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Abstract

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

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

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

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



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

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

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

Keywords:

Mammary gland, non-coding RNA, extracellular matrix proteins, epithelial-to-
mesenchymal transition, D492



Acknowledgements

Here, | would like to acknowledge all the people and institutions who helped
me during the doctoral study.

| wish to express my sincere appreciation to my supervisor, Thorarinn
Gudjonsson. First of all, for getting me the chance to come to Iceland and
become part of his team. For being the exact supervisor whom | needed - for
putting his trust in me, being supportive in making decisions and allowing me
to find my own way. And last but not least, for showing me that science must
be fun.

| wish to express my deepest gratitude to Gunnhildur Traustadottir and
Bylgja Hilmarsdottir, my role models, not only as scientists. Thank you for being
there to help whenever | needed it. Thank you, Gunnhildur, for being very
patient and paying attention to details, both invaluable characteristics of a great
scientist. Thank you, Bylgja, for your ability to put things into context, your
excellent scientific overview, bright ideas, and invaluable help with the MEG3
story.

I would like to thank the other members of my doctoral committee: J-nT -
Bergl- r ssBinr 2 kur St andnUgrnzums sfoar ts.ttitiemas an
honour for me. Special thanks to Magnus Karl Magnusson, a great person and
scientist.

I would like to pay my special regards to all the present and past SCRU
crew i my work family: Anna Karen, Ari, Arna, Arni, Bryndis, Eirikur, Halla,
Hildur, Kata, Jennifer, Jon Petur, Saevar, Snaevar, Sigga, Tobias é | felt very
well among you, each and every one of you exceptional personalities, making
together such a fun and professional team to work with. Special thanks to all
my office fellows during all the years: Alex, Amaranta, Erika, Paulina and
Sophie, for the friendly environment and the discussions, both in and outside
the workplace.

| wish to thank all the people from the labs from BMC. EM lab, GHG lab,
Erikurs lab, namely to Andrea, Arsalan, Fatih, Iwona, Kimberley and Marjorie,
for always willingly providing material support and great friendship.

I wish to acknowledge the support and great love of my family, my parents,

my husband Jan, my daughters -8digdestavka

thanks belong to Jan, who was my generous emotional, technical and scientific

Ey



support. They all kept me going on, and this work would not have been possible
without their love.

Acknowledgements also belong to the bodies, who financially supported
the research. This work was supported by grants from Landspitali University
Hospital - Science Fund, University of Iceland - Research Fund, Rannis - Grant
of Excellence, V2 si ndaKj abhamei n'% {leelbndig annes
Society Science Fund) and "G° n g waman", a supportive group for breast
cancer research in Iceland (www.gongumsaman.is).



Content

(O30 T S 0 KOOSO 5
7N 1= 4 - o3 U EP PP PRTPPPRRT 7
ACKNOWIEAGEMENTS .. ..t e e e e e e e e e e e 9
CONTENT .. 11
List of @abbreviations ... 15
TS A0 T 0 T 1= 19
LisSt Of tADIES ... 21
LiSt Of OFigiNal PAPEIS ..coiiiiiiee et 23
Declaration of contribution ... 25
1 INTFOAUCTION eeeiiiiieiiiiiieeee e e e e e eeeae s 27
1.1IHuman mammary gland ...............eeeueeeieieimininieeiee ... 27
1.1.1 EPItheliUm oo 27
1.1.2 SIOMEB  eeeiiiiiiiiiriririrnrer bbb eee bbb e e nen e nenrnrnrnrnne 29
1.1.3 Branching MmorphOogenesis ........coccuvieiiiiiieiiiieie e 30
I Y T [ o To =T 1= TS 31
1. 2BrEAST CANCET ... uuuuuieiiiieieieteieieteteeeteteteeetetebebebebeteeebeenbeseesbeenensnensnnnnes 31
I A %= 1 o3 g oo =T =T £ 34
1.2.2 Metastatic formation..........ccccceeveiciiiiiriee e 34
1.3Epithelial to mesenchymal transition ..............cccccvvvivivinieinieieieii. 35
1.3.1 Endothelial to mesenchymal transition ............cccocccceeiviiieennnnn 39
8\ o T B oo To [T T T NN 39
1.4.1 MiICrO RNAS ..ottt e e eaeee e e e 40
1.4.2 Long NON-COAING RNAS........uuuiiiiiiiiiiiiiiiiiieieinininininrnrnrnenrnrnnnnn. 41
1.4.3 Epigenetics and imprinting.........occcoceinieeeiniiene e 42
1.4.4 DLK1-DIOB IOCUS ...eeveiiiiiieiiiiiieiiiiie et see e 43
1.5The D492 Cell lINES .....eeeieiieiee et 46
2 AIMIS Lt e e e e e b e e e e e e e s anneees 49
3 Materials and Methods ......c..oevvvvieiiiiie e 51
B LCEl CURUIE ...t e e e e e 51
3.2FUNCHONAI BSSAYS ..ceiiiiiiiiiiiiieei ettt 53
3.3Techniques of molecular biology ..........cooviiiiiiiiiiiii e, 54
3.3.1 Gene expression teChNiqUes ..........cccuveeeiiiiiiiiiiiiiee e 54

3.3.2 Techniques for preparation of material (transfections,
CloNing, SOMING).....eeeiiiiiiiiiie e 58



3.4Statistical aNalYSIS .......cveeiiiiiiiieii 61

4 Technical conNSIderation ........cccocueveiiiiiie i 63
A LCEII CURUIE ...t e 63
4.2Selection of fUNCLIONAl @SSAYS .......eeeeiiiiieeiiiie et 64
4.30ptimizations and the use of controls ........ccccceeeiviviiiiieee e, 64

4.3.1 Cloning into lentiviral plasmid ..........cccccoeeiiiiieii e 65
4.3.2 LUCITEraSE @SSAY .....cvvveeeieeeiiiiiiiiieeieeesssiiieeee e s e e e sssrneneeeeaeeenaans 65
4.3.3 CRISPRIA  .ooiiiiiiii ettt 66
5 Results and diSCUSSION ...ccuuiiiiiiiiee ettt 71

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

Progenitor CElIS. .........ooiiiiiiiiiiiie e 71
5.1.1 The DLK1-DIOS3 locus is upregulated in breast epithelial
progenitor cells undergoing EMT. .......ccccovviiiiiniiieeiieee e 71
5.1.2 MEGS3 expression negatively correlates with breast cancer
PrOGNOSIS.  weiiiiiiiiiie ittt e sttt ettt st st e 73
5.1.3 MEG3 as a marker of DLK1-DIO3 I0CUS......c..ccoviiuiiiieereeennnnns 75
5.1.4 MEG3 induce partial EMT .........ccccceviviviiiiiiiiieeeeeeeeeee 77
5.1.5 MEG3 induces mesenchymal properties and stemness ......... 79

5.2Paper #2. MiR203a is differentially expressed during branching
morphogenesis and EMT in breast progenitor cells and is a
repressor Of PEroXidasin............uuuuurureierureiniiieieininiernrernre——. 81
5.3Paper #lll and IV. Comparison of isogenic non-malignant and
malignant cell lines with EMT phenotype and identification of
YKL-40 and ECM1 with a putative role in promoting malignancy. 84
5.3.1 YKL-40/CHI3L1 facilitates migration and invasion in HER2
overexpressing breast epithelial progenitor cells and
generates a niche for capillary-like network formation............. 87
5.3.2 ECML1 secreted by HER2-overexpressing breast cancer
cells generates vascular niche that accelerates migration

and invasion of cancer CellS.........coccvviiiiiiiii i 88
6 FULUIE PEISPECTLIVES ..oiiiiiiiiiieiie et 91
7 Summary and CONCIUSIONS ......ccuiiiiiiiiiie e 95
8 REFEIENCES ..ooiiiitiie e 99
9 Original publiCAtIONS .....coi i 145
P A T 147
PaPEE 1l 177
PaPEE T 195



13






2D

3D
3-UTR
ALDH1A3
BRENCS
Cc14aMC
CAGE
cAMP
CD
CHI3L1
Chip-seq

CRE
CRISPRa

CRISPRI

CSCs
DAPT

dCas9
DCIS
DIO3
DLK1
DMR
DNA
ECM
ECM1
EHS
EMT

List of abbreviations

two-dimensional

three-dimensional

3 antranslated region

aldehyde dehydrogenase 1 family member A3
breast endothelial cells

chromosome 14 microRNA cluster

cap analysis of gene expression

cyclic adenosine monophosphate

cluster of differentiation

Chitinase 3 like 1

chromatin ~ immunoprecipitation  followed by
sequencing

CAMP response element

clustered regularly interspaced short palindromic
repeats - activation

clustered regularly interspaced short palindromic
repeats - inhibition

cancer stem cells

N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-
phenylglycine t-butyl ester

dead CRISPR associated protein 9
ductal carcinoma in situ

iodothyronine deiodinase type Il

delta like non-canonical Notch ligand 1
differentially methylated region,
deoxyribonucleic acid

extracellular matrix

extracellular matrix protein 1
Engelbreth-Holm-Swarm

epithelial-to-mesenchymal transition

15


https://medical-dictionary.thefreedictionary.com/ribonucleic+acid

ENCODE
EndoMT
EpCAM
ER+

ES

FGF
GATA6
GOBO

GSEA
GTL2
H3K27me3

HER2+
HGF
HMLE
HUVEC
IDC
IG-DMR
iPCS
ITG B
JARID2
kb
KRAB
KRT
LEP
INcRNA
LOI
MASC
MDM2
MEP
MET

encyclopaedia of DNA elements
endothelial-to-mesenchymal transition
epithelial cell adhesion molecule
estrogen receptor-positive

embryonic stem

fibroblast growth factor

GATA-binding factor 6

gene expression-based outcome for breast cancer
online

gene set enrichment analysis

gene trap locus 2

trimethylation of lysine 27 on histone H3 protein
subunit

human epidermal growth factor receptor 2 positive
hepatocyte growth factor

human mammary epithelial cells
human umbilical vein endothelial cells
invasive ductal carcinoma

intergenic DMR

induced pluripotent stem cell

Integrin alpha 6

Jumoniji/AT-rich interactive domain 2
kilo-base

Kr ¢ passotiated box

keratin

luminal epithelial cells

long non-coding RNA

loss of imprinting

mammary stem cells

murine/human double minute 2
myoepithelial cells

mesenchymal-to-epithelial transition



MG50
CM
mMiRNA
MMP

MMTV-PyMT

MRE
Mucl
NcRNA
NES

nt
piRNAs
polyA
PR+
PRC2
PVDF
PXDN
RB

rBM
RNA
RNA-seq
Rtl1
ScRNAseq
SMAD
SNORD
SNRNA
SPRY2
TDLU
TGFb
TIMP
TNBC
TNFU

melanoma gene 50
conditioned media
microRNA

matrix metalloproteinases

mouse mammary tumor virus - polyoma middle T

oncoprotein

mMiRNA response element

mucin 1

non-coding RNA

normalized enrichment score
nucleotide

piwi-interacting RNAs
poly-adenylated

progesterone receptor-positive
polycomb repressive complex 2
polyvinylidene fluoride membrane
peroxidasin

retinoblastoma

reconstituted basement membrane
ribonucleic acid

RNA sequencing
retrotransposon-like 1

single-cell mMRNA sequencing
small drosophila mothers against decapentaplegic
small nucleolar RNAs, C/D box
small nucleolar RNA

sprouty homolog 2

terminal duct lobular units
transforming growth factor
tissue inhibitor metalloproteinases
triple negative breast cancer

tumor necrosis factor

17

b


https://medical-dictionary.thefreedictionary.com/ribonucleic+acid
https://en.wikipedia.org/wiki/Drosophila

TP63
tRNAS
TSS
UPD
VIM
ZEB1
ZEB2
USMA

tumor protein 63

transfer RNAs

transcription start site

paternal uniparental disomy

vimentin

zinc finger E-box binding homeobox 1
zinc finger E-box binding homeobox 2

alpha smooth muscle actin



List of figures

Figure 1. Breast anatomy and histology. .........ccccocereeeiiiiiiiiee e, 28
Figure 2. Breast cancer and formation of metastasis. ............c.cccccevcieiiinne 32
Figure 3. Molecular subtypes of breast cancer. ............ccccooiveiiiiiieiiiieeeee 33
Figure 4. The spectrum Of EMT . .....ccoiiiiiiiiiiiee e 36
Figure 5. Potential targets to inhibit cellular plasticity..........cccccccvviiiviinnnn.n. 37
Figure 6. Types of EMT/MET StmMUIi. .....cccooiiiiiiiiiiiee e 38
Figure 7. The biogenesis pathway of MIRNAS. ........ccccccvvivimieiiininiiiiiin, 41
Figure 8. LncRNAs have multiple modes of action. .........c.cccceevviiveeiiiinenenne 42
Figure 9. Schematic figure of DLK1-DIO3 IOCUS. .......cceeeiiiiieeiiiiieeeiiiieeens 44
Figure 10. D492 has epithelial phenotype, while D492M and

D492HER?2 have mesenchymal phenotype. ..........cccooociiiiniennnnnns 48
Figure 11. Unstable expression of luciferase from control plasmids. ........... 65

Figure12. MI R203a binds t.0..3.EUT.R..0.f...T6663.

Figure 13. Molecular mechanism of CRISPRi and CRISPRa. ............c.c....... 67
Figure 14. Design of binding of gRNA to MEGS3.............cevvvivieiiiniviiiniiininnnnn. 69
Figure 15. The importance of the use of proper negative control cell

1= TP PP TP PPRPPR 69
Figure 16. Upregulation of ncRNA from the DLK1-DIO3 locus in two

cell lines with a mesenchymal phenotype...........cccccciviieiiiiinnnns 72

Figure 17. The ncRNAs from the DLK1-DIOS3 locus are highly
expressed in stromal cells and whole tissue compared to

epithelial CelIS. .........uuuuiiiiiiiiieiiiiiie e 73
Figure 18. Concomitant expression of non-coding RNAs from DLK-

DIO3 locus With MEGS3.......cociiiiiiiiiiiiee e 76
Figure 19. Transcription factors related to EMT were downregulated

after MEG3 knockdown in HMLEmes cell line. ...........cccoocviieeeenn. 77
Figure 20. MEG3 is negatively associated with the luminal

8]0 T=TaT0] 1Y/ o 1= T PR RR PP 78

Figure21. MEG3ex pr essi on increases af.t.e.f79

Figure 22. MEG3 expression negatively correlates with the CD24
0T 1 ] PP PRRR PP 80

Figure 23. MIR203a regulates PXDN eXpression. .........ccceveeeeeeeiniiiieeeeeeens 83

19

treat me


file:///C:/Users/Budkovi/Desktop/defence/Zuzana%20Budkova%20-%20thesis_cleaned%205.4.2021.docx%23_Toc68520799
file:///C:/Users/Budkovi/Desktop/defence/Zuzana%20Budkova%20-%20thesis_cleaned%205.4.2021.docx%23_Toc68520800
file:///C:/Users/Budkovi/Desktop/defence/Zuzana%20Budkova%20-%20thesis_cleaned%205.4.2021.docx%23_Toc68520805
file:///C:/Users/Budkovi/Desktop/defence/Zuzana%20Budkova%20-%20thesis_cleaned%205.4.2021.docx%23_Toc68520806
file:///C:/Users/Budkovi/Desktop/defence/Zuzana%20Budkova%20-%20thesis_cleaned%205.4.2021.docx%23_Toc68520808
file:///C:/Users/Budkovi/Desktop/defence/Zuzana%20Budkova%20-%20thesis_cleaned%205.4.2021.docx%23_Toc68520808
file:///C:/Users/Budkovi/Desktop/defence/Zuzana%20Budkova%20-%20thesis_cleaned%205.4.2021.docx%23_Toc68520818
file:///C:/Users/Budkovi/Desktop/defence/Zuzana%20Budkova%20-%20thesis_cleaned%205.4.2021.docx%23_Toc68520818

Figure 24. Patients with HER2 positive breast cancer with high PXDN

expression has significantly lower overall survival......................... 84
Figure 25. D492M and D492HER2 show a reduction in the

expression of epithelial MICrORNAS. ..., 85
Figure 26. YKL-40 induces migration and invasion in D492 cell lines. ....... 87

Figure 27. Recombinant ECM1 induces endothelial feedback
increasing migration and invasion via Notch signalling


file:///C:/Users/Budkovi/Desktop/defence/Zuzana%20Budkova%20-%20thesis_cleaned%205.4.2021.docx%23_Toc68520823
file:///C:/Users/Budkovi/Desktop/defence/Zuzana%20Budkova%20-%20thesis_cleaned%205.4.2021.docx%23_Toc68520823
file:///C:/Users/Budkovi/Desktop/defence/Zuzana%20Budkova%20-%20thesis_cleaned%205.4.2021.docx%23_Toc68520825
file:///C:/Users/Budkovi/Desktop/defence/Zuzana%20Budkova%20-%20thesis_cleaned%205.4.2021.docx%23_Toc68520825
file:///C:/Users/Budkovi/Desktop/defence/Zuzana%20Budkova%20-%20thesis_cleaned%205.4.2021.docx%23_Toc68520825

List of tables

Table 1. Differences characterising epithelial and mesenchymal cells. ....... 36
Table 2. List of primers for Quantitative RT-PCR analysis...........cccccccceevennne 56
Table 3. List of primers for MIRNA gRT PCR ..o 57
Table 4. List of primary antibodies ............ccccoviiiiiiiiiieee e 58
Table 5. gRNAs used for CRISPRI/@ .........cccuviiiiie i 61

21






List of original papers

I Expression of ncRNAs on the DLK1-DIO3 locus is associated
with basal and mesenchymal phenotype in breast epithelial
progenitor cells.

Zuzana Budkova, Anna Karen Sigurdardottir, Eirikur Briem, Jon Thor
Bergthorsson, Snbvar Si gMagmis Kad Magnusson, Gunnhildur
Traustadottir, Thorarinn Gudjonsson and Bylgja Hilmarsdottir

(Front Cell Dev Biol, 2020 June)

Il. MiR-203a is differentially expressed during branching
morphogenesis and EMT in breast progenitor cells and is a
repressor of peroxidasin.

Eirikur  Briem, Zuzana Budkova, Anna Karen  Sigurdardottir, Bylgja
Hilmarsdottir, Jennifer Kricker, Winston Timp, Magnus Karl
Magnusson, Gunnhildur Asta Traustadottir and Thorarinn Gudjonsson

(Mech Dev. , 2019 February)

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

Erika Morera, Sarah Sophie Steinhauser, Zuzana Budkova,
Saevar Ingthorsson, Jennifer Kricker, Aileen Krueger,
Gunnhildur Asta Traustadottir and Thorarinn Gudjonsson

(In Vitro Cell Dev Biol Anim., 2019 September)

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

Sarah Sophie Steinhauser, Erika Morera, Zuzana Budkova, Wang, Q.
Rolfsson, O., Riedel, A., Aileen Krueger, Bylgja Hilmarsdottir, Maelandsmo,
G.M., Agnarsson, B.A,, Jonasson, J.G., Ingthorsson, S,
Gunnhildur Asta Traustadottir, Oskarsson, T. and Thorarinn Gudjonsson.

23


https://www.ncbi.nlm.nih.gov/pubmed/?term=Briem%20E%5BAuthor%5D&cauthor=true&cauthor_uid=30508578
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sigurdardottir%20AK%5BAuthor%5D&cauthor=true&cauthor_uid=30508578
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hilmarsdottir%20B%5BAuthor%5D&cauthor=true&cauthor_uid=30508578
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kricker%20J%5BAuthor%5D&cauthor=true&cauthor_uid=30508578
https://www.ncbi.nlm.nih.gov/pubmed/?term=Magnusson%20MK%5BAuthor%5D&cauthor=true&cauthor_uid=30508578
https://www.ncbi.nlm.nih.gov/pubmed/30508578
https://www.ncbi.nlm.nih.gov/pubmed/31482369

(Lab Invest, 100(7), 2020 March)

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

Jakub Sumbal, Zuzana Budkova, Gunnhildur Asta Traustadottir, Zuzana
Koledova

(J Mammary Gland Biol Neoplasia, 2020 November)

In addition, unpublished data are presented.

All papers are reprinted by kind permission of the publishers.



Declaration of contribution

Expression of ncRNAs on the DLK1-DIO3 locus is associated
with basal and EMT phenotype in breast epithelial progenitor

cells.

This paper is dedicated to the examination of non-coding RNAs from
the imprinted locus DLK1-DIO3 and its role in the EMT process. This
paper is the main part and focus of my PhD project. Here | am the first
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interpretation of the sequencing data. Moreover, | drafted the
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MiR-203a is differentially expressed during branching
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target gene peroxidasin (PXDN). My contribution to this paper, where |
am the second author, is performing laboratory work, including
optimisations of various experiments. | performed multiple gRTi PCR,
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PCR for analysing the miRNAs expression, the analysis and
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cultures. | also contributed to the finalisation of the manuscript and
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V. Mammary organoids and 3D cell cultures: Old dogs with new
tricks.

In this review, we summarise the 3D cell culture methods used in the
mammary gland field. The review comprises a wide range of topics,
including the comparison of mouse and human models, the methods
allowing to study processes like mammary gland development, branching
morphogenesis, lactation, and tumorigenesis in a physiological context. |
am a co-author in this review, and my focus was on the parts related to
breast cancer research and modern 3D technology such as bioprinting and
microfluidics.



1 Introduction

1.1 Human mammary gland

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

1.1.1 Epithelium

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

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

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

A small percentage of basal cells forms the mammary stem cells (MASCs),
the tissue progenitor cells with the ability to generate the breast's functional
units (Eirew et al., 2008). Mammary stem cells enable continuous tissue
remodelling throughout the lifetime, known as branching morphogenesis
(Arendt & Kuperwasser, 2015). In general, stem cells are defined by
asymmetrical division, unlimited self-renewal capacity and the ability to give
rise to more differentiated cells and are characterised by drug resistance,
guiescence (dormancy) and slow proliferation (Dean et al., 2005; Mikkers &
Frisen, 2005; Sottocornola & Lo Celso, 2012). It has been shown that breast
stem cells can be identified by CD44*/CD24-ow  CD49f (ITGU6), EpCAM and
ALDH1A3 (Aldehyde Dehydrogenase 1 Family Member A3) (Al-Hajj et al.,
2003; Makarem et al., 2013; Spike et al., 2012; Vassalli, 2019). In the human
mammary gland, mammary stem cells were found to be located in terminal
ducts near differentiated cells (Villadsen et al., 2007). Such specific localisation
is mediated by the crosstalk of stem cells and the stem cell niche. Stem cell
niche is a tissue-specific 3D microenvironment, which has a determining role
on stem cell properties.



1.1.2 Stroma

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

Epithelial cells are separated from interstitial ECM by a basement
membrane, a specialised structure essential for tissue polarity (Bonnans et al.,
2014). The basement membrane is a sheet-like extracellular matrix, which
encapsulates the mammary gland epithelium. It is composed of collagen 1V,
laminins, perlecan and nidogen, while interstitial ECM is rich in proteins such
as collagen I, fibronectin, decorin and biglycan, and altogether of more than
300 molecules (Hynes & Naba, 2012;Insua-Ro dr 2 gue z & 2@M6B)k

The communication between epithelium and stroma is enabled by a
network of biochemical factors. The main biochemical components include
soluble proteins, growth factors, along with enzymes responsible for ECM
remodelling (matrix metalloproteinases - MMPs or tissue inhibitor
metalloproteinases - TIMPS). In this thesis, I, together with my co-workers,
identified secreted extracellular matrix proteins peroxidasin (PXDN), YKL-40
and extracellular matrix protein 1 (ECM1) playing an important role in various
properties, increasing the metastatic potential of epithelial cells. PXDN is a
secreted protein that facilitates crosslinking between collagen IV fibres by
catalysis of sulfilimine bonds and is involved in extracellular matrix formation

arsson,

(Bhave et al., 2012; Cummings et al., 2016; P®t er f i & )G¥KL-407 t , 2014

also called Chitinase 3 like 1 (CHI3L1), is a secreted glycoprotein, approximate
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40 KDa in size, associated with various biological functions and diseases, such
as inflammation or asthma (Erturk et al., 2017; Johansen et al., 2007; Kastrup,
2012). ECM1 is a secreted and transmembrane glycoprotein with a size of
about 85 kDa. In previous studies, it has been involved in many biologic
processes and functions, such as differentiation and angiogenesis (Wu et al.,
2018).

1.1.3 Branching morphogenesis

Crosstalk of epithelium and stroma plays a vital role in a developmental
program called branching morphogenesis. Unlike the branching development
in other organs such as lung, kidney or salivary gland, the human mammary
gland's branching develops in stages (Lu et al., 2006). The development starts
during embryogenesis with the rudimentary ductal tree. Later stages of
development, occurring during puberty and pregnancy, are hormone (estrogen
and progesterone) dependent. At puberty, the rudimentary tree develops
further into more elaborated branching structures. When pregnhancy occurs,
the branching morphogenesis further progresses and reaches the maximum
differentiation stage during lactation. The arborisation of the mammary gland
is an effective way of the spatial distribution of ducts and lobules. Branching is
a combination of cell proliferation, differentiation, migration and invasion
(Myllymaki & Mikkola, 2019; Zhang et al., 2014). Besides the principal role of
hormones, branching is coordinated by local bi-directional epithelial-stromal
crosstalk and by soluble factors from ECM (Fata et al., 2004; Kim & Nelson,

2012). For example, stromalt r ansf or mi ng ¢gT G ®hdihectsf act or

branch point generation as an inhibitory morphogen by different concentrations
at duct and lobules (Nelson et al., 2006). Another important growth factor is
fibroblast growth factor 2 (FGF2), which controls the ductal elongation process,
while FGF10 regulates the branch initiation process (Unsworth et al., 2014).
Epithelial invasion is also facilitated by matrix metalloproteinases (MMPSs)
(Nelson et al., 2000). The unique postnatal developmental properties of the
mammary gland, which includes cycles of cell growth and death, and the
invasive essence, allow looking for parallels between normal mammary gland
development and breast cancer progression (Ghajar & Bissell, 2008). Also,
signalling pathways governing branching morphogenesis can be hijacked by
cancer cells that use these processes for invasion and metastasis (Lanigan et
al., 2007). Understanding the mechanism of branching morphogenesis is
essential to understand metastatic spreading in breast cancer.
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1.1.4 Angiogenesis

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

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

1.2 Breast cancer

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

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

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

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



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

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

Inter-tumour heterogeneity, representing patient to patient differences, is
commonly categorised into molecular subtypes based on hormone receptors'
expression or based on gene expression. Categorisation of breast tumours
enables targeted treatment (Turashvili & Brogi, 2017) (Figure 3).
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Figure 3. Molecular subtypes of breast cancer.
About 60 % of all breast cancers are estrogen receptor-positive (ER+). About 40 % of
these are also progesterone receptor-positive (PR+). About 10 - 15 % of breast cancers
are Human Epidermal growth factor Receptor 2 positive (HER2+). About 15 - 20 % are
known as triple-negative  breast cancer (TNBC). Adapted from:
http://www.pathophys.org/wp-content/uploads/2012/12/breastcancer-copy.png

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

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

1.2.1 Carcinogenesis

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

1.2.2 Metastatic formation

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

1.3 Epithelial to mesenchymal transition

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

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

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

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

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

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

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

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

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


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

1.3.1Endothelial to mesenchymal transition

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

1.4 Non-coding RNA

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

1.4.1Micro RNAs

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

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

1.4.2 Long non-coding RNAs

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

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

1.4.3 Epigenetics and imprinting

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



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

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

1.4.4 DLK1-DIO3 locus

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

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

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

Kagami et al., 2010).

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



1.4.41 MEG3

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

MEGS3 reqgulators

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

Role of MEG3 on a molecular level

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

The functional role of MEG3

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

1.4.4.2 miRNAs from the DLK1-DIO3 locus

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

1.5 The D492 cell lines

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



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

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

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

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



2 Aims

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

The specific aims include:

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

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

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

In this chapter, | will list and describe the materials and methods | used in my
experiments which are presented in the chapter i Bsults and discussiona A
more detailed discussion about the optimisation and inscrutability of the
methods can be found in the chapter firechnical considerationsii Finally, a
detailed description of methods used in the published papers can be found in
the material and methods paragraphs of each paper.

3.1 Cell culture

Monolayer (2D) culture

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

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

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

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

Three dimensional (3D) cultures

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

For co-culture experiments, 0,5 x 102 of the epithelial cells were seeded
together with 1 x 105 of endothelial cells (HUVECs) and were resuspended in
150 ¢l of Matrigel. The plate was incubated in 5% COzat 37 AC f onintol 5
solidify the Matrigel, and then 300 el EGM5 media was added on top.
Endothelial cells cultured in Matrigel are viable, however dormant, having a

supporting function in the epithelial cel | sé pr ol i ferati on. The
quantified by counting all colonies greater than 100 O m.



3.2 Functional assays

Cell proliferation assay

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

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

Cell viability

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

Cell migration assay and cell invasion assays

Cell migration and invasion were examined by using trans-well Boyden
chambers with an 8Om pore si ze ( CAmadditiongl layeB& 309 7) .
diluted Matrigel (1:10 with H14 media) was added in case of invasion. Briefly,
3 x 108 cells were resuspended in 250 A H14 medium and seeded on the trans-
well inserts in a 24-well plate (Corning, 353047) or placed on top of Matrigel in
case of invasion assay. 500 O H14 media with 10 % FBS was added to the
lower chamber below the filter. Cells were incubated for 48 hours in 5 % CO:
at 37 AC. Af t emigratonycelbfmm itheupper paroohthe filter
were discharged with a cotton swab and washed 3 x with 1 x PBS. In case of
invasion, the Matrigel was discharged as well. The filters were then fixed with
methanol and stained with DAPI (diluted 1:5000; Sigma, D9542-1MG). Cells
were photographed in three random fields using the EVOS FL Auto 2 Cell
Imaging System (Thermo Fisher Scientific). Pictures were analysed with
ImageJ software. Besides, cell migration was assessed using the wound
healing assay.
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Wound healing assay was performed on the IncuCyte instrument (Essen
Bioscience), according to the manufacture r guglance. 6 x 102 cells/well were
seeded to be 100 % confluent the following day into the 96-well plate
ImageLock Plate (Essen Bioscience, 4379). Woundmaker (Essen Bioscience,
4493) was used to do the scratch wound. The images were taken every two
hours and were analysed as Relative Wound Density (%) in the IncuCyte
software.

Apoptosis assay

Resistance to chemically induced apoptosis was examined by inducing the
cellswi t h  tanptathdcin (CPT, Sigma-Aldrich, C9911) and quantified
using IncuCyte Caspase-3/7 Reagents (Essen Bioscience, 4440) on IncuCyte
Zoom (Essen Bioscience), according to the manufacturer's protocol.

Low attachment assay/mammosphere formation assay

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

Angiogenesis assay

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

3.3 Techniques of molecular biology

3.3.1Gene expression techniques

Total RNA-sequencing and analysis of the data

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



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

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

55

ed

us i



Quantitative RT-PCR analysis

Total RNA was extracted with Trizol (Thermo Fisher Scientific, AM9738).
One e€g of RNA per specimen was reverse transcribed into complementary
DNA (cDNA), using Random Hexamers (Thermo Fisher Scientific, N8080127)
and SuperScript IV Reverse Transcriptase (Thermo Fisher Scientific,18090-
200) kit and used in quantitative real-time PCR (qRT-PCR) using pre-designed
primer pairs: Sybr Green dye LunaE Un gRCR Mastet Mix (NEB,
M3003L) or TagMan probesLunaE Uni ver s al Pr o @NEB,
M3004L) according to manufacturer's guidance. Normalization was done with
the GAPDH reference gene. Reference gene mRNAs should be stably
expressed, and their abundances should show a strong correlation with the
total amounts of mMRNA present in the samples. The 2-®#C{vas used to
calculate each gene's relative expression using the ABI 7500 instrument
(Applied Biosystems). Primers are listed in Table 2.

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

Gene gmbol Producer, Assay ID

ZEB1 ThermoFisher Scientifiels00232783 _m1
ZEB2 ThermoFisher Scientific, Hs00207691 1
SNAI1 ThermoFisher Scientific, Hs00195591 1
SNAI2 ThermoFisher Scientific, Hs00950344 1
TWIST ThermoFisher Scientific, Hs01675848
GAPDH ThermoFisher Scientific, 4326317E
KRT14 IDT, Hs.PT.58.4592110

KRT19 IDT,Hs.PT.58.4188708

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

GAPDH IDT, Hs.PT.39a.22214836

TP63 IDT, HS.PT.58.38930512

ALDH1A3 IDT, Hs.PT.56a.657970

PXDN IDT,Hs.PT.8.630748

KRT5 IDT,Hs.PT.58.14446018

TP63 IDT,Hs.PT.58.2966111

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

| TGUG IDT,Hs.PT.58.453862

gPCR Mas



miRNA gRT PCR

Total RNA was extracted with Trizol (Thermo Fisher Scientific, AM9738).
The RNA was reverse transcribed with the miRCURY LNA RT Kit (Qiagen,
339340) for cDNA synthesis reactions, according to the manufacturer's
protocol. QRT-PCR analysis of miRNAs was conducted using miRCURY LNA
SYBR Green PCR Kit (Qiagen, 339346), according to the manufacturer's
protocol. Primers are listed in Table 3. The 2®®Ciethod was utilised to
calculate each gene's relative expression determined using the ABI 7500
instrument (Applied Biosystems).

Table 3. List of primers for miRNA qRT PCR

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

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

hsa-miR-203a | Exiqon, 205914

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

Western blot assay

For harvesting the protein, cells were washed with cold Phosphate Buffered
Saline (PBS) and lysed in radioimmunoprecipitation assay (RIPA) buffer
supplemented with phosphatase and protease inhibitors (Halt Protease
Inhibitor Cocktail, Thermo Fisher Scientific, 78430) for 10 min on ice and
scraped with a cell scraper. Protein concentration was measured utilizing the
Bradford reagent (BioRad, 5000002). Samples were denatured utilizing
mercaptoethanol at 95 A Cfor 10 min. Equivalent amount s-1 6 5)eofg g
protein were separated on NuPage 10 % Bis-Tris gels (Invitrogen,
NP0301PK2) with NuPage MES (2-(N-Morpholino) ethanesulfonic acid)
running buffer (Thermo Fisher Scientific, NP0002). Samples were
subsequently transferred with NuPage Transfer buffer (Thermo Fisher
Scientific, NP0O006-1) to polyvinylidene fluoride (PVDF) membrane Millipore
Imobilion-FL transfer membr an eMilippre tPELOMOIOE e
The membranes were blocked with Odyssey Blocking buffer (TBS) (LiCor,
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927-500) and incubated with primary antibodies overnight at 4 A CProteins
were detected using secondary antibodies IRDey (Li-Cor 926-32213 -
mouse, 926-32212 -rabbit) diluted to 1:10 000 for 1 hour at room temperature
(RT) and detected and quantified using the Odyssey Infrared Imaging System
(Li-Cor). The fluorescent signal was converted to greyscale. Antibodies used
for western blot (WB) are listed in Table 4. Actin was used as a loading control.

Table 4. List of primary antibodies

Gene symbol | Producer, Assay ID Methods
CDH1 BD Transduction Labs, 610182 WB, DAB
CDH2 BD Transduction Labs, 610921 WB, DAH
KRT14 Abcam, ab15461 WB
KRT14 Abcam, ab7800 DAB
KRT19 Abcam, ab7754 WB, DAH
TP63 Abcam, Ab124762 wB
KRT5/6 Invitrogen, 180267 WB
CDH3 Cell signbing, CS2130 wB

Actin Licor, 92642212 wWB

DAB staining

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

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

Transient transfections

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


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

double-stranded RNAs that mimic the endogenous miRNA of the cell, which
enable functional studies of upregulation. Inhibitors are single-stranded RNAs
that bind to the target miRNA and thereby downregulate it. Cells were
separately transfected first with mimics/inhibitors or its negative controls and
then used in the luciferase assay (see Luciferase assay). miRNA mimics
(ThermoFisher Scientific, 4464066, Assay ID MC10152), inhibitors
(ThermoFisher Scientific, 4464084, Assay ID MH10152) and negative controls
for miRNA mimics (ThermoFisher Scientific, 4464058) and inhibitor control
(ThermoFisher Scientific, 4464076) were usedinthec oncentr ati on of 5(
and transfected using RNAIMAX (ThermoFisher Scientific, 13778075),
according to manufacturer's instructions.

Luciferase assay

The dual-luciferase assay is a sensitive gene reporter assay based on
bioluminescence allowing to study of gene regulation. Reporter expression is
under the control of regulatory elements of a gene of our interest. Here, we
were studying the binding (regulation) of MIR203a to protein PXDN (its 3'
UTRs). For this purpose, 3' UTR of the potential target genes was cloned into
the luciferase vector. If the miRNA binds to its potential target gene, luciferase
translation is inhibited, and less light is produced. Firefly luciferase reporter
gene construct and Renilla luciferase constructs (as internal transfection
control) were co-transfected with or without the MIR203a mimics into HEK-
293T cells. Hsa-miR203a-3 p mi mi cs (mirVanaE mi RNA Mir
Fisher Scientific, 4464070) with a final concentration of 1 0 0  umsikg Lipofec
tamine RNAIMAX (Thermo Fisher Scientific, 13778150) transfection reagent
(according to manufacturer's instructions, with minor changes: using serum-
free and antibiotic-free high glucose DMEM medium instead of Opti-MEM
Med i um) . 2 4  hctien fwithenriRNA mimnioss dells were transfected
(according to manufacturer's guidance) wi t h 2 udferaseggplasmeds |
(pmirGLO constructs), using Lipofectamine 3000 (Thermo Fisher Scientific,
L3000015). Luciferase activity was measured using the Luciferase assay kit
(Promega, E4030) by luminometer Modulus TM Il (Turner Biosystems) after
24 hours. The results were presented as a ratio of Firefly luciferase over Renilla
activity.

Plasmid construction

| performed the plasmid construction in various projects, such as for
luciferase assay with miR203a or for lentiviral transfection with MEG3. To
construct the plasmid, first, the gradient PCR was performed to find out the
best annealing temperature with forward and reverse primers. The optimal

59



annealing temperature was used to amplify the cDNA. The band with amplified
cDNA was cut out and extracted from the gel using a Monarch Gel extraction
kit (NEB, T1020S). The amplicon was cloned into the vector using the Gibson
Assembly cloning kit (NEB, E5510S), according to the manufacturer's protocol.
The vector was transformed into competent bacteria NEB 5 U (NEB, C2987)
and inserts were confirmed with colony PCR. Vector was isolated from the
bacteria using a Plasmid miniprep kit (Thermo Fisher Scientific, K0O502). The
cloned insert was confirmed by DNA sequencing (Eurofins Genomics).

Lentivirus packaging and transfection

The packaging of the expression vector into pseudo viral particles was done
using the psPAX2 (Addgene, 12260) and PMDG.2 (Addgene, 12259) plasmids
in the presence of Turbofect (Thermo Fisher Scientific, R05319) transfection
reagent in HEK-293T cells. The supernatant was collected after 48 and 72
hours and filtered through a 0,45 Om pore filter. For infection, cells were plated
on T25 flasks to be 70-80 % confluent the next day and were infected with a
mixture of 1 ml of viral particles and 1 ml of fresh media in the presence of 2
of 8 Cy/ml polybrene. Lentivirus-transduced cells were selected with antibiotics
or sorted by FACS (Sony SH800), based on fluorescent dye, to obtain a stable
pool of clones. The altered expression of MEG3 was determined by gRT-PCR.
The plasmids used in the study and their selection markers (with a used
concentration in case of antibiotics) were: PWPI-MEG3 (GFP fluorescence),
pLenti_sgRNA(MS2) zeo (Zeocin Invitrogen 4 Q/ml), plLenti_dCas9-
VP64 _Blast (Blasticidin, 2 Gg/ml), pLenti_dCas9-KRAB_mCherry (mCherry
fluorescence) and SAM MS2-P65-HSF1 Plasmids (Hygromycin 1 Q/ml).

CRISPRI/CRISPRa

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



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

Table 5. gRNAs used for CRISPRi/a

gRNA for overexpression (gRNA A) GCTCTCCGCCGTCTGCGCTA

gRNA for downregulation (JRNA B) GCGGGTGAGGGATCCTCTCGT

negative control GCTTAGTTACGCGTGGACGA
Cell sortin

D492 were sorted on EpCAMPish and EpCAM'** (NCL-ESA, Novocastra),
using FACS (Sony SH800). Cells were trypsinised and resuspendedi n 500 Ol
5% FBS in PBS. Primary antibody was added in 1:100 dilution to the 0,5 ml
cell suspension. Cells were incubated for 30 minat4 A C i n,céntiifeged a r k
and washed 3 x with cold PBS. Secondary fluorophore-conjugated antibody
(InvittogenYwasadded in 1:1000 dilution to 500 Ol
and incubated for 20-3 0 mi n a tthe dark.ASGbsequently, cells were
centrifuged, washed 3 x with cold PBS, single-cell filtered and stored in the
dark until analysed.

3.4 Statistical analysis

Anumberof bi ol ogical replications Pivldues ndi cat e
below 0,05 were considered significant (*p O ,05; **p O ,@; **p O ,0D1;
* x x * §O0X). Tlfe statistical analysis was performed in GraphPad Prism.
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4 Technical consideration

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

4.1 Cell culture

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

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

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

4.2 Selection of functional assays

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

4.3 Optimizations and the use of controls

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



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

4.3.1 Cloning into lentiviral plasmid

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

4.3.2 Luciferase assay

With luciferase assay, we aimed to elucidate the binding of MIR203a to PXDN.
Here | would like to illustrate how we went through the optimisation process,
using different kits for this assay. First, we used a kit (from Genocopeia), where
thewhol e 3EUTR of P X Daylasma with thé lociieease géena.t o
The technical problem we were dealing with was an unstable expression of
luciferase from the control plasmid between the cell lines we were comparing

(3EUTR PXDN with negative ctrl mi mics Vs
mimics). (Figure 11). As this was critical for the interpretation of the result, we

could not continue using this kit. Next, we decided to use another kit (Promega)

where we cloned just the binding site of MIR203a into the plasmid. We did not

see any change in the luciferase signal. To be sure that the method was

working, we used a positive control - TP63 for binding MIR203a (Lena et al.,

2008) (Figure 12). We ended up cloning eight plasmids, from which six were

negative controls. However, we again did not see any change in the luciferase

signal.
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Figure 11. Unstable expression of luciferase from control plasmids. ‘
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Results of luciferase assay confirm the correct use of the luciferase method with
positive controli bi ndi ng MI R203a to the 3EUTR of

Then we assessed the transfection efficiency using a GFP plasmid and found
out that the cells were not getting transfected. Therefore, instead of using
D492MmiR203a we switched to a cell line that is efficiently transfected i
HEK293T cell line. This cell line has been used efficiently by many laboratories
for transfections (Thomas & Smart, 2005). We optimized and coordinated the
transfection of mMiRNA mimics and plasmids in the HEK293T cells, where the
transfections' timing was critical due to the nature of the double transient
transfection. Also, the confluence at the time of transfection was necessary for

t he maxi mal transfect i osed proceddird, we couddy .

confirm that MIR20 3 a b i nds UTRoof TiP@3tamd pe&dxidasin (PXDN).

4.3.3 CRISPRIi/a

The purpose of CRISPRa (activation) or CRISPRi (inhibition) is
the regulation of the genome instead of modification. Using this system, we
can either activate or repress gene expression. The technique relies on two
components: catalytically dead Cas9 (dCas9), without the endonuclease
activity, and a guide molecule that directs dCas9 to a specific target like a

genetic GPS.d Cas9 <can be f usssdciattddboxgKRKB) mp p e |

repression or an activation domain, like VP64, for activation of a target gene
(Figure 13).
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Figure 13. Molecular mechanism of CRISPRi and CRISPRa. -

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

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

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

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

69






5 Results and discussion

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

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

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

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

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

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

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

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

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

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

5.1.2 MEGS3 expression negatively correlates with breast cancer
prognosis.

EMT plays a fundamental role in understanding the metastatic behaviour of
epithelia-originating cancer and treatment resistance (Creighton et al., 2009).
However, the cell lines recapitulate the biology of tumour samples only to some
extent (Gillet et al., 2011). We intended to translate our observations of MEG3
involvement in cell lines into more clinically relevant outcome with patients'
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cohorts, using breast tumour samples. MEG3 expression is significantly higher
in the breast cancer group classified as the normal-like (NL) (Figure 4A in
paper #l), which resembles the expression of MEG3 in normal tissue shown in
Figure 17. Numerous papers suggest that the samples that fall into the normal-
like group have a high proportion of normal tissue and low tumour cellularity
(Elloumi et al., 2011; Prat et al., 2010) and they are therefore often excluded
from the analysis. To ensure the quality of results representing tumour tissue,
requiring a minimal percentage of malignant cells in a tumour sample (Elloumi
etal., 2011), we omitted the normal-like tumours from the analysis of the effect
of MEG3 on the survival of breast cancer patients. Survival analysis showed
lower overall survival in patients with high MEG3 expression. These findings
were corroborated in the GOBO database (Ri ngn ®r e)t(Figark 4B,in
paper #l), where MEG3 expression negatively correlates with survival in breast
cancer, exclusively in grade 3 tumours and the luminal B subtype. Together,
we have shown in two independent cohorts that MEG3 negatively correlates
with survival. Our data underscore the necessity of further studies where
subgroups are analysed.

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

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

In my opinion, the classification of a gene as a tumour suppressor cannot
be based on expression level but rather on the survival analysis. As such,
survival analysis can tell if the gene is a positive/negative prognostic factor for
the given cancer. To the best of my knowledge, there is only one paper related
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to breast cancer, by Yao et al. (2019), where high MEG3 expression was
identified as a negative prognostic marker for breast cancer. On the other
hand, most research papers on survival analysis with MEG3 in breast cancer
have shown conflicting results (Binabaj et al., 2018; X. Cui et al., 2018; Tian et
al., 2018).

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

5.1.3 MEG3 as a marker of DLK1-DIO3 locus

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

(A) Cellular model of altered expression of MEG3 was generated using CRISPR
activation (CRISPRa) in D492 and CRISPR inhibition (CRISPRIi) in D492M for
upregulating and downregulation of MEG3, respectively. Upregulation of MEG3 in D492
(D492MEG3) compared to D492 with scrambled control (D492CTRt: |eft), with phase-
contrast pictures of D492CTR- and D492VEC3 (below). Knockdown of MEG3 in D492M
(D492MKP-MEG3) compared to D492M with scrambled control (D492MKP-CTRL: right), with
phase contrast-pictures of D492MKP-CTRL and D492MKP-MEGS (helow). Results are shown
asgRT-PCR wit h mean K-tes$ D= 3. Scalehkmi=ri@g0d mtiB) miRNAs
from the DLK1-DIO3 locus are upregulated with overexpression of MEG3 and
downregulated with knockdown of MEG3. qRT-PCR shows increased expression of
four representative miRNAs from the DLK1-DIO3 locus in D492VEG3 compared to
D492CTRL (left) and their decreased expression in D492MXP-MEG3 compared to D492MKP-
CTRL (right). Results are s hown as mean KN-teSh.= 3.Ukdppted froend
Figure 5 in paper #l).
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To study gene expression changes induced by MEG3, we performed RNA
sequencing of D492M with knockdown of MEG3. Gene Set Enrichment
Analysis, using the Hallmark dataset, supported our hypothesis that non-
coding RNAs from DLK1-DIOS3 locus play a role in EMT. The epithelial-to-
mesenchymal transition was one of the significantly deregulated gene sets by
MEG3 (Figure 6A in paper #1).

5.1.4 MEGS3 induce partial EMT

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

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

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

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

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



cell types (Nelson et al., 2006; Willis & Borok, 2007). MEG3 and miRNAs from
the DLK1-DIO3 locus were induced in cells after TGFb1 stimulation (Milosevic
et al., 2012; Terashima et al., 2017), which was also the case in our cellular
model (Figure 21). MEG3 binding sites revealed that MEG3 modulates the
acti vi t y-responsife@énbs by binding to distal regulatory elements
(Mondal et al., 2015). TGFb has a dual role in cancer - it can act as a tumour
suppressor by inhibiting growth and promoting apoptosis at the early stages of
cancer initiation, or in later stages, act as tumour promotor by inducing
metastasis formation (Kim et al., 2000; Lebrun, 2012; Millet & Zhang, 2007; Xu
et al., 2009). Such adualroleof TGF b and ectiondgo MEGHhcould be
another possible reason for the conflicting data about MEG3 in the literature.
However, the possible time-dependent role and detailed connection of MEG3
with TGFb during the EMT process remains to be elucidated.
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Figure 21. MEG3 expressionincreasesa f t er tr eat ment with
gRT-PCR shows a time-dependent increase of MEG3 expression after treatment with
TGFb1. Results show unpublished prel i mi

5.1.5 MEG3 induces mesenchymal properties and stemness

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

To revise the role of DLK1-DIO3 locus in inducing stemness in our cell
model, we have studied stem cell markers and performed functional assays
describing stem cell properties. Stemness is commonly quantified using
specific markers like CD44*/CD24"ov (Al-Hajj et al., 2003), integrin alpha 6
(ITGUs or CD49f) or aldehyde dehydrogenase (ALDH1) (Ginestier et al., 2007;
Krebsbach & Villa-Diaz, 2017; Resetkova et al., 2010). Our results showed a
positive correlation of MEG3 with stem cell markers ITGUs, ALDH1
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(Supplementary Figure 6 in paper #l) and a negative correlation with CD24
(Figure 22). From the functional studies, we observed the association of
MEG3 with increased migration, resistance to apoptosis and sphere formation
capacity, properties typically associated with the mesenchymal phenotype
(Figure 8 in paper #l and Supplementary Figure 5 in paper #l). We also
observed a bigger size of colonies and less branching in correlation with MEG3
expression. A similar effect on branching potential, however, in the lung, was
described in another study, where epithelial cells with overexpression of
MIR127, one of the most studied miRNAs from the DLK1-DIO3 locus, led to
fewer terminal buds (Bhaskaran et al., 2009). On the other hand, a recent study
by Deocesano-Pereira et al. (2019) focused on the role of MEG3 in breast
cancer obtained different results compared to us. Similarly to our study, they
performed CRISPR knockout of MEG3 and studied the phenotypic and
functional changes. Despite finding high expression of MEG3 in the triple-
negative metastatic breast cancer cell line Hs578T, their results showed
that MEG3 deletion promoted cell proliferation, anchorage-independent cell
growth and migration. On the other hand, MEG3 deletion also led to decreased
cell invasiveness and promoted the expression of TGFb  a n-dadhBrin
(Deocesano-Pereira et al., 2019).
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Figure 22. MEG3 expression negatively correlates with the CD24 marker.

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

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



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

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

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

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



the luciferase assay, we established that MIR203a interacts with a specific
regi on OTRotPXEN (Bidgire 23B).
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Figure 23. MIR203a regulates PXDN expression.
(A) D492M cells treated with MIR203a mimic have reduced expression of PXDN,
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Increased PXDN expression has been associated with various diseases
and developmental stages, such as renal fibrosis (Peterfi et al., 2009), during
embryonic development of the eye (Yan et al., 2014), in melanoma cancer
(PXDN has also been previously called MG50 - melanoma gene 50) (Mitchell
et al., 2000) and ovarian cancer (Zheng & Liang, 2018). This demonstrates an
association of PXDN with the EMT process. To determine whether PXDN is
responsible for the effects seen by overexpression of MIR203a in D492M, we
performed a transient knockdown of PXDN in D492M using siRNA. We have
shown that decreased PXDN expression slows down the proliferation and
decreases the resistance to apoptosis (Figure 6 in paper #1). Those results
are in concordance with another study, where PXDN knockdown led to an
increase in reactive oxygen species associated with decreased cell viability
and increased apoptosis (Dougan et al., 2019).

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

Results for PXDN in patients from the Her2 subtype

n= 248, number of events= 113
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Figure 24. Patients with HER2 positive breast cancer with high PXDN expression has
significantly lower overall survival.
Kaplan-Meier graph from BreastMark database.

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

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

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



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

group.

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

However, D492HER?2 has about 2-5 times higher expression of MIR200c, MIR203a,
and MIR205 miRNAs compared to D492M.qRT-PCR r esul t s showr
= 2). (Adapted from Figure 1C in paper #ll1).

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

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

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

To identify specific secreted proteins responsible for the aggressivity of
D492HER?2 and its crosstalk with endothelial cells, we profiled conditioned
media (CM) from D492HER2. We identified two candidate molecules YKL-40
and ECM1, contributing to the D492HER2 ¢ e | | BEype (Figare 2Dantpaper
#IV).



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

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

(A) Overexpression of YKL-40 in D492 and (B) D492M using the CRISPRa system
increased their ability to migrate and invade. (C) Knockdown of YKL-40 in D492HER?2
in stable cell lines generated by CRISPR/Cas9 reduced the ability of D492HER2 to
migrate and invade. Resultsares hown as mean Ktes b=8. Adaptedi
from Figure 3E, F and G in paper #l11).

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

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

Collectively, in paper #lll, we have analysed the role of YKL-40 in metastatic
formation and show an increase in migration, invasion, and angiogenesis. Our
data demonstrate that YKL-40 may contribute to the D492 HER?2
plasticity and aggressiveness by increasing the migratory, invasive, and
angiogenetic abilities of cancer cells.

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

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

Using recombinant ECM1 protein and cell lines with stable overexpression,
we have determined its direct role on endothelial cells, increasing
angiogenesis (Figure 3B and Figure 4B in paper #lV). Conversely, the
knockdown of ECML1 resulted in a decrease in angiogenesis (Figure 4B in
paper #V). Furthermore, conditioned media transfer from such treated
endothelial cells back on epithelial cells revealed increased migration and
invasion (Figure 27). This effect was also confirmed with the use of stable
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knockdown of ECM1 in D492HERZ2, decreasing migration and invasion (Figure
4D, F in paper #1V).

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

invasion via Notch signalling pathway.

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

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



6 Future perspectives

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

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

Another future aspect should be decoding the relationship of MEG3 and
TP53 by comparison of two cell lines with the same genetic background but
different methods of immortalisation, leading to functional and dysfunctional
TP53. Among other issues remaining to be elucidated is the relationship of
MEG3a nd T GF, fast lbuhnot least, the role of specific isoforms of MEG3
in our EMT model.

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

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

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

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



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

Nevertheless, there are studies dealing with the role of members of the
DLK1-DIO3 locus in angiogenesis. MEG3 has been found to be highly
expressed in endothelial cells (Michalik et al., 2014) involved in angiogenesis
(Ruan et al., 2018). Increased MEG3 expression in HUVECs was induced by
HIF1U and promoted angiogenic sprouting, whereas knockdown of MEG3
inhibited the sprouting by decreasing levels of VEGFR2 (Ruan et al., 2018).
On the other hand, the inhibition of miRNAs from the DLK1-DIO3 locus has
been shown to increase vascularisation after ischemia (Welten et al., 2014) or
MEG3 was negatively correlated with angiogenesis in other studies (He et al.,
2017; Zhan et al., 2017; Zhang et al., 2017).

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

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

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

In the first part of this thesis (paper #l and paper #ll), the focus was on the
non-coding RNAs from both sides of the EMT spectrum. The identified
candidate molecules, INcRNA MEG3 and MIR203a, play a role in the balance
of EMT/MET. Extensive in vitro evidence has delineated the involvement of
EMT/MET in branching morphogenesis and the formation of tumour
metastasis (Chakrabarti et al., 2012; Sar r i - e ). EMTlis.an imgi@adt8
event contributing to drug resistance, leading to increased heterogeneity and
plasticity of the cells within tumours. There is a lack of therapies that can
efficiently prevent metastasis as well as effective prognostic markers to
anticipate clinical outcome and treatment response. Identifying key molecules,
such as MEG3 and MIR203a, involved in EMT/MET and their mechanisms of

actioncouldbei mportant for reducing breast

second part of the thesis (in paper #lll and paper #1V), we looked at the
parallels and differences between tumorigenic and non-tumorigenic cell lines
and the role of endothelial cells on both normal breast cells and cancer cells.
The stroma'’s critical function during malignant transformation and progression
suggests that targeting it in conjunction with the carcinoma cells may be a
synergistic therapeutic intervention strategy. We identified two candidate
extracellular matrix proteins YKL-40 and ECM1, secreted by breast cancer
cells, promoting angiogenesis, migration and invasion (Figure 28).

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

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

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

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



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

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

Increased understanding of branching morphogenesis is essential not only
to know how the breast gland develops but also to understand the aetiology of
breast cancer.

97



nowoding
Lnc RNA f rlém3IDba K\s I 1YIK#4 0

ME G T migration Tmigr dtnivarsi on

Tresistance to apoptVosis\ECM

Tclonogenic capacity

.mi RNASB

Tmi gr dtnivarsi on

\Lmi gr ditnwans i on
*inhibits P XD

Figure 28. Graphical summary of results from the thesis.

The central part of the thesis is dedicated to ncRNA. Our results suggest that ncRNAs
from the DLK1-DIO3 locus, with its marker MEG3, is a novel inducer of partial EMT in
breast tissue through the functions such as increasing migration, resistance to
apoptosis and clonogenic capacity. Conversely, the miRNA 203a induces partial MET
and epithelial, particularly luminal, phenotype, through decreasing proliferation,
increasing sensitivity to apoptosis and decreasing migration and invasion. Moreover,
we identified its target gene peroxidasin. PXDN, on the other hand, enhances the
proliferation and resistance to apoptosis. In this thesis, I, together with my co-workers,
identified secreted extracellular matrix proteins peroxidasin (PXDN), YKL-40 and
extracellular matrix protein 1 (ECM1) as potential inducers of cancer growth. YKL-40
maycontri bute to D492HER2 c el dsshy ingeasing the
migratory, invasive and angiogenetic abilities of cancer cells. ECM1 is a mediator of
epithelial-endothelial crosstalk with proangiogenic properties and inducing increased
migration and invasion through endothelial Notch signalling.
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Epithelial-to-mesenchymal transition (EMT) and its reversed process mesenchymal-to-
epithelial transition (MET) play a critical role in epithelial plasticity during development
and cancer progression. Among important regulators of these cellular processes are
non-coding RNAs (ncRNAs). The imprinted DLK1-DIO3 locus, containing numerous
maternally expressed ncRNAs including the IncRNA maternally expressed gene 3
(MEG3) and a cluster of over 50 miRNAs, has been shown to be a modulator of
stemness in embryonic stem cells and in cancer progression, potentially through the
tumor suppressor role of MEGS3. In this study we analyzed the expression pattern and
functional role of ncRNAs from the DLK1-DIOS locus in epithelial plasticity of the breast.
We studied their expression in various cell types of breast tissue and revisit the role
of the locus in EMT/MET using a breast epithelial progenitor cell line (D492) and its
isogenic mesenchymal derivative (D492M). Marked upregulation of ncRNAs from the
DLK1-DIO3 locus was seen after EMT induction in two cell line models of EMT. In
addition, the expression of MEG3 and the maternally expressed ncRNAs was higher in
stromal cells compared to epithelial cell types in primary breast tissue. We also show that
expression of MEG3 is concomitant with the expression of the ncRNAs from the DLK1 -
DIO3 locus and its expression is therefore likely indicative of activation of all ncRNAs
at the locus. MEG3 expression is correlated with stromal markers in normal tissue
and breast cancer tissue and negatively correlated with the survival of breast cancer
patients in two different cohorts. Overexpression of MEG3 using CRISPR activation in a
breast epithelial cell line induced partial EMT and enriched for a basal-like phenotype.
Conversely, knock down of MEG3 using CRISPR inhibition in a mesenchymal cell line
reduced the mesenchymal and basal-like phenotype of the cell line. In summary our
study shows that maternally expressed ncRNAs are markers of EMT and suggests that
MEGS is a novel regulator of EMT/MET in breast tissue. Nevertheless, further studies
are needed to fully dissect the molecular pathways influenced by non-coding RNAs at
the DLK1-DIO3 locus in breast tissue.

Keywords: DLK1-DIO3 locus, MEG3, ncRNAs,

breast itor cells
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INTRODUCTION

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

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

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

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

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

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

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

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

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

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

MATERIALS AND METHODS

Cell Lines

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

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

3D Cultures/Mammosphere Assays

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

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

Total RNAseq and Analysis of the Data

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

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

Quantitative RT-PCR Analysis

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

List of Primers

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

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

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

Small RNAseq

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

miRNA qRT PCR

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

Allele Specific Expression Analysis

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

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

Clinical Cohort

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

Western Blot Assay

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

Cell Migration Assay

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

Low Attachment Assay

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

Apoptosis Assay

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

Lentivirus Packaging and Transfection

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

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

CRISPRi/CRISPRa

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

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

Statistical Analysis

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

RESULTS

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

the Stromal Compartment of Breast

Tissue

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

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

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

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

We next acquired a list of genes correlated the expression
of MEG3 using the GOBO (Gene expression-based Outcome
for Breast Cancer Online) dataset and submitted the list
to DAVID (the database for annotation, visualization and
integrated discovery, version 6.7) (Huang et al, 2009ab)
to identify pathways associated with MEG3. Herein, the
expression of MEG3 correlates with expression of extracellular
matrix genes, which are in line with the observations of
a high expression of MEG3 in cells found in the stromal
compartment (Supplementary Figure 2A). Using analysis
of publicly available NGS data using MiPanda (Niknafs
et al, 2018) we found positive correlation of MEG3 with
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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 DLK1-
DIO3 locus are highly expressed in the mesenchymal
compartment compared to epithelial breast tissue and their
expression positively correlate with numerous mesenchymal
genes and EMT markers.

MEGS3 Is Imprinted in Both D492 and

D492M

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

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

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

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

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

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

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

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

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

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

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

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