
in the volcano 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 wused the
HumanMethylation450K 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 mechanisms than DNA methylation, 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
morphogenesis in 3D culture and is associated with luminal 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 branching morphogenesis and if pregnancy occurs, 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
branching epithelial morphogenesis 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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Fig. 2. miRNA promoter methylation of D492 and D492M

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-200c, miR-
141 and miR-205 are differentially methylated with more methylation 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-qPCR, 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
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antibody-based enrichment of luminal epithelial cells. We measured
miR-203a expression in EpCAM high and EpCAM low cells, and de-
monstrated that, miR-203a expression was predominately associated
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 expression in endothelial cells and fibroblast (Fig. 3C, 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. 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™*2%%% 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™™PY control. Phase contrast images from 3D culture show that D492M™®2%% form more compact colonies, with some
colonies showing protrusion of mesenchymal cells compared to control. Scale bar = 100 um.

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™R-2032 D492M™iR-203a celis display reduced expression of N-Cadherin but show little change in expression of E-
Cadherin. Scale bar = 100 um.

E) Western blot of E- and N-Cadherin in D492M™"2°%2 There is slightly less protein expression of N-Cadherin (10% reduction) but little change in expression of E-
Cadherin in D492M™*"20% indicating reduced mesenchymal characteristics in D492M™R-20%4,

F) Expression of SNAI2 is reduced in D492M™"2°%%, MiR-203a, which has a known binding site in the 3’-UTR of SNAI2, significantly reduces expression of SNAI2 as
determined by qPCR.

G) D492M™R2032 cells are more sensitive to chemically induced apoptosis. In D492M cells, miR-203a increases sensitivity to apoptosis induced by Camptothecin.
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™R293 has reduced
ability to generate mammospheres in low attachment assay compared to D492M™™P%,

I) MiR-203a reduces the ability of D492M cells to migrate and invade. D492M™2%32 has less ability to migrate through trans-well filter than D492M"™PY and
D492M™R-2032 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 loss of progenitor/stem cell properties indicating that miR-203a over-
D492 (Fig. 3C, right). Differential expression of miR-203a between expression in D492M induces cellular differentiation (Fig. 4H). As
D492 and D492M was confirmed by RT-qPCR (Fig. 3C, right). To de- mesenchymal cells have increased motility compared to epithelial cells,

termine whether this was in concurrence with other breast cell lines we analyzed the effect of miR-203a overexpression on the ability of
with epithelial and mesenchymal phenotypes, we examined the ex- D492M to migrate and invade. D492M™R2%32 cells showed reduced
pression levels of miR-203a in HMLE, its mesenchymal derivative ability to migrate through transwell filters (Fig. 41, left) and to invade
HMLEmes (Fig. 3C, right), the normal cell-derived MCF10A, and the through Matrigel coated transwell filters (Fig. 4I, right) indicating a
mesenchymal cancer cell line, MDA-MB-231 (Fig. 3C, right). Expression suppression of mesenchymal characteristics. Collectively, over-
of miR-203a was restricted to all three cell lines with an epithelial expressing miR-203a in D492M induced a reduction of mesenchymal
phenotype. characteristics, caused reduced proliferation, migration and invasion,

and increased sensitivity towards chemically induced apoptosis.

2.4. MiR-203a expression reduces the mesenchymal traits of D492M cells
2.5. Peroxidasin (PXDN) is a novel target of miR-203a
To analyze if the presence of miR-203a affects the phenotype of

D492M, we overexpressed miR-203a in D492M (D492M™R-203%) " yising Due to the phenotypic differences between D492 and D492M in 3D
a lentiviral based transfection system. D492M™*-20%8 expressed miR- culture and the fact that miR-203a is not expressed in D492M, we
203a 17,500-fold higher than control (D492ME™PY) (Fig. 4A). Inter- decided to compare the transcriptional profiling of D492, D492M and
estingly, phase contrast images of monolayer cultures show that miR- D492M™R-2038 with emphasis on identifying novel targets of miR-
203a overexpression in D492M causes increased adherence between 203a. Herein, we identified peroxidasin (PXDN), a collagen IV cross-
cells (Fig. 4B). Furthermore, when D492M is cultivated in 3D-rBM, it linking agent in the basement membrane, as the most significantly
forms spindle shaped mesenchymal-like colonies in contrast to downregulated gene in D492M™R-2%32 compared to D492M (Fig. 5A).
D492M™R-2033 that forms more compact colonies although the colonies In addition, we identified three potential binding sites for miR-203a in
still show cellular protrusions, typical of mesenchymal cells (Fig. 4B). the 3-UTR of PXDN, one well conserved and two less conserved
When the cells were cultured in monolayer, overexpression of miR- (Fig. 5B). To further investigate the potential interaction between miR-
203a in D492M reduces the proliferation rate of the cells (Fig. 4C). 203a and PXDN we treated D492M and D492M™®293 with miR-203a-
Furthermore, there was visible reduction in expression of the me- mimic and miR-203a-inhibitor, respectively. PXDN expression was re-
senchymal marker N-cadherin and increased expression of E-cadherin, duced (Fig. 5C, left) and increased (Fig. 5C, right) when D492M and
K14 and K19 in D492M™*-2032 jndjcating a moderate reduction in D492M™iR-2032 were treated with miR-203a mimic and inhibitor, re-
mesenchymal characteristics (Fig. 4D-E). The EMT transcription factor spectively, corroborating that miR-203a regulates PXDN expression.
SNAI2 is a confirmed target of miR-203a, and miR-203a is in return Furthermore, we demonstrated that PXDN expression was directly
suppressed by SNAI2 forming a negative feedback loop (Ding et al., regulated by miR-203a by carrying out a dual luciferase reporter assay
2013). In concordance with SNAI2 being a target of miR-203a, there showing that the relative luciferase activity was significantly lower in
was reduced expression of SNAI2 when miR-203a was overexpressed in the PXDN 3’-UTR containing the miR-203a target sequence compared
D492M (Fig. 4F). Since the EMT phenotype has been associated with with PXDN 3’-UTR with deleted miR-203a binding sequence, when
apoptosis resistance and SNAI2 is a known inhibitor of apoptosis (Inoue transfected with miR-203a mimic (***p < 0.001) (Fig. 5D). This sug-
et al., 2002), we asked if D492M™R2032 cells were less resistant to gested that miR-203a could directly regulate the expression of PXDN
chemically induced apoptosis compared to D492M“™PY, Indeed, through targeting its 3-UTR. As a positive control we demonstrated
D492M™R-2032 cells were more sensitive than D492M"™Y to camp- significantly lower relative luciferase activity in p63 3-UTR containing
tothecin, a chemical inducer of apoptosis (Fig. 4G). the miR-203a target sequence compared with p63 3’-UTR with deleted
The ability of cells to proliferate as mammospheres under non-ad- miR-203a binding sequence, when transfected with miR-203a mimic
herent conditions has been described as a property of early progenitor/ (**p < 0.01) (Fig. S1).
stem cells (Dontu et al., 2003). When D492 and D492M were cultured In order to investigate whether the observed effect of miR-203a
in low attachment plates both generated mammospheres but D492M overexpression on D492M is due to repression of PXDN, we knocked
generated significantly larger and a higher number of colonies down PXDN in D492M using siRNA (Fig. S2) and analyzed the phe-
(Sigurdsson et al., 2011). Interestingly, overexpression of miR-203a in notypic changes in monolayer. As with miR-203a overexpression, we
D492M negatively impacts anchorage independent growth, resulting in 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 transcripts in D492M™R2932 and D492M, depicting statistical significance and high fold change in gene expression.
Volcano plot was constructed from RNA sequencing data using beta and g-values from Sleuth analysis (max FDR = 0.05), enabling the visualization of the re-
lationship 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™R20% 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).
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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-
linking agent in the basement membrane and has been implicated in the
EMT process, i.e. 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
epithelial progenitor cell line established from suprabasal epithelium 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 vivo and therefore remains a good
tool for studying molecular mechanisms involved in these processes.
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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
containing miR-200c-141, bipotential and branching properties of
D492 were restored (Hilmarsdottir et al., 2015). Recently, Wuidart
et al. 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 comparable expression pattern between 2D and 3D
conditions. In the same study we demonstrated that when miR-141 and
miR-200c, 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
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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 transcription
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-rBM 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 throughout the branching 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
cells into luminal epithelial and myoepithelial cells (Gudjonsson et al.,
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™*2032 The most significantly dif-
ferential expressed gene between D492M and D492M™iR-203a
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™R2032  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.

was
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In summary, mammary gland development is mostly a post-natal
process, where post-transcriptional regulation via miR-203a expression
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 vivo conditions. Although miR-203a re-
pression and overexpression are well documented 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
mammoplasties by magnetic 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
EGMS5 (Sigurdsson et al., 2006). Growth factor reduced reconstituted
basement membrane (rBM, purchased 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 rBM. Co-culture experiments were carried out with either 500, or
1 x 10% cells mixed with 1 x 10°-2 x 10° BRENGCs. 300 ul of mixed
cells/rBM were seeded in each well of a 24-well plate and cultured on
H14 (monoculture) or EGM5 (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
Tlumina (#RS-200-0012) per manufacturer's protocol. The small RNA
libraries were then sequenced using the Illumina MiSeq platform and
V2 sequencing chemistry. FASTQ files were generated with MiSeq
Reporter (Illumina, 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 transformed 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
Methylation-Gold Kit (Zymo Research, #D5007) per manufacturer's
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 S1). 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 qRT-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 qRT-PCR analysis.

Quantitative RT-PCR analysis of miRNAs was performed using the
universal cDNA synthesis kit II (Exiqon, #203301) and ExiLENT SYBR
Green master mix (Exiqon, #203402). The following primer sets from
Exiqgon were used for miRNA qRT-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
TTCaggcgagggcgtctaagg-3” and miR-203a-Notl-R-5-TGCTTAGCGGC
CGCacctcccagcageacttg-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-inner 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
DHb5alpha 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
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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 72h, centrifuged and filtered through 0.45 um filter. Target cells
were transfected with virus titer in the presence of 8 ug/ul polybrene.
Stable cell lines and control (empty-lentivector) cells were isolated with
puromycin (2 ug/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 pg) of proteins in RIPA buffer were separated on
NuPAGE™ 10% Bis-Tris Protein Gels (Thermo Fisher Scientific,
#NP0302BOX) and transferred to a PVDF membrane (Millipore,
#IPFL0O0010). 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 instructions.

4.10. Apoptosis assay

Resistance to chemically induced apoptosis with 10 puM 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™iR-2032 and D492ME™PY were single cell filtered and cultured
using EGM5 medium for 9 days.

For migration analysis, triplicates of 10,000 starved D492M™iR-2032
and D492ME™PY cells were seeded in DMEM/F12, HEPES medium
(Thermo Scientific, #31330038) on collagen I (Advanced BioMatrix,
#5005-B) coated transwell filters with 8 pum pore size (Corning,
#353097) with EGM5 medium in the lower chamber and incubated for
24 h. 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 10 min, 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 um pore
size (Corning, #353097) that were coated with 100 pl diluted Matrigel
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(Corning, #354230) 1:10 in H14 media. D492M™R20% apd
D492M"™PY (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 Exiqon
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™R203 cells were separately transfected with
50 pmol 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, WI, 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. S1). 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 concentration of 100 nM, using Lipofectamine
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
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were transfected (according to manufacturer's instructions) with
200 ng/well luciferase plasmids (pmirGLO constructs), using
Lipofectamine 3000 (Thermo Fisher Scientific, #.3000015). 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, luciferase activity was averaged from four replicates, and three
independent experiments were performed.

4.16. Transient transfection with siRNA

D492M cells were transfected with 10 nm 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 https://
doi.org/10.1016/j.mod.2018.11.002.

Acknowledgements

We thank Erik Knutsen and Isac Lee for their contribution to this
work.

Competing interests
No competing interests declared.
Funding

This work was supported by Grants from Landspitali University
Hospital Science Fund, University of Iceland Research Fund, and
Icelandic Science and Technology Policy - Grant of Excellence:
152144051. ‘Gongum saman’, a supporting group for breast cancer
research in Iceland (www.gongumsaman.is). The funders had no role in
study design, data collection and analysis, decision to publish, or pre-
paration of the manuscript. Primary cells were received from reduction
mammoplasty after acquiring informed consent from the donor.
Approved by the Icelandic National Bioethics Committee VSN-13-057.

Data availability
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 3-UTR antisense
p63 del sense

p63 del antisense

/5Phos/AAACTAGCGGCCGCTAGTCCCAGAACTCGTGACATTTCATT
/5Phos/CTAGAATGAAATGTCACGAGTTCTGGGACTAGCGGCCGCTAGTTT
/5Phos/AAACTAGCGGCCGCTAGTCCCAGAACTCGTGTT
/5Phos/CTAGAACACGAGTTCTGGGACTAGCGGCCGCTAGTTT
/5Phos/AAACTAGCGGCCGCTAGTGAATGAGTCCTTGATTTCAAAT
/5Phos/CTAGATTTGAAATCAAGGACTCATTCACTAGCGGCCGCTAGTTT
/5Phos/AAACTAGCGGCCGCTAGTGAATGAGTCCTTGAT
/5Phos/CTAGATCAAGGACTCATTCACTAGCGGCCGCTAGTTT

45


https://doi.org/10.1016/j.mod.2018.11.002
https://doi.org/10.1016/j.mod.2018.11.002
http://www.gongumsaman.is
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE112306
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE112306

E. Briem et al.

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

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc =
GSE112306).

References

Aryee, M.J., Jaffe, A.E., Corrada-Bravo, H., Ladd-Acosta, C., Feinberg, A.P., Hansen, K.D.,
Irizarry, R.A., 2014. Minfi: a flexible and comprehensive Bioconductor package 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, L.,
Karagavriilidou, K., Watson, C.J., Tavare, S., Miska, E.A., Caldas, C., 2009.
Characterisation of microRNA expression in post-natal mouse mammary gland de-
velopment. BMC Genomics 10, 548.

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

Bhave, G., Cummings, C.F., Vanacore, R.M., Kumagai-Cresse, C., Ero-Tolliver, L.A., Rafi,
M., Kang, J.S., Pedchenko, V., Fessler, L.I., Fessler, J.H., Hudson, B.G., 2012.
Peroxidasin forms sulfilimine chemical 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-
lyzer: visualization and quality control for DNA methylation data from bisulfite se-
quencing. Bioinformatics 21 (21), 4067-4068.

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

Cao, Q., Mani, R.S., Ateeq, B., Dhanasekaran, S.M., Asangani, I.A., Prensner, J.R., Kim,
J.H., Brenner, J.C., Jing, X., Cao, X., Wang, R., Li, Y., Dahiya, A., Wang, L., Pandhi,
M., Lonigro, R.J., Wu, Y.M., Tomlins, S.A., Palanisamy, N., Qin, Z., Yu, J., Maher,
C.A., Varambally, S., Chinnaiyan, A.M., 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 VPO1, a new animal heme-containing peroxidase. Free Radic.
Biol. Med. 45 (12), 1682-1694.

Colon, S., 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, A.L., Cherukuri, P., Jerry, D.J.,
DiRenzo, J., 2013. MiR203 mediates subversion of stem cell properties during
mammary epithelial differentiation via repression of DeltaNP63alpha and promotes
mesenchymal-to-epithelial transition. Cell Death Dis. 4, e514.

Ding, X., Park, S.I., McCauley, L.K., Wang, C.Y., 2013. Signaling between transforming
growth factor beta (TGF-beta) and transcription factor SNAI2 represses expression of
microRNA miR-203 to promote epithelial-mesenchymal transition and tumor me-
tastasis. J. Biol. Chem. 288 (15), 10241-10253.

Dontu, G., Ince, T.A., 2015. Of mice and women: a comparative tissue biology perspective
of breast stem cells and differentiation. J. Mammary Gland Biol. Neoplasia 20 (1-2),
51-62.

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

Edgar, R., Domrachev, M., Lash, A.E., 2002. Gene expression omnibus: NCBI gene ex-
pression and hybridization array data repository. Nucleic Acids Res. 30 (1), 207-210.

Ero-Tolliver, I.A., Hudson, B.G., Bhave, G., 2015. The ancient 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. Cancer Lett. 344 (2), 166-173.

Gregory, P.A., Bert, A.G., Paterson, E.L., Barry, S.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., Villadsen, R., Nielsen, H.L., Ronnov-Jessen, L., Bissell, M.J., Petersen,
O.W., 2002. Isolation, immortalization, and characterization of a human breast epi-
thelial cell line with stem cell properties. 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., Bergthorsson, J.T., Magnusson, M.K., Gudjonsson, T., 2014.
Functional role of the microRNA-200 family in breast morphogenesis and neoplasia.
Genes 5 (3), 804-820.

Hilmarsdottir, B., Briem, E., Sigurdsson, V., Franzdottir, S.R., Ringner, M., Arason, A.J.,
Bergthorsson, J.T., Magnusson, M.K., Gudjonsson, T., 2015. MicroRNA-200c-141 and
Np63 are required for breast epithelial differentiation and branching morphogenesis.
Dev. Biol. 403 (2), 150-161.

Inoue, A., Seidel, M.G., Wu, W., Kamizono, S., Ferrando, A.A., Bronson, R.T., Iwasaki, H.,
Akashi, K., Morimoto, A., Hitzler, J.K., Pestina, T.L., Jackson, C.W., Tanaka, R.,
Chong, M.J., McKinnon, P.J., Inukai, T., Grosveld, G.C., Look, A.T., 2002. Slug, a
highly conserved zinc finger transcriptional repressor, protects hematopoietic pro-
genitor cells from radiation-induced apoptosis in vivo. Cancer Cell 2 (4), 279-288.

Javed, A., Lteif, A., 2013. Development of the human breast. Semin. Plast. Surg. 27 (1),
5-12.

Jayachandran, A., Prithviraj, P., Lo, P.H., Walkiewicz, M., Anaka, M., Woods, B.L., Tan,

46

Mechanisms of Development 155 (2019) 34-47

B., Behren, A., Cebon, J., McKeown, S.J., 2016. Identifying and targeting determi-
nants of melanoma cellular invasion. Oncotarget 7 (27), 41186-41202.

Kal, A.J., van Zonneveld, A.J., Benes, V., van den Berg, M., Koerkamp, M.G., Albermann,
K., Strack, N., Ruijter, J.M., Richter, A., Dujon, B., Ansorge, W., Tabak, H.F., 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,
Z.1., Muecke, J.S., Fernandez-Fuentes, N., Laurie, K.J., Shires, M., Fogarty, R., Carr,
1.M., Poulter, J.A., Morgan, J.E., Mohamed, M.D., Jafri, H., Raashid, Y., Meng, N.,
Piseth, H., Toomes, C., 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 y epithelial organogenesis. Cold Spring Harb
Protoc 2015 (12) (pdb.prot078071).

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

Lilja, A.M., Rodilla, V., Huyghe, M., Hannezo, E., Landragin, C., Renaud, O., Leroy, O.,
Rulands, S., Simons, B.D., Fre, S., 2018. Clonal analysis of Notchl-expressing cells
reveals the existence of unipotent stem cells that retain long-term plasticity in the
embryonic mammary gland. Nat. Cell Biol. 20 (6), 677-687.

Liu, Y., Carson-Walter, E.B., 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
lineage tracing of proliferative embryonic and adult mammary stem/progenitor cells.
Development 145 (14).

Mani, S.A., Guo, W., Liao, M.J., Eaton, E.N., Ayyanan, A., Zhou, A.Y., Brooks, M.,
Reinhard, F., Zhang, C.C., Shipitsin, M., Campbell, L.L., Polyak, K., Brisken, C., 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, 1., Laurini, C., Halavatyi, A., Vetter, G., Del Sol, A.,
Friederich, E., 2012. A novel network integrating a miRNA-203/SNAI1 feedback loop
which regulates epithelial to mesenchymal transition. PLoS One 7 (4), e35440.

Moustakas, A., Heldin, C.H., 2007. Signaling networks guiding epithelial-mesenchymal
transitions during embryogenesis and 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, E.K.,
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.H., Jackling, F.C., Davis, M.J., Lindeman, G.J., Smyth, G.K., Visvader, J.E., 2017.
Construction of developmental lineage relationships in the mouse mammary gland by
single-cell RNA profiling. Nat. Commun. 8 (1), 1627.

Pechoux, C., Gudjonsson, T., Ronnov-Jessen, L., Bissell, M.J., Petersen, O.W., 1999.
Human mammary luminal epithelial cells contain progenitors to myoepithelial cells.
Dev. 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, K.J., Muller, V., Szabo, A.J., Geiszt, M., 2009. Peroxidasin is secreted and
incorporated into the extracellular matrix of myofibroblasts and fibrotic kidney. Am.
J. Pathol. 175 (2), 725-735.

Petersen, O.W., Polyak, 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, L., Bissell,
M.J., 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, S., Melsted, P., Pachter, L., 2017. Differential analysis of
RNA-seq incorporating quantification uncertainty. Nat. Methods 14 (7), 687-690.

Sarrio, D., Rodriguez-Pinilla, S.M., Hardisson, D., Cano, A., Moreno-Bueno, G., Palacios,
J., 2008. Epithelial-mesenchymal transition in breast cancer relates to the basal-like
phenotype. Cancer Res. 68 (4), 989-997.

Shimono, Y., Zabala, M., Cho, R.W., Lobo, N., Dalerba, P., Qian, D., Diehn, M., Liu, H
Panula, S.P., Chiao, E., Dirbas, F.M., Somlo, G., Pera, R.A., Lao, K., Clarke, M.F.,
2009. Downregulation of miRNA-200c links breast cancer stem cells with normal
stem cells. Cell 138 (3), 592-603.

Sigurdsson, V., Fridriksdottir, A.J., Kjartansson, J., Jonasson, J.G., Steinarsdottir, M.,
Petersen, O.W., Ogmundsdottir, H.M., Gudjonsson, T., 2006. Human breast micro-
vascular endothelial cells retain phenotypic traits in long-term finite life span culture.
In Vitro Cell. Dev. Biol. Anim. 42 (10), 332-340.

Sigurdsson, V., Hilmarsdottir, B., Sigmundsdottir, H., Fridriksdottir, A.J., Ringner, M.,
Villadsen, R., Borg, A., Agnarsson, B.A., Petersen, O.W., Magnusson, M.K.,
Gudjonsson, T., 2011. Endothelial induced EMT in breast epithelial cells with stem
cell properties. PLoS 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, S., Herschkowitz, J.I., Rosen, J.M., Issa, J.P., Calin,
G.A., Chang, J.T., Mani, S.A., 2013. Epigenetic silencing of microRNA-203 is required
for EMT and cancer stem cell properties. Sci. Rep. 3, 2687.

Tauber, S., Jais, A., Jeitler, M., Haider, S., Husa, J., Lindroos, J., Knofler, M., Mayerhofer,
M., Pehamberger, H., Wagner, O., Bilban, M., 2010. Transcriptome analysis of human

o


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE112306
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE112306
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0005
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0005
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0005
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0005
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0010
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0010
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0010
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0010
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0015
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0015
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0015
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0020
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0020
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0020
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0020
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0025
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0025
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0025
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0030
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0030
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0035
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0035
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0035
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0035
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0035
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0040
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0040
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0040
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0045
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0045
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0050
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0050
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0055
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0055
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0055
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0055
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0060
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0060
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0060
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0060
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0065
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0065
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0065
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0070
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0070
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0070
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0075
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0075
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0080
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0080
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0080
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0085
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0085
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0090
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0090
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0090
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0090
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0095
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0095
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0095
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0100
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0100
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0105
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0105
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0105
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0110
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0110
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0110
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0110
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0115
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0115
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0115
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0115
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0115
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0120
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0120
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0125
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0125
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0125
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0130
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0130
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0130
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0130
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0130
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0135
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0135
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0135
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0135
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0135
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0135
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0135
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0140
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0140
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0140
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0145
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0145
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0150
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0150
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0150
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0150
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0155
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0155
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0155
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0160
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0160
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0160
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0165
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0165
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0165
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0165
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0170
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0170
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0170
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0175
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0175
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0175
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0180
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0180
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0180
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0185
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0185
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0185
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0185
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0190
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0190
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0190
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0195
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0195
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0195
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0200
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0200
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0200
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0200
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0205
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0205
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0210
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0210
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0210
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0215
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0215
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0220
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0220
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0220
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0225
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0225
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0225
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0225
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0230
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0230
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0230
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0230
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0235
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0235
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0235
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0235
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0240
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0240
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0245
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0245
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0245
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0245
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0250
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0250

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., Morris, 1.D., Isaacs, H.V., 2005. Xenopus tropicalis perox-
idasin gene is expressed within the developing neural tube and pronephric kidney.
Dev. Dyn. 232 (2), 377-384.

Vidi, P.A., Bissell, M.J., Lelievre, S.A., 2013. Three-dimensional culture of human breast
epithelial cells: the how and the why. Methods Mol. Biol. 945, 193-219.

Villadsen, R., Fridriksdottir, A.J., Ronnov-Jessen, L., Gudjonsson, T., Rank, F., LaBarge,
M.A., Bissell, M.J., Petersen, O.W., 2007. Evidence for a stem cell hierarchy in the
adult human breast. J. Cell Biol. 177 (1), 87-101.

Wellner, U., Schubert, J., Burk, U.C., Schmalhofer, O., Zhu, F., Sonntag, A., Waldvogel, B.,
Vannier, C., Darling, D., zur Hausen, A., Brunton, V.G., Morton, J., Sansom, O.,
Schuler, J., Stemmler, M.P., Herzberger, C., Hopt, U., Keck, T., Brabletz, S., Brabletz,
T., 2009. The EMT-activator ZEB1 promotes tumorigenicity by repressing stemness-
inhibiting 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.

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

47

Mechanisms of Development 155 (2019) 34-47

Centonze, A., Dannau, A., Dubois, C., Van Keymeulen, A., Voet, T., Blanpain, C.,
2018. Early lineage segregation of multipotent embryonic mammary gland pro-
genitors. Nat. Cell Biol. 20 (6), 666-676.

Yan, X., Sabrautzki, S., Horsch, M., Fuchs, H., Gailus-Durner, V., Beckers, J., Hrabe de
Angelis, M., Graw, J., 2014. Peroxidasin is essential for eye development in the
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., O'Shaughnessy, J.A., Chang, J.C., Park,
B.H., Liebler, D.C., Cook, R.S., Arteaga, C.L., 2015. Activating PIK3CA mutations
induce an epidermal growth factor receptor (EGFR)/extracellular signal-regulated
kinase (ERK) paracrine signaling Axis in basal-like breast Cancer. Mol. Cell.
Proteomics 14 (7), 1959-1976.

Zhang, Z., Zhang, B., Li, W., Fu, L., Fu, L., Zhu, Z., Dong, J.T., 2011. Epigenetic silencing
of miR-203 upregulates SNAI2 and contributes to the invasiveness of malignant
breast Cancer cells. Genes Cancer 2 (8), 782-791.


http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0250
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0250
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0255
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0255
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0255
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0260
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0260
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0265
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0265
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0265
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0270
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0270
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0270
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0270
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0270
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0275
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0275
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0280
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0280
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0280
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0280
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0285
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0285
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0285
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0290
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0290
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0290
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0290
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0290
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0290
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0290
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0290
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0295
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0295
http://refhub.elsevier.com/S0925-4773(18)30097-2/rf0295

Article Il

125






Journal of Mammary Gland Biology and Neoplasia (2021) 26:321-338
https://doi.org/10.1007/s10911-021-09507-1

ORIGINAL PAPER q

Check for
updates

Peroxidasin Enhances Basal Phenotype and Inhibits Branching
Morphogenesis in Breast Epithelial Progenitor Cell Line D492

Anna Karen Sigurdardottir’ - Arna Steinunn Jonasdottir' - Arni Asbjarnarson’ - Hildur Run Helgudottir' -
Thorarinn Gudjonsson'2® . Gunnhildur Asta Traustadottir’

Received: 3 May 2021 / Accepted: 13 December 2021 / Published online: 28 December 2021
©The Author(s) 2021, corrected publication 2022

Abstract

The human breast is composed of terminal duct lobular units (TDLUs) that are surrounded by stroma. In the TDLUSs, base-
ment membrane separates the stroma from the epithelial compartment, which is divided into an inner layer of luminal epi-
thelial cells and an outer layer of myoepithelial cells. Stem cells and progenitor cells also reside within the epithelium and
drive a continuous cycle of gland remodelling that occurs throughout the reproductive period. D492 is an epithelial cell line
originally isolated from the stem cell population of the breast and generates both luminal and myoepithelial cells in culture.
When D492 cells are embedded into 3D reconstituted basement membrane matrix (3D-rBM) they form branching colonies
mimicking the TDLUs of the breast, thereby providing a well-suited in vitro model for studies on branching morphogenesis
and breast development. Peroxidasin (PXDN) is a heme-containing peroxidase that crosslinks collagen IV with the forma-
tion of sulfilimine bonds. Previous studies indicate that PXDN plays an integral role in basement membrane stabilisation
by crosslinking collagen IV and as such contributes to epithelial integrity. Although PXDN has been linked to fibrosis and
cancer in some organs there is limited information on its role in development, including in the breast. In this study, we dem-
onstrate expression of PXDN in breast epithelium and stroma and apply the D492 cell line to investigate the role of PXDN
in cell differentiation and branching morphogenesis in the human breast. Overexpression of PXDN induced basal phenotype
in D492 cells, loss of plasticity and inhibition of epithelial-to-mesenchymal transition as is displayed by complete inhibi-
tion of branching morphogenesis in 3D culture. This is supported by results from RNA-sequencing which show significant
enrichment in genes involved in epithelial differentiation along with significant negative enrichment of EMT factors. Taken
together, we provide evidence for a novel role of PXDN in breast epithelial differentiation and mammary gland development.

Keywords Peroxidasin - p63 - Mammary gland - Branching morphogenesis - D492 - Mammary stem cells

Introduction

The mammary gland, the signature organ of mammals, is
responsible for the production of milk to feed the offspring.
The gland is a branched structure comprised of excretory
ducts and terminal duct lobular units (TDLUs) which con-
tain the functional epithelium along with stroma. The epithe-
lium can be divided into an inner layer of luminal epithelial
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cells (LEP) and an outer layer of myoepithelial cells (MEP),
both believed to be of the same origin [1-3]. Separating
the epithelium from the stroma is the basement membrane,
a thin layer of extracellular matrix mainly comprised of
laminins and collagen 1V, that maintains epithelial integrity
and induces correct cell polarity [4, 5]. Although the devel-
opment of the mammary gland begins during embryogenesis
it is unique in that it does not complete its developmen-
tal process until pregnancy. However, during each oestrus
cycle, continuous epithelial remodelling occurs as the gland
prepares in prospect of pregnancy [6, 7]. This remodelling
is maintained by bipotent epithelial stem cells that, along
with lineage restricted progenitor cells, induce branching
and epithelial differentiation within the gland [2, 8-10].
Branching morphogenesis is dependent upon epithelial cell
plasticity that enables the cells to invade the surrounding
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stroma. This can be achieved through mechanisms such as
collective migration [11] or epithelial to mesenchymal tran-
sition (EMT) [12, 13].

The D492 breast epithelial progenitor cell line was origi-
nally isolated from the EpCAM*/MUCI" supra-basal cell
population of the human breast epithelium [1]. This popu-
lation is multipotent and can give rise to cells with both
luminal and myoepithelial characteristics when cultured in
vitro. This ability is preserved in D492 cells which, further-
more, mimic the breast TDLUs by forming branched struc-
tures when cultured in 3D reconstituted basement membrane
(3D-rBM, Matrigel) [1]. In addition, D492 cells undergo
EMT when co-cultured with endothelial cells [14]. Due to
its ability to replicate key features of breast development the
D492 cells are well suited for in vitro modelling and have
successfully been used to study branching morphogenesis,
epithelial plasticity and EMT [14, 15]. Furthermore, D492
has been used to study the role of non-coding RNAs (nc-
RNAs) in these processes [16—-19].

Recently, we applied D492 and its mesenchymal daugh-
ter cell line D492M to study differential expression of
miRNAs during EMT. This revealed that miR-203a was
one of the most downregulated miRNAs in D492M com-
pared to D492. Subsequent overexpression of miR-203a in
D492M led to partial revision to an epithelial phenotype
with accompanying functional changes such as decreased
proliferation, migration and invasion, and increased sus-
ceptibility to chemically induced apoptosis. Interestingly,
RNA-sequencing revealed that the most downregulated
gene in D492M™R203% y a5 the basement membrane fac-
tor peroxidasin (PXDN) which we subsequently confirmed
as a novel target for miR-203a [17]. Peroxidasin (PXDN)
is an extracellular matrix peroxidase and the only known
enzyme that stabilizes the basement membrane through
sulfilimine bond formation between collagen IV fibrils [20]
which are only found within the basement membrane [21].
PXDN loss of function leads to basement membrane desta-
bilisation due to lack of cross-linking, indicating that PXDN
plays a crucial role in development and tissue homeostasis
[20, 22]. PXDN is expressed in various tissues such as the
heart, colon and liver, and on the cellular level it has been
identified in epithelium, vascular endothelium and smooth
muscle cells [23]. In melanoma, increased PXDN expression
has been linked to mesenchymal and invasive phenotype of
malignant cells [24]. Furthermore, high PXDN expression in
ovarian cancer has been linked to increased malignancy and
poor patient outcome. Conversely, in vitro knock down of
PXDN in HEY human ovarian carcinoma cell line decreased
invasion, migration and proliferation, supporting the link
between PXDN and malignant phenotype [25]. In the present
study, we addressed the largely unexplored functional role
of PXDN in mammary gland development by overexpress-
ing the PXDN gene in the normal epithelial progenitor cell

@ Springer

line D492. We demonstrate that overexpression of PXDN in
D492 cells enforces basal epithelial phenotype and inhibits
branching. Furthermore, we show through RNA-sequencing
that PXDN is involved in epithelial cell differentiation and
inhibition of EMT.

Materials and Methods
D492 Cell Culture

D492 were cultured in H14 media containing Dulbecco‘s
Modified Eagle Medium DMEM:F12 (Gibco, #31330), sup-
plemented with penicillin and streptomycin, Insulin (Sigma,
#11882), EGF (Peprotech, #AF-10-15), Transferrin (Sigma,
#T1147), NaSel (BD Biosciences, #354201), Estradiol
(Sigma, #E2758), Hydrocortisone (Sigma, #H0888), and
Prolactin (Peprotech, #100-07). Cells were cultured in flasks
precoated with collagen I solution (PureCol Type 1 Collagen
Solution, Advanced Biomatrix, #5005-100ML) at 37 °C and
5% CO,. Media was changed three times a week and cells
were passaged when 90% confluent at a ratio of 1:10.

3D Matrix Embedded Culture

3D cultures with cells embedded in matrix were carried
out in 48 well plates (Corning, #353078), where 1,0x10%
cells were resuspended and plated in 150 ul of growth factor
reduced reconstituted basement membrane matrix (Matrigel,
Corning, #354230) in triplicates. Plate was incubated at
37 °C and in 5% CO, for 30 minutes until Matrigel had
solidified, and 500 ul of H14 media was gently added on
top. Cells were grown for 21 days, and media was changed
three times a week.

3D on Top of Matrix Culture

3D with cells on top of matrix was carried out in 96 well
plates (Matrigel, Corning, #354230), where 50 ul of Matrigel
were plated and then incubated for 30 minutes at 37 °C and
in 5% CO, until the gel had solidified. Subsequently, 6,0x10°
cells were seeded on top of the gel in 100 pl of H14 media.
Media was changed three times a week by replacing half
of old media with equal volume of fresh media. Cells were
grown for 8 days, and colony formation and growth were
monitored in IncuCyte Live Cell Analysis System (Essen
BioScience).

Isolation of Primary Cells from Breast Tissue
Luminal epithelial- and myoepithelial cells were purified after

breast organoids from reduction mammoplasty had spread out in
primary culture. The isolation was done immunomagnettically
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using anti-EpCAM columns. Luminal- and myoepithelial cells
separations were carried out by use of the MiniMACS magnetic
cell separation system according to the manufacturer’s instruc-
tions (Miltenyi Biotech) [1]. BRENCs were isolated from adi-
pose tissue derived from reduction mammoplasty which resulted
in relatively pure microvessel organoids. The microvasculature
component was incubated with anti-CD31 Dynabeads (Inv-
itrogen, #11155D) and isolated on a magnetic concentrator.
Microvessels were seeded onto collagen coated flasks, result-
ing in enriched population of endothelial cells [26]. Fibroblasts
appear as single cells upon collagenase treatment of the breast
tissue. Purification of fibroblasts was obtained by differential
centrifugation of the digest and moving the floating fibroblast
to a culture flask [27].

Lentiviral Packaging and Transduction

Lentiviral particles were produced with pLenti-C-
Myc-DDK-P2A-Puro cloning vector containing PXDN
sequence (OriGene, #RC224518L3) along with pMD2.G
(a gift from Didier Trono, Addgene plasmid #12259;
http://n2t.net/addgene:12259; PRID:Addgene_12259)
and psPAX2 (a gift from Didier Trono, Addgene
plasmid #12260; http://n2t.net/addgene:12260;
PRID:Addgene_12260) packaging plasmids. Plasmids
were transfected into HEK-293T cells using Turbo-
Fect Transfection Reagent (Thermo Fisher Scientific,
#R0533) in antibiotic and serum free high glucose
DMEM (Gibco, #31966-021). Supernatant containing
lentivirus was collected 48 hours and 72 hours post-
transfection. D492 were infected with viral supernatant
overnight in the presence of 8 ug/ml Polybrene (Sigma-
Aldrich, #TR-1003). PXDN transduced cells were sub-
sequently selected with puromycin (Gibco, #A11138-03)
at concentration of 2 pg/ml for D492 cells. Control cells
were transduced with empty pLenti-C-Myc-DDK-P2A-
Puro cloning vector (OriGene, #PS100092).

RNA Isolation and Quantitative RT-PCR Analysis

RNA was isolated with Tri-Reagent (Thermo Fisher Scientific,
#AMO9738) and 1 pg of each sample RNA was reverse tran-
scribed using LunaScript RT SuperMix Kit (New England Bio-
Labs, #£3010). Quantitative real time PCR was performed using
SYBR Green Luna Universal gPCR Master Mix (New England
BioLabs, #M3003) as per manufacturer recommendation. Rela-
tive expression was determined via calculation of 244 using
ABI 7500 instrument (Applied Biosystems) and GAPDH as
endogenous control for gene expression. The following prim-
ers were used (purchased from IDT Integrated DNA Technolo-
gies) PXDN (Hs.PT.58.630748), CK14 (Hs.PT.58.4592110),
CK19 (Hs.PT.58.4188708), CK5/6 (Hs.Pt.58.14446018), TP63

(Hs.PT.58.2966111) and GAPDH (Hs.Pt.39a.22214836) as an
endogenous control.

Immunochemistry of Cells

For immunochemistry of cells in monolayer and 3D culture
the following antibodies were used: PXDN (a gift from M.
Geiszt, Semmelweis University, Budapest) 1:250, KRT19
(Abcam, #ab7754) 1:100, KRT14 (Abcam, #ab7800) 1:100,
and p63 (Novocastra, #NCL-p63) 1:100. Fluorescent label-
ling was performed using fluorescent secondary antibodies
(Alexa fluor, Thermo Fisher Scientific). Imaging was per-
formed on Zeiss LSM 5 Pa laser-scanning microscope (Carl
Zeiss) and Olympus fluoview 1200.

Immunohistochemistry of Paraffin Embedded
Mammary and Breast Cancer Tissue

Immunohistochemistry of tissue slides was performed with
anti-PXDN (a gift from M. Geiszt, Semmelweis University,
Budapest) 1:400. Secondary staining was performed with
Fast Red (Sigma, #F4648). Tissue slides were counterstained
with hematoxylin. Imaging was performed using Nikon
Eclipse Ci microscope.

Protein Isolation and Western Blot Assay

Protein was isolated from cells lysed with radio
immunoprecipitation assay (RIPA) buffer containing protease
and phosphatase inhibitors (Halt Protease Inhibitor Cocktail,
Thermo Fisher Scientific, #78430). Bradford reagent (BioRad,
#5000002) was used to determine protein concentration.
Western blot was performed on 10% NuPage Bis-Tris gels
(Invitrogen, #NP0301PK2) in NuPage MES running buffer
(Thermo Fisher Scientific, #NP0002). Protein was transferred
from gel to Immobilon-FL. PVDF membrane (Merck-
Millipore, #IPFL00010) with NuPage transfer buffer (Thermo
Fisher Scientific, #NP0006-1). Membrane was blocked with
Odyssey Blocking Bufter (Li-Cor, #927-500) and incubated
overnight at 4 °C with primary antibodies. The following
primary antibodies were used for protein detection: PXDN
(a gift from M. Geiszt, Semmelweis University, Budapest)
1:1000, KRT19 (Santacruz, #sc-6278) 1:1000, KRT14
(Abcam, #ab7800) 1:1000, KRT5/6 (Invitrogen, #180267)
1:500, EpCam (Abcam, #ab71916) 1:1000, with Actin
(Li-Cor, #924-42212) as endogenous control, and in nuclear
fraction p63 (Abcam, #ab124762) 1:2000, with Histone H3
(Cell Signaling, #4499). Secondary antibodies used were
rabbit or mouse (Li-Cor) and imaging was performed using
Odyssey Infrared Imaging System (Li-Cor).
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«Fig.1 PXDN is expressed in both epithelial and stromal compart-
ments of the breast gland. a PXDN expression is highest in breast
tissue. Tissue specific expression data from the Human Protein Atlas
showed that PXDN levels are higher in breast than other tissues. b
Immunohistochemistry of PXDN in paraffin embedded normal breast
tissue. Positive signal (red) was detected in epithelial cells (exam-
ple depicted with asterix), fibroblasts (example depicted with arrow)
and endothelial cells (example depicted with arrowhead). Tissue
slides were counterstained with hematoxylin. Scale bar = 100 pm. ¢
PXDN was expressed in luminal epithelial cells (LEP), myoepithelial
cells (MEP), fibroblasts and breast endothelial cells (BRENCs), iso-
lated from primary tissue from reduction mammoplasties. BRENCs
expressed the highest levels of PXDN compared to the other three
subtypes followed by fibroblasts, as detected by qRT-PCR. Further-
more, PXDN was expressed in both LEPs and MEPs which both
belong to the epithelial compartment. Statistical significance was
determined by One-way ANOVA (*p < 0.05) and data is presented
as an average of three replicated experiments (mean + SD). d West-
ern blot showing protein level expression of PXDN in LEP, MEP,
fibroblasts and BRENCs with recombinant PXDN (rPXDN) as posi-
tive control. No significant difference was found in PXDN expression
between primary cells. Statistical significance was determined by
One-way ANOVA and data is presented as an average of three repli-
cated experiments (mean + SD)

Proliferation Assay

Cells were seeded at 4.0x10%/cm? in a 6-well plate (Falcon,
#353046) format, pre-coated with collagen I solution (PureCol
Type 1 Collagen Solution, Advanced Biomatrix, #5005-
100ML). Plates were incubated at 37 °C and 5% CO,. Every
24 hours three wells of each cell line were treated with Trypsin-
EDTA, and cells were counted. Proliferation rate was deter-
mined from increase in cell number over six consecutive days.

Apoptosis Assay

Apoptosis assay was performed in IncuCyte (Essen Bio-
science) as per manufacturer’s instructions using 10uM
Camptotechin (Sigma-Aldrich, #C9911). Apoptosis was
detected by IncuCyte Caspase-3/7 Green Reagent (Essen
Bioscience, #4440).

Migration and Invasion Assays

Migration and invasion assays were performed as per man-
ufacturer’s instructions in IncuCyte (Essen Bioscience) in
a 96 well plate format. 1.0x10'° cells were seeded per well
and allowed to grow until confluent before scratching.

Statistical Analysis

Statistical analysis was performed in GraphPad Prism ver-
sion 8.3.0. All experiments were performed in three inde-
pendent experiments.

RNA Sequencing

RNA was isolated from D492°™"Y and D4927*PV cells in
monolayer at 80% confluency and on day 8 of 3D on top
of matrix culture. RNA sequencing was performed on
samples in quintuplets at DeCODE Genetics (Reykjavik,
Iceland).

Gene enrichment analyses were performed in GSEA
(gsea-msigdb.org) with pre-ranked gene lists and the Hall-
mark and C5 Ontology gene sets for HALLMARK and GO
analyses, respectively. Volcano plots and heatmaps were
generated in Graph Pad Prism.

Transient Knock Down of TP63 and PXDN

Transient knock down in D492PXPN cells was performed
with siRNA targeting TP63 (Thermo Fisher Scien-
tific. SIRNA #1: #s16411 lot. ASO2HNI1T. SiRNA #2:
#5502043 10t.AS02043), and in D492 cells with siRNA
targeting PXDN (Thermo Fisher Scientific, #4392421 lot.
AS02B0C4), using Lipofectamine RNAIMAX Transfec-
tion Reagent (Thermo Fisher Scientific, #13778075) as
per manufacturer’s instructions. Cells were incubated
for 48 hours after transfection whereafter assays were
performed.

Analysis of PXDN Expression in Breast Cancer

PXDN expression in different breast cancer subtypes was
analysed in the Gene expression-based Outcome for Breast
Cancer Online (GOBO) database [28]. Distant metastasis
free survival (DMFS) over a period of 10 years was analysed
in 3 quantiles in all tumor subtypes.

Results
PXDN is Expressed in Breast Epithelium and Stroma

Data from the Human Protein Atlas database revealed
that PXDN expression is highest in female tissues com-
pared to other human tissues and among those, PXDN
expression was highest in the breast (Fig. 1a). In support,
immunohistochemistry of paraffin embedded normal
breast tissue revealed positive PXDN signal in epithelial
cells, fibroblasts and endothelial cells (Fig. 1b). To con-
firm the expression of PXDN in the mammary gland we
investigated the expression pattern in four different sub-
types of primary cells isolated from reduction mammo-
plasties: EpCam-sorted luminal epithelial cells (LEPs)
and myoepithelial cells (MEPs) (Supplementary Fig. 1),
fibroblasts and breast endothelial cells (BRENCs).
Quantitative RT-PCR analysis revealed that PXDN was
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Fig.2 Confirmation of PXDN
overexpression in D492 cells
and effect on monolayer growth
pattern. a PXDN was success-
fully overexpressed in D492.
qRT-PCR results showed
approximately 65-fold upregula-
tion of PXDN in D492P*PN
compared to D492°™PY, Results
were confirmed by Western
blot where recombinant PXDN
(rPXDN) was used as positive
control, and by immunofluo-
rescence staining. Statistical
significance in qRT-PCR was
determined by unpaired Stu-
dent‘s t-test (***p < 0.001) and
data is presented as an average
of three replicated experiments
(mean + SD). Scale bar =

125 um. b Overexpression of
PXDN affected cell phenotype
and growth pattern of D492 in
monolayer culture. D492PXPN
cells were more homogene-
ous and cuboidal in pheno-
type compared to D492°™PY,
D492PXPN orew closer together
than D492°™Y in monolayer,
forming a dense network as
opposed to more even distribu-
tion of cells in D492°™"Y, Scale
bar = 100 pm
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expressed in all cell types, albeit with higher expression  within the functional epithelium. (Fig. 1c). Western blot
in fibroblasts and BRENCs, both belonging to the breast ~ confirmed protein level expression in all four primary
stromal compartment. Considerable expression was also  cell types, although the results did not completely reflect
detected in LEPs and MEPs, indicating a role of PXDN  mRNA-level expression (Fig. 1d).

@ Springer



Journal of Mammary Gland Biology and Neoplasia (2021) 26:321-338

327

a.

Relative expression (mMRNA)

Relative quantity (protein)

-
o
]

0.5

o
=)
1

C.
DAg2e™
20+ KKK K
JE— [ D4929mpty
15 1 D4g2PXON
10
54 % * %k
0_
KRT5/6 KRT14 KRT19
S N
< & KRT5/6
& 3
O O
XK
— e —
KRT5/6 _ —
Actin e S—
KRT14 o
Actin Sl S—'

KRT19 -
Actin = —

B D492°mPY
[ D492PXDN

ns

KRT5/6 KRT14 KRT19

D492

@ Springer



328

Journal of Mammary Gland Biology and Neoplasia (2021) 26:321-338

Fig.3 Overexpression of PXDN in D492 enforced epithelial basal
phenotype. a Overexpression of PXDN enforced upregulation of
basal epithelial cell markers in D492. qRT-PCR results revealed that
epithelial basal cell markers KRT14 and KRT5/6 were significantly
upregulated in D492P*PN compared to D492°™Y, while luminal epi-
thelial cell marker KRT19 was significantly downregulated. Statistical
significance in qRT-PCR was determined by unpaired Students t-test
(*p < 0.05, **p < 0.01, ****p < 0.0001) and data is presented as
an average of three replicated experiments (mean + SD). Scale bar
= 125 um. b Western blot confirmed protein level upregulation of
basal markers in D492P%PN, Relative quantification of protein bands
confirmed significant upregulation of KRT5/6, KRT14 and KRTI9.
Statistical significance was determined by unpaired Student‘s t-test
(*p < 0.05) and data is presented as an average of three replicated
experiments (mean + SD). ¢ D492P*PV cells coexpressed luminal and
basal markers. Immunofluorescence staining revealed that D492°™PY
had both KRTI4-/KRT19+ and KRTI14+/KRTI19+ populations. In
D492PXPN the KRT14-/KRT19+ population was lost while KRT14+/
KRT19+ cells were enriched. Scale bar = 125 um

D492°™"

D492"®N

Colony count Colony morphology

1 D492emPYy 1 D4g2emPY
30 [ D492PXDN 25 [ D492PXDN
8 25 8 20 *
s H -
=220 2
8 S 15
6 15 ‘s
5 510
310 3
3 €
3 5 S 5
=z =z
0 0
D492°™" D492 Branching Spheroid

Fig.4 PXDN inhibited branching morphogenesis in D492 cells. a
When cultured in 3D-rBM for 21 days, D492 cells form branch-
ing structures reminiscent of TDLUs in the breast. This ability
was retained in D492°™PY, However, branching morphogenesis
was completely inhibited in D492"XPN cells. Scale bar = 125 pm.
b Overexpression of PXDN in D492PXPN was preserved under
3D conditions. Increased secretion of PXDN to the ECM was
observed in D4927*P¥ cells cultured in 3D-rBM. PXDN was also
visible around D492°™"Y colonies but to a lesser extent. Scale
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Overexpression of PXDN in D492 Affected Monolayer
Growth Pattern, Enforced Basal Epithelial Phenotype
and Inhibited Branching Morphogenesis

We have previously reported that while PXDN is minimally
expressed in D492 it is significantly upregulated in its mes-
enchymal daughter cell line D492M [17]. As D492 cells are
well established as a model for branching morphogenesis
in the breast and yield cells with both luminal and myoepi-
thelial characteristics, we decided to apply D492 to inves-
tigate the role of PXDN in mammary gland development
and epithelial differentiation. Therefore, we overexpressed
PXDN in D492 cells using lentiviral approach. Quantitative
RT-PCR revealed approximately 65-fold upregulation of
PXDN in D492PXPN compared to D492°™Y and successful

b.
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bar = 125 pum. ¢ Overexpression of PXDN significantly altered
morphology but not count and size of colonies in 3D-on top cul-
ture. No significant difference was seen in colony count or size
between to D492°™Y and D492PXPN cultured on top of Matrigel
on day 9. However, branching was inhibited in D492PXPN  \which
only formed solid spheroid colonies. Scale bar = 150 pum. Statis-
tical significance was determined using unpaired Student‘s t-test
and data is presented as an average of three replicated experiments
(mean =+ SD)
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<Fig.5 Overexpression of PXDN increased proliferation, decreased
wound closure time and negatively affected plasticity in D492 cells.
a PXDN did not significantly affect proliferation rate in D492 cells.
D492PXPN and D492°™Y cells proliferated at a similar rate. D492°XPV
only proliferated slightly faster on day 5 of the experiment. Statisti-
cal significance was determined by two-way ANOVA with mul-
tiple comparisons (*p < 0.05) and data is presented as an average
of three replicated experiments (mean + SD). b D492P*PN cells had
increased migratory capacity in wound healing. PXDN significantly
increased migration in D492 cells in wound healing compared to
D492°™Y, Data was analyzed in IncuCyte Zoom and is presented
as wound confluence % and an average of three replicated experi-
ments (mean + SD). Statistical significance was determined by two-
way ANOVA with multiple comparisons (*p < 0.05, **p < 0.01).
¢ D492PXPN cells had increased invasive capacity in wound healing
under Matrigel. D492P*PN cells wound closure was significantly
accelerated compared to D492°™% when Matrigel was applied on top
of cells after scratching. Data was analyzed in IncuCyte Zoom and is
presented as wound confluence % and an average of three replicated
experiments (mean + SD). Statistical significance was determined by
two-way ANOVA with multiple comparisons (**p < 0.01, *#¥p <
0.001, *##¥p < 0.0001). d D492"*PN cells closed the wound in 12 hours
in invasion scratch assay under Matrigel. D492*P cells were able to
invade through Matrigel and close scratch wound area in 12 hours. In
comparison D492°™"Y cells reached wound closure four and half days
later. Scale bar = 300 um. e D492"*PV formed lamellipodia during
wound closure under Matrigel. Immunofluorescence staining of actin
filaments in wound healing under Matrigel, 24 hours post scratching,
revealed that D492°™"Y formed extensive filopodia (example depicted
with arrowhead) while D492P*PN cells formed lamellipodia (exam-
ple depicted with arrow). Furthermore, peripheral actin staining was
increased in D492"*PN. Scale bar = 150 um

upregulation was confirmed with Western blot and immu-
nofluorescence staining of monolayer cell culture (Fig. 2a).
In monolayer culture, D4927XPN cells were phenotypically
distinguishable from D492°™Y cells, as they were smaller,
cuboidal and more homogeneous in appearance compared
to D492°™PY, Furthermore, they grew in tighter proximity to
neighbouring cells than D492°™PY (Fig. 2b).

Having established phenotypic differences between
D492PXPN and D492°™PY we asked whether this was
reflected by changes in epithelial cell differentiation mark-
ers. Indeed, quantitative RT-PCR showed significant upregu-
lation of basal markers KRT14 and KRT5/6 in D492FXPN,
while luminal marker KRT19 was significantly downregu-
lated (Fig. 3a). Differential expression of these three markers
was confirmed on protein level by Western blotting where
significant change in expression of all three markers was
observed (Fig. 3b). Immunofluorescence staining of cells
cultured in monolayer revealed upregulation of both KRT5/6
and KRT14 in D492PXPN while changes in expression of
KRT19 were less clear. However, when comparing the
expression pattern of KRT14 and KRT19 it was apparent
that all D492PXPN cells co-expressed both markers and that
there was a depletion of KRT19+/KRT14- cells (Fig. 3c).
This subpopulation of KRT19+/KRT14- cells reflected the
luminal population of the breast epithelium [29] while it has
been suggested that KRT19+4+/KRT14+ cells are mammary
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gland stem cells [2]. The ability to yield populations that
are KRT19+/KRT14- or KRT19-/KRT14+ with luminal
and myoepithelial characteristics, respectively, in addition
to a small KRT19+/KRT14+ subpopulation is characteristic
for the D492 cell line and is reflective of its plasticity [15].
The depletion of populations other than KRT194+/KRT14+
in D492PXPN might therefore indicate loss of plasticity. To
analyse whether overexpression affected the expression of
COL4AI and COL4A5 we decided to evaluate the expres-
sion in D492°™Y and D492”*PN which revealed no observed
differences between the cell lines (Supplementary Fig. 2).

We have previously demonstrated that plasticity is neces-
sary for branching morphogenesis to occur in D492 cultured
in 3D-rBM [16]. Colonies formed by cells with either luminal
or myoepithelial phenotype without plasticity were unable to
adjust their phenotype and thus, were also unable to branch [16].
Interestingly, 3D cultures of D492°™Y and D492*PN showed
that D492°™Y colonies retained the branching ability of D492,
whereas branching was completely inhibited in D492PXPV
(Fig. 4a). Immunohistochemical staining of D492P%PN and
D492°™PY 3D colonies revealed that increased expression of
PXDN was preserved under 3D conditions (Fig. 4b). Colony
characterisation confirmed that there was no significant differ-
ence between the size and number of D492°™% and D492FXPN,
Colony morphology reflected previous observation where
D492°™PY formed both spheroid and branching colonies while
D492PXPN only formed spheroids (Fig. 4c).

Overexpression of PXDN Decreased Wound Closure
Times in D492 Cells and Negatively Affected
Plasticity

Next, we applied a series of functional assays to clarify whether
changes in phenotype, as a result of PXDN overexpression, also
affected cell behaviour. There was no significant difference in
proliferation in D492PXPN compared to D492°™PY, except at a
single timepoint (Fig. 5a). However, PXDN promoted migra-
tion of D492 cells, evidenced by increased migratory ability
of D492PXPN in a wound healing assay, where wound conflu-
ence reached near 100% 15 hours after application of the scratch
wound. On the contrary, when the experiment was terminated
at 20 hours, D492°™"Y confluency was still only near 75%
(Fig. 5b) Invasion assay revealed a similar trend where wound
edges under Matrigel closed significantly sooner in D492PXPV
compared to D492°™"Y (Fig. 5c, d). Immunofluorescence
staining of actin showed that D492°™" cells formed long,
branching filopodia that were absent in D492P*PN_ However,
D4927*PV formed lamellipodia with stronger peripheral actin
signal than D492°™" (Fig. 5¢). As phenotype can influence
response to chemically induced apoptosis, we performed
apoptosis assay using Camptotechin. This revealed significant
increase in sensitivity to apoptosis in D492PXPN compared to
D492°™PY (Supplementary Fig. 3).
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Fig.6 Basal phenotype was induced in D49 cells. a Basal
markers were more significantly upregulated in D492P*PN than
luminal and myoepithelial markers. Volcano plot depicting differen-
tial gene expression of basal, luminal and myoepithelial markers in
D492PXPN compared to D492°™PY, Dotted lines mark statistical sig-
nificance of p-value=0.05 and log2 fold change above 2 and below -2.
b TP63 was one of the most upregulated genes in D4927*PN_ Volcano
plot showing RNA sequencing results from D492°™PY and D492PXPN
in monolayer. Significantly upregulated genes (p< 0.05) are rep-
resented by black dots and non-signifcant genes are represented
by red dots. ¢ PXDN overexpression induced upregulation of p63.
qRT-PCR revealed significant upregulation of basal cell marker p63

p63

in D492PXPN - Statistical significance in qRT-PCR was determined
by unpaired Student‘s t-test (*p < 0.05) and data is presented as an
average of three replicated experiments (mean + SD). d Protein level
upregulation of p63 was confirmed by Western blot. Relative quantifi-
cation of protein band is displayed to the right. Statistical significance
of Western blot was determined by unpaired Students t-test (***%#p <
0.0001) and data is presented as an average of three replicated experi-
ments (mean + SD). e Immunofluorescence staining of D492¢™PY
and D492PXPN revealed increased nuclear signal of p63 in D492PXPN,
Upregulation of p63 was confirmed by Western blot of nuclear pro-
tein. Scale bar = 125 pm
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Basal Markers were Significantly Upregulated
in D492PXPN cells

To gain insight into how overexpression of PXDN influences
gene expression we performed RNA sequencing on D492°™PY
and D492”*PY in monolayer and in 3D culture. Results from
monolayer showed that KRT5 and KRT14 were among the
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most significantly upregulated genes in D492"*PN compared
to D492°™PY, Further analysis of commonly applied basal,
luminal and myoepithelial markers in breast epithelium showed
that, compared to luminal and myoepithelial markers, the
basal markers were more highly expressed with higher level
of significance (Fig. 6a). GATA3, an important transcription
factor involved in luminal epithelial cell differentiation [30],
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«Fig.7 RNA-sequencing revealed enrichment of genes involved in
epithelial cell differentiation and development. a Developmental and
differentiation processes were enriched in D4927*PV in 2D. GSEA
results using GO: Gene Ontology dataset showed that processes
involved in epithelial development and differentiation were signifi-
cantly enriched (FDR ¢<0.05), most notably the GO_EPITHELIAL_
CELL_DIFFERENTIATION gene set. NES: Normalised Expres-
sion Score. b Metabolic pathways were most enriched in D492PXPN
in 3D. GSEA results using GO: Gene Ontology dataset showed that
processes involved in metabolism were most significantly enriched
(FDR ¢<0.05). NES: Normalised Expression Score. ¢ Approximately
two thirds of the genes belonging to the GO_EPITHELIAL_CELL_
DIFFERENTIATION gene set, that were significantly differentially
expressed, were upregulated in D492P*PN, Volcano plot representing
genes in the GO_EPITHELIAL_CELL_DIFFERENTIATION gene
set in D492PXPN cells. d In the top 40 most significantly differentiated
genes belonging to the GO_EPITHELIAL_CELL_DIFFERENTIA-
TION gene set the majority was upregulated in D492P*PN Heatmap
representing the top 40 most significantly differentially expressed
genes in the GO_EPITHELIAL_CELL_DIFFERENTIATION gene
set. Among them are KRT6A, KRT5, KRT14 and TP63

was significantly upregulated in D492P%PN  although it did
not seem to be sufficient in inducing the luminal phenotype
(Fig. 6a). Interestingly, the basal marker 7P63 (p63), a known
transcription factor for KRT14 and a key player in epithelial
differentiation in the mammary gland [16, 31, 32], was one of
the highest upregulated genes in D492P*PN (Fig. 6b). This was
confirmed on the mRNA- and protein-level with quantitative
RT-PCR (Fig. 6¢) and Western blot of nuclear fraction protein
(Fig. 6d), respectively. Furthermore, immunofluorescence
staining showed increased protein level expression and nuclear
localization of p63 in all D492”*PV cells, indicating increased
activity (Fig. 6e). To investigate whether the basal shift in
phenotype observed in D492P*PV cells was due to 7P63 function
we performed transient knock down of TP63 with siRNA.
Successful knock down of 7P63 was confirmed with quantitative
RT-PCR and immunofluorescence staining (Supplementary
Fig. 4a). Interestingly, the knock down did not significantly
affect expression of PXDN (Supplementary Fig. 4b) or basal
keratins KRT5/6 and KRT14 in D492PXPN-KD TP63 ¢ompared
to D492PXPN-Cil - KRT]9 showed a trend towards upregulation
in D492PXPN-KD TP63 31though the change was not significant.
Immunofluorescence staining did not show any protein level
change in keratins between D492 XPN-KD TP63 4y 4 [y4gpPXDN-Cul
(Supplementary Fig 4c). Furthermore, transient knock down of
PXDN in D492 cells did not significantly alter the expression of
KRTI14, KRTI9 or TP63 (Supplementary Fig. 5).

PXDN was Involved in Epithelial Differentiation
and Suppressed EMT

Next, as phenotypic shift was already established in
D492PXPN e were interested in seeing what biological

processes were affected by overexpression of PXDN. We
performed pre-ranked Gene Set Enrichment Analysis
(GSEA) using the GO: Gene Ontology datasets which
showed that various epithelial developmental processes were
significantly enriched, especially those related to cornifica-
tion, keratinization and development of skin and epidermis
(Fig. 7a). As it is generally accepted that the mammary gland
is a modified sweat gland that arises from pluripotent epider-
mal stem cells of the skin [33, 34], common developmental
pathways between the two organs are not surprising. More
interestingly, GO_EPITHELIAL_CELL_DIFFERENTIA-
TION was significantly enriched. In this category, 113 genes
were significantly downregulated (p<0.05, log2FC<-2.0)
while 300 genes were significantly upregulated (p<0.05,
log2FC>2.0), contributing to the enrichment observed in
the results (Fig. 7b). Of the top 40 most highly differen-
tially expressed genes belonging to the GO_EPITHELIAL _
CELL_DIFFERENTIATION gene set most were upregu-
lated in D492PXPN (Fig. 7c).

Next, we performed pre-ranked GSEA analysis using the
HALLMARK dataset. Monolayer data showed significant
negative enrichment of HALLMARK_EPITHELIAL_TO_
MESENCHYMAL_TRANSITION. Furthermore, several
EMT factors were significantly downregulated in D492
PXDN (Fig. 8a). As epithelial to mesenchymal transition
(EMT) contributes to epithelial plasticity and is a funda-
mental process in branching morphogenesis [15, 35], we
were interested in whether this would also be the case in
D492PXPN 3D colonies, where branching was inhibited. We
therefore performed RNA sequencing on D492°™P% and
D492PXPN colonies isolated from 3D-rBM. Results showed
that EMT was the second most negatively enriched pathway
in D492PXPN_ Furthermore, a greater number of EMT fac-
tors was downregulated in 3D compared to 2D conditions.
(Fig. 8b). These results indicate that PXDN is involved in
suppression of EMT which might contribute to inhibition
of branching morphogenesis.

PXDN in Breast Cancer

Immunohistochemistry of three subtypes of breast cancer
(ER-positive, HER2-positive and Triple negative) revealed
that PXDN was expressed in cancer cells. Furthermore,
four tumors showed PXDN-positive fibrils in the tumor
stroma (Supplementary Fig. 6a). Results from the Gene
expression-based Outcome for Breast Cancer Online
(GOBO) database showed that women with basal and
HER2-positive tumors that had high PXDN expression
had poorer distant metastasis free survival (DMFS)
compared to women with low PXDN-expressing tumors
(Supplementary Fig. 6b).

@ Springer



334

Journal of Mammary Gland Biology and Neoplasia (2021) 26:321-338

HALLMARK_E2F_TARGETS
HALLMARK_MYC_TARGETS_V1
HALLMARK_UV_RESPONSE_DN
HALLMARK_MYC_TARGETS_V2
HALLMARK_OXIDATIVE_PHOSPHORYLATION

HALLMARK_EPITHELIAL_M| ESENCHYMAL_TRANSITION]

Enrichment plot:
HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION

\V/

00 000 60 14000 W0
Rankin Ordsrsd Datasst

emceoot — i Ranunark set]

DST
TWIST1
FBN1
SNAI1
SNAI2
THY1
FBLN2
VEGFA
FN1
LAMA1
FGF2
CDH1

D492PXDN

D492°mPY

2D

Fig.8 PXDN suppressed epithelial to mesenchymal activity and led
to significant downregulation of key EMT factors. a EMT was sig-
nificantly negatively enriched and key EMT factors were significantly
downregulated in D492XPY in 2D culture. GSEA results using the
HALLMARK data set revealed significant negative enrichment of
HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION
gene set (FDR g-value<0.05). Heatmap depicting key significantly
differentially expressed factors involved in EMT in 2D culture. NES:

@ Springer

b.

HALLMARK_HEDGEHOG_SIGNALING

HALLMARK_MYOGENESIS

HALLMARK_EPITHELIAL_MESENCHVMAL_TRANSITIONI

HALLMARK_UV_RESPONSE_DN

Enrichment plot:
HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION

‘EEsaciags.
IMIMUH\IIHII (AR

]

Ranked list metric (PreRankad)

0 2600 4t 0 80 . 14020 18000 18000

Rank n rdared Dtasst

DST:
TWIST1
FBN1
SNAI1
SNAI2
THY1
FBLN2
FN1

TGFBI
POSTN
ZEB2
VEGFA
LAMA1
CDH2
FGF2

SERPINE2

D492°™Y  p4g2PXPN

3D

Normalised Expression Score. b EMT was significantly negatively
enriched and key EMT factors were significantly downregulated in
D492"*PN 3D culture. HALLMARK_EPITHELIAL_MESENCHY-
MAL_TRANSITION was the second most negatively enriched gene
set (FDR g-value<0.05) in D492PXPN colonies cultured in 3D-rBM.
Heatmap depicting key significantly differentially expressed factors
involved in EMT in 3D culture. NES: Normalised Expression Score



Journal of Mammary Gland Biology and Neoplasia (2021) 26:321-338

335

Discussion

Until now the presence and role of PXDN within the human
breast has not been explored. In this study we show, for the
first time, that PXDN is expressed within both the epithelial
and stromal compartments of the breast, in LEPs and MEPs
as well as fibroblasts and BRENCs, respectively. This was
confirmed with immunohistochemistry of paraffin embedded
normal breast tissue, where PXDN expression was detected
within the epithelium and stroma.

In the past two decades lineage tracing studies have
attempted to delineate distinct cell subpopulations within the
mammary gland, with the purpose of identifying the hier-
archy of stem and progenitor cells responsible for epithelial
development and maintenance. Cells belonging to the basal
lineage have thus far been recognized as the main instigators
of differentiation [8, 10, 36, 37], and the implantation of a
single pluripotent stem cell into cleared mouse fat pad can
reconstruct a full mammary tree [38]. Villadsen et al. [2]
identified the multipotent stem cell populations according
to co-expression of KRT14 and KRT19. Earlier on, Yang
et al. [39] had reported that p63, a member of the p53 fam-
ily, was essential for basal cell population maintenance and
epithelial development. Furthermore, they showed that p63
deficient mice underwent non-regenerative terminal epithe-
lial differentiation and lacked certain epithelial structures
such as the mammary gland. In previous work, members of
our group showed that cell plasticity, with the ability to form
cells with both luminal and myoepithelial characteristics,
was necessary for branching morphogenesis in D492 [16].
Furthermore, they found that along with the mesenchymal
repressor miR-200c-141, p63 reverted D492M, a mesenchy-
mal daughter cell line of D492, back to epithelial phenotype.
This restored cell plasticity and thus branching morphogen-
esis in 3D culture. On the contrary overexpression of p63 in
primary luminal epithelial cells induced expression of basal
markers and basal phenotype [40]. In the present study, we
show that overexpression of PXDN in the epithelial pro-
genitor cell line D492 induces basal phenotype and leads
to loss of plasticity, inhibiting the cell line from flexibly
forming cells with luminal and myoepithelial characteris-
tics and thereby inhibiting branching morphogenesis. This
is highlighted by co-expression of KRT14, KRT19 and p63,
which reflects the expression pattern of mammary epithelial
cell subpopulations that have previously been identified as
mammary progenitor cells [41, 42]. Interestingly, transient
silencing of TP63 did not lead to reduced expression of the
basal keratins. This indicates that, despite its significant
upregulation in D492PXPN 563 is not the primary driver of
the basal phenotype in these cells. It is also unlikely that p63
knock down could reverse plasticity inhibition in D492PXPN,
thereby restoring branching, as some level of p63 activity is

needed for necessary cell differentiation to occur [16]. This
is supported by the fact that p63 knock down in VAI10, a
bronchial epithelial cell line with basal characteristics that
forms differentiated bronchial epithelium in air-liquid inter-
face culture, inhibited epithelial differentiation and induced
senescence [43]. The role of other mediators of basal pheno-
type are to be explored in further studies. Another aspect of
branching morphogenesis is the activity of FGFR2, which is
critical during mammary gland development in mice along
with FGFR1 [44-46]. Lack of FGFR?2 expression in basal
cells of the murine epithelium leads to failure in luminal
epithelial cell differentiation and inhibition of branching
morphogenesis [47, 48]. As FGFR2 was significantly down-
regulated in D492P%PN both in 2D and 3D (Supplementary
Fig. 7), this could explain inhibition of both cell plasticity
and branching in 3D. However, this remains a subject for
future investigations.

While D492PXPN cells attain a basal phenotype, they
do not show signs of increased EMT as was demonstrated
with RNA sequencing. Physiological levels of PXDN
in D492 cells are very low (Fig. 2a). However, a previ-
ous study showed that PXDN expression is significantly
upregulated in the mesenchymal D492M cell line [17].
In that study, knock down of PXDN in D492M reduced
mesenchymal traits in the cells, resulting in a shift towards
epithelial phenotype. This might indicate divergent roles
of PXDN in D492M, where PXDN expression seems to
contribute to mesenchymal traits, as opposed to D492 cells
where overexpression of PXDN results in downregulation
of EMT factors. Inhibition of EMT might seem contradic-
tive of the decreased wound closure time observed in the
cells during live cell imaging, albeit without the forma-
tion of cell protrusions often connected to cell migration
[49, 50]. However, epithelial cells can achieve increased
motility without losing E-cadherin expression and the epi-
thelial phenotype and without the formation of leading
cellular protrusions, by undergoing collective migration
[11], which is one of key elements involved in branching
morphogenesis in mammary gland development [11, 51,
52]. Collective migration and EMT are two distinct mecha-
nisms that can occur independently although between them
there is a spectrum of cell behaviour that can result in a
combination of the two [52]. Cheung et al. [53] showed
that the basal phenotype, with upregulation of KRT/4 and
p63, was essential to collective migration without EMT.
Furthermore, induced expression of ANp63, an isoform
of p63, increased migration in breast cancer cells while
inhibiting the formation of cell protrusions [54]. ANp63
has also been linked to selective regulation of EMT fac-
tors in breast cancer cells, as upregulation of SNAI2 lead
to increased migration while miR-205 mediated inhibi-
tion of ZEBI and ZEB2 resulted in EMT suppression [55].
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Interestingly, RNA-sequencing of D492PXPN also revealed
upregulation of SNAI2 and downregulation of ZEB2 which
could contribute to the observed phenotype. Cell death is
often included in functional analysis of mammary epithe-
lial cell lines as it is often influenced by change in phe-
notype [56]. A possible mechanism behind the difference
in cell death between D492PXPN and D492°™PY might be
found in the peroxidase activity of PXDN. The peroxidase
domain of PXDN utilizes H,0, and yields hypochlorous
acid, which is a strong oxidant and an inducer of oxidative
stress through the generation of reactive oxygen species
(ROS) [57-59]. Camptotechin utilizes ROS to provoke cell
cycle arrest and apoptosis [60]. Increased expression of
PXDN in D492 cells could lead to increased production
of ROS which are then readily available to Camptotechin,
thereby increasing cell death.

The role of PXDN in breast cancer is previously unex-
plored. The reason why PXDN only affects DMFS in
basal and HER2-positive breast cancers, while also being
expressed in estrogen (ER)-positive tumors, is unclear.
Triple-negative breast cancers, named by their lack of
expression of ER, progesterone and HER?2, are typically
basal-like and are associated with aggressiveness and poor
prognosis [61]. Furthermore, a basal subtype of HER2-
positive breast cancers is also related to reduced survival
and resistance to therapy [62]. Whether increased expres-
sion of PXDN could contribute to basal characteristics
within these breast cancer subtypes, thereby causing
increased metastatic potential, therapy resistance or both,
remains a topic for further studies.

Despite being present in both layers of the epithe-
lium in vivo, PXDN inhibits plasticity in D492 cells and
only induces basal phenotype. This cannot be explained
effectively with the already known role of PXDN as a
crosslinker of collagen IV within the extracellular matrix
[20], although the basement membrane plays an impor-
tant regulatory role in epithelial development along with
other microenvironmental elements [63, 64]. We there-
fore propose a novel function of PXDN in progenitor cells
as an inducer of p63 and basal phenotype and a suppres-
sor of cell plasticity and EMT, providing evidence that
PXDN might hold a modulatory role in mammary gland
development.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10911-021-09507-1.
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Supplementary fig. 1 Western blot confirming magnetic sorting of EpCam-positive (LEP) and EpCam-
negative (MEP) primary mammary epithelial cells.

Supplementary fig. 2 Overexpression of PXDN did not signficantly alter expression of collagen IV genes.
Expression of COL4A1 and COL4A5 did not change significantly in D492™°Y compared to D492°™",
Statistical significance in qRT-PCR was determined by unpaired Student’s t-test and data is presented as
an average of three replicated experiments (mean + SD).

Supplementary fig. 3 D492”®" cells were more sensitive to chemically induced apoptosis. PXDN

increased sensitivity to chemically induced apoptosis in D492 cells when treated with Camptotechin.
Data was analyzed in IncuCyte Zoom and is presented as Caspase 3/7 object count per mm?. Statistical
significance was determined using two-way ANOVA followed by Tukey’s post hoc analysis (*p < 0.05,
***%¥p < 0.0001) and data is presented as an average of three independent experiments (mean * SD,
n=3).

Supplementary fig. 4 Transient knock down of TP63 in D4927®" did not significantly affect expression of
PXDN or keratins

a. Confirmation of transient knock down of TP63 in D492V with two different siRNAs with gRT-PCR

and immunofluoresence staining. Statistical significance was determined using One-way ANOVA
(****p < 0.0001) and data is presented as an average of three replicated experiments (mean % SD).
Scale bar =100 um.

b. TP63 knock down did not significantly alter expression of PXDN as measured via qRT-PCR and
immunofluoresence staining did not show a difference in PXDN signal intensity. Statistical
significance was determined using One-way ANOVA and data is presented as an average of three
replicated experiments (mean + SD). Scale bar = 100 um.

c. TP63 knock down did not significantly affect expression of KRT14 or KRT19 as measured via qRT-PCR
and immunofluoresence staining did not show a difference in signal intensity. Statistical significance
was determined using One-way ANOVA and data is presented as an average of three replicated
experiments (mean + SD). Scale bar = 100 um.

Supplementary fig. 5 Transient siRNA knock down of PXDN in D492 did not significantly affect
expression of keratins or TP63. gRT-PCR confirmed siRNA mediated transient knock down of PXDN in
D492 cells and also revealed no significant change in expression of KRT14, KRT19 and TP63. Statistical
significance in gRT-PCR was determined by unpaired Student’s t-test (****p < 0.0001) and data is
presented as an average of three replicated experiments (mean * SD).

Supplementary fig. 6 PXDN expression in breast cancer

a. PXDN was expressed in three different breast cancer subtypes: ER-positive, HER2-positive and Triple
negative. Immunohistochemistry on paraffin embedded tumor tissue revealed positive PXDN signal
(red) in all cancer cells (examples depicted with arrows) in all tumors. Tumors b., g., h. and i. also
had PXDN-positive fibrils in the intratumor stroma (asterix). Tissue slides were counterstained with
hematoxylin. Scale bar = 100 um.



b. Women with basal tumors and HER2-positive breast cancers that express high levels of PXDN had
significantly lower distant metastatsis free survival (DMFS) than women with low PXDN expressing
tumors. Data from the GOBO database.

Supplementary fig. 7 Heatmaps showing differential expression of FGFR2 transcripts in D492°™" and
D492 in 2D and 3D. In 2D, one of two significantly differentially expressed transcripts was
downregulated in D492 However, all transcripts were downregulated in D492V in 3D.
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' Stem Cell Research Unit, Biomedical Center, Department of Anatomy, Faculty of Medicine, School of Health Sciences,
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of Iceland, Reykjavik, Iceland, * Department of Pathology, Landspitali — University Hospital, Reykjavik, lceland

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 MEG3. In this study we analyzed the expression pattern and
functional role of ncRNAs from the DLK1-DIO3 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 -
DIOS 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 MEGS3 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
MEGS3 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-DIOS locus in breast tissue.

Keywords: DLK1-DIO3 locus, MEG3, ncRNAs, epithelial plasticity, breast progenitor 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 (SNAIL,
SNAI2, TWIST1, ZEB1, or ZEB2), cadherin switch from
E-cadherin (CDHI) 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-f (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, RTL1, 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 indicator of the developmental 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).

MEGS3 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 tumorigenic 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 10> cells were seeded in 150 ul 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 wl of Matrigel. Plate was incubated in
5% CO; at 37°C for 15 min to solidify the Matrigel and then
300 ul 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 D492MKP~CTRL and
D492MKP~MEG3 a5 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 D492MKP~CTRL g g9oKD—MEG3 a5 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 v
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 pug of RNA of each sample was reverse
transcribed into complementary DNA (cDNA), using Random
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Hexamers (Thermo Fisher Scientific, N8080127) 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 TagMan 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 27 A€t yyas
determined using an ABI 7500 instrument (Applied Biosystems).

List of Primers

TagMAN: ZEBI (Thermo Fisher Scientific, Hs00232783_m1),
ZEB2 (Thermo Fisher Scientific, Hs00207691_m1), 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 gRT 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 27 2ACt 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 ng 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 |1l using 10 ng of diluted cDNA
or 10 ng of DNA, 1 U DreamTaq DNA polymerase (Fermentas,
EP0701), 1X PCR buffer, 200 wM of dNTPs and 0,5 oM 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
cDNA 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 pM (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,
Ab15461), keratin 19 (KRT19; Abcam, Ab7754), P-cadherin
(CDH3; Cell signaling, CS2130), 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 um pore size (Corning, 353097). Briefly, 3 x 10°
cells were resuspended in 250 nl 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 pm.

Apoptosis Assay

Resistance to chemically induced apoptosis was examined by
inducing the cells with 10 pM 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’ 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 pm 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 jLg/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 qRT-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 pg/ml),
pLenti_dCas9-KRAB_mCherry (mCherry fluorescence), SAM
MS2-P65-HSF1 Plasmids (Hygromycin 1 pl/ml).

CRISPRIi/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 QRT-PCRs (Figures 1E,F, Figures 5A,B,
and Figures 7A-C) and functional assay (Figures 8B-E) between
samples were assessed with unpaired Student ¢-test. Statistical
differences in Figure 8A was calculated using multiple unpaired
Student t-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 QRT-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

MEGS 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 DLKI-
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 um. (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-DIOS locus (MEGS 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 (DLK7, RTL1, and DIO3)
and many maternally expressed non-coding genes, among them IncRNAs (VMEG3 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-DIOS3 locus verified with
gRT-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-DIOS 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. gRT-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.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 6 June 2020 | Volume 8 | Article 461


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

fcell-08-00461

June 14, 2020 Time: 20:40 #7

Budkova et al.

ncRNAs at DLK1-DIO3 in EMT

*%
- ‘ 8000
25 . Il D492
T LEP
*
— |
4000 MEP
20 -1 l B FIBROBLASTS
%
2000 4
8 -t
g 15 "
o 1000 —
2 & ﬁ
£ s
c =1 ) 3
S an = < /
3 10 2 604
s 2
3 3
< s 40+
€ 5 - x
20=
0 - 0=
o N &
v 9 & < V O W O
0@ \33 @Qg o\o Q/éo rﬁ« ‘.)60@ @Q:\ Q\Q‘b‘ é\q& §@b
0"\; & ‘b\y <
& N Vv
() QQ- Q‘O
&
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 significance: **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 comparisons test was used to test
significance: *p < 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
MEGS are amongst the most upregulated IncRNAs in D492M
(Figure 1C). The non-coding part of the DLKI1-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 DLK1-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, 2009a,b)
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
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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 DLKI-
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 DLKI1-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
MEGS3 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

Thttp://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
normal-like (NL) breast cancer (left; p = 0.0003). High MEGS3 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) a scrambled sgRNA (D492CTRL). Furthermore, we used the
tumors (Figure 4A, left) and patients with luminal B tumors ~ CRISPRi approach (Gilbert et al, 2013; Qi et al,, 2013), to
(Figure 4B, right). generate knockdown of MEG3 in D492M (D492 MKD—MEG3)
and a control cell line was generated using scrambled sgRNA
(D492MKP—CTRL) - The increase of MEG3 expression was

Increased Expression at the DLK1-DIO3 about seven-fold in D492MEG? compared to D492CTRL g
Locus Contributes to the Basal and determined by qRT-PCR (Figure 5A, left). Downregulation
Mesenchymal Phenotype of MEG3 in D492MKP—MEG3 yyas more prominent, with

To explore the functional role of MEG3 in D492 and about 20-fold reduced expression compared to D492MKP—CTRL
D492M, we established sublines with altered expression of (Figure 5A, right). Having established stable overexpression and
MEG3. Using the CRISPRa approach (Cheng et al, 2013), downregulation of MEG3 in D492 and D492M, we re-evaluated
we generated a D492 cell line with stable overexpression of the epithelial/mesenchymal phenotypes of D492 and D492M,
MEG3 (D492MEG3) A control cell line was generated using respectively. Based on phase contrast images, no obvious
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FIGURE 5 | Concomitant expression of non-coding RNAs from DLK-DIO3 locus with MEGS. (A) Overexpression and knock-down of MEG3 in D492 and D492M,
respectively. gRT-PCR confirming upregulation of MEG3 in D492 (D492MEG3) compared to D492 with scrambled control (D492CTRL; left). Phase contrast pictures of
D492CTRE and D492MEG3 (below). gRT-PCR confirming knock-down of MEG3 in D492M (D492MKP-MEG3) compared to D492M with scrambled control
(D492MKP-CTRL right). Results shown as mean + SD. Unpaired t-test was used to test significance: **p < 0.001; ***p < 0.0001; n = 3. Phase contrast pictures of
D492MKP~CTRL and D492MKP-MEGS (helow). Scale bar = 100 wm. (B) miRNAs form the DLK1-DIO3 locus are upregulated with overexpression of MEG3 and
downregulated with knock-down of MEG3. gRT-PCR shows increased expression of four representative miRNAs from the DLK1-DIO3 locus in D492MEG3 compared
to D492CTRL (left) and their decreased expression in D492MKP-MEG3 compared to D492MKP~CTRL (right). Results shown as mean =+ SD. Unpaired t-test was used
to test significance: *p < 0.05 *p < 0.01; ***p < 0.0001; n = 3.

difference in phenotype could be seen between D492MES3 and
D492CTRL or D492MKP—MEG3 a1 D492MKP—CTRL (Eigure 5A,
below). Interestingly, expression of the representative miRNAs
located on the DLK1-DIO3 locus is increased in D492MEG3
compared to D492CTRL |t similar levels as seen in D492M
(Figure 5B, left). Conversely, the expression of representative
miRNAs is downregulated in D492MKP~MEG3 compared to
D492MKD—CTRL (Figure 5B, right). Thus, it appears, that
the expression of miRNAs from the DLK1-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 y¢ D49oMKP-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 D492MKP~MEG3 (§upplementary 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-DIO3 locus positively correlate with
MEG3 expression.

Correlated gene Location Pearson P-value Spearman P-value

score score

MIR-154/154* Chri4 049 7.46E-20 044  1.27E-15
MIR-134/134 Chri4 048 209E-18 044  1.22E—15
MIR-199B/3P chrg 047 466E—18 047  B8.03E—18
MIR-199A-1/3P; chr19; 047 466E-18 047  8.15E-18
MIR-199A-2/3P¥ Chri

MIR-127/3P Chri4 046 418E-18 045  3.89E-16
MIR-136/136 Chri4 046 1.08E—-16 041  2.15E-13
MIR-431/431* Chri4 046 7.09E-17 039  5.23E-12
MIR-539/539 Chri4 0.44 166E-15 043  1.21E-14
MIR-199A-1/5P; Chr1g; 043 1.14E-14 039  218E-12
MIR-199A-2/5P* Chri

MIR-382/382 Chri4 042 153E-14 041  271E-13
MIR-199B/5P chrg 042 247E-14 040  1.06E—12
MIR-214/214* chri 042  6.45E—14 039  4.35E—12
MIR-409/3P Chri4 042 341E-14 037  3.34E-11
MIR-369/3P Chri4 041 1.06E-13 037  5.93E—11
MIR-127/5P Chri4 041 146E-13 036  9.70E-16
MIR-495/495 Chri4 04  107E—12 039  B8.84E—12
MIR-758/758 Chri4 04  B97E-13 036  1.09E—10
MIR-381/381 Chri4 0.39 B310E—12 039  2.80E—12
MIR-485/3P Chri4 039 2126-12 039  5.07E-12
MIR-125B-1/1258;  Chrit; 0.39 B.92E-12 037  6.52E-11
MIR-125B-2/1258%  Chr21

MIR-337/3P Chri4 0.39 1.80E-12 087  7A7E—11
MIR-493/493* Chri4 0.38 1.15E—11 087  2.83E—11
MIR-369/5P Chri4 0.38 168E—11 033  2.98E—11
MIR-379/379 Chri4 0.37 582E-11 033  4.49E-09
MIR-370/370 Chri4 037 251E-11 032  1.29E-08
MIR-214/214 Chri 0.36 1.88E-10 035  5.19E—10
MIR-708/708 chrii 0.35 491E-10 035  B8.60E—10
MIR-432/432 Chri4 035 539E-10 032  1.80E-08
MIR-409/5P Chri4 0.35 348E-10 031  6.03E-08
MIR-323/3P Chri4 035 6.01E-10 030  1.656-07
MIR-376C/376C Chri4 0.34 140E-09 035  7.42E—10
MIR-889/889 Chri4 0.34 157E-09  0.30  1.50E—07
MIR-493/493 Chri4 0.34 1.07E-09 029  5.38E-07
MIR-487B/487B Chri4 0.33 7.98E-09 030  1.50E—09
MIR-655/655 Chr14 0.33 6.70E—09 0.0  1.90E-07
MIR-410/410 Chri4 0.33 4.36E-09 029  5.07E-07
MIR-184/184 chris 0.31 B3.50E-08  0.34  2.68E—09
MIR-411/411 Chri4 0.31 2.83E-08 029  B8.79E-07
MIR-654/3P Chri4 0.31 364E-08 026  4.37E-06
MIR-22/22 chri7 0.3  166E-07 029  272E-07

Out of 40 miRNAs that positively correlate with MEG3 in breast cancer (with
correlation over 0.3), 30 are from the DLK1-DIO3 locus, highlighted in orange
(TCGA, Nature 2012 data set). *Due to sequence similarities, these two miRNAs
are indistinguishable 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 D492MKP—MEG3
was the epithelial-mesenchymal transition gene set, with
normalized enrichment score (NES) of —2.03 and False
discovery rate (FDR) q = 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 g DggyMKD-MEG3
(Figure 6B, right). A manually curated list of mesenchymal
genes from the Hallmark EMT dataset that are downregulated
in D492MKP—MEG3 j¢ 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
MEGS3 (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.
D492MEG3 has increased expression of SNAI2 compared to
D492CTRL (Figure 7A, left). On the other hand, D492MKDP—MEG3
has decreased expression of SNAI2, ZEBI, ZEB2 and TWIST1
compared to D492MKP~CTRL (Fjgure 7A, right). Luminal
cytokeratin 19 (KRT19) and basal/myoepithelial cytokeratin
14 (KRTI4) are also affected by manipulation of MEG3
expression levels. Thus, D492MEG3 shows increased KRT14
and decreased KRT19 expression compared to D492CTRL on
both mRNA (Figure 7B, left) and protein level (Figure 7C,
left). D492MKP—MEG3  ¢hows decreased KRT14 expression
compared to D492MXP~CTRL (Eigure 7B, right). Furthermore,
D492MES3 shows increased expression of other myoepithelial
markers such as CDH3 (P-cad), TP63 or KRT5 compared
to D492C€TRL 45 determined both at mRNA (Figure 7D,
left) and protein level (Figure 7E). Also, D492MKP—-MFG3
shows decreased expression of myoepithelial markers KRT5
on mRNA level (Figure 7D, right) and of TP63 on protein
level (Figure 7E, middle) compared to D492MKP—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 (ALDHI1A3) and integrin alpha
6 (ITGA6; Supplementary Figure 6), markers of stemness,
is increased in D492MEG3 compared to D492CTRL, Next, we
employed several functional assays to assess the effect of MEG3
levels in D492 and D492M on mesenchymal and stem cell
properties. D492MEG3 is more resistant to chemically induced
apoptosis than D492¢TRL (Figure 8A). Migration can be assessed
in vitro using the wound healing assay or by trans-well migration
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FIGURE 6 | Knock down of MEG3 in D492M decrease mesenchymal markers. (A) Epithelial-mesenchymal transition gene set is enriched pathway in
D492MKP-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 D492MKP-MEG3  Gene set Epithelial-mesenchymal transition has normalized enrichment score (NES) of —2.06 and FDR g = 0.014.
(B) Knock-down of MEG3 correlates with downregulation of mesenchymal genes relevant for breast cells. Enrichment plot showing the Enrichment Score (ES) of the
genes in the Hallmark gene set Epithelial-mesenchymal transition in D492MXP-MEG3, The genes are overrepresented toward the top the ranked list of
D492MKP-MEGS (right). Table with relevant genes for breast cells, significantly (o < 0.05) deregulated, from the Hallmark gene list epithelial-mesenchymal transition
showing Log?2 fold change (FC; left). (C) Luminal epithelial markers (GATA3 and MUCT1) are upregulated, while myoepithelial (KRT74), mesenchymal (CDH2, LAMAT,
SNAI2, VIM, and ZEB2) and stem cell (CTNNB1 and MME) are downregulated with knock down of MEG3. Genes from literature-based list of markers significantly
(o < 0.085) differentially expressed in D492M<P-MECS v D4g2MKO-CTRL,

where the cells migrate toward a chemo-attractant. In the wound
healing assay, D492MFG3 has slightly increased migration rate
compared to D492CTRL while D492MKP—MEG3 Lag decreased
migration rate compared to D492MKP~CTRL (§upplementary
Figure 5A). In the trans-well migration assay, D492MFG3

has about two-fold increased migration rate compared to
D492C™RL - and  D492MKP~MEG3 ~ has  reduced migration
rate compared to D492MKP—CIRL (Figure 8B). MEG3
manipulation, however, did not affect invasion in a transwell
invasion assay (Supplementary 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. qRT-PCR showing D492MEG3 increased expression of transcription factors (TF) SNAI2 compared to D492CTRL (left) and decreased expression of
EMT related TF SNAI2, ZEB1, ZEB2 and TWIST1 in D492MKP-MEG3 compared to D492MKP-CTRL (right). Results shown as mean =+ SD. Unpaired t-test was used
to test significance: *p < 0.01; **p < 0.001; n = 3. (B) MEGS3 increases expression of myoepithelial marker KRT74 and decrease expression of luminal epithelial
marker KRT19 on mRNA level. qRT-PCR showing D492MEGS has increased expression of KRT714 and decrease expression of KRT19 compared to D492CTRL (left).
D492MKP-MEG3 has decreased expression of KRT14 compared to D492MKP-CTRL (right). gRT-PCR results shown as mean + SD. Unpaired t-test was used to test
significance: *p < 0.05; **p < 0.001; n = 3. (C) gRT-PCR results confirmed on protein level. Representative pictures of western blot (WB) with its quantification
(below). D492MEGS has increased protein level of KRT14 and decreased protein level of KRT19 compared to D492C°TRE. WB results 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 = 3. (D) MEG3 increase expression of
myoepithelial markers TP63 and CDH3 and knock-down of MEG3 decrease expression of myoepithelial marker KRT5, on mRNA level. gRT-PCR showing D492MEG3
has increased expression of TP63 and CDH3 compared to D492CTRL (left). D492MKD-MEGS has decreased expression of KRT5 compared to D492MKP~CTRL (right).
gRT-PCR results shown as mean + SD. Unpaired t-test was used to test significance: “o < 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 (p63) and KRT5 compared

to D492CTRL, D4g2MKD-MEG3 has decreased protein level of TP63 compared to D492MKP~CTRL WB results shown as mean + SD. One-way ordinary ANOVA,
followed 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. D492MEG3
increases the formation of colonies compared to D492CTRL
while D492MKP~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 D492MKP~MEG3 compared
to D492MKP—CIRL (Sypplementary 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 et al., 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
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FIGURE 8 | MEG3 increases stem cell properties. (A) MEG3 increase resistance to chemically induced apoptosis. Apoptosis assay: D492MEGS is more resistant to
chemically induced apoptosis compared to D492CTR- (left). Data is analyzed on Incucyte Zoom and displayed as Caspase 3/7 object count/mm?. Results are shown
as mean =+ SD. Multiple 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) MEGS3 increases
migration and knock down of MEG3 decreases migration through trans-well filters. Migration assay: D492MEG3 has increased migration rate compared to D492CTRL
(Ieft), with representative pictures on side. D492MKP-MEGS migrates less compared to D492MKP-CTRL (right), with representative pictures on side. Quantification of
number of migratory cells, analyzed using Imaged 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 (reconstitute basement membrane). Mammosphere assay: D492MEGS has higher clonogenic
capacity compared to D492CTRL (left). D492MKP-MEGS hag lower clonogenic capacity compared to D492MKP-CTRL (right). Data shown as % mean + SD, *p < 0.05;
**p < 0.01; n = 3. Scale bar = 500 um. (D) MEG3 increases clonogenic capacity in low attachment assay. D492MEG3 increases the formation of colonies compared
to D492CTRL (left), with representative pictures on side. D492MKP-MEGS decreases the formation of colonies compared to D492MKP-CTRL (right), with representative
pictures on side. Results shown as % of mean + SD. Unpaired t-test was used to test significance: *p < 0.05; **p < 0.01; n = 3. Scale bars = 200 um.
(D) Co-culture of D492MEG3 with endothelial cells (HUVECS) increases number and size of colonies and forms less branching compared to D492CTRL. Results shown
as % of mean + SD. Unpaired t-test was used to test significance: **p < 0.01; n = 3. Representative pictures scale bars = 200 um.

compartments. In this paper we show that MEG3 expression
negatively correlates with survival in breast cancer, particularly
in grade three tumors and the luminal B subtype. However,

our study does not determine if the high MEG3 expression
represents increased stromal infiltration in the tumors or elevated
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 et al.,
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; loannides 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 full-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
TFs 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). Furthermore, we have shown that
altered expression of MEG3 revealed distinct luminal and
myoepithelial marker expression. Increased expression of
KRT14 and decreased expression KRT19 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 KRTI14 (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
MEGS3 increased mammosphere formation ability and slightly
decreases branching potential in 3D culture. Furthermore, we
have shown increased expression of ALDHIA3 and ITGAS6,
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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Application of 3D Culture Assays to Study Breast
Morphogenesis, Epithelial Plasticity, and Cellular
Interactions in an Epithelial Progenitor Cell Line
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Abstract

Capturing breast morphogenesis and cancer progression in 3D culture using cell lines with stem cell
properties can greatly increase understanding of the underlying mechanisms involved in these processes,
highlighting the importance of the culture method. D492 is a breast epithelial progenitor cell line that
provides a model for branching morphogenesis when cultured in 3D reconstituted basement membrane
matrix (rBM). Along with its derivate cell lines D492M and D492HER2, D492 also serves as a robust
model for epithelial to mesenchymal transition (EMT) and tumorigenicity, respectively. Here, we describe
the routine maintenance and application of the D492 cell lines in 3D culture for the study of branching
morphogenesis, EMT and epithelial-endothelial interaction.

Key words D492 cell lines, 3D culture, Branching morphogenesis, Breast endothelial cells
(BRENCs), Matrigel®™

1 Introduction

During the reproductive period, breast epithelial stem cells main-
tain cellular remodeling in the female breast gland by inducing
branching morphogenesis in each menstruation cycle. However,
the human female breast gland does not reach its full developmen-
tal potential until pregnancy [1]. Breast epithelial stem cells, or
their immediate progenitor cells, are believed to be the cells of
origin for breast cancer [2], but signals from the microenvironment
and stroma are increasingly being recognized as an important factor
in both normal breast morphogenesis and malignant growth [3—
5]. Three-dimensional (3D) cell culture systems have long been
acknowledged as an integral part of mammary gland and breast
cancer research (reviewed in [6]). Nevertheless, 3D culture is gain-
ing increased recognition as an essential tool in relation to drug
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discovery, drug testing, and tissue engineering by more closely
mimicking the native environment of the cells within the body
compared to conventional 2D culture systems.

D492 is an epithelial progenitor cell line established from tissue
obtained from reduction mammoplasty [7]. A suprabasal popula-
tion of MUC1™/EpCAM" cells was isolated from the primary
breast tissue, expanded in culture and subsequently immortalized
using lentiviral transduction of E6 and E7 oncogenes from human
papilloma virus type 16, targeting and silencing the P53 and reti-
noblastoma (Rb) oncogenes, respectively [7]. The D492 cell line
can vield both luminal- and myoepithelial cells in culture and gen-
erates branching structures resembling the terminal duct lobular
units of the breast (TDLUs) when cultured in 3D reconstituted
basement membrane matrix (rBM). Furthermore, D492 cells show
cellular plasticity and respond to changes in the microenvironment,
dramatically increasing their branching potential when embedded
in an rBM co-culture with endothelial cells [8]. Under co-culture
conditions the endothelial cells stay as nonproliferative yet meta-
bolically active single cells, while a subpopulation of D492 cells
undergoes EMT as evidenced by formation of spindle shaped colo-
nies in between the epithelial branching colonies (Fig. 1). It was
from one of these spindle-shaped colonies that the D492M mesen-
chymal cell line was isolated [8]. Together D492 and D492M
provide a robust model for EMT (reviewed in [9]). Moreover,
D492 (epithelial) and D492M (mesenchymal-like) are isogenic
nontumorigenic cell lines, whereas the D492HER?2 cell line, gen-
erated by overexpression of the HER2 oncogene in D492, forms
tumors in vivo and shows partial EMT [10]. In addition to being
used as a model for branching morphogenesis and EMT the D492 /
D492M/D492HER2 cell lines have been employed to explore
epithelial-endothelial interactions [11, 12]. Upon request, D492
and derivative cell lines are freely available for academic use.

D492 cells in co-culture with BRENCs

!

- -1‘-_ z an

Branching Spindle Solid round

Fig. 1 D492 forms branching, spindle and solid round colonies in co-culture with
endothelial cells. In co-culture with breast endothelial cells in Matrigel, D492
cells form three morphologically different colony types: branching, spindle and
solid round. Whereas, the branching and solid round colonies have epithelial
characteristics, the spindle shaped colonies consist of mesenchymal-like cells
that have undergone epithelial-to-mesenchymal transition (EMT) (Scale
bar = 100 pm)
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2 Materials

2.1 General
Maintenance of D492
Cell Lines

2.2 Isolation

of Breast Endothelial
Cells (BRENCs) from
Reduction
Mammoplasties

2.3 Preparation
of D492 3D Assays

Use only sterilized utensils and material for breast tissue isolation
and for cell culture. Utensils can be sterilized by autoclaving,
whereas solutions may be sterilized by autoclaving or filtration
(0.22 pm filter).

1.
2.
3.

Pure-Col Type I collagen solution, 3 mg/mL.
Cell culture flasks or dishes.

Phosphate buffered saline (PBS) without calcium and
magnesium.

. Trypsin—EDTA solution: 0.25% w /v trypsin and 1 mM EDTA

in 1 x PBS.

. Soybean Trypsin Inhibitor (STT), 10 mg,/mL.

6. H14 medium [13] consisting of Dulbecco’s Modified Eagle’s

[ A N I S

O 0 NN O

10.
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Medium-Nutrient Mixture F-12 (DMEM:F12) with HEPES
and L-glutamine, supplemented with; 50 IU/mL penicillin,
50 pg/mL streptomycin, and the following growth factors:
250 ng/mL insulin, 10 ng/mL EGF, 10 pg/mL transferrin,
2.6 ng/mL NaSel, 107'° M estradiol, 500 ng,/mL hydrocorti-
sone, and 0.15 IU prolactin.

. Breast tissue from reduction mammoplasty (se¢ Note 1).

. Polystyrene petri dishes, nontreated, 100 mm, sterile.

. Scalpels.

. Forceps.

. Collagenase solution: DMEM:F12 supplemented with 900 U/

mL collagenase-IA.

. Rotary incubator shaker.

. Anti-CD31 magnetic microbeads.

. Magnetic cell sorter.

. Endothelial Cell Growth Medium BulletKit™ (EGM™) (see

Note 2).

Heat-inactivated fetal bovine serum (FBS).

. Ice in a small container.
. 24-well cell culture dishes, flat bottom.
. Hemocytometer.

. Corning® Matrigel® Basement Membrane Matrix (Corning,

354230) (see Note 3).

. H14 medium for monoculture or Endothelial Cell Growth

Medium BulletKit™ (EGM™) (see Note 2), for co-culture,
supplemented with 5% heat-inactivated fetal bovine serum (FBS).
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2.4 Isolation of 3D 1
Structures 2
3
4
2.5 Immunostaining 1
of 3D Structures 2
3
4

. 5 mM EDTA, ice cold.
. Small spatula.
. Shaker.

. Ice.

. 1 x PBS.

. 4% paraformaldehyde.

. 10% FBS.

. IF buffer consisting of distilled H,O supplemented with;

0.15 M NaCl, 5 mM EDTA, 20 mM HEPES, and 0.1% Triton
X-100.

. Primary and secondary antibodies.
. DAPI or phalloidin.

. Distilled water.

. Spatula.

. Microscope glass slide.

. Coverslips.

. FixoGum.

3 Methods

3.1 General 1.

Maintenance of D492
Gell Lines 2

3.1.1 Collagen Coating

of Culture Vessels 3.
4
3.1.2 Retrieving D492 1.

Cell Lines from Liquid
Nitrogen 2

Add 1 mL Pure-Col Type I collagen solution, 3 mg/mL, to
44 mL 1 xPBS and mix.

. Add 3 mL collagen I solution to a 25 cm? culture vessel (see

Note 4).

Incubate for 30 min at 37 °C, 1 h at room temperature or
overnight at 4 °C (see Note 5).

. Remove collagen I solution and rinse the culture vessel with 1 x

PBS. Remove the PBS and plate cells.

Thaw one vial of D492 cells in a 37 °C water bath or by the
warmth of your hands.

. When small ice crystals remain, the remaining ice is dissolved by

pipetting up and down with a 1 mL pipette. Subsequently
transfer cells to a 15 mL tube containing 9 mL 1x PBS (see
Note 6).

. Pellet cells at 200 x g for 5 min. Remove supernatant, resus-

pend in 4 mL of prewarmed H14 medium, and plate in a
25 cm? flask.



3.1.3 Maintaining D492
Cell Lines

3.1.4 Passaging D492
Cell Lines

3.2 Isolation

of Breast Endothelial
Cells (BRENCs) from
Reduction
Mammoplasties

(Fig. 2)
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. D492 cells are routinely maintained in collagen I coated

25 cm? flasks at 37 °C, 5% CO> (sec Note 7).

. Cells are cultured in H14 medium prewarmed to 37 °C.

Medium is changed 3 times per week.

. D492 cells are routinely frozen in 10% DMSO, 40% FBS, and

50% DMEM:F12 when 70-80% confluent (see Note 8).

. Passage cells when they are 90% confluent.

. Aspirate medium and rinse the flask once with 1x PBS.

. Add 1 mL of Trypsin-EDTA solution to each 25cm? flask.

. Incubate at 37 °C until cells are detached (see Note 9).

. Stop trypsinization by adding 20 pL of STT to the flask.

. Add 4 mL 1x PBS and gently pipet up and down.

. Transfer to a 15 mL tube and centrifuge at 200 x 4 for 3 min.

. Aspirate supernatant and resuspend cell pellet in 1 mL pre-

warmed H14 media.

. Cells are subcultured at 1:10 ratio for D492M and 1:20 ratio

for D492 and D492HER?2 (see Note 10).

Day 1

1.

2.

4.

Place fresh pieces of breast tissue in a sterile petri dish inside the
cell hood (see Notes 11 and 12).

The breast tissue is composed of adipose tissue as well as
epithelial and stromal components (se¢ Note 13). To facilitate
digestion of the tissue, carefully chop the tissue into small
pieces (~1 mm) using two opposing scalpel blades (see Note
14). Place about 30 mL of tissue in a 75 cm? flask (see
Note 15).

. Add 15 mL of prepared collagenase solution to each 75 cm?

flask.
Digest on a rotary shaker (60 rpm) at 37 °C overnight.

Day 2

1.

2.
3.

4.

Transfer digested adipose tissue into 50 mL tubes (see
Note 16).
Centrifuge at 200 x g for 40 s.

After centrifugation the liquid will have separated into layers
(see Note 17). Discard the oil from the top and transfer the
brown liquid phase, containing endothelial cells, into a new
50 mL tube.

Centrifuge at 200 x g for 5 min.
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Normal breast tissue

Dense collagen

fibers \

Myoepithelial cells

Basement
membrane

g/ Fibroblasts

Q/ Immune cells

Adipocytes y 9 —\
\ f / Breast endothelial cells

Adipose compartment Epithelial/stromal compartment

More purity Ctolla?ena?e Some contamination
Lower yield reatmen Higher yield
Differential
centrifugation

CD-31 Dynabeads
isolation

Fig. 2 Isolation of breast endothelial cells (BRENCs) from reduction mammoplasties. Human breast stroma is
comprised of intralobular loose connective tissue, dense collagenous interlobular stroma and adipose tissue.
Isolation of BRENCs from the adipose compartment gives more purity but lower cell yield compared to
isolation from the epithelial/stromal compartment, where cellular contamination is more frequent. After
treatment with collagenase and subsequent differential centrifugation, BRENCs can be isolated via magnetic

sorting using CD-31 dynabeads

5. Remove supernatant. Wash once with 20 mL 1x PBS, spin

down as previously and remove the supernatant.

6. Incubate pellet containing microvessel organoids with anti-
CD31 magnetic microbeads as per manufacturer instructions
and separate CD31 positive endothelial cells from the superna-

tant using a magnetic system.

7. Seed cells into 25 cm? flasks precoated with collagen I in

EGM™ media supplemented with 30% FBS.

8. Maintain endothelial cells in EGM™ media supplemented with
30% FBS until the first passage and then reduce serum concen-

tration to 5% (see Note 18).



3.3 Preparation
of D492 3D Assays

(Fig. 3)

3.3.1 D492 Monoculture
in Matrigel®
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Single cell suspension

V4 AN

Co-culture Monoculture Monoculture
in gel in gel on-top of gel
Culture
medium—i=
Matrigel—f—* °  +—D492
. * <4+—BRENCS
Isolation of IF staining of
structures structures

Fig. 3 Three-dimensional culture assays to study breast morphogenesis,
epithelial plasticity and cellular interactions. D492 cells can be cultured in
Matrigel® in monoculture or in co-culture with BRENCs. Alternatively, D492
cells can be cultured in monoculture on-top of gel, where branching colonies
take less time to form and less gel is used

o NN O U

. Remove an aliquot of Matrigel® from —20 °C and thaw on ice

for 2-3 h or overnight (se¢ Note 19).

. Place appropriate number of cryovials (v-shaped bottom)

on ice.

. Detach cells (see Subheading 3.1.4) and resuspend in a small

volume. Count cells using a hemocytometer. Add 10,000 cells
(see Note 20) to a cryovial. For volume >10 pL centrifuge at
200 x g for 5 min and aspirate supernatant.

. Gently resuspend cell pellet in 300 pI. Matrigel®. Pipet up and

down 6 times to mix (see Note 21).

. Quickly transfer Matrigel®—cell mix to a well of a 24-well plate.
. Let Matrigel®~cell mix set in an incubator at 37 °C for 30 min.
. Gently add 500 pL. H14 medium on top of gel (see Note 22).
. Change media three times a week by removing 250 pL of old

media and gently adding 250 pL of fresh media (se¢ Note 23).

. Record progress of cells by phase contrast imaging. Full

branching of D492 cells is reached within 2 weeks (see
Note 24).
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3.32 D492 Co-culture Same experimental setup as for D492 3D monoculture assay (see
with Endothelial Cells Subheading 3.3.1), with the following exceptions.

. e

in Matrigel 1. Add 500 D492 cells and 100,000 endothelial cells to a cryovial

3.3.3 Isolation of 3D 1.

Colonies in Matrigel® 2
3
4
5

before spinning and removal of supernatant (se¢ Note 25).

. Use EGM™ medium supplemented with 5% FBS instead

of H14.

. As with the 3D monocultures, full branching will be completed

in 14 days. The endothelial cells in the culture are viable
throughout the 2 weeks but will not proliferate in the
Matrigel®.

Remove medium.

. Add 1 mL of ice cold 5 mM EDTA to a 15 mL tube (per

sample).

. Add 100 pL of 5 mM EDTA to each well.

. Use a small spatula to separate the gel from the edges of

the well.

. Use a spatula to move the gel into the 15 mL tube.

6. Add 100 pL of 5 mM EDTA to the well and aspirate the

3.3.4 D492 Monoculture 1.

on-Top of Matrige/® (See
Note 27) 2

remaining gel and add to the 15 mL tube.

. Fill up to 5 mL with 5 mM EDTA in the 15 mL tube. Place the

tube on ice and on a shaker.

. After 20 min, check whether the gel is dissolved. If gel is not

dissolved, continue shaking on ice for another 20 min (see
Note 26).

. Use structures either for isolation of cell populations, protein/

RNA/DNA extraction or for immunofluorescent staining.

Remove an aliquot of Matrigel® from —20 °C and thaw on ice
for 2-3 h or overnight.

. Place 50 pL of Matrigel®™ per well in a 96 well plate. Incubate at

37 °C for 30 min.

. Detach cells (see Subheading 3.1.4) and resuspend in a small

volume. Count cells using a hemocytometer.

4. Plate 2500 cells per well in 200 pL. H14 media (see Note 28).

. Change media three times per week by gently removing 100 pL.

of media and adding 100 pL of fresh media instead (see
Note 29).

. Evaluate colony morphology, size, and number, 8 days after

plating (see Note 30).

. Proceed with RNA /protein isolation and /or immunostaining

(see Note 31).



3.3.5 Immunostaining of
3D Structures on-Top of
Matrigel®

—

10.
11.
12.

13.
14.

15.
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. Gently remove medium from the wells.

. Rinse wells 3 times with 1 x PBS by holding the plate on its side

and letting the liquid seep down the side of the well.

. Fix cells with 4% formaldehyde in 1x PBS for 30 min at room

temperature.

. Repeat step 2 (see Note 32).

. Block for 10 min in IF buffer with 10% FBS.

. Repeat step 2.

. Incubate with primary antibody in IF buffer for 1 h at room

temperature or overnight at 4 °C.

. Rinse wells with IF buffer, three times, as described in step 2.

One quick wash and subsequently twice for 5 min.

. Incubate with fluorescent secondary antibody and DAPI or

phalloidin in IF buffer for 30 min at room temperature.
Repeat step 8.
Rinse with distilled water.

Aspirate liquid and take a small spatula and scoop up the
Matrigel® with colonies from each well.

Place Matrigel® with colonies on a glass slide (se¢ Note 33).

Mount and cover with glass coverslip. Seal sides of coverslip
with FixoGum and let dry at room temperature in the dark (see
Note 34).

Proceed with imaging.

4 Notes

. Breast tissue can be kept at 4 °C in DMEM:F12 for a few hours

before the isolation procedure is carried out.

. All growth factors are provided with the kit; however, the

gentamicin—amphotericin B mixture, also provided with the
kit, is not used.

. In order to avoid repeated freeze—thaw cycles, Matrigel®™

should be aliquoted and kept at —20 °C.

. For other types of culture vessels add enough collagen I solu-

tion to cover the surface.

. Flasks can be kept at 4 °C with the collagen I solution for up to

2 weeks.

. D492 cell lines are sensitive to the DMSO in the freezing

media. Therefore, it is important to remove the DMSO before
the cells are plated.

. D492 cells are very sensitive to CO,-levels and humidity in the

incubator. Growth will halt at suboptimal growth conditions.
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8.
9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Cells from one 25 cm? flask can be divided into three cryovials.

The incubation time varies between cell types, D492 will
detach after 3-5 min while D492M and D492HER?2, having
a more mesenchymal phenotype, need about 1 min of trypsi-
nization. If D492 cells are overconfluent or starved, detaching
the cells can be difficult. Then it is possible to facilitate detach-
ment by either rinsing once with the trypsin—-EDTA solution
before 5 min trypsinization, or by trypsinizing twice and col-
lecting all supernatant in the same tube.

Maintaining the cells at this ratio will require the cells to be
split once a week.

All work with primary breast tissue should be carried out at
sterile conditions.

The cutting of the tissue may be facilitated by adding a few mL
of 1x PBS to the petri dish.

BRENC:s are found in abundance and are most readily isolated
from the adipose tissue of the breast. Isolation from the epi-
thelial and stromal components results in higher cell yield but
often has cellular contamination, mainly from fibroblasts.

Macroscopic examination of the breast tissue reveals two kinds
of tissue: White strands contain the epithelium and stroma
while yellow sections contain mostly adipose tissue.

Our main source of primary tissue is from breast reduction
surgery. As there is plenty of tissue from each surgery we aim
to process at least 60 mL of tissue in two 75 cm? flask.

All pieces of tissue should be digested at this point. If not, we
recommend adding 6-12 h to the digestion time.

The liquid has now been separated to three layers: Top layer is
adipose tissue, the pellet contains organoids and big veins and
the middle phase contains microvessels and single cells. From
here it is possible to isolate endothelial cells and fibroblasts.

Breast endothelial cells can be passaged up to 12 times. During
the first passages, fibroblasts may be present in the endothelial
culture. Fibroblasts take longer than endothelial cells to detach
when subcultured and can thereby be gradually eliminated
from the culture by stopping the trypsinization process when
50-60% of the cells have been detached.

Matrigel® should be kept on ice at all times until it is in the
plate with the cells. Keep ice in a small container inside the
hood while working.

The exact composition of Matrigel® can vary from lot to lot. It
is essential to assess colony formation in every new batch of
Matrigel®, by testing different cell numbers. If too many cells
are seeded, colony growth may be prevented by steric
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32.
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hindrance. To reduce the need to test the Matrigel® frequently
it is possible to test 3—4 batches of Matrigel® at the same time
and subsequently order multiple vials from the best lot that was
tested. When Matrigel® is tested we set up 3D monocultures
for D492 ranging from 5000 cells/300 pL-30,000 cells/
300 pL of Matrigel®™. A suitable batch will support the growth
of branching 3D colonies.

Avoid generating bubbles when pipetting Matrigel®.

After cells are seeded in Matrigel®, the first 24 h are critical for
their growth. If growth of 3D organoids is problematic it is
possible to add EGM™ media with 5% FBS on top of the 3D
cultures overnight and replace with HI14 media the
subsequent day.

The 3D assay can be scaled down to 96 well plate where 100 pL.
of Matrigel® are used and 100 pL of media. Also, it is possible
to scale down to an 8 well chamber slide where 50 pL of gel and
200 pL of media are used. The number of cells is scaled down
in line with the amount of Matrigel® used.

Rarely cells reach the bottom of the cell culture plate and grow
in monolayer on the plastic, making it difficult to properly
visualize the colonies within the gel.

Instead of breast endothelial cells (BRENCs), human umbilical
vein endothelial cells (HUVECs) can be used.

The gel is dissolved when all colonies move freely in the EDTA
solution.

In a 3D assay on-top of Matrigel®, less Matrigel® is used
compared to 3D assay in gel and it takes less time for branching
colonies to form. The 3D monoculture protocol on-top of
Matrigel® is adapted from [14].

The exact number of cells may need to be adjusted.

Colonies growing on-top of Matrigel® can easily detach.
Therefore, liquid must be carefully aspirated from the wells,
both during change of media and subsequent treatments of the
culture, such as during immunostaining.

Colonies form much faster when grown on-top of Matrigel® as
compared to when they are cultured in the gel.

When isolating RNA or protein from 3D cultures on-top of
Matrigel® please follow the same procedure as is described for
isolation of 3D colonies embedded in Matrigel® (see
Subheading 3.3.3).

Fixed colonies can be kept in IF buffer at 4 °C for a few days. Be
careful to not let them dry out.
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33. It is not necessary to transfer the Matrigel® with colonies to a
glass slide if a culture vessel with high optical quality, such as
p-Slide 8 well from Ibidi, is used instead of a 96-well plate.

34. If the Matrigel® is too thick, consider adding spacers between
the glass slide and the coverslip.
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