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Abstract: Breast ductal carcinoma in situ (DCIS) has been typically recognized by pathologists
on the basis of aberrant mammary duct morphology. Thus, there are increasing efforts to detect
DCIS biomarkers and druggable targets. In this study we focused on the molecular mechanism
involving Annexin A8 (ANXAS8), a Ca?* and phospholipid binding protein, which is regulated by
all-trans Retinoic Acid (RA), and it is highly expressed in breast DCIS tissue samples relative to
atypical ductal hyperplasia, and normal breast tissue. Using a panel of human mammary epithelial
HMET1 cell lines that share a common protein signature, and develop in vitro three dimensional (3D)
“DCIS-like” amorphous structures, we identified by bioinformatics analysis protein-miRNA pairs,
potentially involved in mammary morphogenetic mechanisms, including the ANXAS8 mechanism.
HMET cells with genetic mutations hampering the physiological RA regulation of the RA receptor
alpha (RARA) transcriptional function, but retain the RARA function controlling the PI3BKCA-AKT
signaling, develop 3D “DCIS-like” amorphous structures with upregulated ANXAS8. Consistently,
ectopic ANXAS expression, by affecting the RARA transcriptional function, induced HME1 DCIS-like
amorphous acini expressing phosphorylated AKT (P-AKT). Apparently, a RA-RARA-ANXAS
feedback loop fosters a vicious circle of aberrant morphogenesis. Interestingly, a few miRNAs
regulated by RA are predicted to target ANXA8 mRNA. These miRNAs are candidate components of
the RA-RARA-ANXAS8 mechanism, and their deregulation might induce DCIS initiation.

Keywords: ductal carcinoma in situ (DCIS); 3D HME1 models; protein-miRNA pairs; DCIS
biomarkers and morphogenetic mechanisms

1. Introduction

Early breast cancer stages, such as ductal carcinoma in situ (DCIS), are characterized by confined
breast lesions with aberrant ductal morphological features. When left untreated, these in situ lesions
can become invasive [1-3]. Detecting and treating breast cancer at its earlier stages can greatly
increase survivability. To identify early stage breast cancer and prevent disease progression, research
efforts have been focused on the identification of DCIS biomarkers and druggable targets. However,
despite these efforts, the heterogeneity of breast DCIS lesions has made it extremely challenging to
identify biomarkers with high diagnostic and prognostic value [4] that can be used also in liquid
biopsies [5]. In an attempt to identify biomarkers with high sensitivity and specificity, we set out to
use an unconventional experimental approach based on three dimensional (3D) mammary epithelial
cell models. When grown in basement membrane culture non tumorigenic mammeary epithelial cells,
including HME]1 cells, form 3D structures with a lumen-enclosing epithelial monolayer of apicobasal
polarized cells, which is typical of normal mammary ducts [1,6-8]. In contrast, HME1 cells carrying
different genetic mutations- hereafter referred to as HME1 “DCIS-precursor” cell lines- develop
3D DCIS-like structures with a luminal space filled with proliferating cells and loss of apicobasal
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polarity. HME1”DCIS-precursor” cell lines when grown in 3D basement membrane culture evade the
growth inhibitory and pro-apoptotic effects regulated by physiological Retinoic Acid (RA) via the RA
receptor alpha (RARA) transcriptional function, which is indispensable for lumen formation [7,9-12],
but retain the RARA function that enables the physiological RA induction of AKT signaling by the
phosphatidylinositol-3 kinase catalytic (PI3KCA) subunit ([13] and references within).

In this study we used a panel of HME1 “DCIS-precursor” cell lines including the following
lines: HME1-RARA403, expressing a dominant negative RARA mutant lacking the RA binding
domain that affects the RARA transcriptional function [14], but it does not affect the RARA function
controlling the PI3K-AKT signaling pathway [13]; HME1-shERA [15] with downregulated Estrogen
Receptor alpha (ERA), a transcriptional regulator of RARA [16,17]; HME1-shPER2 [15] with down
regulated PERIOD 2, a circadian clock gene with tumor suppressor function in breast cancer [18] [19];
HME1-shMTG16 [20] with downregulation of MTG16, a tumor suppressor of breast cancer [21],
HME1-MYC [22] overexpressing the MYC oncogene that regulates RARA [23].

Previous proteomics analysis of the HME1 “DCIS-precursor” cell lines let us identify a common
protein signature with both upregulated and downregulated proteins [24]. This signature included
Annexin 8 (ANXAS8) and Annexin 2 (ANXA2), which are members of the Annexin family of
CaZ*-binding proteins and present Retinoic Acid-Responsive Elements (RARE) in their regulatory
regions [24].

These findings attracted our attention because ANXAS is upregulated in acute promyelocytic
leukemia (APL) carrying PML-RARA, a dominant negative RARA mutant that inhibits the
physiological RA regulation of wild type RARA transcriptional function [25]. ANXAS is associated
with a restricted signature of miRNAs that discriminates APL myeloblasts with dominant RARA fusion
proteins from normal promyelocytes with wild type RARA [26]. According to the Cancer Genome Atlas
(TCGA) breast cancer is not characterized by RARA fusion proteins. However, ANXAS is significantly
upregulated in breast DCIS relative to atypical ductal hyperplasia (ADH) and normal breast tissue,
and it is also associated with clinical features of breast cancer progression (e.g., positive nodes, tumor
stage, and tumor grade) [24]. Based on the common protein signature of HME1”DCIS-precursor” cell
lines with mutations that affect RA-RARA signaling, we identified by a stepwise approach (Figure 1)
a set of protein-miRNA pairs, including ANXA8-miRNA pairs. In the list of miRNAs, predicted to
target ANXA8 mRNA 3’UTR, three miRNAs were encoded by genes with RA-responsive elements
(RARES) in their promoters [24,26].

HME1 “DCIS-precursor” cell lines

Common protein signature
miRNA-target site prediction

miRNA-target site selection

\Validation by pathway analysis ‘
and literature search

\ miRNA database mining
and TCGA analysis

Figure 1. Scheme of the stepwise approach used to identify protein-miRNA pairs involved in human
mammary morphogenetic mechanisms.

Further, we used a 3D HME1-ANXAS8CF model carrying a RARE-Green Fluorescent Protein
(GFP) to assess the effects of ANXAS8 upregulation on the spatial and temporal dynamics of the two
RARA functions regulated by physiological RA in the course of 3D morphogenesis. These studies let
us detect a RA-RARA-ANXAS feedback loop that creates a vicious circle whereby P-AKT signaling
fosters 3D aberrant morphogenesis.
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2. Results

2.1. From a Common Protein Signature Shared by HME1 “DCIS-Precursor” Cell Lines to a Subset of Potential
Morphoregulatory miRNAs

Harnessing a common forty-two protein signature shared by HME1 “DCIS-precursor” cell
lines with different mutations that we described previously [24], we set out to identify an in
silico common miRNA signature. To this end we used the following stepwise approach. First,
we analyzed the mRNA 3'UTR of 42 proteins differentially expressed in the HME1 “DCIS-precursor”
cell lines vs. parental control HMEI cells by using TargetScan, a widely used algorithm that predicts
miRNA-target sites based on their conservation among species [27]. Second, by focusing only on the
most conserved miRNA-target sites (broadly conserved either in vertebrates or conserved only in
mammals), we identified 121 sites in the mRNAs of 20 downregulated proteins, and 118 sites in the
mRNAs of 22 upregulated proteins (Figure 2).

20 proteins downregulated 22 proteins upregulated
in DCIS-like clones in DCIS-like clones

TargetScan analysis of 3'UTRs
of corresponding mRNAs

121 miRNA-target sites presentin 118 miRNA-target sites present in

mRNAs of downregulated proteins ~ mRNAs of upregulated proteins
sites present in
O mRNAs of 6 proteins

O sites present in
mRNAs of 5 proteins

I:I sites present in
mRNAs of 4 proteins

O sites present in
mRNAs of 3 proteins

D sites present in
mRNAs of 2 proteins

O sites present in
mRNAs of 1 protein

81 sites in mMRNAs of 84 sites in MRNAs of
= 2 downregulated proteins = 2 upregulated proteins
27 sites present only in mRNAs 30 sites present only in mRNAs
of downregulated proteins of upregulated proteins
(targeted by 52 miRNAs) (targeted by 51 miRNAs)

Figure 2. A protein-to-miRNA approach detects a miRNA signature shared by HME1“DCIS —precursor”
cell lines. See Figures 3 and 4 for details on miRNA-target sites present in the mRNAs of two or more
downregulated or upregulated proteins.

Since each conserved site can be bound by one or more miRNAs, we found over 200 miRNAs
predicted to target the mRNAs of the downregulated and upregulated proteins. Next, we grouped
miRNA-target sites based on their frequency in the mRNAs of the proteins deregulated in the HME1
“DCIS-precursor” cell lines (Figure 2). We reasoned that if two or more upregulated (or downregulated)
proteins have the same miRNA target site, it would be more likely that the miRNA(s) targeting this
site are indeed deregulated.

Based on this analysis, we obtained a list of 81 miRNA-target sites present in the mRNAs of two
or more downregulated proteins (Figure 3) and a list of 84 sites present in the mRNAs of two or more
upregulated proteins (Figure 4).
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Figure 3. List of microRNAs (left column) targeting the sites present in the 3’'UTR of mRNAs
ofdownregulated proteins (middle column) in HME1 “DCIS-precursor “cell lines. Only target sites

present in the 3'UTR of mRNAs of two, or more, downregulated proteins are shown (right column).
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Figure 4. List of microRNAs (left column)-targeting the sites present in the 3'UTR of mRNA of
upregulated proteins (middle column) in HME1 “DCIS-precursor” cell lines. Only target sites present
in the 3'UTR of mRNAs of two or more upregulated proteins are shown (right column).
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From the analysis in Figure 2, we identified miRNAs that target 27 sites only present in the
mRNAs of downregulated proteins, and miRNAs that target 30 sites only present in the mRNAs of
upregulated proteins. These miRNAs, listed in Figure 5, represent a cohort of candidate miRNAs likely
deregulated in HME1 “DCIS-precursor” cell lines.

HME1 “DCIS-precursor” cell lines

Proteins deregulated in

miRNA-target sites present in the

mRNAs of the deregulated protein

(a) DI PKM2 sSoD2 TKT TUBB miR-204/204b/211
BLVRA HSPA8 MSN SOD2 TAPBP miR-221/222/222ab/1928
MSN PFNA PKM2 TKT TUBB miR-491-5p
@ | BLVRA EIF4H MSN VIM miR-138/138ab
c  EIF4H S100A9 SDF2L1 TAPBP miR-328a/328b-3p
S ARHGDIA  EIF4H IDI1 TKT miR-375
o  MsN PKM2 VIM miR-122/122a/1352
X | TAPBP TKT TUBB miR-143/1721/4770
& | MsN sop2 TKT miR-192/215
5 LEIF4H MSN SOD2 miR-217
8 | MsN PKM2 soDp2 miR-296-3p
= ANXA2 EIF4H TAPBP miR-29abcd
o ARHGDIA  TAPBP TKT miR-339b/339-5p/3586-5p
@ | ACTG1 SoD2 TUBB miR-383
o ARHGDIA  MSN PFN1 miR-96/507/1271
3  ACTG1 EIF4H miR-103a/107/107ab
© HsPAB soD2 miR-130ac/301ab/301b/301b-3p/454/721/4295/3666
S ACTG TAPBP miR-190/190ab
3 EIF4H MSN miR-223
O | MSN MT1G miR-27abc/27a-3p
@ ARHGDIA  SOD2 miR-324-5p
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o IDi TAPBP miR-410/344de/344b-1-3p
o DA TUBB miR-421
HSPA8 IDH miR-499-5p ||
EIF4H MSN miR-504/4725-5p
ARHGDIA  TKT miR-874
(b) "UBB PGK1 GLO1 KRTBA HSPD1 miR-382
_PGK1 GLO1 PGAM1 EHD1 OAT miR-494
PGRMC1  LDHA cLo1 EHD1 NDRG1 miR-7/7ab .
_GLO1 PSMB6 EHD1 GLRX3 miR-137/137ab
LDHA GLO1 KRT6A OAT miR-374ab
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2 [ LpHA RAN EHD1 miR-134/3118
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Figure 5. List of miRNAs based on Figure 2, including over fifty miRNAs targeting mRNAs of two or

more downregulated proteins (a) and over fifty miRNAs targeting mRNAs of two or more upregulated

proteins (b) in HME1 “DCIS-precursor” cells.

2.2. miRNAs Potentially Relevant to Mammary Epithelial Cell Morphogenesis

To assess whether the cohort of miRNAs identified by in silico analysis is implicated in
morphogenetic signaling pathways, we performed KEGG pathway enrichment analysis by using
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DIANA-miRPath, which can simultaneously analyze the effect of multiple miRNAs on signaling
pathways using miRNA targets predicted by the DIANA-micro T-CDS algorithm [28]. This analysis
showed significant enrichment of pathways involved in cellular processes known to play important
roles in epithelial morphogenesis, such as cell growth and proliferation, programmed cell death,
adhesion and motility, differentiation and development, metabolism, and molecular transport

(Figure 6).
DIANA-miRPath pathway enrichment analysis
KEGG pathway p-value N. miRNAs
PI3K-Akt signaling pathway 1.56E-34 57
MAPK signaling pathway 8.78E-29 57
Insulin signaling pathway 1.77E-16 53 Cell growth and proliferation
ErbB signaling pathway 3.77E-12 51
mTOR signaling pathway 3.14E-09 48
Cell cycle 1.23E-07 50
Regulation of actin cytoskeleton 8.75E-24 52
Focal adhesion 9.50E-22 56 . .
Gap jUT‘ICﬁOI"I 6.23E-13 50 Adhesion and mOtI|ItY
Adherens junction 1.03E-11 46
Tight junction 1.31E-06 50
Whnt signaling pathway 1.30E-20 54
TGF-beta signaling pathway 2.67E-12 47 Differentiation and development
Hedgehog signaling pathway 2.81E-07 40 d - VeoR
Notch signaling pathway 3.50E-06 32
Inositol phosphate metabolism 2.12E-08 43
Carbohydrate digestion and absorption 0.00331 30 Metabolism
Sphingolipid metabolism 0.02820 39
Endocytosis 1.10E-23 52
RNA transport 585E-17 53 Molecular transport
Protein export 0.00503 19
Apoptosis 1.91E-11 47
Cell death
Regulation of autophagy 0.00041 26 L aEa
Protein processing in endoplasmic reticulum 1.43E-20 54
Calcium signaling pathway 3.95E-19 52
Ubiguitin mediated proteolysis 9.82E-17 a3
Jak-STAT signaling pathway 1.40E-15 52
HIF-1 signaling pathway 5.54E-12 50
p53 signaling pathway 4.70E-09 46 Other
Chemokine signaling pathway 1.16E-08 56
RNA degradation 6.31E-08 41
VEGF signaling pathway 1.44E-07 42
Circadian rhythm 2.04E-05 33
Aldosterone-regulated sodium reabsorption 2.04E-05 38

Figure 6. DIANA-miR Path analysis of miRNAs targeting the mRNAs of proteins deregulated in the
HMEL1 “DCIS-precursor” cell lines shows an enrichment of cellular functions and pathways relevant to
mammary epithelial morphogenesis.

Literature mining confirmed the role of several miRNAs in these cellular processes (Figure 7).
Remarkably, most of these cellular processes were also independently identified by Ingenuity Pathway
Analysis (IPA) of the protein signature of the HME1 “DCIS-precursor” cell lines [24]. Apparently,
the protein signature of the panel of HME1 “DCIS- precursor” cell lines could effectively predict a
miRNA signature of aberrant mammary epithelial cell morphogenesis.
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miRNA Function PMID

miRNAs targeting mRNAs of upregulated proteins

miR-382 EMT regulation; Inhibition of cell growth, migration and invasion 20716515; 26800338; 26575700

mik-494 Inhibition of cell proliferation; Induction of apoptosis 25955111; 25480402; 26685144; 25500095

miR-7 Inhibition of cell proliferation; Induetion of apoptosis,; Inhibitian of EMT and cell invasion 19073608; 18922890; 25511742; 25070049; 22876288

Regulation of cell proliferation and spoptosis; (nhibition of EMT, cell migration and invasion; Promotion of stem

mik-134 ; = 26166818; 25811077, 25528443; 23010557; 17516804
cell differentiation
miR-203 Inhibition of cell proliferation, EMT, and invasion; Induction of apoptosis and cell cycle arrest 25634212; 23447531 21713668, 22514743; 22393463
miR-24 Regulation of cell praliferation and apoptosis; Promotion of EMT and invasion; Junction formation 26044523; 23418360; 219860943; 21463514
miR-155 Promotion of cell survival, proliferation, EMT, and invasian 23955085; 24152184; 20371510; 20354188
: ’ —— - — 22761812; 22187223, 22435731, 26531758; 21219636;
miRt-21 Promatian of stemness, cell proliferation, EMT, cell migration and invasion

19419954; 18270520, 17072344; 26549725

miRNAs targeting mRNAs of downregulated proteins

26556862; 25686829, 24886535, 24736554; 23637902,

miRk-221 Stemness and lineage homestasis; Promation of cell proliferation, EMT, and cell migration; Estrogen signaling 673316 20388878: 23776673

miR-222 Promation of cell proliferation, EMT, and cell migration; Estrogen signaling 24736554; 21673316, 24886939; 23776679; 20388478
miR-375 Regulation of cell polarity; EMT inhibition 21953071; 24746361

mik-217 Pramation of cell proliferation and invasion 25653720; 26105338

miR-296 Regulation of cell polarity; inhibition of tumor growth 24527800; 21643016

miR-29 Regulation of cell polarity; Regulation of EMT, cell migration and migration; Stemness; Inhibition of cell growth 19247375; 25955714; 25174825; 14289849; 22751119

miRt-383 Regulation of apoptosis in response to genotoxic stress 25415264
mik-36 Promaotion of cell praliferation, EMT, migration and Invasion 25873390; 25394902; 24366472; 21203424
mik-301a Pramotian of cell migration and invasion 24315818

Figure 7. Selection of miRNAs predicted to target mRNAs of proteins deregulated in HME1
“DCIS-precursor” cell lines (left) involved in morphogenetic functions(middle), and corresponding
citations identified by PMID numbers (right) found at the end of PubMed citations.

2.3. A Subset of Deregulated miRNA in Breast Cancer

MiRNAs that play a role in HME1 “DCIS-precursors” might be deregulated in breast cancer and,
consequently, could be potential breast cancer biomarkers. To assess whether some of these miRNAs
are indeed deregulated in breast cancer we used two different approaches. First, we used OncomiRDB,
miRCancer, and miR2Disease, three manually curated databases that gather published information on
miRNA deregulation in disease. This combined search identified miRNAs with oncogenic properties
that are found upregulated in breast cancer, including miR-221 and miR-222, which play a role in breast
cancer initiation and progression by altering several oncogenic and tumor suppressor functions [29];
miR-96, which promotes breast cancer cell proliferation and invasion [30,31] and miR-27, an oncomiR
whose high expression in breast cancer is associated with poor survival [32] (Figure 8A).

Next, we expanded our analysis by interrogating The Cancer Genome Atlas (TCGA) breast cancer
dataset (974 cases). As shown in Figure 8B, we found that several miRNAs were amplified in breast
cancer, ranging from 2% to over 12% of cases. Among these miRNAs, we found of particular interest
miR-301A and miR-454, which belong to the same miRNA family and show concomitant amplification
in almost 10% of patients, and miR-215 (amplified in over 12% of cases), which was found upregulated
in serum of patients with metastatic breast cancer [33]
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A miRNA expression in breast cancer Overall miR effect
miRCancer miR2Disease OncomiRDB OncomiRDB
miR-221 Up Up Up Oncogenic
miR-222 Up Up Up Oncogenic
miR-27a/b Up Up Up Oncogenic
miR-29ab Up Up N/A Oncogenic/Tumor suppressive
miR-96 Up Up Up Oncogenic
miR-107 Down N/A Down Tumor suppressive
miR-122/122a Down Up Down Tumor suppressive
miR-130a Down N/A N/A NIA
miR-143 Down Down Up Tumor suppressive
miR-204 Down Up/Down N/A N/A
miR-217 Up N/A N/A N/A
miR-223 N/A N/A N/A Tumor suppressive
miR-328 N/A Up N/A N/A
miR-339-5p Down N/A Down Tumor suppressive
miR-375 N/A N/A Up Oncogenic/Tumor suppressive
miR-383 Down N/A N/A N/A
miR-874 Down N/A N/A N/A
f Altered cases Cases with
B Breast cancer TCGA analysis (of 974 total)  amplification
eniR-215 |1 A 121 (12.4%) 121 (12.4%)
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miR-211 | | | \ FUHN 19 (2.0%) 8 (0.1%)
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Figure 8. MiRNAs deregulated in breast cancer: Different miRNA databases (OncomiRDB, miRCancer,
and miR2Disease) (A), and TCGA analysis (B) show that miRNAs predicted by the protein-to-miRNA
approach are upregulated /amplified in breast cancer.

2.4. An ANXAS Feedback Loop of Aberrant Mammary Morphogenesis

As mentioned in the introduction, ANXAS8 was found upregulated in acute promyelocytic
leukemia (APL) carrying the dominant negative PML-RARA mutant, that, by inhibiting the RA-
regulated normal RARA transcriptional function, blocks myeloid differentiation [25], and it is
associated with a restricted signature of few miRNAs (e.g., miR-342-3p), that discriminates APL
myeloblasts from normal promyelocytes [23]. ANXAS expression was also found significantly higher in
DCIS relative to atypical ductal hyperplasia (ADH), and normal breast tissue, and was also associated
with clinical features of breast cancer progression (e.g., positive nodes, tumor stage, and tumor
grade) [24].

HMET1 control cells with a normal RARA /RXR transcriptional function, when grown in basement
membrane culture for 12 days, form morphologically normal 3D acinar structures with a lumen lined
by cells expressing endogenous ANXAS (confocal microscopy images in Figure 94, left). In contrast
the panel of HMEI lines with mutations that affect physiological RA-RARA transcriptional function
(described in the Introduction and Material and Methods) developed 3D “DCIS-like” acinar structures
expressing ANXAS in all cells (confocal microscopy images in Figure 9A, right).

Next, we tested whether ectopic expression of ANXAS in the HMELI cell context, was per se
sufficient to affect 3D mammary epithelial cell morphogenesis regulated by physiological RA. To this
end we developed, and characterized, HME1-ANXAS cells stably expressing higher ANXAS level
relative to HME1-Ctrl cells by Western blot (Figure 9B, top), and immunostaining (Figure 9B, bottom).
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Figure 9. HME1-Ctrl cells with a normal RA-RARA signaling grown in reconstituted basement
membrane (Matrigel) culture develop 3D ductal acinar structures with a lumen lined by ANXAS8
expressing cells within 12 days (A, left). HMEI cells with genetic mutations that hinder RA-RARA
signaling form ductal acinar structures with a lumen filled with ANXAS8 expressing cells (A, right);scale
bar: 10um. Western blot and immunostaining show higher expression in HME1-ANXAS cells stably
expressing ectopic ANXAS relative to HME1-Ctrl cells (B). Scheme of the three module mechanism
whereby physiological RA (yellow) coordinates via distinct RARA functions the spatiotemporal
regulation of RARA transcription (green) and PI3KCA regulation of P-AKT signaling pathway (red)
(C), HME1-CtrlGFP cells with normal RA-RARA signaling- stably expressing a RARE-GFP construct-
show P-AKT (red) positive cells at all stages of 3D acinar morphogenesis, but express only GFP (green)
in luminal cells at intermediate stage (D, left). HME1-ANXASCFY cells show that ectopic ANXAS8
expression affect the RA-regulation of RARA transcriptional function, but not the PI3K-AKT function
regulated by RA, since cells are marked only by P-AKT at all stages of 3D morphogenesis (D, right);
scale bar: 10 um. Factors that hinder the physiological RA-RARA transcriptional mechanism by
inducing ANXAS expression reinforce a vicious circle of aberrant 3D morphogenesis (E).

10 of 17

In normal HME1 mammary morphogenesis physiological RA coordinates in a spatiotemporal

fashion two RARA functions: the canonical RARA transcriptional function, which directly regulates
the chromatin state of RARA target genes, and the RARA function that regulates the activation of

P-AKT via PI3KCA [13] (Scheme in Figure 9C). Both HME1-Ctrl®fT cells with baseline endogenous
ANXAS expression, and HME1-ANXAS8SFP stably expressing ectopic ANXAS, were stably transfected
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with a 3x RARE-d2EGFP construct, a destabilized Green Fluorescent Protein (GFP) with a half-life of
2h

In the course of 3D HME1-CtrlSFP morphogenesis we detected P-AKT (red) in cells at all stages of
maturation, which indicates an active RARA-PI3KCA signaling. At intermediate stages we detected
GFP expression (green) in cells destined to clear the luminal space (Figure 9D, left). In contrast,
in the course of 3D HME1-ANXAS8SF aberrant morphogenesis we detected P-AKT (red) in cells at
all stages of acinar maturation (Figure 9D, right). These findings imply that stable ectopic ANXAS8
upregulation is per se sufficient to inhibit the physiological RA-RARA transcriptional function, but not
the physiological RA-RARA function that regulates the activation of PI3BKCA- AKT signaling pathway
Based on these mechanistic studies, it seems that factors (e.g., genetic mutations) that hinder the
physiological RA-RARA transcriptional mechanism increase ANXAS expression that, in turn, reinforces
a vicious circle of aberrant morphogenesis (Figure 9E).

As discussed hereafter not only genetic mutations affecting RA-RARA-ANXAS feedback loop,
but also other factors, as RA-regulated ANXAS8 regulatory miRNAs (Figures 4 and 10), might be
involved in the regulation of ANXAS8 during 3D mammary morphogenesis.

3. Discussion

While most studies focus on identifying biomarkers in specific subset of early stage breast cancer,
we use 3D HME1 DCIS models to identify regulatory molecular mechanisms and potential biomarkers
and druggable targets of breast DCIS.

In previous studies we found a restricted protein signature of 42 proteins including 22 upregulated
proteins shared by five HME1 “DCIS-precursor” lines with different genetic mutations that increased
the expression of ANXAS, a Ca* and phospholipid binding protein, which is regulated by all-trans
Retinoic Acid (RA) [24]. ANXAS upregulation was found upregulated for the first time in acute
promyelocytic leukemia (APL) with repressed wild-type RARA transcriptional function due to
dominant negative RARA fusion proteins as PML-RARA [25,26]. Breast cancer is not characterized by
RARA structural mutations. However, factors that negatively affect the RARA transcriptional function
predispose mammary epithelial cells to survive and proliferate thanks to the physiological RA-RARA
activation of PIBKCA that affects its effectors as AKT [13].

Using a large panel of DCIS we found that breast DCIS tissue samples express higher ANXAS8
relative to atypical ductal hyperplasia, and normal breast tissue. Moreover we found that high ANXAS8
expression is also associated with clinical features of breast cancer progression (e.g., positive nodes,
tumor stage, and tumor grade) [24]. In HMEL1 cells with wild type RARA and endogenous ANXAS8
level, physiological RA exerts the spatiotemporal control of both the RARA transcriptional function
and the RARA function that regulates PI3K-P-AKT signaling. HME1 cells develop 3D normal ductal
structures thanks to the activation of the RARA transcriptional function in cells that are destined to
clear the lumen. Cells lining the lumen are marked by P-AKT and ANXAS8. HME1 “DCIS precursor
cell lines” develop into 3D morphologically aberrant ductal structures lacking a lumen; all cells are
marked by P-AKT and ANXAS. Consistently, ectopic expression of ANXAS8 in HMEL cells, stably
expressing RARE-GFP (HME1-ANXAS8S), is per se capable of hampering the physiological RARA
transcriptional function indispensable for lumen formation, but does not affect the induction of P-AKT
due to RA-RARA induced PI3BKCA-AKT activation. The formation of HME1 amorphous structures
where ANXAS8 upregulation induces P-AKT is consistent with clinical studies showing that breast
DCIS are marked by high P-AKT level [34] and, as mentioned above, also by high ANXAS [24].

By bioinformatics analysis of the protein signature of both upregulated and downregulated
proteins in HME1 “DCIS-precursor” lines, we detected a restricted cohort of protein-miRNA pairs
including eleven ANXA8-miRNA pairs. RA responsive elements (RAREs) are present both in the
promoter of ANXAS8 and in the promoters of miRNAs that target the 3’'UTR of ANXA8 mRNA,
including miR-128 and miR-218 that we previously described [24], and miR-342 [26,35] shown in
Figure 10. MiR-218 was found downregulated in DCIS ([24] and references within), while miR-342
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was found downregulated in triple negative breast cancer [35]). Downregulated miR-342 was also
associated with worse overall survival in breast cancer patients [36].

hsa-miR-342-3p MIMATO000753

UCUCACACAGAAAUCGCACCCGU
RARA 218
5' (mRNA) |
S — AACUUCCUCCAGGUCAUUUCCCAGUGUGAGCACAAIGCT
N} i
UGCOCACGCUARAGA~ ~CRCACUCTY
2-343 50
" n -~ £¢ (mEMA) |
RARA RarA [ ) =~  [mR3a u ey e oo
EFET] +1 500 | - L

ANXAB gene miR-342 gene

JUTR of ANXAS mRNA
>hsa-miR-342-5p MIMATOO04694

\A ANXAB / AGGGGUGCUAUCUSUGAUUGA

§' (mRNR) |
CAGGUCAGCTUIGCCCUGGCCUUGCACCCCUCUGCAUGC
| |

714

Figure 10. Scheme showing that ANXAS can be regulated by RA-RARA either directly, at the ANXAS8
gene promoter, or indirectly via miRNAs targeting ANXA8 mRNA 3'UTR, as the miR-342, affected in
breast cancer.

ANXAS8 upregulation in different DCIS contexts may be due to either genetic mutations
affecting RA-RARA transcriptional function as shown in this study, but also to epigenetic factors
like RA-regulated ANXAS regulatory miRNAs. Additional 3D HME1 models need to be developed
to assess the effects of these miRNAs on the spatiotemporal regulation of the two RARA functions,
and vice versa.

From the translation standpoint, ANXAS8 and its regulatory miRNAs might be developed as
biomarkers of liquid biopsies. So far we found higher ANXAS in exosomes released in the culture
medium of HME1 cells overexpressing ANXAS relatively to control HME1 (unpublished observations).
ANXAS8 might also be a potential druggable target as it is for Annexin2 (ANXA?2). Recently, it was
reported the identification of a new peptide that binds to and inhibits ANXA2 [37]. We previously
found an inverse correlation between ANXAS8 (upregulated) and ANXA2 (downregulated) in
HME1-"DCIS precursor” lines. It would be interesting to identify a peptide that binds to and inhibits
ANXAS. Ultimately, we hope that protein-miRNA pairs that we identified in this study might
elucidate mammary additional epithelial cell morphogenetic mechanisms, and might be developed as
biomarkers or druggable targets of early stage breast cancer.

4. Materials and Methods

4.1. Cells and Cell Culture

h-TERT-HME1 human mammary epithelial cells (here referred to as HME1) (Clontech, Mountain
View, CA, USA) were grown in MEGM (Lonza, Walkersville, MD, USA) as per vendor’s instructions.
The HME1-derived stable clonal lines (in this study often referred to as HME1 “DCIS-precursor” cell
lines) include cell lines that we developed for different studies: HME1-RARA403 expressing a dominant
negative RARA-403 mutant [14]; HME1-shERA with Estrogen Receptor alpha downregulation [15];
HME1-shPER2 with down regulation of PER2 [15]; HME1-shMTG16 with downregulation of the tumor
suppressor MTG16 [20]; HME1-MYC overexpressing MYC oncogene [22]; HME1-ANXAS expressing
Annexin A8 [24]; HME1-ANXAS carrying a RARE-GFP (this manuscript). Cells in 3D were cultured on
growth-factor reduced Matrigel (BD Biosciences, San Jose, CA, USA) as we previously described [20].
Briefly, 3 x 10 single cells/well were seeded in 8 well chamber slides on a layer of Matrigel covered
with MEGM + 2% Matrigel. 3D acini were let grow for 12 days, refreshing the medium every 2-3 days.
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4.2. miRNA Prediction from Protein Changes

The proteomics data used for miRNA prediction were generated in [24]. For this analysis, Total
ion score CI > 95% and/or protein score CI > 95 % were considered significant. Fold changes for each
protein in each “DCIS-precursor” cell line were reported in a previous study of our laboratory, which
is referred hereafter [24]. Messenger RN As of the proteins deregulated in the HME1 “DCIS-precursor”
cell lines were analyzed with TargetScan release 6.2 (http:/ /www.targetscan.org/) for the presence
of conserved miRNA-target sites in their 3'UTR [38]. When multiple mRNA splice variants with
different 3'UTRs were identified for a single protein, all 3UTRs were taken into consideration.
The miRNA-target sites identified by TargetScan were filtered through a series of selections. First,
we selected only sites broadly conserved among vertebrates or sites conserved only mammals.
Second, we selected the conserved sites present in the mRNA of two or more deregulated proteins.
Third, we focused on sites that were only present either in the mRNAs of proteins upregulated in
the HME1 “DCIS-precursor” cell lines or in the mRNAs of proteins downregulated in the HME1
“DCIS-precursor” cell lines. After these selections, we obtained a list of miRNAs predicted to uniquely
target highly conserved sited in two or more downregulated proteins or two or more upregulated
proteins. This miRNA list was used for pathway analysis, database mining and TCGA analysis as
described below.

4.3. miRNA Pathway Enrichment Analysis

We used default settings (p < 0.05, micro-T threshold = 0.8, gene intersection = 4,
FDR= conservative) to obtain a list of pathways potentially deregulated by the miRNA listed in
Figure 5. In DIANA miRPath, the P-value for each pathway is calculated by applying Fisher’s
combined probability method (Fisher’s method) [28]. MicroRNA symbols obtained from TargetScan
analysis were first converted into “hsa-miR-3p/5p” symbols by using miRSystem (http://mirsystem.
cgm.ntu.edu.tw/) [39,40], then analyzed for KEGG pathway enrichment by using DIANA miRPath
(http:/ /diana.imis.athena-innovation.gr/DianaTools/index.php?r=mirpath/index) [28] with default
settings. Significant Pathways (p < 0.05) were grouped according to their functions.

4.4. miRNA Database Mining

OncomiRDB (http:/ /bioinfo.au.tsinghua.edu.cn/member/jgu/oncomirdb/) [41], miRCancer
(http:/ /mircancer.ecu.edu/) [42], and miR2Disease (http://www.mir2disease.org/) [43] were used to
find evidence of miRNA deregulation in breast cancer. The three databases were manually searched for
each miRNA individually. MiRNAs present in one or more databases were taken into consideration.

4.5. TCGA Analysis

The Cancer Genome Atlas (TCGA) breast invasive carcinoma dataset (TCGA) [44], was analyzed
through cBioPortal for Cancer Genomics (http://www.cbioportal.org/public-portal/) [45,46].
The analysis was performed with default settings on the following genomic profiles: mutations,
putative copy-number alterations from GISTIC, and a user-defined gene set containing the miRNAs
listed in Figure 5. Only miRNAs altered in > 2% of cases are shown in this study.

4.6. In Silico Identification of RARE in miRNA-342 Promoter and Sites in the ANXA8 3'UTR mRNA

The miRNA-342 promoter region was searched for RARE sequences by using SnapGene as
previously described [24]. Identification of miRNA-342 targeting sites in the ANXA8 3'UTR ([14])
was performed by using both TargetScan 6.2 release (http://www.targetscan.org/) and miRmap
(https:/ /mirmap.ezlab.org) [47].
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4.7. Western Blotting (WB)

Cells were lysed with RIPA buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.1% SDS, 1% Nonidet
P40, supplemented with Roche Complete protease inhibitor cocktail). Protein concentration was
measured by using Coomassie Plus protein assay reagent (Thermo Scientific, Waltham, Massachusetts,
USA)), and equal amounts of proteins were separated by SDS-PAGE electrophoresis and transferred
onto a nitrocellulose membrane by standard methods. Membranes were incubated with anti-3-tubulin
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) or anti-ANXAS8 (LifeSpan Biosciences, Seattle,
WA, USA) washed, and incubated with an appropriate HRP-conjugated antibody (GE Healthcare,
Piscataway, NJ, USA) followed by ECL detection (GE Healthcare). Protein band intensity was
quantified by using Image J (NIH).

4.8. Immunostaining of Normal and Aberrant 3D HME1 Acini and Confocal Analysis

Immunostaining was performed as described [20].  Briefly, after fixation with 4%
paraformaldehyde for 15 min, 3D HME1 acini were incubated with PBS + 0.2% Triton X100 for 10 min,
followed by blocking with PBS + 1% BSA, 1% FBS and 0.05% Tween 20 for 1 h and incubation with
the primary antibody overnight at 4 °C. Cells were then rinsed extensively with PBS, and incubated
with appropriate secondary antibodies for 2 h, rinsed extensively with PBS, and stained with DAPI
(Sigma, St Luis, MO, USA). Slides were mounted with Vectashield (Vector Laboratories, Burlingame,
CA, USA). ANXAS8 was detected with an anti-ANXAS antibody (LifeSpan BioSciences, Seattle, WA,
USA) followed by anti-rabbit Alexa Fluor 488. P-AKT was detected with an anti P-AKT (Ser 473)
antibody (Cell Signaling, Danvers, MA, USA) followed by anti-rabbit Alexa Fluor 546. 3D acini were
analyzed with a confocal microscope (SP2 Spectral Confocal Microscope, Leica, Wetzlar, Germany).

5. Conclusions

The identification of protein-miRNA pairs that are deregulated in 3D “DCIS-like” models
might help us to elucidate the underpinnings of unexplored mammary morphogenetic mechanisms.
So far we focused on a molecular mechanism that involves ANXAS8, a member of the Annexin
family, which is regulated by physiological RA via RARA. In turn, ANXAS regulates the RA-RARA
signaling, thus creating a vicious circle that fosters aberrant mammary morphogenesis. Several
regulatory miRNAs might be involved in the RA-RARA-ANXAS loop controlling 3D developmental
morphogenetic processes; when deregulated these miRNAs might trigger tumorigenesis. Among other
protein-miRNA pairs found in this study we expect to detect new components of mammary
morphogenetic mechanisms that could be developed as DCIS biomarkers and druggable targets.
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2D Two dimensional

3D Three dimensional

3’ UTR 3’ untranslated region
ANXA2 Annexin 2

ANXAS8 Annexin 8

AKT protein kinase B
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DCIS Ductal carcinoma in situ

ERA Estrogen receptor alpha

GFP Green Fluorescent Protein

HME1 Human mammary epithelial 1 cell line

HME1-CtrlSFP HMET1 control cells carrying a stable RARE-GFP construct
HME1-RARA403 HMET1 cells carrying a dominant negative RARA403 mutant
HME1-MYC HMETL cells with MYC ectopic expression

HME1-shERA ERA knock down HMET cells

HME1-shMTG16 MTGI16 knock down HMET1 cells

HME1-shPER2 PER2 knock down HMET1 cells

HME1-ANXAS HME1 with ANXAS ectopic expression

HME1-ANXASCF?  HME1ANXAS carrying a stable RARE-GFP construct

IPA Ingenuity Pathway Analysis

KEGG Kyoto Encyclopedia of Genes and Genomes

MiRNA microRNA

PIBKCA Phosphatidylinositol-3Kinase catalytic subunit (p110)

P-AKT phosphorylated AKT

PMID PubMed unique research article identifier number

RA All- Trans Retinoic acid

RARE RA responsive element

RARA RA receptor alpha

TCGA The Cancer Genome Atlas
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