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Abstract: Pregnancy-associated breast cancer (PABC) is diagnosed during or shortly after pregnancy. Although rare, 
PABC is a serious occurrence often of the triple negative (TNBC) subtype. Here we show progesterone, prolactin, and 
RANKL upregulate BRCA1-IRIS (IRIS) in separate and overlapping subpopulations of human mammary epithelial cell 
lines, which exacerbates the proliferation, survival, and the TNBC-like phenotype in them. Conversely, vitamin D3 
reduces IRIS expression in TNBC cell lines, which attenuates growth, survival, and the TNBC-like phenotype in them. 
In the mouse, Brca1-Iris (Iris, mouse IRIS homolog) is expressed at low-level in nulliparous mice, increases ~10-fold 
in pregnant/lactating mice, to completely disappear in involuting mice, and reappears at low-level in regressed 
glands. Mice underwent 3 constitutive pregnancies followed by a forced involution (after 5 days of lactation) con-
tained ~10-fold higher Iris in their mammary glands compared to those underwent physiological involution (after 21 
days of lactation). While protein extracts from lactating glands promote proliferation in IRISlow and IRIS overexpress-
ing (IRISOE) cells, extracts from involuting glands promote apoptosis in IRISlow, and aneuploidy in IRISOE cells. In a 
cohort of breast cancer patients, lack of breastfeeding was associated with formation of chemotherapy resistant, 
metastatic IRISOE breast cancers. We propose that terminal differentiation triggered by long-term breastfeeding 
reduces IRIS expression in mammary cells allowing their elimination by the inflammatory microenvironment dur-
ing physiological involution. No/short-term breastfeeding retains in the mammary gland IRISOE cells that thrive in 
the inflammatory microenvironment during forced involution to become precursors for aggressive breast cancers 
shortly after pregnancy.

Keywords: Mammary gland, pregnancy’ hormones, growth factors, and cytokines, BRCA1-IRIS, lactation, involu-
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Introduction

In humans and mice during pregnancy, proges-
terone (P4), prolactin (PRL), interleukin (IL)-4, 
and receptor activator of NF-κB ligand (RANKL) 
cooperate to promote mammary gland growth, 
maturation, alveolar (secretory) cells formation 
[1], and increase vascularization in order to pre-
pare the mammary gland for lactation [2-9] 
(Figure S1A-step-1). Exogenous P4 stimulates 
pre-pubertal ovariectomized female mice mam-
mary epithelial cell proliferation and terminal 
end bud formation in the absence of estrogen 
(E2) [3]. P4-bound progesterone receptor (PR) 
complex enters the nucleus to bind and acti-
vates transcription of a selected set of promot-

ers that are directly involved in ductal elonga-
tion [3, 10-12].

Prolactin (PRL) level increases in the mammary 
gland during early pregnancy and along with P4, 
triggers luminal progenitors’ proliferation and 
differentiation into alveolar cells [2-9, 13] 
(Figure S1A-step-2). The prolactin receptor 
(PRLR) and PR colocalize in nulliparous female 
mice ductal epithelium [14]. Genetic studies 
suggest P4 and PRL promote each other’s 
expression and function [7, 10, 15, 16]. 
Paradoxically, high PRL levels were also 
observed in premenopausal women with a fam-
ily history of breast cancer [17-19], and were 
associated with increased breast cancer risk 
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[20, 21]. PRL binding to PRLR on normal mam-
mary epithelial and breast cancer cells acti-
vates STAT5 through Janus tyrosine kinase 2 
(JAK2) [22, 23] to promote transcription of a 
plethora of proliferation and differentiation 
genes [24, 25]. Interestingly, constitutively acti-
vate, and nuclear STAT5 are found in >70% of 
invasive breast adenocarcinomas [26, 27].

In normal mammary glands, the osteoclast dif-
ferentiation factor, RANKL [28] is secreted by 
mature PR+ve-luminal “sensor” cells in res- 
ponse to P4 and/or PRL. RANKL activates its 
receptor, RANK expressed on PR-ve-luminal 
“responder” progenitors and basal cells [29, 
30], suggesting a role for RANKL in the expan-
sion of a specific subset of mammary luminal 
cells [31-37]. Since BRCA1 triggers luminal pro-
genitor cells (LPCs) differentiation by enhanc-
ing FOXA1, GATA3, and ERα expression [38], it 
is believed that RANK signaling in LPCs ampli-
fies the TNBC phenotype in BRCA1 mutation 
carriers [39]. Accordingly, RANK inactivation 
delays BRCA1 tumor onset, and offsets their 
progression to higher grades [34, 39].

The hormone, vitamin D3 (VD3) is associated 
with calcium and phosphate transport in the 
bones. VD3 arrests growth of the mammary 
gland by upregulating the expression of differ-
entiation factors and/or promoting apoptosis 
(Figure S1A-step-3) [40]. VDR, the receptor for 
VD3 is localized predominantly to differentiat- 
ed epithelial cells in the mouse, and its expres-
sion increases 100-fold during lactation [41]. 
VDR knockout mice show excess proliferation 
and side-branching and impaired apoptosis 
during involution (Figure S1A-step-3) [42-45]. 
Analysis of these mice showed that VD3 sig- 
naling inhibits cyclin D1, p21, clusterin, 
β-catenin, and TGF-β1 expression in the mam-
mary gland [42, 43]. In breast cancer cells, 
non-physiological concentrations of VD3 are 
required to elicit growth arrest and apoptosis 
[46]. VD3 signaling suppress cancer cell inva-
sion, angiogenesis, and metastasis, by a so far 
unidentified mechanism [47].

The oncogene, BRCA1-IRIS (hereafter IRIS) is 
generated by the differential usage of the 
BRCA1 locus [48]. In human, the expression 
levels of IRIS mRNA and protein increase sig-
nificantly in breast cancer cell lines and tumors, 
especially those of the TNBC subtype [49-51]. 
Deliberate IRIS overexpression (IRISOE) in nor-

mal mammary epithelial cells promotes for- 
mation of cells exhibiting the TNBC phenotype 
(i.e., expressing stemness, epithelial-to-me- 
senchymal transition [EMT], and basal gene 
signatures), in vitro and TNBC tumors, in vivo 
[49, 50, 52]. Although the mouse IRIS, Brca1-
Iris (Iris) shares only ~65% homology with IRIS 
[53], the two are functionally similar [54]. IRIS 
and Iris mRNAs and proteins consist of the  
first 11 exons of BRCA1 (Brca1) plus an in-
frame reading extensions of 34 (human) [48] or 
100 (mouse) [53] amino acids from intron 11 
(aka. In-frame Reading of BRCA1 Intron 11 
Splice variant). Moreover, IRIS- or Iris-silenced 
cells fail to generate tumors in immunocompro-
mised or immunocompetent mice, respectively 
[52, 54].

The purpose of this study was to determine  
the effect of the pregnancy/lactation/involu-
tion microenvironments on the expression of 
IRIS/Iris in normal mammary epithelial cells 
and to find out whether the inflammatory  
microenvironment initiated in the mammary 
gland during forced involution (i.e., after no/
short-term breastfeeding) is a promoter of, 
while the inflammatory microenvironment  
initiated during physiological involution (i.e., 
after long-term breastfeeding) is a protective 
against formation of IRIS/Iris-overexpressing 
PABCs shortly after pregnancy.

Materials and methods

Cell culture, hormone, cytokines, growth fac-
tors, and drugs

Commercially available cell lines are from ATCC 
maintained as per supplier instructions. The 
generation and maintenance of the doxycy- 
cline (Dox, 2 µg/ml, for 72 h)-inducible IRISOE 
cell lines (IRIS3, 5, 9, 10, 16, and 17) were 
described earlier [48]. Some of these cell lines 
were used to develop the orthotopic primary 
(1°) IRISOE-mammary tumors in athymic mice 
[50, 52]. From these tumors we developed  
the orthotopic 1° IRISOE mammary tumor cell 
lines, named IRIS291-IRIS295 [55]. All com-
mercial and in-house cell lines were authenti-
cated by STR profiling and tested for mycoplas-
ma contamination.

Human recombinant P4 (P0130) and VD3 
(D1530) from Sigma, PRL (4687) from Bio- 
Vision, RANKL (ab9958) from abcam. 573108 
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(inhibitor I, inhibits SH2 domain), IQDMA 
(420294/inhibitor II), LY294002 (440202), and 
PP2 (P0042) from Calbiocam, and JSH-23 
(J4455), and SP600125 (S5567) from Sigma.

Antibodies

Mouse anti-human IRIS and rabbit anti-mouse 
Iris were developed in our laboratory. Rabbit 
anti-human and mouse γ-Tubulin (ab11321, 
Abcam). Mouse anti-human PRLR (ab2772, 
abcam). Rabbit anti-human and mouse β-actin 
(4970, Cell Signaling). Rabbit anti-human H2B 
(ab18977, abcam). Mouse anti-human CK5 
(MA5-17057, Thermo-Fisher). Rabbit anti-
human CK17 (ab51056, abcam). Rabbit anti-
human EGFR (ab52894, abcam). Mouse anti-
human CDH2 (610920, BD Bioscience). Mouse 
anti-human TWIST (ab50887, abcam). Rabbit 
anti-human SLUG (C19G7, Cell signaling). 
Mouse anti-human Oct4 (sc-5279, Santa  
Cruz). Mouse anti-human and mouse Sox2 
(L1D6A2, Cell Signaling). Goat anti-human 
Nanog (AF1997, R&D). Rabbit anti-human VDR 
(D2K6W, Cell Signaling). Mouse anti-human 
RANK (NB100-56508, Novousbio). Goat anti-
human NF-κB/p65 (sc-372, Santa Cruz). Mouse 
anti-human STAT3 (MAB1799, R&D). Rabbit 
anti-human p-STAT3Y705 (9145, Cell Signaling). 
Rabbit anti-human STAT5 (sc-835, Sant Cruz). 
Rabbit anti-human p-STAT5Y694 (C11C5, Cell  
signaling). Rabbit anti-human Cyclin D1 
(RB-010-P0, Thermo-Scientific). To detect 
BRCA1/p220 we used the mouse monoclonal 
antibody SG-11 (Calbiochem, San Diego, Calif), 
while anti-pCBP2 was from Sigma.

Proliferation and apoptosis assays

Performed using the Promega MTS kit (G3582), 
and Caspase-Glo 3/7 Kit (G8090) following the 
manufacturer’s instructions. Assays done 3 
separate times, each at least in triplicates.

siRNA transfection and generation of shIRIS 
cells lines

Naïve HME, MDA-MB231 (aka 231), MDA-
MB-453 (453), MDA-MB-468 (468), or BT-594 
cells were seeded at low density. Transient 
transfection of siRNAs (siLuc, siIRIS, siPRLR,  
or siVDR) was carried out using XfectTM 
Transfection reagent (Clonetech Laboratories, 
Inc., Mountain View, CA, USA) according to the 
manufacturer’s instructions. After 48 h, the 

media were changed, and cells were incubated 
to different time points after that. Generation 
of the 231, 468, and 453 cell lines expressing 
shCtrl or shIRIS, as well as 4T1 or EO771 
expressing shCtrl or shIris was described previ-
ously [50, 55].

Quantitative real-time RT/PCR

Performed as previously described [56] us- 
ing total RNA isolated by TRIzol reagent 
(Invitrogen, Carlsbad, CA, USA) according to the 
manufacturer’s protocol. Briefly, 100 ng of total 
RNA was analyzed by qRT/PCR using iScriptTM 
One-Step RT-PCR kit with SYBR Green (Bio-
Rad, Hercules, CA, USA), according to the man-
ufacturer’s instructions. Expression was nor-
malized to GAPDH/Gapdh expressed in the 
same sample. Assays were done in triplicates  
3 separate times. Primer sequences are listed 
below:

Human genes (related to Figures 1E, 1G, 2C- 
E, 3B, 4B, 4D, 4I, 5B and 5F): IRIS Forward 
primer: 5’-GTCTGAGTGACAAGGAATTGGTTT-3’; 
IRIS Reverse primer: 5’-TTAACTATACTTGGA- 
AATTTGTAAAATGTG-3’; GAPDH Forward pri- 
mer: 5’-AATGGAAATCCCATCACCATCT-3’; GAPDH 
Reverse primer: 5’-CGCCCCACTTGATTTTGG-3’.

Basal activators (related to Figures 3C, 4I, and 
5F): CK5 Forward primer: 5’-GCGGTTCCT- 
GGAGCAGCAGAACAAGGTTCT-3’; CK5 Reverse 
primer: 5’-CTGAGGTGTCAGAGACATGCGTCTGC- 
ATCT-3’; CK17 Forward primer: 5’-CTGGCTG- 
CTGATGACTTCCGCACCAAGTTT-3’; CK17 Rever- 
se primer: 5’-CGCAGTAGCGGTTCTCTGTCTCC- 
GCCAGGT-3’; EGFR Forward primer: 5’-CC- 
AGGACCCCCACAGCACTGCAGTGGGCAA-3’; EG- 
FR Reverse primer: 5’-GTGGGTGTAAGAGCT- 
AATGCGGGCATGGCA-3’.

EMT promoters (related to Figures 3E, 4I, and 
5F): CDH2 Forward primer: 5’-ACAGTGGCC- 
ACCTACAAAGG-3’; CDH2 Reverse primer: 5’- 
CCGAGATGGGGTTGATAATG-3’; Twist Forward 
primer: 5’-GGAGTCCGCAGTCTTACGAG-3’; Twist 
Reverse primer: 5’-TCTGGAGGACCTGGTAGA- 
GG-3’; SLUG Forward primer: 5’-GGGGAGA- 
AGCCTTTTTCTTG-3’; SLUG Reverse primer: 
5’-TCCTCATGTTTGTGCAGGAG-3’.

Stemness inducers (related to Figures 3D, 4I, 
and 5F): Oct4 Forward primer: 5’-ACATGTG- 
TAAGCTGCGGCC-3’; Oct4 Reverse primer: 
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Figure 1. P4 effect on IRIS expression in PR+ve-HME cells. (A) Percentage of ER+ve, PR+ve, PRLR+ve, and RANK+ve popu-
lations within HME cell lines as defined by FACS analysis (left). Normalized PR-B expression within the PRLR-ve- or 
PRLR+ve-HME cells (right). (B) PRLR, RANK, and VDR expression in PR+ve/PRLR+ve-HME cells treated with increasing 
concentration of P4 for 24 h. (C) RANKL, Wnt4, and RSPO1 secretion from PR+ve/PRLR+ve-HME cells treated with in-
creasing concentration of P4 for 24 h. (D) IRIS protein expression in PR+ve/PRLR+ve-HME cells treated with increasing 
concentration of P4 for 24 h. (E) IRIS mRNA expression in PR+ve/PRLR+ve-HME cells transfected with siLuc or siPR-B 
for 48 h and treated with increasing concentration of P4 for an additional 24 h. (F) BRCA1 expression in PR-ve or PR+ve-
HME cells transfected with siLuc or siBRCA1 for 48 h then with increasing concentration of P4 for an additional 24 
h. (G) BRCA1 or IRIS mRNAs expression in PR+ve/PRLR+ve-HME cells transfected with siLuc, siBRCA1, ore sipCBP2 
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for 48 h then treated with increasing concentration of P4 for an additional 24 h. (H) IHC analysis of H&E (a), IRIS (b), 
BRCA1 (c), and pCBP2 (d) on 1°-orthotopic IRISOE tumor developed in athymic mice. (I) IHC analysis of BRCA1 (a, 
a’), pCBP2 (b, b’), and IRIS (c, c’) on human TNBC tumor. (J) TCGA analysis of the probability of OS for BRCA1, pCBP2, 
and PGR high (red) vs. low (black) expressors breast cancer patients. In all parts n=3. (K) Model representing the 
data presented above.

Figure 2. PRL effect on IRIS expression in PRLR+ve-HME cells. A. PRLR, RANK, and VDR expression in PRLR+ve-HME 
cells treated with increasing concentration of PRL for 24 h. B. IRIS protein expression in PRLR+ve-HME cells treated 
with increasing concentration of PRL for 24 h. C. Normalized IRIS mRNA expression in PRLR+ve-HME cells transfected 
with siLuc or siPRLR for 48 h (inset) and treated with increasing concentration of PRL for an additional 24 h. D. 
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5’-GTTGTGCATAGTCGCTGCTTG-3’; Sox2 For- 
ward primer: 5’-TTCATCGACGAGGCTAAGCGG- 
CTG-3’; Sox2 Reverse primer: 5’-AGCTGCCGT- 
TGCTCCAGCCGTTCA-3’; Nanog Forward primer: 
5’-ATGCCTCACACGGAGACTGT-3’; Nanog Rever- 
se primer: 5’-AGGGCTGTCCTGAATAAGCA-3’.

Decreased in IRISOE cells (related to Figure 
6H): JAK1 Forward primer: 5’-GAGACAGGTC- 
TCCCACAAACAC-3’; JAK1 Reverse primer: 
5’-GTGGTAAGGACATCGCTTTTCCG-3’; MOBA1 
Forward primer: 5’-TGTTGCCTGAGGGAGAGGA- 
TCT-3’; MOBA1 Reverse primer: 5’-GCAGAC- 
ATGACTGGACAGCTTG-3’; MFN1 Forward prim-
er: 5’-GGTGAATGAGCGGCTTTCCAAG-3’; MFN1 
Reverse primer: 5’-TCCTCCACCAAGAAATGCA- 
GGC-3’; STAP1 Forward primer: 5’-GGAGGA- 
TTGAGACAGAGCAGAG-3’; STAP1 Reverse prim-
er: 5’-CTTCTGGAGCATCTCAGTTGCC-3’; SPZ1 
Forward primer: 5’-GGAACAGGTGAAGAAACTG- 
AGCC-3’; SPZ1 Reverse primer: 5’-GCTTCT- 
CTTGCAGAGTTCCCTG-3’; TESTIN Forward prim-
er: 5’-GTGGCAGACATTACTGTGACAGC-3’; TES- 
TIN Reverse primer: 5’-CAGCAGAAGTGTTTCA- 
GGTGCC-3’; PPP3R2 Forward primer: 5’-GG- 
AGCAGAAGTTGAGGTTTGCG-3’; PPP3R2 Rever- 
se primer: 5’-CCACCATCATCTTCAGCACCTG-3’; 
KCDT14 Forward primer: 5’-GTACCGTGAG- 
GCTCAGTTCTACGAAATC-3’; KCDT14 Reverse 
primer: 5’-CCAGGGCCCAAACTTACAACAGACTT- 
GAAC-3’; GNG2 Forward primer: 5’-ATGGAAG- 
CCAATATCGACAGGATA-3’; GNG2 Reverse prim-
er: 5’-CTTCTCCCTAAACGGGTTTTCTG-3’; CDYL2 
Forward primer: 5’-CGCCAGAATGAAAGCAAC- 
TGTCG-3’; CDYL2 Reverse primer: 5’-GTCGT- 
CTGTGGCTGCGTTGCA-3’; FGS4 Forward prim-
er: 5’-CAGGAATCCTCCAAGCGATGCA-3’; FGS4 
Reverse primer: 5’-CTTCATGTGCCACTACGTCG- 
TG-3’.

Increased in IRISOE cells (related to Figure 6I): 
ST6GAL2 Forward primer: 5’-CAACCAAACCC- 
ACCATCTTCTGG-3’; ST6GAL2 Reverse primer: 
5’-AGTACAGCTCGTGGTAGTGGCA-3’; LPP For- 

ward primer: 5’-GCCGGCACTGAGAAGAACGAA- 
CACAAG-3’; LPP Reverse primer: 5’-CCACACT- 
AAGAAAAGCCATTCAACCAGAT-3’; FGFR1 For- 
ward primer: 5’-GCACATCCAGTGGCTAAAGC- 
AC-3’; FGFR1 Reverse primer: 5’-AGCACCT- 
CCATCTCTTTGTCGG-3’; TLE1 Forward primer: 
5’-AGGATGCTTCTAGCAGTCCAGC-3’; TLE1 Rev- 
erse primer: 5’-GTGTGCTGGATTTCAGAACAG- 
GC-3’; KCNMA1 Forward primer: 5’-TATCT- 
CTCCAGTGCCTTCGTGG-3’; KCNMA1 Reverse 
primer: 5’-CTCTCTCGGTTGGCAGACTTGT-3’; LG- 
R4 Forward primer: 5’-GGAGCATTTGATGGTAA- 
TCCACTC-3’; LGR4 Reverse primer: 5’-CCATG- 
CTTGCACCACGAATGAC-3’; ARF6 Forward prim-
er: 5’-CCAAGGTCTCATCTTCGTAGTGG-3’; ARF6 
Reverse primer: 5’-AGGTCCTGCTTGTTGGCGA- 
AGA-3’; CX3CL1 Forward primer: 5’-ACAGCACC- 
ACGGTGTGACGAAA-3’; CX3CL1 Reverse prim-
er: 5’-AACAGCCTGTGCTGTCTCGTCT-3’; SUZ12 
Forward primer: 5’-CCATGCAGGAAATGGAAGA- 
ATGTC-3’; SUZ12 Reverse primer: 5’-CTGTCC- 
AACGAAGAGTGAACTGC-3’; NDC80 Forward 
primer: 5’-CTGACACAAAGTTTGAAGAAGAGG-3’; 
NDC80 Reverse primer: 5’-TAAGGCTGCCACAA- 
TGTGAGGC-3’; PAK5 Forward primer: 5’-TG- 
AGGAGCAGATTGCCACTGTG-3’; PAK5 Reverse 
primer: 5’-CTGAGCACAGAATCCGAAGTCC-3’. 

Mouse genes (related to Figure 6D, 6E, 6J  
and 6K): Iris Forward primer: 5’-GTGGG- 
AATGAGGAAGCTTTCC-3’; Iris Reverse primer: 
5’-CCACCCGAAATCTCTCTAGCC-3’; GAPDH For- 
ward primer: 5’-AACTTTGGCATTGTGGAAGG-3’; 
GAPDH Reverse primer: 5’-ACACATTGGGGGT- 
AGGAACA-3’.

Involution inhibitors (related to Figure 6L): IRF- 
1 Forward primer: 5’-TCCAAGTCCAGCCGAGA- 
CACTA-3’; IRF-1 Reverse primer: 5’-ACTGCTG- 
TGGTCATCAGGTAGG-3’; SREBF-1 Forward prim-
er: 5’-TGTTGGAGGACTCGCTTCTGCA-3’; SREBF-
1 Reverse primer: 5’-CCACACCTCAATGTCGTC- 
CATG-3’; Sim2s Forward primer: 5’-CGGAGA- 
TCAAGCTCCACAGCAA-3’; Sim2s Reverse prim-

Normalized IRIS mRNA expression in PRLR+ve-HME cells treated with vehicle or 573108 (inset) and increasing con-
centration of PRL for 24 h. E. Normalized IRIS mRNA expression in RPLR-ve or PRLR+ve-HME cells treated with vehicle 
or IQDMA and increasing concentration of PRL for 24 h. F. IRIS and PRLR expression in PRLR+ve-HME cells treated 
with 1 µM PRL in the presence of vehicle, IQMDA, LY294002, or PP2 for 24 h. G. IRIS and PRLR expression in pa-
rental HME or several Dox-inducible HME/IRIS cell clones (induced 72 h). H. IRIS and PRLR expression in parental 
HME, IRIS293 or IRIS295 cell lines. I. Expression of IRIS protein (top) or PRL secretion (bottom) from parental HME, 
IRIS293 or IRIS295 treated with scrambled (-) or IRISpep for 24 h. J. Expression of IRIS (inset), and the levels of 
total then stripped and blotted for Y705-phosphorylated STAT3, total then stripped and blotted for Y694-phosphorylated 
STAT5, total then stripped and blotted for T308S473-phosphorylated AKT and Cyclin D1 in total (T), cytoplasmic (C), 
and nuclear+chromatin (N+Ch) extracts from MDA-MB468 and MDA-MB-453 cell lines expressing shCtrl or shIRIS. 
Arrow indicate non-specific band. In all parts n=3.
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Figure 3. PRL-induced IRIS triggers proliferation, survival, the TNBC phenotype in PRLR+ve-HME cells. (A) Percent-
age growth in PRLR+ve-HME cells transfected with siLuc or siIRIS for 48 h and treated with increasing concentration 
of PRL for an additional 24 h. (B) Normalized IRIS mRNA expression (left) and protein (right) in PRLR+ve-HME cells 
transfected with siLuc or siIRIS for 48 h and treated with increasing concentration of PRL for an additional 24 h. (C) 
Normalized CK5, CK17, and EGFR mRNAs (top) and proteins expression (bottom) in PRLR+ve-HME cells transfected 
with siLuc or siIRIS for 48 h and treated with increasing concentration of PRL for an additional 24 h. (D) Normalized 
Oct4, Sox2, and Nanog mRNAs (top) and proteins expression (bottom) in PRLR+ve-HME cells transfected with siLuc 
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or siIRIS for 48 h and treated with increasing concentration of PRL for an additional 24 h. (E) Normalized Twist, Slug, 
and CDH2 mRNAs (top) and proteins expression (bottom) in PRLR+ve-HME cells transfected with siLuc or siIRIS for 48 
h and treated with increasing concentration of PRL for an additional 24 h. (F) MSF assay using naïve HME cells, or 
IRIS291 treated with scrambled or IRISpep plus increasing concentrations of PRL for 24 h. (G) IHC analysis of H&E 
(a and e), IRIS (b and f), Cyclin D1 (c and g), and survivin (d and h) on orthotopic MDA-MB-468 tumors treated with 
scrambled or IRISpep. In all parts n=3. (H) Schematic representation of the data in Figures 2 and 3.
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er: 5’-CGATCAGGTCTTGTGGCTCATAG-3’; ADI- 
POQ Forward primer: 5’-AGATGGCACTCCTG- 
GAGAGAAG-3’; ADIPOQ Reverse primer: 5’- 
ACATAAGCGGCTTCTCCAGGCT-3’; IGF-1 For- 
ward primer: 5’-CGGGATCTCATCAGCTTCACAG- 
3’; IGF-1 Reverse primer: 5’-TCCTTGTTCGGA- 
GGCAGGTCTA-3’; JAK2 Forward primer: 5’- 
GCTACCAGATGGAAACTGTGCG-3’; JAK2 Rever- 
se primer: 5’-GCCTCTGTAATGTTGGTGAGATC-3’. 

Involution activators (related to Figure 6L): 
IGFBP5 Forward primer: 5’-AAGAGCTACGG- 
CGAGCAAACCA-3’; IGFBP5 Reverse primer: 
5’-GCTCGGAAATGCGAGTGTGCTT-3’; cEBP For- 
ward primer: 5’-TCCACGACTCCTGCCATGTACG- 
3’; cEBP Reverse primer: 5’-GTGGTTGCTGT- 
TGAAGAGGTCG-3’; LIF Forward primer: 5’- 
CTTCGATCCTCAACACAGAGCAG-3’; LIF Rever- 
se primer: 5’-CGCTTGCTCTACTGTGATGTCG-3’; 
FasL Forward primer: 5’-GAAGGAACTGGCAG- 
AACTCCGT-3’; FasL Reverse primer: 5’-GCCA- 
CACTCCTCGGCTCTTTTT-3’; ATF4 Forward prim-
er: 5’-AACCTCATGGGTTCTCCAGCGA-3’; ATF4 
Reverse primer: 5’-CTCCAACATCCAATCTGTC- 
CCG-3’; CathapsinL Forward primer: 5’-GG- 
GGCATGGGTGGCTACGTAAAGAT-3’; CathapsinL 
Reverse primer: 5’-GCGGGGGCTGGTAGACTGA- 
AGATGAA-3’.

Western blot

Performed, as previously described [56]. Briefly, 
protein lysates were prepared from membrane 
fraction or whole cell extracts by sonication in 
PBS containing protease and phosphatase 
inhibitor tablets (Thermo Scientific, Waltham, 
MA, USA) according to the manufacturer’s 
instructions. Protein concentration was esti-
mated using the PierceTM BCA protein assay kit 
(Thermo Scientific, Waltham, MA, USA). Cell 

lysates were denatured in NuPAGE LDS sample 
buffer (Thermo Scientific) and were resolved on 
NuPAGE gels (Thermo Scientific) and electro-
transferred to PVDF membrane. The membrane 
was blocked with 5% dry milk for 1 h, washed 
thrice with PBST, and subsequently incubated 
with primary antibody overnight at 4°C. The 
next day, blots were washed thrice with PBST 
and incubated with HRP-conjugated secondary 
antibody for 1 h at RT, washed and developed 
using Western Lightning Plus-ECL as a sub-
strate. Tubulin and actin were used as an inter-
nal loading control. Each blot was repeated 2-3 
times.

Immunohistochemistry

All animal experiments were approved by  
the “Institutional Animal Care and Use Com- 
mittee” (IACUC) of the University of Mississippi 
Medical Center and in accordance with the  
NIH guidelines. Immunohistochemical analysis 
was performed as previously described [56] on 
4 μm thick paraffin-embedded sections of 
tumor tissue excised from IRIS291-IRIS295 
orthotopic mammary tumor generated in Nu/
Nu mice. Briefly, sections deparaffinized, rehy-
drated, and washed in PBS were processed for 
antigen retrieval for IRIS staining by incubating 
in pepsin (10 μM) for 20 min at 37°C. All other 
antigen retrievals were by boiling slides in 
citrate buffer (pH 6.0) for 10 min in a micro-
wave. Slides cooled to RT, washed 3× PBS for 
15 min each were incubated in 3% hydrogen 
peroxide (H2O2) for 10 min to block endogen- 
ous peroxidase activity. After washing, slides 
were blocked with 10% normal goat serum  
for 1 h at RT, washed and incubated with pri-
mary antibodies overnight at 4°C in a moist 
chamber. After 3× PBS washes, slides were 

Figure 4. Positive feedforward loop between IRIS and RANKL/RANK signaling in RANK+ve-HME cells. (A) IRIS and 
RANK expression in RANK+ve-HME cells treated with increasing concentrations of RANKL for 24 h. (B) Normalized 
IRIS mRNA expression in RANK+ve-HME cells transfected with siLuc or siRANK for 48 h and treated with increasing 
concentration of PRL for an additional 24 h. (C) IRIS, RANK, and NF-κB/p65 expression in RANK+ve-HME cells treated 
with 2 µg/ml of RANKL in the presence of none, vehicle, JSH-23, LY294002 or SP600125 for 24 h. (D) Normal-
ized IRIS mRNA expression in RANK-ve or RANK+ve-HME cells transduced with scrambled or c-Jun inhibitory peptide 
and treated with increasing concentrations of RANKL for 24 h. (E) Expression of IRIS and RANK in parental HME or 
several inducible HME/IRIS cell lines treated with Dox for 72 h. Some blots are used in Figure 2G. (F-G’) Expression 
of RANK on IRIS291 tumor treated with scrambled (F, F’) or IRISpep (G, G’). (H) Expression of IRIS protein (top) or 
RANKL secretion (bottom) from parental HME, IRIS293 or IRIS295 treated with scrambled (-) or IRISpep for 24 h. 
Some blots are used in Figure 2I. (I) Normalized IRIS (left), CK5 and CK17 (middle left), Twist, Slug (middle right), 
and Oct4, Sox2 (right) expression in RANK+ve-HME cells transfected with siLuc or siIRIS for 48 h and treated with 
increasing concentration of RANKL for an additional 24 h. (J) MSF assay using naïve HME cells, or IRIS293 cells 
treated with scrambled or IRISpep plus increasing concentrations of RANKL for 24 h. In all parts n=3. (K) Schematic 
representation of the data above.
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Figure 5. Negative feedback loop between IRISOE and VD3/VDR activity in IRISOE-TNBC cells. A. Expression of IRIS 
in MDA231 and MDA468 cells 24 h after treatment with the indicated VD3 concentrations. Data presented are rep-
resentative of 3 separate times. B. Normalized IRIS mRNA expression in MDA231 (upper), MDA468 (lower) cells pre-
silenced from control or VDR for 48 h followed by treatment with the indicated concentration of VD3 for an additional 
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incubated with horseradish peroxidase (HRP) 
secondary antibody for 1 h at RT and washed 
with PBS. HRP-conjugated secondary antibody 
was developed with Vector DAB substrate kit 
(Vector Laboratories, Burlingame, CA, USA)  
and counterstained with Meyer’s hematoxylin 
(Thermo Scientific) for 2 min, washed, dehy-
drated, and mounted with Permount (Thermo 
Fisher Scientific), and were imaged under the 
microscope.

TCGA meta-analysis using Kaplan Meier plotter

Meta-analysis-based biomarker assessment 
using the online tool Kaplan Meier Plotter 
(http://kmplot.com/analysis) to delineate the 
association between gene expression of genes 
separately or combined. Within each cohort, 
high expresser and low expresser patients 
were analyzed and compared for their overall 
survival (OS), distant metastasis-free survival 
(DMFS), or recurrent free survival (RFS). 
Normalized expression levels of genes ana-
lyzed were available for every patient in each 
cohort; the individual expression levels were 
summed, and each cohort was then dichoto-
mized into patients with high or low expres-
sions using the median of the summed expres-
sion levels in each cohort as the split-point. 
Subsequently, Kaplan-Meier plots and log-rank 
statistics were calculated to compare the sub-
groups with high or low expression.

Additionally, unidentified data from a cohort of 
recently diagnosed patients with locally ad- 
vanced breast cancers (n=49) and treated at 
the National Cancer Institute (NCI), Cairo 
University (Cairo, Egypt) between September 
2009 and October 2012 [57, 58] was person-
ally communicated to us by Dr. Abeer Bahnessy 
(NCI, Egypt). Normal breast tissue samples 
(n=20) from females undergoing reduction 
mammoplasty (matched for age) were also 
used. Written informed consent was obtained 

from all participants before enrollment in the 
study. The Institutional Review Board (IRB) of 
the NCI, Cairo, Egypt, approved the protocol in 
accordance with the 2011 Declaration of 
Helsinki. Patients enrolled in the study were 
≥18 years old, had an Eastern Cooperative 
Oncology Group (ECOG) Adequate performan- 
ce: ≤2 [59], and exhibited adequate hemato-
logical parameters (WBC count, ≥3.0×109/l; 
ANC, ≥1.5×109/l; platelet count, ≥100×109/l; 
hemoglobin level, ≥9 g/l), liver function (serum 
bilirubin, <1.5×ULN; ALT and AST levels, <3 
times normal values), and kidney function 
(plasma creatinine level, <1.5 times normal 
value) function. None of the patients were  
pregnant or breast-feeding, had an active sec-
ond malignancy, or were involved in another 
clinical trial. The median follow-up period was 
33 months.

Statistical analysis

Statistical analysis was performed using 
unpaired, two-tailed Student’s t-test. In the 
case of comparing several data sets, One-way 
ANOVA test with Bonferroni post-hoc test was 
also conducted. In all figures, data represents 
the mean from at least 3 separate biological 
repeats done in at least in triplicates each +/- 
SD, *P<0.05, **P<0.01, and ***P<0.001.

Results

To rule out effects due to immortalization or 
expression of human TERT, many of the assays 
were also performed in naïve HME cells (i.e., 
non-immortalized and never cultured prior to 
use) with identical results. For simplicity, re- 
sults using HME/TERT (hereafter HME) cells 
are presented. According to FACS analysis, 
HME cell lines encompass ~25% PR+ve (ERα+ve), 
~50% PRLR+ve, and ~50% RANK+ve (Figure 
1A-left), whereas endogenously IRISOE-TNBC 
cell lines (e.g., MDA231 [231], and MDA468 

24 h. Data presented are from triplicates done three separate times. Inset shows the expression of VDR in these 
cells at 48 h after transfection. C. IRIS and VDR expression in parental HME and several inducible HME/IRIS cell 
lines treated with Dox for 72 h. Some blots are used in Figure 2G. D. IHC analysis of VDR on IRIS291 tumor treated 
with scrambled or IRISpep. E. Expression of PRLR and VDR in MDA231 or MDA468 cell lines treated with increasing 
concentrations of VD3 for 24 h. F. Normalized IRIS (upper left), CK5, CK17, and EGFR (upper right), Twist, Slug, and 
CDH2 (lower left), and Oct4, Sox2, and Nanog (lower right) mRNA and proteins expression (insets) in MDA468 cells 
transfected with siLuc or siIRIS for 48 h and treated with increasing concentration of VD3 for an additional 24 h. 
G. MSF assay using MDA231 and MDA468 cells treated with scrambled or IRISpep plus 0.5 µM of VD3 for 24 h. H. 
Percentage of growth of MDA231 and MDA468 cells transfected with siLuc or siIRIS for 48 h (inset) then in SF-media 
with increasing concentrations of VD3. In all parts n=3.
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Figure 6. Iris expression during adult female mouse mammary gland development. (A) Comparison between the 
expression of Iris in HC11 or 4T1 (upper left), and C57MG or EO771 (upper right). The expression of Iris and Sox2 
in 4T1 (lower left) or EO771 (lower right) cells expressing siCtrl or shIris. (B) Percentage BrdU incorporation (left) or 
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[468]), or ectopically IRISOE (e.g., IRIS291 and 
IRIS293, for details see [52, 55]) encompass 
no PR+ve (or ERα+ve), ~25% PRLR+ve, and ~75% 
are RANK+ve (Figure 1A-left). All subsequent 
analysis performed on live cells obtained by 
FACS sorting of unfixed and unpermeabilized 
cells.

P4-signaling triggers IRIS expression in PR+ve-
HME cells

RTqPCR showed that PRG mRNA is exclu- 
sively expressed in PRLR+ve-HME cells (Figure 
1A-right). To isolate PR+ve cells we sorted 
PRLR+ve (hereafter PR+ve)-HME cells and incu-
bated them with 0-5 ng/ml of P4 in growth-fac-
tors free (GFF)-medium for 24 h. P4 treatment 
did not affect PRLR-long form (LF) or RANK 
expression (Figure 1B). However, as shown  
earlier [60-62], P4 treatment stimulated VDR 
expression (Figure 1B), and Wnt4, RANKL, and 
RSPO1 secretion (Figure 1C) from PR+ve-HME 
cells in a biphasic manner peaking at 1-2 ng/
ml. Additionally, P4 treatment upregulated IRIS 
protein (Figure 1D), and mRNA (Figure 1E) 
expression also in a bi-phasic manner peaking 
at 1 ng/ml. Silencing PR-B not PR-A blocked  
the secretion of RANKL, Wnt4, and RSPO1, and 
the upregulation of IRIS (Figure 1C, 1E, and 
data not shown), suggesting P4/PR-B signaling 
directly or indirectly activates IRIS transcrip- 
tion.

BRCA1 inhibits P4-induced IRIS expression in 
PR+ve-HME cells by upregulating pCBP2

pCBP2 binds the 3’-UTR of certain mRNAs (e.g., 
oncogenes) and degrades them [63-65]. In 
HME cells, pCBP2 expression is regulated by 
BRCA1 [63], and BRCA1 is expressed specifi-

cally in PR+ve-HME cells (Figure 1F). Because 
pCBP2 binds and degrades IRIS mRNA in HME 
cells [63], we proposed loss of BRCA1 expres-
sion (or function) as a potential mechanism to 
unleash IRISOE in TNBC cells. To study this 
here, we transfected PR+ve-HME cells with  
luciferase (siLuc, control), BRCA1, or pCBP2  
siRNAs for 48 h (cf. Figure 1F, and data not 
shown). Equal numbers of silenced cells were 
then exposed in GFF-media to 0-5 ng/ml P4 for 
another 24 h. P4 upregulated IRIS mRNA 
expression to higher levels in siBRCA1- or  
sipCBP2- compared to siLuc-transfected PR+ve 
cells, also in biphasic manner peaking at 1 ng/
ml (Figure 1G). Interestingly, The effect in  
siBRCA1-transfected cells was higher than that 
in sipCBP2-transfected cells, perhaps due to 
BRCA1 induces expression of other IRIS  
mRNA degrading proteins, e.g., AUF1 [63], sug-
gesting BRCA1 prevents P4-induced IRIS 
expression in PR+ve-HME cells.

However, in orthotopic 1°-IRISOE tumors (Fi- 
gure 1Ha and 1Hb, for more details see Ma- 
terial and Methods and [52]), we discovered 
complete lack of BRCA1, and pCBP2 proteins 
expression (Figure 1Hc, and 1Hd, respecti- 
vely). Additionally, IHC staining of a SEER brea- 
st cancer (BC) cohort (n=326) showed among 
86% (n=281) BRCA1-ve tumors (i.e., lack BRCA1 
protein expression), 95% (n=267) were pC- 
BP2

-ve tumors (i.e. lack pCBP2 protein, Ch Sq. 
146.9, P<0.00001), and 83% (n=233) were 
IRISOE tumors (Ch sq. 61.1, P<0.00001) [52]. 
Similarly, in a sub-cohort of TNBC tumors 
(n=72), among 86% (n=62) BRCA1-ve tumors 
(see example Figure 1Ia and 1Ia’), 98% (n=61) 
were pCBP2

-ve tumors (Figure 1Ib and 1Ib’, Chi 
Sq. 56.2, P<0.00001), and 94% (n=58) were 
IRISOE tumors (Ch sq. 14.9, P=0.000112, see 

cleaved caspase 3/7 (right) in 4T1 (red) or EO771 (blue) cells expressing shCtrl or shIris. (C) Expression of Iris in 
nulliparous week (wk) 10, pregnant (P) day 15, lactating (L) d3, involuting (I) d3, and regressed (R) d28 C57BL/6 
mice mammary glands. (D) Expression of Iris mRNA in nulliparous 10 (n=3), P-d15 (n=3), L-d3 (n=3), I-d3 (n=3), and 
R-d28 (n=3) C57BL/6 mice mammary glands. (E) Normalized Iris mRNA expression in EpCAM+-cells FACS-sorted 
from nulliparous wk9 (n=5), P-d10 (n=5), L-d6 (n=5), I-d4 (n=5), and R-d28 (n=5) from BALB/c mice mammary 
glands. (F and G) Venn diagrams showing the cell cycle profile including sub-G1 (apoptotic), and >4N (tetraploid) in 
uninduced IRIS3 (-Dox) or induced IRIS3 (+Dox) cells treated with 500 µg of protein extracts from L-d10 (F) or I-d3 
(G) BALB/c mice mammary glands (n=3ea, combined) in the presence of scrambled or IRISpep. Assays were re-IRISpep. Assays were re-
peated 3 separate times. (H and I) Ct values from RTqPCR analysis of the indicated mRNAs in similar cultures as in 
(G) treated as indicated, except the culture extended for additional 2 days before RNAs were prepared. Assays were 
repeated 3 separate times. (J and K) BALB/c mice (n=3/ea) were impregnated 3-consecutive times with full-term 
lactation (i.e., precedes physiological involution, J) or abrupt lactation at 5 days (i.e., precedes forced involution, K). 
Right sides show the level of Iris mRNA in the glands of these mice at the end of the experiments. (L) Ct values from 
RTqPCR analysis of the indicated mRNAs in the mammary glands from mice in (J and K). Assays were repeated 3 
separate times.
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example Figure 1Ic and 1Ic’), suggesting IR- 
ISOE also suppressed BRCA1 (hence pCBP2) 
expression in BC (especially TNBC) tumors. 
Indeed, meta-analysis using TCGA-BC cohorts 
confirmed high BRCA1+pCBP2+PGR expres- 
sors have improved OS (HR=0.62, P=0.0026, 
Figure 1J).

Taken together, we propose in PR+ve-HME cells 
(perhaps in the mammary gland, as well), 
P4-PR-B upregulates IRIS transcription directly 
or indirectly (e.g., through STAT5, see below, 
and Figure 1K). BRCA1 expressed specifically 
in these cells counteracts that by ubiquity-
lation-induced PR-B degradation [66], by 
enhancing PR-A expression (negatively affects 
PR-B [67]), or by inducing pCBP2 expression 
[63]. Once induced, IRIS in a negative feedback 
loop reduces BRCA1 expression leading to sus-
tained IRISOE in PR+ve-cells (Figure 1K).

PRL induces IRIS expression in PRLR+ve-HME 
cells

Unlike P4 that transiently peaks in the mamma-
ry gland during pregnancy and early lactation, 
PRL is present at high-level during pregnancy 
and lactation (Figure S1B) [68-71]. In GFF-
medium, PRL treatment of PRLR+ve-HME cells 
for 24 h upregulated PRLR-LF (long form), and 
RANK in a biphasic pattern peaking at 1 µM, 
while had no effect on VDR expression (Figure 
2A). PRL treatment upregulated IRIS protein 
and mRNA expression in PRLR+ve-HME cells, 
also in a biphasic manner peaking at 0.5 µM 
(Figure 2B and 2C). PRLR silencing in PRLR+ve-
HME cells (Figure 2C-inset) completely blunted 
PRL effect on IRIS mRNA expression (Figure 
2C). Moreover, in GFF-medium, 100 µM of 
573108 (prevents STAT5 SH2-dimerization) 
treatment of PRLR+ve-HME cells blocked 
STAT5Y694 phosphorylation (Figure 2D-inset), 
and significantly reduced PRL-induced IRIS 
mRNA expression (Figure 2D). In the absence 
of PRL treatment, 573108 had no effect on 
IRIS mRNA expression (Figure S2A). Moreover, 
in GFF-medium, PRL treatment (24 h) upregu-
lated IRIS mRNA expression in PRLR+ve- not 
PRLR-ve-HME cells in the presence of vehicle 
not 10 µM IQDMA (prevents STAT5 phosphory-
lation, Figure 2E). PRLR-LF also signals through 
AKT and c-Src [72]. In GFF-medium, PRLR+ve-
HME cells were treated with 1 µM PRL in  
the presence of vehicle, 10 µM of IQDMA, 

LY294002 (inhibits PI3’K/AKT), or PP2 (inhibits 
c-Src) for 24 h. All drugs reduced PRL-induced 
IRIS and PRLR-LF proteins (Figure 2F), and IRIS 
mRNA (Figure S2B) expression. However, 
IQDMA effect was far superior to LY or PP2 
effects (Figures 2F-upper, and S2B), suggest-
ing PRL/PRLR-LF/STAT5 signaling activates 
IRIS transcription in PRLR+ve-HME cells.

A positive feedforward loop between IRIS and 
PRL-PRLR-LF signaling in PRLR+ve-HME cells

The above data suggest a feedforward loop 
between IRIS and PRLR signaling in PRLR+ve-
HME cells. However, while doxycycline (Dox)-
treatment induced IRIS expression in HME 
clones carrying Dox-inducible IRIS allele, it did 
not affect PRLR-LF expression (Figure 2G). In 
contrast, compared to parental HME cells, the 
orthotopic 1°-IRISOE mammary tumor cell lin- 
es, IRIS293 and IRIS295 express 3-7-fold high-
er IRIS and PRLR-LF (Figure 2H). It is possible 
that this discrepancy is due to that the non-
secreting HME-cells become PRL-secreting 
cells during tumor development (cf. Figure 2A). 
To evaluate that, we used ELISA to measure 
PRL level in condition media (CM) of 3 en- 
dogenously IRISOE-TNBC cell lines 231, 468, 
and MDA-MB-453 (453) [49, 50] expressing 
shCtl or shIRIS (see [54, 73]) grown in serum-
free (SF)-media, and 2 ectopically IRISOE- 
TNBC cell lines, IRIS293 and IRIS295 also 
grown in GFF-media containing scrambled or 
IRIS inhibitory peptide (IRISpep [50, 56]). 
Compared to HME cells, all cell lines secret- 
ed high levels of PRL (Figures 2I and S2C), 
blocked by IRIS silencing in the endogenously 
IRISOE-TNBC cell lines (Figure S2C), and by 
IRISpep in the ectopically IRISOE-TNBC cell 
lines (Figure 2I), suggesting a positive feedfor-
ward loop between IRISOE and PRL/PRLR-LF 
signaling.

To reinforce this claim, we isolated total (T, by 
sonication), cytoplasmic (C), or nuclear/chro-
matin (N+Ch) proteins from 231 cells transfect-
ed with siCtrl or siIRIS for 72 h (to measure the 
effect of acute IRIS silencing, Figure S2D), or 
453 and 468 cells expressing shCtrl or shIRIS 
(Figure 2J-inset). Compared to shCtrl-express-
ing cells, shIRIS-expressing cells contained 
higher levels of T-, C-, and N+Ch-total STAT3  
levels (Figure 2J), and compared to si/shCtrl-
expressing cells, si/shIRIS-expressing cells 
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contained higher levels of T-, C-, and N+Ch of 
pY705-STAT3 [74] (Figures 2J and S2D). In con-
trast, compared to shCtrl-expressing cells, 
shIRIS-expressing cells did not show signifi- 
cant change in the levels of T-, C-total STAT5, 
but significant lower levels of N+Ch-total STA- 
T5 (Figure 2J), and compared to si/shCtrl-
expressing cells, si/shIRIS-expressing cells 
contained significantly lower levels of T-, C-,  
and N+Ch of pY694-STAT5 [75] (Figures 2J and 
S2D). Additionally, compared to shCtrl-express-
ing cells, shIRIS cells contained significantly 
lower levels of T-, C-, and N+Ch-total AKT and 
pS308T473-AKT (Figure 2J). Accordingly, compared 
to shCtrl-expressing cells, shIRIS-expressing 
cells contained significant lower levels of T-,  
C-, N+Ch-Cyclin D1 (Figure 2J), suggesting a 
local production and secretion of PRL from 
PRLR+ve-IRISOE-TNBC cells maintains high IRIS 
and PRLR-LF expression to suppress pY705-
STAT3-induced differentiation and enhances 
pY694-STAT5- and AKT-induced proliferation and 
survival in mammary cells (Figure S1A).

PRL promotes IRIS-induced proliferation, sur-
vival, and the TNBC-like phenotype (i.e., basal, 
stemness, and EMT) in PRLR+ve-HME cells

To define the feedforward loop role in trans-
forming mammary cells, in vitro and promoting 
BC (e.g., PABC), in vivo [50-52, 76, 77], we 
seeded 5000 siLuc- or siIRIS-transfected 
PRLR+ve-HME cells for 48 h in GFF-media con-
taining increasing concentrations of PRL for an 
additional 24 h. Cell count confirmed PRL 
increased siLuc-transfected cells number until 
a plateau starting at ~1 µM (Figure 3A-black 
line). In contrast, PRL had no effect at any of 
the concentrations tested in IRIS-silenced cells 
(Figure 3A-red line), suggesting the loop pro-
motes proliferation in PRLR+ve-HME cells.

Moreover, siLuc- or siIRIS-transfected (48 h) 
PRLR+ve-HME cells were treated in GFF-media 
with vehicle, 1 or 2 µM of PRL for an additional 
24 h. RNAs and proteins isolated from these 
cells were analyzed. Along with IRIS mRNA  
and protein (Figure 3B), PRL induced expres-
sion of the basal biomarkers, EGFR, CK5, and 
CK17 (Figure 3C), the stemness biomarkers, 
Oct4, Sox2, and Nanog [78-80] (Figure 3D), 
and the EMT biomarkers, CDH2, Slug, and  
Twist (Figure 3E) mRNAs and proteins in cells 
expressing not depleted from IRIS (Figure 
3B-E). To further establish this, we performed 

mammosphere formation (MSF) assay (a hall-
mark of stemness/EMT in TNBC cells). Naïve 
HME or IRIS291 cells [54, 55] seeded in low-
binding wells in GFF-media were treated with 
increasing concentrations of PRL in the pres-
ence of scrambled or IRISpep for a week (hor-
mone and peptides changed every 2nd day). As 
previously shown [49, 50], vehicle-treated 
naïve HME cells formed organized, small size, 
non-invasive MSFs (Figure 3Fa), and exposure 
to PRL increased the size and the invasiveness 
of these MSFs in a concentration-dependent 
manner (Figure 3Fb-d), likely due to increasing 
IRIS expression. Indeed, compared to naïve 
HME, IRIS291 cells formed non-organized, larg-
er, and invasive MSFs, exponentially increased 
by PRL treatment in a concentration-depen-
dent manner in the presence of vehicle/scram-
bled peptide (Figure 3Fe-h), while organized, 
very small, and non-invasive MSFs at all PRL 
concentrations in the presence of IRISpep 
(Figure 3Fi-l). Identical results were obtained 
using IRIS293 cells (not shown), suggesting  
the loop promotes the TNBC-phenotype in 
PRLR+ve-HME cells.

Finally, IHC staining of sections of orthotopic 
mammary tumors developed in athymic mice 
using 468 cells intratumorally treated with 
scrambled or IRISpep [50] showed that com-
pared to scrambled (Figure 3Ga), IRISpep 
(Figure 3Ge) not only reduced tumor size by 
~80% (see [50]), but prevented in addition to 
IRIS expression (compare Figure 3Gf to 3Gb), 
Cyclin D1 (compare Figure 3Gg to 3Gc), and 
survivin (compare Figure 3Gh to 3Gd) expres-
sion. Identical results were obtained using 
MDA231 tumors (not shown), suggesting the 
loop promotes survival in PRLR+ve-HME cells.

Taken together, we propose that in vivo (e.g., 
during pregnancy/early lactation), PRL locally 
produced and secreted or delivered from the 
pituitary gland triggers IRIS expression by acti-
vating PRLR-LF to inhibit STAT3-induced differ-
entiation/apoptosis [81], and promote STAT5 
(JNK and AKT)-induced proliferation/survi- 
val/TNBC-like phenotype [69-71, 81, 82] in 
PRLR+ve-HME cells (Figures 3H and S1). IRISOE 
in turn upregulates PRLR-LF expression, and 
this positive feedforward loop triggers TNBC 
formation/progression. Noteworthy here, evi-
dence against [83], and for [84, 85] PRLR-LF 
expression in TNBC cells exit.
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RANKL upregulates IRIS expression in 
RANK+ve-HME cells

RANKL promotes proliferation and survival  
in mammary epithelial cells [86]. To define 
whether this is through upregulating IRIS 
expression, we seeded RANK+ve-HME cells in 
GFF-medium containing increasing concentra-
tion of RANKL for 24 h. RANKL treatment 
upregulated IRIS and RANK proteins (Figure 
4A), and IRIS mRNA (Figure 4B) expression in 
cells expressing not lacking RANK expres- 
sion (Figure 4B). However, unlike P4 and PRL, 
RANKL had no effect on IRIS expression at 
lower concentrations (<1 µg/ml, Figure 4A).

In vivo, RANKL/RANK activates NF-κB, AKT, 
and JNK pathways in mammary epithelial  
cells [87]. In GFF-medium, we exposed RANK+ve-
HME cells to 2 µg/ml of RANKL plus vehicle, 
JSH-23 (inhibits NF-κB), LY, or SP600125 (in- 
hibits JNK). The three drugs reduced the basal 
and RANKL-induced IRIS, RANK, and NF-κB 
expression to a different degrees (Figure 4C), 
with JNK inhibition showed the most dramatic 
effect on both the basal and the RANKL-
induced expression of these proteins (Figure 
4C). To further confirm, we treated RANK-ve-  
and RANK+ve-HME cells in GFF-medium with 
increasing concentrations of RANKL in the 
absence or presence of a c-Jun inactivat- 
ing peptide for 24 h. As expected, RANKL 
increased IRIS mRNA expression in RANK+ve-
HME cells only in concentration-dependent 
manner starting at 1 µg/ml, and the c-Jun  
inhibitory peptide completely blocked this 
induction (Figure 4D), suggesting that RANKL/
RANK/JNK/c-Jun signaling activates IRIS tran-
scription in RANK+ve cells.

Positive feedforward loop between IRIS and 
RANKL/RANK signaling triggers a TNBC-like 
phenotype in RANK+ve-mammary cells

Compared to parental HME cells, all Dox-
induced IRISOE clones showed high RANK pro-
tein expression (Figure 4E). Accordingly, IHC 
staining showed that compared to normal 
mammary glands [88], IRIS291 (as well as 
IRIS293) tumors [54, 73] express high level 
RANK in almost every cell in scrambled pep-
tide-treated tumors, that decreased signifi- 
cantly in IRISpep-treated tumors (compare 
Figure 4G and 4G’ to 4F and 4F’, and data not 
shown). To test whether this is also due to local-

ly produced and secreted RANKL, we again 
used ELISA to measure RANKL level in the CM 
of IRIS293 and IRIS295 grown in GFF-medium 
in the presence or absence of IRISpep (Figure 
4H-inset). Both cell lines secreted high levels  
of RANKL in the presence of scrambled pep-
tide, that was completely blocked by IRISpep 
(Figure 4H), suggesting a second positive feed-
forward loop between IRISOE and RANKL/
RANK signaling in RANK+ve-HME cells.

To determine whether this loop induces the 
TNBC-like phenotype in RANK+ve-HME cells, we 
seeded these cells transfected with siLuc or 
siIRIS for 48 h in GFF-medium in the presence 
of vehicle, 1 or 2 µg/ml of RANKL for another 
24 h. Along with IRIS mRNA (Figure 4I-left), 
RANKL induced expression of CK5 and CK17 
mRNAs (Figure 4I-middle left), Twist and Slug 
mRNAs (Figure 4I-middle right), and Oct4 and 
Sox2 mRNAs (Figure 4I-right) expression in 
RANK+ve-HME cells. Additionally, silencing IRIS 
in these cells blocked the induction of IRIS and 
all the other factors (Figure 4I). To reinforce 
these data further, we exposed naïve HME  
and IRIS293 cells [54, 55] in low-binding wells 
to GFF-media containing increasing concentra-
tions of RANKL in the presence or absence of 
IRISpep for a week (cytokine and peptides 
changed every 2nd day). In the presence of vehi-
cle, naïve HME cells formed organized, small 
size, non-invasive MSFs (Figure 4Ja), while 
IRIS293 cells formed unorganized, large size, 
and invasive MSFs (Figure 4Je). IRISpep alone 
negatively affected the growth of IRIS293  
MSFs (Figure 4Ji). RANKL increased the size 
and the invasiveness of naïve HME MSFs in a 
concentration-dependent manner (Figure 4Jb-
d), and exacerbated these events in IRIS293 
MSFs also in a concentration-dependent man-
ner (Figure 4Jf-h). Interestingly, unlike the situa-
tion with PRL (Figure 3F), IRISpep killed all 
IRIS293 in the presence of RANKL, even at the 
lowest concentration (Figure 4Jj-l). Identical 
results were obtained using IRIS291 cells.

Taken together, we propose that RANKL/RANK 
signaling upregulates IRIS expression in 
RANK+ve-HME cells (perhaps in the mammary 
gland, in vivo as well) mostly through activat- 
ing c-Jun/AP1 transcription complex. IRISOE 
enhances the TNBC-like phenotype in these 
cells, and the local production and secretion of 
RANKL from these cells, which maintains the 
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proposed positive feedforward loop and sus-
tain IRISOE in these cells (Figures 4K and S1).

VD3 suppresses IRIS expression in TNBC cells

When PRL level begins to drop in the mammary 
gland during late lactation, VD3 level rises with 
signaling at a maximum during physiological 
involution (Figure S1B) [42]. VD3 suppresses 
breast cancer cell growth, in vitro, and mam-
mary tumors formation, in vivo [42, 89, 90]. 
IRIS-silencing or inactivation also suppresses 
TNBC cells growth, in vitro and tumor forma-
tion, in vivo [50, 54]. To investigate whether 
there is a connection between the two events, 
we seeded 3 VDR expressing TNBC cell lines, 
231, 453, and 468, and one VDR-ve-TNBC cell 
line, BT-549 [90] in SF (serum free) media con-
taining vehicle, 1 or 2 µM VD3 for 24 h. 
Compared to vehicle (see “0”, Figures 5A and 
S3A), 1 µM of VD3 was sufficient to completely 
abolish IRIS expression in all VDR+ve cell lines 
(Figures 5A and S3A), while had no effect in the 
VDR-ve cell line even at the highest concentra-
tion (2 µM, Figure S3A). To establish this fur-
ther, we seeded VDR-silenced 231, 453, or 
468 cells for 48 h (Figures 5B-insets, and S3B-
inset) in SF-media containing vehicle, 1, or 2 
µM VD3 for another 24 h. VD3 had no effect on 
IRIS mRNA expression in cells depleted from 
VDR (Figures 5B, S3B).

Negative feedback loop between IRIS and VD3/
VDR signaling suppresses the TNBC-like phe-
notype and promotes cell death in TNBC cells

Compared to parental HME cells, all Dox-
induced IRISOE clones showed complete lack 
of VDR expression (Figure 5C). Moreover, com-
pared to scrambled peptide treated IRIS291 
(and IRIS293) tumors that lacked VDR expres-
sion (Figure 5D-left), IRISpep-treated tumors 
showed very high nuclear and cytoplasmic VDR 
expression (Figure 5D-right). Additionally, in 
SF-media, compared to vehicle, 231, 453, and 
468 cells treated with increasing concen- 
trations of VD3 for 24 h showed significant 
increase in VDR expression in a concentration-
dependent manner (at least in 231, and 468 
cell lines, Figures 5E, S3C). Interestingly, the 
same treatment reduced PRLR-LF level in all 
cell lines, also in a concentration-dependent 
manner (Figures 5E, S3C), suggesting that 
VD3/VDR signaling directly or indirectly sup-
presses IRIS transcription.

Next, equal number of 468 cells transfected 
with siLuc or siIRIS for 48 h were cultured in 
SF-medium containing 0, 1 or 2 µM VD3 for an 
additional 24 h. VD3 significantly decreased 
IRIS mRNA and protein expression (Figure 
5F-upper left) along with CK5 and CK17 (Figure 
5F-upper right), Twist and Slug (Figure 5F-low- 
er left), and Oct4 and Sox2 (Figure 5F-lower 
right) mRNAs and proteins expression in con-
centration-dependent manner, in siLuc- not 
siIRIS-transfected cells (already lost in those 
cells [49, 50]). Interestingly, the effects on 
these biomarkers lagged after the effect on 
IRIS, suggesting a sequence of events. Iden- 
tical results were obtained in 231 cells (data 
not shown). Furthermore, we cultured 231, 
453, and 468 cells in ultra-low binding wells in 
SF-medium containing scrambled or IRISpep, 
and a suboptimal VD3 concentration (0.5 µM) 
for a week (hormone and peptides changed 
every 2nd day). In the presence of scrambled 
peptide, all cell lines still formed unorganized, 
large size, and invasive MSFs in the presence 
of the suboptimal VD3 concentration (Figures 
5G and S3D). IRISpep blocked MSF formation 
in all cell lines, and induced their death by the 
suboptimal concentration of VD3 (Figures 5G 
and S3D), suggesting a negative feedforward 
loop between IRISOE and VD3/VDR signaling in 
TNBC cells.

To establish this further, we cultured the same 
number from these cell lines transfected with 
siLuc or siIRIS for 48 h in SF-media containing 
increasing concentrations of VD3 followed by  
an additional 48 h. As expected, VD3 treatment 
reduced survival of all cell lines transfected 
with siLuc not those transfected with siIRIS in a 
concentration-dependent manner (Figures 5H, 
S3E and S4). The IC50 for VD3 in 453 was <1 µM 
(Figure S3E), in 468 was 1 µM, and in 231 cells 
was >1 µM (Figure 5H).

Taken together, we propose a negative feed-
back loop between IRISOE and VD3/VDR sig- 
naling (perhaps on the transcriptional level) 
directly upregulates VDR or indirectly by down-
regulating PRLR expression. The reduction in 
IRIS expression by VD3/VDR signaling inhibits 
the TNBC phenotype and facilitates their death 
by low VD3 concentration.

Iris in the developing mammary gland

Like IRIS [50], Iris is expressed at low level in 
normal cell lines, HC11 (BALB/c) and C57MG 
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(C57BL/6), while at high level in TNBC cell lines, 
4T1 (from a spontaneous BALB/c mammary 
tumor), and EO771 (from a spontaneous 
C57BL/6 mammary tumor) cell lines (Figure 
6A-upper). Also, like IRIS [49, 50, 77, 91], Iris-
silencing reduced Sox2 expression (Figure 
6A-lower), decreased proliferation (i.e., BrdU 
incorporation, Figure 6B-left), and induced 
apoptosis (i.e., cleaved caspase 3/7, Figure 
6B-right) in 4T1 and EO771 cells. More impor-
tantly, like IRIS-silenced cells [50, 55], Iris-
silenced 4T1 or EO771 cells failed to develop 
orthotopic mammary tumors in BALB/c or 
C57BL/6 mice, respectively ([54], and data not 
shown), suggesting that despite the low homol-
ogy between IRIS and Iris (~65% [48, 53, 92, 
93]), the two proteins are functionally similar 
[48, 76, 91].

With this information at hand, we assessed  
the expression of Iris during the different phas-
es of the mammary gland development. RNAs 
and proteins were isolated from whole glands 
from week (wk) 10 nulliparous/virgin (n=3), day 
(d) 15 pregnant (n=3), d3 lactating (n=3), d7 
involuting (n=3), and d28 regressed (n=3) 
female C57BL/6 mice. Low levels of Iris mRNA 
and protein in nulliparous mice glands signifi-
cantly increased in pregnant glands, remained 
high in lactating glands, but completely disap-
pear in involuting glands, only to reappear at 
low levels again in regressed glands (Figure  
6C and 6D). To rule out these temporal changes 
are due to changes in epithelial:stromal cells 
composition during these stages, whole mam-
mary glands from wk9 nulliparous (n=5), d10 
pregnant (n=5), d6 lactating (n=5), d4 involut-
ing (n=5), and d28 regressed (n=5) female 
C57BL/6 mice were dissociated into single- 
cell populations labeled with anti-mouse 
EpCAM antibody and FACS sorted. Again, low 
Iris mRNA level in EpCAM+ve/luminal epithelial 
cells (progenitor and differentiated) from nul-
liparous glands was taken as 1-fold. Compared 
to that, we measured ~8-fold increase in Iris 
level in EpCAM+ve-cells from pregnant glands, 
~12-fold in EpCAM+ve-cells from lactating 
glands, complete absence in EpCAM+ve-cells 
from involuting glands, and ~1.1-fold in 
EpCAM+ve-cells from regressed glands (Figure 
6E). One-way ANOVA followed by Bonferroni 
post-hoc test confirmed the statistical signifi-
cance even between multiple comparisons 
(P-value =9.9922×10-9, Figure 6E), suggesting 

that in mouse (perhaps in human as well) preg-
nancy increases Iris (IRIS) expression to  
promote replication/proliferation/survival and 
mammary glands expansion (Figure S1-step 1 
and 2). These IrisOE (IRISOE) cells are specifi-
cally eliminated during involution, and replaced 
with Irislow (IRISlow) during the mammary gland 
remodeling stage (Figure S1-step 3 and 4) [94].

Lactation vs. involution microenvironment ef-
fect on IRISOE vs. IRISlow cells

To define whether the involution microenviron-
ment (with proven inflammation [95, 96]) differ-
entially affects IRISOE vs. IRIS-ve cells, whole 
mammary glands isolated from d10-lactating 
(n=3), or d2-involuting (n=3) female BALB/c 
mice were flash-frozen, crushed by shaking 
with sterile steel balls, then their total proteins 
were extracted by sonication [97]. Early pas-
sage IRIS3 and IRIS5 clones (i.e., no prior Dox 
exposure) were exposed to Dox-free (-Dox) or 
Dox-containing (+Dox) media for 72 h (to induce 
IRIS expression, cf. Figures 2G, 4E, and 5C). 
Cells after that continued to grow in -Dox or 
+Dox containing media plus 500 µg of lactat- 
ing or involuting extracts plus scrambled or 
IRISpep for an additional 24 h. Cells were then 
fixed, labelled with PI and cell cycle profile mea-
sured using FACS.

In lactating extracts, uninduced IRIS3 cells 
whether treated with scrambled peptide or 
IRISpep contained low level sub-G1 (i.e., dying) 
cells, and normal cell cycle profile under both 
treatments (i.e., most cells in G0/G1-phase, low 
number in S-phase, and moderate number in 
G2/M-phase, Figure 6F-left). Additionally, the 
number of 4N (tetraploid) cells was similar 
under both treatments (Figure 6F-left). Iden- 
tical results were obtained using IRIS5 cells 
(Figure S5A). In lactating extracts, compared to 
uninduced IRIS3 treated with scrambled pep-
tide, induced IRIS3 cells treated with scram-
bled peptide, while contained similar number  
of sub-G1 cells, they showed lower G0/G1-phase 
cells (P=0.0001), higher S-phase (P<0.0001), 
and similar G2/M-phase, and number of 4N 
cells (Figure 6F-right), supporting our previous 
conclusion that IRISOE promotes replication  
in mammary cells [48]. By contrast, induced 
IRIS3 cells in lactating extracts treated with 
IRISpep showed ~4-fold increase in sub-G1 
cells (P=0.0013 vs. +Dox/Scram), high level 
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G0/G1-phase cells (P=0.0005 vs. +Dox/Scram), 
lower-level S-phase cells (P<0.0001 vs. +Dox/
Scram), while G2/M-phase, and the number of 
4N cells remained unchanged (Figure 6F- 
right). Identical results were obtained using 
IRIS5 (Figure S5A), suggesting that IRIS ac- 
tivity is important for mammary cells replica-
tion (and transcription, see above) during lacta-
tion (and pregnancy), and that inhibiting this 
activity renders cells vulnerable to death during 
S-phase.

On the other hand, compared to uninduced 
IRIS3 cells in lactating extracts treated with 
scrambled peptide, those in involuting extracts 
contained 7-fold higher sub-G1-phase cells 
(P<0.00001), lower G0/G1-phase (P<0.00001), 
and equal S-phase, G2/M-phase, and number 
of 4N cells (compare Figure 6G to 6F). Identi- 
cal results were obtained using IRIS5 treated 
similarly (compare Figure S5B to S5A). 
Moreover, compared to uninduced IRIS3 treat-
ed with scrambled peptide in involuting 
extracts, those treated with IRISpep also 
showed high sub-G1-phase, lower G0/G1-phase, 
and normal S-phase, G2/M-phase, and low 
number of 4N cells (Figure 6G-left). Identical 
results were obtained using IRIS5 treated  
similarly (compared Figure S5B to S5A). Fur- 
ther, in involuting extracts, induced IRIS3 cells 
treated with scrambled peptide contained low 
number of sub-G1-phase cells (P<0.0001 vs. 
-Dox/Scram), higher G0/G1-phase (P=0.0048 
vs. -Dox/Scram), normal S-phase, and lower 
G2/M-phase (P<0.0001 vs. -Dox/Scram), but 
~7-fold increase in the number of 4N cells 
(P<0.0001 vs. -Dox/Scram, Figure 6G-right). 
Identical results were obtained using IRIS5 
(Figure S5B). More importantly, induced IRIS3 
treated with IRISpep in involuting extracts con-
tained higher sub-G1-phase (P<0.0001 vs. 
+Dox/Scram), lower G0/G1-phase (P=0.0161 
vs. +Dox/Scram), and S-phase (P=0.0965 vs. 
+Dox/Scram), higher G2/M-phase (P<0.0001 
vs. +Dox/Scram), and very low number of 4N 
cells (P<0.0001 vs. +Dox/Scram, Figure 6G- 
right). Identical results were obtained using 
IRIS5 (Figure S5B), suggesting that involution 
extracts triggers tetraploid (a precursor for 
aneuploid/aggressiveness) in IRISOE cells, 
which could be blocked in the presence of 
IRISpep, and these cells undergo apoptosis 
instead. These data support the need to elimi-
nate IRISOE cells from the gland before involu-

tion (cf. Figure 6C and 6D) to prevent the devel-
opment of IRISOE tumors later.

The involution microenvironment promotes 
aneuploidy in IRISOE cells

We previously performed comparative geno- 
mic hybridization (CGH) on cells isolated from 
the 1° orthotopic IRISOE mammary tumors 
(IRIS291, IRIS292, and IRIS293) for genomic 
changes compared to their parental HME cells 
(n=5/each). This analysis identified low (dele-
tion) and high (amplification) copy numbers  
in these tumors (Figure S6A). We chose 11 
genes located in areas showed deletion in the 
above CGH (JAK1 [1q31], MOB1 [2q13], MFN1 
[3q26], STAP1 [4q13], SPZ1 [5q14], TESTIN 
[7q31], PPP3R2 [9q31], KCTD14 [10q14], 
GNG2 [14q22], CDYL2 [16q2LGR4 [11p14], 3], 
FGS4 [Xq12]), and 11 genes located in areas 
showed amplification in the above CGH 
(ST6GAL2 [2q12], LPP [3q27], FGFR1 [8p11], 
TLE1 [9q21], KCNMA1 [10q22], ARF6 [14q21], 
CX3CL1 [16q21], SUZ12 [17p11], NDC80 
[18p11], PAK5 [20p12]). Interestingly, several 
of these areas are proven alterations in TNBC 
tumors [16, 25, 98-101]. Indeed, TCGA an- 
alysis of TNBC patient cohorts showed high 
expressors of the genes located in the deleted 
areas experience lower risk of distant metasta-
sis free survival (DMFS, Figure S6B), and high 
expressors of the genes located in the ampli-
fied areas (especially, LPP and ARF6, the rest 
showed trends, but significance was low, not 
shown) experience higher risk of RFS (Figure 
S6C).

To define whether tetraploid induced in IRISOE 
cells by the involution extracts progress to 
aneuploidy, we reasoned that if IRISOE is the 
common denominator between the two events 
it is possible to use these surrogates to verify 
whether involution induces aneuploidy in mam-
mary cells with IRISOE. As an added bounce, 
this analysis could inform us whether a recur-
rent genomic alteration could be induced by 
IRISOE cells even if the starting points are 
different.

Similar cultures of IRIS-Dox/Scram, +Dox/
Scram, and +Dox/IRISpep in the presence of 
involution extracts (n=5/each) were continued 
for an additional 72 h. Using RTqPCR primers 
that amplify the transcripts mentioned above, 
we showed that the expression of the genes in 
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the deleted areas are expressed at high level  
in uninduced IRIS3 exposed to involution 
extracts plus scrambled peptide (cf. Figure 
6H1), decreased in induced cells similarly  
treated (cf. Figure 6H2), and at high levels in 
induced cells in the presence of involution 
extracts plus IRISpep (cf. Figure 6H3). In con-
trast, the genes in the amplified areas were 
expressed at low level in uninduced IRIS3 
exposed to involution extracts plus scrambled 
peptide (cf. Figure 6I1), increased in induced 
cells similarly treated (cf. Figure 6I2), and at 
high levels in induced cells in the presence of 
involution extracts plus IRISpep (cf. Figure 6I3).

Taken together, we propose that involution 
microenvironment triggers aneuploidy in mam-
mary cells overexpressing IRIS, and support the 
need to downregulate IRIS before the onset of 
involution to prevent the formation an aggres-
sive IRISOE-TNBC-PABC 2-5 years after full 
term pregnancy.

Forced vs. physiological involution: a road to 
the development of aggressive IRISOE-BC

Several studies have documented a 25%-50% 
lower risk of BC in parous women who have 
breastfed their infants for >6 months relative  
to parous women who have never breastfed 
their infants [102-106]. In mice, the physiologi-
cal weaning occurs at ~3 weeks of lactation, 
while forced weaning could be induced by  
separating pubs right after birth or shortly after 
lactation starts. To model the effect of forced 
vs. physiological involution on Iris (perhaps 
IRIS, as well) expression and the physiology of 
the mammary gland, we impregnated BALB/c 
mice (n=10). At birth, mice were randomized 
into 2 groups (n=5ea) that were allowed to 
nurse for 3 weeks (Figure 6J-left) or for 5 days 
only (Figure 6K-left). In both situation, mice 
recovered for 6 days (enough to remove all 
secretory epithelium [107]) underwent each 
protocol a total of 3 times (Figure 6J and 
6K-lefts). At the end, whole mammary glands 
were collected from all mice, dissociated into 
single cell preparations, labeled with anti-
mouse EpCAM antibody, and FACS sorted. 
EpCAM+ve/mammary epithelial cells from mice 
underwent forced involution contained 8-9- 
fold higher Iris mRNA than mice underwent 
physiological involution (compare Figure 6K- 
right to Figure 6J-right).

To relate this to aggressiveness gene signa-
ture, we selected 6 known involution inhibitor 
(IRF-1, SREBF-1, Sim2s, ADIPOQ, IGF-1, and 
JAK2, hereafter inhibitors) and 6 known involu-
tion activators (IGFBP5, cEBPd, LIF, FasL, ATF4, 
and cathepsin L, hereafter activators) in the 
mouse and other species [95, 107-109]  
to determine their levels in the mice cohort 
above. Surprisingly, we detected high expres-
sion levels of the involution activators, and low 
expression levels of the involution inhibitors in 
gland from forced involuting mice (Figure 6L). 
TCGA analysis showed that high expressors 
TNBC patients of the involution inhibitors,  
IRF-1, SREBF1, IGF-1, and JAK2 are at lower 
risk of RFS (Figure S7A), while high expressors 
TNBC patients of the involution activators, 
c-EBPd and IGFBP5 are at higher risk of DMFS 
(Figure S7B). In contrast, we detected low 
expression levels of the involution activators, 
and high levels of the involution inhibitors in the 
glands from physiologically involuting mice 
(Figure 6L). Recently, we showed in mice mo- 
del, under inflammatory and/or hypoxic micro-
environment IRISOE cells thrive and develop 
into metastatic TNBC tumors [54, 55, 73].

Taken together, we propose that prolonged 
breastfeeding (3 weeks in mice, >12 months  
in women [104, 110-115]), IrisOE (perhaps 
IRISOE) cells have all terminally differentiated, 
including reducing Iris (IRIS) expression leading 
to their death during physiological involution. 
Following no breastfeeding or short-term 
breastfeeding, the mammary glands still  
contain large number of IrisOE (IRISOE) that 
could thrive in the inflammatory microenviron-
ment induced by forced involution [96, 108] 
develop into TNBC [115] shortly after full-term 
pregnancy.

Human data confirm a direct relationship be-
tween lack of breastfeeding and formation of 
aggressive IRISOE-BCs

To test the hypothesis that lack of breastfeed-
ing induces retention of IRISOE cells within the 
mammary gland that progress into aggressive 
breast cancer later, we analyzed a breast  
cancer cohort (n=49) consisting of 24 patients 
with IRIS-ve tumors, and 25 patients with IRISOE 
tumors. Age, menopausal status, and tumor 
grade were not risk factors for the develop- 
ment of IRISOE tumors (Figure 7A). ER, PR or 
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Figure 7. Human data support IRISOE is associated with the worse outcomes, shorter time to progression, stem-like 
phenotype, and lack of breastfeeding in aggressive BCs. (A) Univariate Chi-square test to determine the association 
between IRISOE and clinicopathological characteristics, parity, lactation, and progression. (B) The average time to 
progression in the patients in (A). (C) The percentage of negative stained (light colors) or positive stained (dark col-
ors) IBC tumors with the indicated markers.

HER2 expressions were not significantly differ-
ent between the two groups (perhaps due to 

the small sample size, Figure 7A). In sharp con-
trast, however, more IRISOE patients were diag-
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nosed with an aggressive inflammatory breast 
cancer (IBC, Chi. sq. 6.0, P=0.01451, Figure 
7A). Although rare (<5% of all breast cancers 
diagnosed in the USA), IBC is the most aggres-
sive locally advance ductal carcinomas that 
develop from cells lining the milk ducts, often 
progress rapidly, diagnosed as stage III or IV 
disease, and is high in African American and 
obese women [116]. Accordingly, more IRISOE 
patients within this cohort showed chemother-
apy-resistance compared to patients with 
IRISlow tumors (Chi. sq. 8.2, P=0.0043, Figure 
7A). More importantly, while parity was not  
a risk factor in either group, breastfeeding was 
a strong inducer of IRISOE-IBC tumors. Indeed, 
in the IRISlow group only 3 patients (14%) never 
breastfed their infants, whereas in the IRISOE 
group, 19 patients (83%) never breastfed their 
infants (Chi. sq. 23.5, P>0.00001, Figure  
7A). This correlated to only 5 IRISlow patients 
(21%) developed metastasis, while 20 IRISOE 
(84%) developed metastasis (Chi. sq. 17.2, 
P=0.000034, Figure 7A). Importantly, the 
majority of the IRISOE patients that developed 
IBC tumors after lack of breastfeeding were 
those developed metastasis. Additionally, time 
to progression was much shorter in the IRI- 
SOE patients compared to the IRIS-ve patients 
(8.3±5.8 months vs. 19.9±14.3 months, 
P=0.015, Figure 7B). Finally, the expression of 
4 well known stemness biomarkers, nestin 
[117], CD44 [118], CD133 [119], Sox2 [120, 
121] associated with aggressive BC forma- 
tion was analyzed. Nestin+ve tumors were not 
different between IRISOE group compared to 
IRIS-ve group (37% vs. 52%, Chi. sq.=1.04, 
P=0.3077, Figure 7C-black and white). How- 
ever, the CD44+ve tumors (76% vs. 33%, Chi. 
Sq.=9.0103, P=0.0027, Figure 7C-light and 
dark blue), the CD133+ve tumors (72% vs. 29%, 
Chi. Sq.=8.99, P=0.0027, Figure 7C-light and 
dark green), and most importantly, the Sox2+ve 
tumors (92% vs. 8%, Chi. Sq.=34.3005 P< 
0.00001, Figure 7C-yellow and red) were over-
represented in the IRISOE group.

Discussion

In the mammary gland, the specification of 
immature progenitors into mature differentiat-
ed cells is driven primarily by P4, PRL, and 
RANKL [69]. During pregnancy, the mammary 
gland contains luminal PR+ve (sensor) cells, 
luminal PR-ve (responder) cell, and basal PR-ve-

cells. Our FACS analysis showed HME cell lines 
contain a population ~25% that express ER, 
PR, and PRLR, perhaps corresponding to the 
sensor cells (Figure S8A-blue), another ~25% 
express PRLR and RANK, perhaps correspond-
ing to a responder type I cells (Figure S8A-
green), and a 3rd ~50% express RANK only, per-
haps corresponding to responder type II and 
basal cells (Figure S8A-pink).

As reported earlier [71, 122], P4 activated tran-
scription and secretion of RANKL, Wnt4, and 
RSPO1 from PR+ve/PRLR+ve-HME cells. It is pos-
sible that these ligands activate IRIS transcrip-
tion in cell population that express their cog-
nate receptor(s) within the mammary gland 
(Figure S8A). It is interesting that P4 did not 
affect PRLR-LF or RANK expression in the 
PR+ve/PRLR+ve-HME cells. However, as earlier 
reported [60], P4 enhanced VDR expression in 
PR+ve/PRLR+ve-HME cells. Based on these data, 
we propose that these cells are the most vul-
nerable to death by VD3 effect (Figure S8). P4 
also upregulated IRIS on the protein and the 
mRNA levels, suggesting transcriptional activa-
tion. However, since IRISOE is detected mainly 
in TNBC cells [49, 50, 54, 55], it is unlikely  
that PR-B binds to the promoter of IRIS. In- 
stead, we propose that PR-B alone or in coop-
eration with PRL/PRLR activates IRIS transcrip-
tion in this PR+ve/PRLR+ve-HME cell population 
through activating JAK2/STAT5, c-Src/MAPK, 
or PI3’K/AKT [8, 22, 50, 76, 123] (Figures 1K 
and S8A). A limitation of the current study is 
that IRIS promoter has yet to be identified. 
Thus, these possibilities remain to be experi-
mentally tested.

It is interesting that BRCA1 protein expres- 
sion is confined to the PR+ve cells. BRCA1 inhib-
its PR activity and blocks progesterone-stimu-
lated gene expression and cell proliferation, in 
part, by preventing PR from binding to the PRE 
and by promoting the formation of a corepres-
sor complex rather than a coactivator complex 
[124]. Other mechanisms to inhibit PR effect, 
including promoting ubiquitination of unligand-
ed or liganded PR has been recently proposed 
for BRCA1 [66]. Finally, recent evidence also 
showed that BRCA1 enhances PR-A expres-
sion, which inhibits PR-B (the form studied 
herein) [67]. The fact that depleting BRCA1 
from PR+ve/PRLR+ve-HME cells further upregu-
lated IRIS in response to P4 confirms BRCA1 
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negative role on PR. However, we previou- 
sly showed that BRCA1 directly targets IRIS 
mRNA for degradation by upregulating expres-
sion of several mRNA-3’-UTR binding and 
degrading proteins, e.g., AUF-1 and pCBP2  
[63]. The fact that in IRISOE-TNBC tumors in 
women or mice, BRCA1 and pCBP2 expres- 
sions were lacking, and that pCBP2+PGR+ 
BRCA1 expressors showed improved OS sup-
port the existence of a delicate balance 
between BRCA1/pCBP2 on one hand and  
PR-B/IRIS on the other that maintains proli- 
feration and survival in the PR+ve/PRLR+ve popu-
lation of mammary cells in the gland. It is pos-
sible that, at least some of P4/PR-B effects, 
e.g., proliferation [69-71] during pregnancy and 
lactation [8] (Figure S1-step 1 and 2) could be 
driven by P4/PR-B-induced IRIS expression in 
these PR+ve epithelial cell directly, as with 
RANKL or indirectly (e.g., through activating 
STAT5 [125]), as with RSPO1 by promoting 
autocrine activation of ErbB4 by EGF-like ligand 
(EGF, NRG1, or AREG) secreted by these PR+ve 
cells [56, 62].

Our studies are consistent with recent reports 
showing PRL induces expression of PRLR-LF in 
a STAT5-dependent manner during differentia-
tion of epididymal preadipocytes in the rat 
[126]. To our knowledge, we are the first to 
show that PRL induces RANK and IRIS expres-
sion also in a STAT5-dependent manner. The 
close correlation between PRL-induced IRIS 
and PRLR-LF expression in this population  
suggests that while IRIS is a downstream target 
of PRLR-LF, PRLR-LF could also be a down-
stream target of IRISOE. The fact that PRL trig-
gered IRIS expression, and that IRISOE inhibits 
STAT3 [69, 127, 128], while activates STAT5 
and AKT in the PRLR+ve population suggests 
that once overexpressed, IRIS maintains its 
own expression at high level in the absence of 
PRL. We propose that PRL-induced IRISOE  
triggers PRLR+ve-HME cells proliferation, surviv-
al and the TNBC-like phenotype, during preg-
nancy/early lactation through activation of 
JAK2/STAT5 directly or by activating c-Src/JNK 
or PI3’K/AKT signaling [129, 130] (Figure 3H), 
in part by stimulating JAK2-STAT5 [69-71, 81, 
82] (as well as c-Src-JNK, or PI3’K-AKT) signal-
ing. IRISOE could also inhibit differentiation/
apoptosis in this population, in part by sup-
pressing STAT3 expression/activation [81]. 
Indeed, in the mammary gland, STAT5 is acti-

vated during lactation, while STAT3 during invo-
lution and the two inhibit each other’s function 
[74, 131]. The positive feedforward between 
IRISOE and PRLR expression and signaling in 
PRLR+ve-population perhaps is involved in TNBC 
formation/progression. Evidence against [83], 
and for [84, 85] expression of PRLR-LF in  
TNBC cells exist. To our knowledge, we are the 
first to show that PRL-treatment activates the 
TNBC-phenotype in the PRLR+ve population, 
including promoting the basal, EMT, and  
stemness gene signatures. The fact that this 
requires IRISOE suggests that this population  
if maintained within the mammary gland after 
full term pregnancy could become precursors 
for a TNBC tumor (Figure S8A-green). Indeed, 
only in the presence of IRISpep, PRL-induced 
MSFs was completely blocked (Figure 3F).

Upregulating IRIS activates RANK expression  
in responder type II cells [69]. RANK is 
expressed specifically on normal mammary 
stem cells, common progenitors, luminal pro-
genitors, and cancer stem cells. If true, this 
suggests that constitutive RANK expression 
driven by IRISOE in immature mammary cells 
could disrupt mammary cell fate leading to 
tumorigenesis [32]. Consistent with that we 
found that IRISOE-TNBC tumors overex- 
press RANK (Figure 4F, 4G’), and RANKL-
treated cells show the TNBC-phenotype (Figure 
4I). The fact that they require IRISOE to do so, 
suggests that this population as well if main-
tained within the mammary gland after full 
term pregnancy could become precursors  
for a TNBC tumor (Figure S8A-pink). Indeed, 
only in the presence of IRISpep, RANKL-induced 
MSFs was completely blocked (Figure 4J). 
Taken together suggest RANKL, Wnt4, and 
RSPO1 locally produced from RANK+ve or PR+ve 
cells signaling through RANK, frizzled and 
LGR4/5 receptors could induce IRIS expres-
sion, the proliferation, survival, and the TNBC-
like phenotype in the RANK+ve subpopulation  
of the mammary gland in a JNK/c-Jun-, NF-κB- 
and AKT-dependent manner (Figures 4K and 
S8A).

Upon cessation of breastfeeding, milk stasis  
or VDR activation by VD3, downregulation of 
IRIS could activate STAT3 to antagonize STAT5 
and AKT activities leading to epithelial cells 
death [69, 127, 128]. Our data are consistent 
with recent observations showing P4/PR tran-
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scriptionally induces VDR expression in T cells, 
which makes them highly sensitive to VD3, even 
when its level is suboptimal [60]. A similar situ-
ation may occur in the mammary gland during 
pregnancy. P4 upregulates the expression of 
IRIS and VDR, simultaneously. In the absence 
of VD3 during pregnancy/early lactation, IRISOE 
effect dominates leading to induction of prolif-
eration and survival (Figure S1B). During late 
lactation, before the physiological involution  
an increase in VD3 level within the mammary 
gland could activate VDR signaling to directly 
downregulates IRIS expression or indirectly by 
down-regulating PRLR or upregulating VDR 
expression (Figure S1B). This could allow for 
terminal differentiation of mammary cells to 
occur, which allows their death by the inflam-
matory microenvironment during physiological 
involution [132] (cf. Figure S1A and S1B). 
Epidemiological and experimental evidence 
support the protective role of VD3 against 
breast cancer, through regulating gene tran-
scription [133, 134]. Decreased sunlight expo-
sure diminishes VD3 production by the skin, 
which is correlated with higher breast cancer 
incidence and mortality. TNBC patients display 
the lowest levels of VD3 [135, 136]. Compared 
to wild-type counterparts, Vdr knockout fe- 
male mice display more extensive ductal elon-
gation and branching [42, 43]. In these mice, 
mammary gland regression after weaning was 
delayed due to a significant reduction in apop-
tosis in the epithelial cell compartment [42]. It 
is possible that the downregulation of IRIS by 
VD3/VDR helps prepare mammary epithelial 
cells to death by the pro-inflammatory and 
hypoxic microenvironment during the physio-
logical involution (Figure S1B).

Pregnancy-associated breast cancer (PABC) is 
diagnosed within 2-5 years following full-term 
childbirth. It is generally presenting at an 
advanced stage and has a poor prognosis 
[137]. Several large studies speculated that 
involution rather than pregnancy initiates this 
disease [106, 110, 112-114, 138-142]. We 
expand these speculations based on our cur-
rent studies and argue that during no/short-
term lactation, forced involution starts even-
though the mammary gland still contains many 
IRISOE-TNBC-like cells. These cells thrive in the 
harsh inflammatory and hypoxic microenviron-
ment induced by the forced involution to 
become TNBC tumor cells after full-term preg-

nancy (Figure S8B) [49, 54, 55]. In contrast, 
during physiological involution after an extend-
ed period of breastfeeding (several large-scale 
epidemiological and clinical studies put it 
between 12 and 18 months) was associated 
with >50% PABC risk reduction (OR, 0.51;  
95% CI, 0.45 to 0.58) [104, 142, 143]. During 
this long-term lactation, the mammary gland 
matures, and all mammary epithelial cells ter-
minally differentiate (in part by downregulat- 
ing IRIS in a VD3-dependent manner). IRISlow/
terminally differentiated cells are specifically 
targeted for death by the inflammatory/hypoxic 
microenvironment during physiological involu-
tion [111] (Figure S8B).

Conclusions

The expansion of the mammary gland during 
pregnancy that continues during lactation cor-
related well with the surge in Iris (possibly IRIS) 
expression in the mammary gland (Figure S1B). 
This upregulation in IRIS expression exacer-
bates the proliferation/survival required in the 
mammary gland during pregnancy and lacta-
tion. However, the upregulation in IRIS also 
exacerbates the TNBC-like phenotype in nor-
mal mammary epithelial cells. Extending the 
lactation period to ≥12 months allows for a 
surge in VD3/VDR/STAT3, MFG-E8/STAT3, or 
IGFBP5 [144, 145] signaling, which all decrea- 
se IRIS expression, and promote mammary  
epithelial cells terminal differentiate (Figure 1) 
[110, 112-114, 141, 143, 146]. Terminally dif-
ferentiated cells are vulnerable to the pro-
inflammatory microenvironment [91, 147] 
induced during physiological involution [148]. 
Our data support a model in which IRIS expres-
sion is strictly controlled during pregnancy. 
Cells that overexpress IRIS during pregnancy/
lactation through effects of hormones such  
as P4, PRL, and RANKL must die out during 
involution in response to VD3 surge and to be 
replaced by IRISlow cells. This suggests that 
IRISOE could be a useful diagnostic biomarker 
for breast cancer that may develop 2-5 years 
after a full-term pregnancy and a valid target to 
treat these tumors.
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Figure S1. Overview of mammary gland development. A. Stages and corresponding changes in the adult female 
mammary gland during nulliparous/virgin, pregnancy, lactation, involution, and regression stages correlated with 
changes in IRIS, and basal, stemness, and EMT biomarkers expression. B. Representative presentation of the mam-
mary gland stages super exposed on the status, IRIS expression and level of the different hormones, and growth 
factors in the mammary gland.
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Figure S2. Effect of several signaling on IRIS mRNA expression and the effect of IRISOE on the STAT activation. 
(A) Normalized IRIS mRNA expression in PRLR+ve-HME cells treated with vehicle or 573108 (inset) in the absence 
of PRL treatment for 24 h. (B) Normalized IRIS mRNA expression in PRLR+ve-HME cells treated with 1 µM of PRL 
with vehicle, IQMDA, LY294002, or PP2 for 24 h. (C, D) Expression of IRIS, Y705-phosphorylated STAT3, and Y694-
phosphorylated STAT5 in cytoplasmic (C) or nuclear + chromatin (N+Ch) extracts from MDA-MB231 cell lines trans-
fected with siLuc or siIRIS (D). In all parts n=3.
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Figure S3. Negative feedback loop between IRISOE and VD3/VDR activity in IRISOE-TNBC cells. Expression of IRIS in 
MDA453, BT-549 cells 24 h after treatment with the indicated VD3 concentrations. Data presented are representa-
tive of 3 separate times. B. Normalized IRIS mRNA expression in MDA453 cells pre-silenced from control or VDR for 
48 h followed by treatment with the indicated concentration of VD3 for an additional 24 h. Data presented are from 
triplicates done three separate times. Inset shows the expression of VDR in these cells at 48 h after transfection. 
C. PRLR and VDR expression in MDA453 cell line treated with increasing concentrations of VD3 for 24 h. D. MSFs 
assay in Matrigel using MDA453 cells treated with scrambled or IRISpep plus 0.5 µM of VD3 for 24 h. E. Percentage 
of growth of MDA453 cells transfected with siLuc or siIRIS for 48 h (inset) then in SF-media with increasing concen-
trations of VD3. In all parts n=3.
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Figure S4. VD3 effect on TNBC survival. Representative images of MDA231 (upper panels), MDA468 (lower panels) 
following treatment with the indicated concentrations of VD3 for 96 h. In all parts n=3.

Figure S5. Involution microenvironment promotes cell death in IRIS-ve cells and aneuploidy in IRISOE cells. (A and 
B) Percentage of cells showing sub-G1-, G0/G1-, S-, G2/M-, and >4N-cell cycle profile in IRIS5 cell line when IRIS 
expression is not induced (-Dox, i.e., IRIS-ve) or induced (+Dox, i.e., IRISOE) when treated with 500 µg of L-d10 (Figure 
6F) or I-d2 (Figure 6G) C57BL/6 mice mammary glands (n=3ea, combined) in the presence of scrambled or IRIS-IRIS-
pep. Assays were repeated 3 separate times.
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Figure S6. Aneuploidy induced by IRISOE in HME cells is associated with DMFS and RFS in breast cancer patients. (A) Positions of chromosomal gains and losses in 
1°-orthotopic IRISOE mammary tumors developed in athymic mice using inducible-IRIS expressing HME cells as detected with CGH. (B) Kaplan Meier association of 
DMFS with genes identified as lost in IRISOE tumors in (A) in a breast tumor cohort. (C) Kaplan Meier association of RFS with genes identified as gained in IRISOE 
tumors in (A) in a breast tumor cohort.
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Figure S7. Involution associated inhibitors and activators association with RFS and DMFS in breast cancer patients. (A and B) Kaplan Meier analysis of breast tu-
mors samples for the association of genes involved in inhibiting involution with RFS (A) or activating involution with DMFS (B).
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Figure S8. IRISOE induces PABC. A. Representative presentation of the 3 types mammary epithelial cells in human 
(and mouse) showing the effect of the hormones, cytokines, and growth factors on IRIS expression and the fate of 
these IRISOE-different mammary cell types. B. Representative presentation of the overall hypothesis emphasizing 
the positive role of longer-period of breastfeeding in preventing persistence of IRISOE cells in the mammary gland 
that can develop into TNBC tumors at later stages. This breaks when no or short-term lactation occurs leading to 
breast cancer.


