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Abstract

Background: To evaluate the cross-talk between BRCAT-IRIS (IRIS)-overexpressing (IRISOE) TNBC cells and tumor-
resident mesenchymal stem cells (MSCs) that triggers the aggressiveness or elimination of IRISOE TNBC tumors.

Methods: We analyzed the effect of silencing or inactivating IRIS on the bi-directional interaction between IRISOE
TNBC cells and MSCs on tumor formation and progression. We analyzed the downstream signaling in MSCs induced
by IL-6 secreted from IRISOE TNBC cells. We compared the effect of MSCs on the formation and progression of IRIS-
proficient and deficient-TNBC cells/tumors using in vitro and in vivo models. Finally, we analyzed the association
between IL-6, PTGER2, and PTGER4 overexpression and breast cancer subtype; hormone receptor status; and distant
metastasis-free or overall survival.

Results: We show high-level IL-6 secreted from IRISOE TNBC cells that enhances expression of its receptor (IL-6R) in
MSCs, their proliferation, and migration toward IRISOE, in vitro, and recruitment into IRISOE TNBC tumors, in vivo. In
serum-free medium, recombinant IL-6 and the IL-6-rich IRISOE TNBC cell condition media (CM) decreased STAT3Y/%
phosphorylation (p-STAT3"7%) in MSCs. Inhibiting IRIS expression or activity prolonged STAT3'/%* phosphorylation in
MSCs. The interaction with IRISOE TNBC cells skewed MSC differentiation toward prostaglandin E, (PGE,)-secreting
pro-aggressiveness cancer-associated fibroblasts (CAFs). Accordingly, co-injecting human or mouse MSCs with IRISOE
TNBC tumor cells promoted the formation of aggressive mammary tumors, high circulating IL-6 and PGE, levels, and
reduced overall survival. In contrast, IRIS-silenced or inactivated cells showed reduced tumor formation ability, limited
MSC recruitment into tumors, reduced circulating IL-6 and PGE; levels, and prolonged overall survival. A positive
correlation between IL-6, PTGER2, and PTGER4 expression and basal phenotype; ER-negativity; distant metastasis-free
and overall survival in basal; or BRCA™"" carriers was observed. Finally, the bi-directional interaction with
MSCs triggered death rather than growth of IRIS-silenced TNBC cells, in vitro and in vivo.

Conclusions: The IL-6/PGE,-positive feedback loop between IRISOE TNBC tumor cells and MSCs enhances tumor
aggressiveness. Inhibiting IRIS expression limits TNBC tumor growth and progression through an MSC-induced death
of IRIS-silenced/inactivated TNBC cells.
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Background

The microenvironment plays an important role in pro-
moting breast cancer progression [1]. Triple-negative
breast cancer (TNBC) is the most aggressive breast cancer
subtype, yet it is the one lacking effective therapy. TNBCs
feature a unique microenvironment, distinct from that of
other subtypes, especially the less aggressive luminal A
subtype [2]. Bi-directional interactions with microenviron-
ment entities—such as immune cells, cancer-associated fi-
broblasts (CAFs), mesenchymal stem cells (MSCs), or
tumor-associated  macrophages  (TAMs)—exacerbate
TNBC tumor cells’ aggressiveness [3—7]. Certain soluble
factors secreted from tumor or microenvironment cells
synergistically impede an effective anti-tumor response
and promote breast cancer progression and metastasis [2].

MSCs are a heterogeneous population of non-
hematopoietic progenitors predominantly found in the
bone marrow [8]. MSCs are capable of self-renewal and
differentiation into several cell types (e.g., chondrocytes,
adipocytes, osteocytes, and fibrocytes [6, 9]). Under patho-
logical conditions such as tissue injury or cancer, MSCs
are recruited by pro-inflammatory factors, such as
interleukin-1p and IL-6 secreted by injured cells or tumor
cells to aid in the repair [10, 11]. MSCs also home toward
the hypoxic tumor microenvironment, in vivo [12].

BRCAI-IRIS (aka IRIS, for In-frame Reading
of BRCA1 Intron 11 Splice variant) is an oncogene pro-
duced by the alternative usage of the BRCAI locus ra-
ther than the alternative splicing of the BRCA1 mRNA
[13]. While IRIS expression is high in all breast cancer
subtypes, TNBCs express the highest level [14]. Deliber-
ate IRIS overexpression (IRISOE) in normal mam-
mary epithelial cells or luminal A/ER" cells converts
them into genuine TNBC cells expressing basal bio-
markers, epithelial-to-mesenchymal (EMT) inducers,
and stemness enforcers, but lacking expression of ERa
and BRCA1 proteins, in vitro and in vivo [15, 16]. More-
over, while normal mammary epithelial cells (HME) ex-
pressing mutant Ras''? or overexpressing IRIS develop
mammary tumors in SCID mice, unlike Ras"'*-driven
tumors that showed luminal phenotype and expressed
ERa and BRCAL1 proteins [14, 17], IRISOE-driven tu-
mors contained a large necrotic/hypoxic core [14],
showed mesenchymal phenotype and were more aggres-
sive. This data adds support to our recently published
hypothesis that a harsh microenvironment, such as ne-
crosis/hypoxia/inflammation within TNBC, generates an
aggressiveness niche in which metastatic precursors are
born.

Indeed, under the hypoxic or inflamed conditions
within the aggressiveness niche, IRISOE TNBC tumor
cells secrete high levels of IL-1p, which serve to activate
and attract MSCs [11]. Activated MSCs then secrete
other inflammatory cytokines, such as CXCL1 [18-20],
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which signals through CXCR2 expressed on IRISOE
TNBC cancer cells to increase their dissemination ability
and poor patient prognosis, chemo-resistance, and me-
tastasis [18, 21]. Therapeutic targeting of the IL-1p/
IL-1R or the CXCL1/CXCR?2 circuits in an adjuvant set-
ting circumvents chemotherapy resistance in breast can-
cer patients [18, 21], and the pre-clinical model of
IRISOE TNBC tumor [12].

The role of IL-6 in breast cancer growth and progres-
sion is complicated. IL-6 produced by the microenviron-
ment within TNBC tumors enhances tumor growth and
metastasis [22—-24]. There is a lack of information about
the effect of IL-6 produced by TNBC tumor cells on the
microenvironment entities, such as MSCs. Here, we re-
port that IL-6 secreted from IRISOE TNBC cells acti-
vates STAT3, AKT, and ERK/MAPK signaling in MSCs
in a paracrine fashion to enhance their proliferation, mi-
gration, and survival. Inhibiting IL-6 signaling utilizing
neutralizing antibodies attenuated MSC migration. One
of the major purposes of the current study was to dem-
onstrate that hypoxic IRISOE TNBC tumor cells recruit
MSCs and activate them to promote their own aggres-
siveness. Another major purpose was to show that resi-
dent MSCs can have an anti-tumor role in which they
are able to eliminate IRIS-silenced/inactivated TNBC
tumors.

Methods

Cell culture

All commercially available cell lines were obtained from
ATCC and maintained as previously described [17]. The
doxycycline (Dox)-inducible IRISOE cell lines’ (IRI-
SOE1-5) generation and maintenance were described
earlier [13, 25]. These cell lines develop into primary (1°)
orthotopic IRISOE mammary tumors when injected in
SCID mice and the mice given Dox-supplemented drink-
ing water (naive HME do not survive in vivo [14, 17]).
Three cell lines—“IRIS291, IRIS292, and IRIS293”—were
developed from these resected 1° orthotopic IRISOE tu-
mors and were maintained in Dox-supplemented RPMI
1640 medium containing 10% fetal bovine serum (FBS).
Human bone marrow-derived MSCs were isolated from
volunteers, verified, and propagated by Texas A&M (HSC
COM Institute for Regenerative Medicine). Mouse MSCs
were obtained from ATCC. In our laboratory, mouse and
human MSCs were maintained in MEM/a-GlutaMAX
medium supplemented with 17% FBS. All commercial and
in-house cell lines were authenticated by STR profiling
and tested for mycoplasma contamination.

Antibodies and drugs

Mouse monoclonal anti-human IRIS and Rabbit poly-
clonal anti-mouse Iris antibodies were developed in our
laboratory. Rabbit polyclonal anti-IL-6R (sc-13947),
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anti-EP2 (sc-20675), and goat polyclonal anti-EP4 (16022)
were from Santa Cruz Biotech. Goat polyclonal
anti-gp130  (AF-228-NA) and mouse monoclonal
anti-STAT3 (MAB1799) were from R&D Systems. Rabbit
polyclonal anti-JAK2 (07-606) and anti-p-JAK2 (06-255-1)
were from Millipore Sigma. Rabbit polyclonal anti-Cyclin
D1 (RB-010-P0) and mouse monoclonal anti-CK5
(MA5-17057) were from Thermo-Scientific. Rabbit poly-
clonal anti-IL-6 (ab6672), anti-y-Tubulin (ab11321),
mouse monoclonal anti-CD105 (ab114052), and Rat
monoclonal anti-CD90 (ab3105) were from Abcam Inc.
Mouse monoclonal anti-survivin (2802), Rabbit polyclonal
anti-p-STAT3Y7% (9145), and anti-B-actin (4970) were
from Cell Signaling Inc. Mouse monoclonal, anti-CK18
(RGE53): Sc-32329 Santa Cruz.

The STATS3 inhibitor (VII, Cat #573103), PI3’K inhibi-
tor (LY294002, Cat #440202), and the ERK inhibitor
(PD98059, Cat #51300) were from Calbiochem and were
all used at 10-uM working concentration.

Proliferation assay
Assays were performed using the Promega MTS kit
(G3582) following the manufacturer’s instructions.

Cytokine array

IRISOE1-5 grown in the absence of doxycycline "Dox"
(i.e., naive HME) and in the presence of Dox (i.e., HME/
IRIS, aka IRISOE1-5) cells was assessed for differential
factors. Briefly, conditioned media (CM) from an equal
number of either cell line plated in serum-free medium
for 20 h under standard conditions were used to screen
cytokine, chemokine, and growth factor antibody arrays
(RayBio, Norcross, GA, USA), performed according to
the manufacturer’s instructions and as described previ-
ously [25]. Routinely, three different preparations of each
cell line CM were assessed on antibody arrays. Thus, n
=3 for each cell line in the presence or absence of Dox.

siRNA transfection

Naive HME, IRIS291, and IRIS293 cells were seeded at a
density of 3 x 10° cells/well in a 6-well plate. After 16—
18 h, transient transfection of siLuc siRNA, siHIFla
(using two different siRNA), and IRIS siRNA was carried
out using Xfect™ Transfection reagent (Clonetech) ac-
cording to the manufacturer’s instructions. After 48 h,
media were changed and cells were exposed to normoxia
(20% O,) or hypoxia (1% O,, using Hypoxia Chamber
[STEMCELL technologies, #27310]) for an additional
24 h, when CM were collected for ELISA analysis.

Conditioned media transfer experiment

Briefly, normoxic or hypoxic (24 h) naive HME, IRIS291,
IRIS292, or IRIS293 CM were directly analyzed for se-
creted factors, and cells for surface receptor expression.
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Mammary cell CM (24 h), reconditioned by MSC con-
tact (24 h), was analyzed for secreted factors, and MSC
for surface receptor expression. Mammary cell CM
(24 h) reconditioned by MSC contact (24 h), then recon-
ditioned by the same mammary cell line contact (24 h),
was analyzed for secreted factors and mammary cell sur-
face receptor expression. At all steps, equal numbers of
each cell type were seeded to avoid discrepancies due to
cell number variations. At various steps in this protocol,
specific NeuAb or inhibitor was added as indicated in
the “Results” section. Secretion was investigated by
ELISA, and surface receptors expression by western
blotting.

Cytokine ELISA

Co-culture CM or mice sera diluted in carbonate coating
buffer (pH 9.6) were used to coat 96-well ELISA plates
overnight at 4 °C. Plates were then washed three times
with PBST (phosphate-buffered saline - 0.05% Tween-20)
and blocked with 2% bovine serum albumin for 1 h at
room temperature (RT). Plates were then incubated with
primary antibody diluted in blocking solution for 2 h at
room temperature (RT) followed by HRP-conjugated sec-
ondary antibody for 1 h at RT. The reaction was read
using Western Lightning Plus-ECL (PerkinElmer, Wal-
tham, MA, USA) as a substrate. Experiments were done
in triplicates performed three separate times and shown as
mean * SD.

Co-culture experiment

Boyden chambers (BD Biosciences) of 8-pm-pore size
(for migration) or 0.4-um-pore size (for secretome) ana-
lysis were used. IRISOE cells were layered in the lower
chamber with or without neutralizing antibodies and test
cells were layered in the transwell inserts. Cells migrated
to the lower face of the Boyden chamber insert were
counted and plotted. Co-cultures were performed under
normoxic or hypoxic (for 24 h) conditions.

Western blot

Briefly, protein lysates were prepared from membrane
fraction or whole cell extracts by sonication in PBS
containing protease and phosphatase inhibitor tablets
(Thermo Scientific), according to the manufacturer’s in-
structions (performed as previously described [25]).
Protein concentration was estimated using the Pierce™
BCA protein assay kit (Thermo Scientific). 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 1h, washed five times (10 min/each) with
PBST and subsequently incubated with primary anti-
body overnight at 4 °C. The next day, blots were washed
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five times (10 min/each) with PBST and incubated with
HRP-conjugated secondary antibody for 1 h at RT, then
washed and developed using Western Lightning
Plus-ECL as a substrate. Tubulin and actin were used
as an internal loading control.

Immunohistochemistry

Immunohistochemical analysis was performed as previ-
ously described [25] on 5-um-thick paraffin-embedded
sections of tumor tissue excised from IRISOE orthotopic
mammary tumor generated in Nu/Nu mice. Briefly, sec-
tions were deparaffinized, rehydrated, and washed in
PBS. Antigen retrieval for IRIS staining was performed
by incubating the slides in pepsin (10 uM) for 20 min at
37 °C. Antigen retrieval for all other antigens was per-
formed by boiling the slides in citrate buffer (pH 6.0) for
10 min in the microwave. Slides were then cooled to RT
and washed three times with PBS for 15 min each. Slides
were incubated in 3% hydrogen peroxide (H,O,) for 10
min to block endogenous peroxidase activity unless
fluorescence analyses were performed. After washing,
slides were blocked with 10% normal goat serum for 1 h
at RT, washed, and subsequently probed with primary
antibodies overnight at 4°C in a moist chamber. After
three PBS washes, slides were incubated with horserad-
ish peroxidase (HRP) or Alexa Fluor (488, 532, or
568)-conjugated secondary antibody for 1h at RT (de-
pending on the analysis) and were washed with PBS.
Slides that were stained with HRP-conjugated secondary
antibody were developed with Vector DAB substrate kit
(Vector Laboratories) and counterstained with Meyer’s
hematoxylin (Thermo Scientific) for 2 min, washed,
dehydrated, and mounted with Permount (Thermo
Fisher Scientific). Alternatively, slides that were stained
with Alexa Fluor-conjugated secondary antibody were
counterstained and mounted with VECTASHIELD
mounting medium for fluorescence with DAPI (Vector
Laboratories) and were imaged under the microscope.

MSC lineage differentiation

Differentiation of naive MSCs into different lineages was
performed in parallel. In brief, naive MSCs were grown for
7 days in MSC growth medium (in the same incubator and
laboratory by the investigator) and then transferred to the
respective differentiation media, containing selected in-
ducers of differentiation [26, 27]. For instance, for the adi-
pogenic differentiation, naive MSCs were incubated with
dexamethasone, 3-isobutyl-1-methylxanthine (IBMX), insu-
lin, and indomethacin for an additional 7 days with
medium changed with factors every third day. For the
osteogenic differentiation, naive MSCs were incubated with
dexamethasone, p-glycerphosphate, and ascorbic acid for
3 weeks with medium changed with factors three times a
week. For the chondrogenic differentiation, naive MSCs
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were cultured in rBMP-6, rTGF-B1, ascorbate-2-phosphate,
dexamethasone, and sodium pyruvate-containing medium
for 3 weeks and the medium replaced with factors three
times a week. Finally, for the fibrogenic differentiation,
naive MSCs were incubated for 2 weeks in CTGF and as-
corbic acid, and the medium changed three times a week.

MSC lineage staining assay

Differentiated MSCs were washed with PBS and fixed in
10% formalin for 1h at RT and stained for adipogenic
fate by incubation for 10 min with Oil-Red O (Sigma) to
stain intracellular lipid droplets, for osteogenic fate by
incubation with Alizarin Red S (Sigma), for chondro-
genic fate by incubation with Alcian blue (Sigma), and fi-
nally for fibrogenic fate by incubation with PicroSirius/
Direct red 80 (Sigma). Cells were washed with PBS and
were photographed under the light microscope. Experi-
ments that were done in triplicates performed three sep-
arate times.

Orthotopic and syngeneic mammary models

All animal experiments were approved by the “Institu-
tional Animal Care and Use Committee” (IACUC) of the
University of Mississippi Medical Center and in accord-
ance with the NIH guidelines. Athymic or BALB/c (6-8
weeks old) female mice (numbers are indicated in the
“Results” section) were injected in 2° left thoracic mam-
mary fat pad with orthotopic 1° IRISOE mammary
tumor cell lines; IRIS291 or IRIS293, or the human
TNBC cell lines; MDA-MB-231 or MDA-MB-468 cell
lines expressing shCtrl or shIRIS, or the mouse TNBC
cell line; 4 T1 expressing shCtrl or shlrisl or shlris2,
admixed or not with human or mouse MSCs (at 10:1 ra-
tio). After IRISOE tumors reached a tumor volume indi-
cated in figures and text, mice were randomized, divided
into groups that were intratumorally injected with ve-
hicle or IRIS-pep four times every third day for 2 weeks.
Animals were monitored for tumor formation or death
for indicated times. Tumors were measured every third
day by digital caliper, and tumor volume was measured
according to the formula: volume = (length x width?)/2.
At the end of the experiment, mice were sacrificed, and
tumor and peripheral blood collected. Excised tumors
were divided into several portions. One was flash-frozen
and used to generate DNAs, RNAs, and proteins. An-
other was directly processed to prepare single cells using
common protocols [28] to perform FACS analysis for
IL-6R and CD90 (or CD29 for the syngeneic model), or
to generate 3° orthotopic IRISOE mammary tumors. A
third portion was paraffin embedded, sectioned (at
5um), and processed for IHC staining using, for in-
stance, CK5, CD90 (or CD29 in the syngeneic model),
and IL-6R as described above.
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Fluorescence-activated cell sorting

Single cell suspensions from the in vivo treated tu-
mors were processed for FACS analysis. One million
cells were stained with specific antibodies on ice for
1h. Cells were then washed three times with FACS
buffer (1% BSA in PBS) by centrifugation at 2000 rpm
at 4°C for 10min and further incubated with
FITC-conjugated secondary antibody for 30 min in
ice. Cells were washed and then analyzed for surface
staining on Gallios Flow Cytometer (Beckman Coulter,
Pasadena, CA, USA), and data were analyzed using
Kaluza Flow Cytometry Analysis Software v 1.2.

TCGA meta-analysis using Kaplan-Meier plotter
Meta-analysis-based biomarker assessment using the online
tool Kaplan-Meier plotter (http://kmplot.com) was used to
delineate the association between gene expression of IL-6,
PTGER?2, and PTGER4 separately or combined with overall
survival (OS), distant metastasis-free survival (DMFS), and
recurrent-free survival (RFS) of the breast cancer patient’s
cohorts. Within each cohort, high expressers and low ex-
pressers were analyzed and compared for their OS, DMSE,
and RFS, respectively.

Statistical analysis

Statistical analysis was performed using unpaired,
two-tailed Student’s ¢ test. In all figures, data repre-
sents the mean from at least three separate biological
repeats done in at least triplicates each +/-SD, *p<
0.05, *p < 0.01, and ***p < 0.001.

Results

Immobilized antibody arrays were used to compare the
condition media (CM) of normal human mammary epithe-
lial (hereafter HME) and IRISOE (HME cells engineered to
express IRIS allele) cells. This analysis showed that com-
pared to HME cells, IRISOE cells CM contained ~ 12-fold
higher IL-3, ~30% higher IL-4, and ~ 3-fold higher IL-6
but no IL-2, IL-5, or IL-7 in both CM (Additional file 1:
Figure S1). IL-3 is a multipotent hematopoietic growth fac-
tor that signals through high-affinity receptors composed of
a unique alpha subunit and a beta subunit common to
granulocyte-macrophage colony-stimulating factor (GM-
CSF) and IL-5 [29]. IL-3 induces proliferation, maturation,
and probably self-renewal of pluripotent hematopoietic
stem cells, in vitro [29]. More importantly, IL-3 supports
vessel formation and tumor angiogenesis, in vivo [30].
Interestingly, we recently showed a positive role for IRISOE
TNBC cells CM in endothelial progenitor proliferation
[12]. Additionally, IL-4 level is high in breast cancer pa-
tients who died from ER™/PR™ tumors [31]. These data sug-
gest IRISOE TNBC tumor cells secrete inflammatory
factors with cancer growth and progression promoting
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roles [32]. We elected to evaluate in detail the role of IL-6
in IRISOE TNBC tumor aggressiveness.

To accomplish that evaluation, ELISA analysis was
performed on CM from normal HME cells, or cells from
the 1° orthotopic mammary tumor cell lines; IRIS291
and IRIS293 (see detail analysis for generation of these
cell lines above and in [14]). Compared to HME cells,
IRIS291 and IRIS293 cells express > 3-fold higher IRIS
(Additional file 2: Figure S2A) and show aggressive
breast cancer cells morphology (compare Additional file 2:
Figure S2F-H to S2E). Accordingly, compared to HME
cells, IRIS291 and IRIS293 cells secrete 5-6-fold higher
IL-6 (Fig. la, brown bars). Exposing these cells to hyp-
oxia (24'h) exacerbated IL-6 secretion to 15-20-fold in
IRIS291 and IRIS293 cells (and a slight increase from
HME cells, Fig. 1a, red bars). Under normoxic condition,
transfection of control siRNA (siLuc) had no effect on
IL-6 secretion from HME, IRIS291, or IRIS293 cells
(Fig. 1la, yellow bars). In contrast, HIF-la silencing
(using two different siRNAs, see knockdown effect on
the level of HIF-la mRNA and protein in
Additional file 3: Figure S3A and B, respectively) blocked
IL-6 production/secretion from IRISOE cells under nor-
moxic (Fig. 1a, green bars), as well as under hypoxic
condition (Fig. 1a, blue bars). We recently showed that
HIF-1a expression is dependent on IRIS expression
under normoxic conditions [12]. Taken together, this
suggests that under normal conditions, IRISOE elevates
HIF-1a expression in TNBC cells leading to IL-6 pro-
duction/secretion, while hypoxia additively promotes
HIF-1la expression/stabilization exacerbating IL-6 pro-
duction/secretion from TNBC cells.

Next, we evaluated the effect of IL-6 on naive MSCs
(Additional file 2: Figure S2I). We showed that com-
pared to normoxic CM, hypoxic IRIS291, IRIS292, or
IRIS293 CM enhanced IL-6R expression, had no effect
on gpl130 (a co-receptor for IL-6 [33]) or JAK2 (a down-
stream target of IL-6R [33]) expression, while enhancing
the level of phosphorylated/activated JAK2 leading to
enhanced Cyclin D1 and survivin (p-JAK2 downstream
targets) expression in naive MSCs (compare 1st to 2nd
lanes, Fig. 1b). These effects were blocked when hypoxic
IRIS291, 292, and 293 CM were added to naive MSCs in
the presence of IL-6 neutralizing antibody (NeuAb, com-
pare 3rd to 1st, Fig. 1b). Together, these effects suggest
that IL-6-rich IRISOE cells CM upregulates IL-6R in
neighboring naive MSCs that complex with the constitu-
tively expressed co-receptor gp130, culminating in pro-
motion of proliferation and survival. Effects are
exacerbated under hypoxic conditions, such as those
within IRISOE TNBC tumor aggressiveness niche [34].

IL-6/IL-6R-gp130 activates, directly or indirectly sig-
naling from JAK2/STATS3, PI3’K/AKT or c-Src/ERK [35].
To evaluate the contribution of each signaling pathway
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(See figure on previous page.)

Fig. 1 IL-6/PGE, feedback loop between IRISOE TNBC cells and activated MSCs. a Normalized IL-6 level detected using ELISA in CM of HME,
IRIS291, and IRIS293 cells expressing siLuc or siHIF-1a exposed 24 h to normoxic or hypoxic conditions. Experiments were done three separate
times in triplicates. b Expression of indicated proteins in MSCs exposed to CM from IRIS291, IRIS292, or IRIS293 cells grown under normoxic or
hypoxic condition added plus vehicle or anti-IL-6 NeuAb. Fold change in black compares normoxic and hypoxic conditions, and in red compares
hypoxia plus vehicle vs. plus IL-6 NeuAb conditions. Experiments were done at least twice. ¢ Top: effects of 10 uM of STAT3 inhibitor; VII, PI3'K/AKT
inhibitor; LY294002 and ERK inhibitor; PD98059 on their cognate kinase. Bottom: MTS assay measuring proliferation of MSCs exposed to CM from
normoxic or hypoxic IRIS291 or IRIS293 in the presence of vehicle, VII, LY294002, or PD98059. Experiments were done three separate times in
triplicates. The level of p—STATBWO5 in MSCs exposed to vehicle [-] or 30 ng/ml rlL-6 or CM from HME, IRIS291, IRIS292, or IRIS293 cells for 30 min
(d), or CM from MDA-231 or MDA-468 expressing si/shCtrl or si/shIRIS or MCF7 or T47D expressing vector or IRIS cDNA for 30 min (e). d, e
Experiments were done at least twice. f The level of p-STAT3Y7%, total STAT3 or Cyclin D1 in cytoplasm (C) or nuclear/chromatin (N + Ch)
fractions of MSCs exposed to vehicle [-] or 30 ng/ml rlL-6 or CM from MDA-231, MDA-468, or MDA-453 expressing si/shCtrl or si/shiIRIS for 30
min. Experiments were done at least twice. g Fluorescence IHC for p—STAT3Y705 and CD105 on sections from the core (1-4) or periphery (5-8) of
IRIS291 tumors. Scale bar = 100 um. h Migration in Boyden chambers of MSCs layered in inserts and exposed to HME (1) or IRISOE cells CM plus
vehicle (2) or plus IL-6 NeuAb (3). Experiments were done in triplicates three separate times. i Migration in Boyden chambers of MSCs layered in
the inserts exposed to vehicle [-], IRIS291 or IRIS293 cell CM containing vehicle, VII, LY294002, or PD98059 (at 10 uM each). Experiments were
done three separate times in triplicates. j Inset: normalized PGE, level secreted from naive MSCs, HME, IRIS291, or IRIS293 cells as detected using
ELISA. Experiments were done three separate times in triplicates. Normalized PGE, levels secreted from naive MSCs or MSCs exposed to CM from
HME, IRIS291, or IRIS293 cells expressing (48 h) siLuc or silL-6 and exposed (24 h) to normoxia or hypoxia as detected using ELISA. Experiments
were done three separate times in triplicates. k The level of EP2 and EP4 in HME, IRIS291, IRIS292, or IRIS293 cells. Experiments were done at least

twice. | Schematic representation of the data represented above

in the proposed IRISOE TNBC effect on MSC prolifera-
tion, we exposed naive MSCs to IRIS291 CM or IRIS293
CM containing vehicle, 10 uM VII (STAT3 inhibitor),
10uM LY294002 (PI3’K/AKT inhibitor), or 10uM
PD98059 (MAPK/ERK inhibitor) for 24 h. All drugs sig-
nificantly reduced the activities of their cognate target
(top, Fig. 1c). MTS proliferation assay showed that com-
pared to no-CM (see [-], Fig. 1c), the CM from either
cell line triggered ~ 2-fold increase in naive MSC prolif-
eration in the presence of vehicle (Fig. 1c), reduced by ~
50% in the presence of VII but not LY294002 or
PD98059 (Fig. 1c). Taken together, these responses sug-
gest that JAK2/STATS3 signaling is the primary pathway
used by IL-6 secreted from IRISOE TNBC cells to influ-
ence MSC proliferation (and perhaps survival).
Therefore, we elected to further pursue the STAT3
pathway. Recently, we generated several doxycycline-in-
ducible IRIS-overexpressing HME cell clones, named
IRIS3, 4, 5, 9, 10, 16, and 17 that express > 2-fold higher
IRIS (Additional file 4: Figure S4A). Naive MSCs were
exposed 24h to none, 30ng/ml recombinant (r)IL-6,
and HME cells CM or CM from these clones. Unexpect-
edly, we found that compared to vehicle, rIL-6 decreased
instead of increased the level of p-STATY’® in naive
MSCs by ~30% (Additional file 4: Figure S4B). More-
over, compared to normal HME cell CM, the
IL-6-enriched IRISOE TNBC cell CM also reduced the
p-STAT3""% level in naive MSCs to various degrees
(Additional file 4: Figure S4B), suggesting that prolonged
exposure to IL-6 suppresses instead of enhances
p-STAT3Y7%, Therefore, we repeated the assay for 30
minutes (30 min) exposure instead. Again, instead of en-
hancing, rIL-6 suppressed p-STAT3""°* to an even lower
level (Additional file 4: Figure S4C). Similarly, compared

to HME cell CM, the IL-6-enriched IRISOE cell CM sig-
nificantly decreased the p-STAT3Y7% level in naive
MSCs (Additional file 4: Figure S4C).

We reasoned that IL-6 could interact with soluble IL-6R
and/or gp130 (sIL-6R or sgp130) in the serum, which could
affect the interaction with receptors on the surface of naive
MSCs. Therefore, we exposed naive MSCs 30 min to none,
30 ng/ml rIL-6, HME cell CM, and CM from IRIS291,
IRIS292, or IRIS293 cells grown (24 h) in serum-free (SF)
conditions. Again, naive MSCs exposed to none or to HME
CM showed high-level p-STAT3"7%°, whereas those ex-
posed to rIL-6 showed 70% decrease, and those exposed to
IL-6-enriched IRIS291, IRIS292, or IRIS293 cell CM
showed >90% decrease in the level of p-STAT3Y%. To
confirm this further, we silenced IRIS in the endogenously
overexpressing TNBC cell lines; MDA-231, MDA-468, and
MDA-453 using siRNA (target-specific area in IRIS-intron
11, Additional file 2: Figure S2B) or shRNA (targets a differ-
ent part in IRIS-intron 11, Additional file 2: Figure S2C).
We also overexpressed IRIS in the endogenously low ex-
pressing lines of luminal cells; MCF7 or T47D (Add-
itional file 2: Figure S2D). These cell lines were grown in
SF-media for 24 h, and CM collected were added to naive
MSCs for 30 min. Again, compared to vehicle, rIL-6 re-
duced the p-STAT3Y® level in naive MSCs by ~ 80%
(Fig. 1e). More importantly, compared to siCtrl-transfected
MDA-231 cells CM, silRIS-transfected MDA-231 cells CM
triggered ~ 1.7-fold higher p-STAT3Y"® in naive MSCs,
and compared to siCtrl-transfected MDA-468 cells CM,
siIRIS-transfected MDA-468 cells CM triggered ~ 3-fold
higher p-STAT3Y"% in naive MSCs (Fig. le). In contrast,
compared to vehicle-expressing MCE-7 or T47D cells CM,
IRIS-expressing MCF-7 or T47D cells CM decreased the
p-STAT3Y"% level by ~ 30% in naive MSCs (Fig. 1e).
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Since phosphorylated STAT3 can be cytoplasmic (C)
or nuclear, either soluble (N) or on the chromatin (Ch),
we repeated the previous experiment using C and N +
Ch extracts instead of total proteins prepared using cell
sonication. Again, compared to untreated naive MSCs,
30ng/ml rIL-6 treatment suppressed the level of
p-STAT3Y7% in C and N + Ch by ~ 70%, total STAT3 in
C and N + Ch by ~ 70% and ~ 40%, respectively, and the
downstream target, Cyclin D1 in C and N + Ch by ~ 60%
and ~40%, respectively (Fig. 1f). Compared to control
cell CM, exposure to IRIS-silenced MDA-231,
MDA-468, or MDA-453 cell CM significantly increased
the levels of p-STAT3Y7%, total STATS3, and Cyclin D1
in the cytoplasm of naive MSCs (Fig. 1f), while decreas-
ing the levels of these proteins in N+ Ch fraction of
naive MSCs (Fig. 1f). This suggests that CM from IRI-
SOE TNBC cells enhances p-STAT3""?® accumulation in
the cytoplasm, restricts its nuclear translocation, and/or
enhances p-STAT3Y”%* dephosphorylation in the nucleus
and/or the cytoplasm.

To further illustrate this, we immunohistochemically
(IHC) stained sections from the 1° IRISOE TNBC orthoto-
pic mammary tumor (see above and [12]) with
p—STATBW05 and the MSC marker, CD105 [36] antibodies.
p-STAT3Y"®_positive cells were present within the core
(Fig. 1g,) as well as the periphery (Fig. 1gs) of the tumor.
The majority of these cells were also CD105" (Fig. 1g3 anq
7), suggesting that the majority of the activated
p-STAT3Y"% within IRISOE TNBC tumors exists in MSCs,
not tumor cells. In fact, higher magnification images clearly
showed that the majority of p-STAT3""%-positive cells are
also CD105" (Fig. 1hs, and sa)» and p-STAT3Y"%-negative
are CD105  (Fig. 1g4, anda sp)- We also noticed that the
staining for both “p-STAT3"7%* and CD105” were much
more intense at the periphery than the core of the tumor
(compare Fig. 1g,, to gs,). These observations suggest that
within IRISOE TNBC tumors, p-STAT3""% is confined to
MSCs. To clarify that these CD105" cells are indeed MSCs
recruited from mouse bone marrow and not, although
highly unlikely, some IRISOE cells that upregulated CD105
expression, we co-stained adjacent sections with
mouse-specific CD90 antibody and the CD105 antibody.
This co-staining unequivocally proved that these are indeed
mouse MSCs (Additional file 5: Figure S5).

In inserts of Boyden chambers, we layered naive
MSCs, and in the bottom wells, we added HME or IRI-
SOE TNBC cells CM in the absence or presence of IL-6
NeuAb for 48 h. Medium + Ab was changed daily. Com-
pared to CM from HME cells, IRISOE cell CM attracted
more MSCs to the lower side of the inserts in the ab-
sence (compare 2nd to 1st, Fig. 1h) not the presence
(compare 3rd to 2nd, Fig. 1h) of IL-6 NeuAb. To clarify
which signaling pathway downstream of the IL-6/
IL-6R-gp130 is involved in this recruitment, we repeated
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the Boyden chamber assay in the presence of VII,
LY294002, or PD98059 (same concentrations as above).
Compared to the no-CM treatment, IRIS291 or IRIS293
CM promoted 5-10-fold increase in naive MSC recruit-
ment to the lower side of the inserts in the presence of
vehicle (Fig. 1i). This recruitment was completely
blocked in the presence of VII (Fig. 1i), partially blocked
in the presence of LY924002 (Fig. 1i), while enhanced in-
stead in the presence of PD98059 (Fig. 1i). Results sug-
gest that STAT3 signaling promotes MSC proliferation
and migration, AKT signaling promotes migration not
proliferation, and ERK signaling had no effect on prolif-
eration while inhibiting MSC migration.

Within tumors, MSCs are a source of pro-inflamma-
tory cytokines, such as PGE, [37-40], that promote mi-
gration of endothelial cells [40] and macrophages [12]
into tumors. However, the effect of MSCs on tumor cells
is less defined. To study that in our model, CM from
IRIS291 or IRIS293 was first analyzed by ELISA for the
level of PGE,. Each cell line secretes ~ 2-fold higher
PGE, compared to HME or naive MSCs (Fig. 1j, inset).
Moreover, compared to unexposed, or exposed to HME
cells CM, naive MSCs exposed to normoxic IRIS291 or
IRIS293 cell CM secrete >5-fold higher PGE, (Fig. 1j,
black and brown bar, respectively). The secretion in-
creased to > 10-fold when naive MSCs were instead ex-
posed to hypoxic (24 h) IRIS291 CM or hypoxic IRIS293
CM (green bars, Fig. 1j). Even those exposed to CM
from hypoxic HME cells secreted higher PGE, (green
bars, Fig. 1j). More importantly, compared to control cell
CM grown under normoxia, CM from HME, IRIS291,
or IRIS293 cells silenced from IL-6 did not induce PGE,
secretion from naive MSCs (compare blue to red bars,
Fig. 1j). Taken together, observations indicate that IL-6
secreted from IRISOE TNBC cells triggers MSCs to se-
crete PGE,.

Finally, we found that compared to HME cells,
IRIS291, IRIS292, and IRIS293 cells express much higher
levels of the PGE, receptors: EP2 and EP4 (Fig. 1k, two
of the most abundant PGE, receptors in TNBCs [41,
42]). Our findings suggest that high-level IL-6 secreted
by IRISOE TNBC cells (especially those exposed to hyp-
oxia within the aggressiveness niche [34]) triggers naive
MSCs to express IL-6R, which activates STAT3, AKT,
and ERK signaling in them (step 1, Fig. 11). These signal-
ing pathways affect the proliferation and/or migration
ability of MSCs; for instance, into IRISOE TNBC tu-
mors. IL-6 also triggers naive MSCs to secrete PGE, that
reciprocally activates IRISOE expressing higher levels of
the receptors EP2 and EP4 (step 2, Fig. 1I).

In vivo evidence for the IL-6/PGE,-positive feedback loop
To expand the data in vivo, 20 athymic mice were
injected with MDA-231/shCtrl (n = 5), MDA-231/shIRIS
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(n=5), MDA-468/shCtrl (n=5), and MDA-468/shIRIS
(n=5) in the 2nd left thoracic mammary fat pads. At
~1.0 cm® or at 40days, tumors were resected, and
peripheral bloods were collected from all mice
(Fig. 2a). Consistent with our previously published re-
sults [15], TNBC cells lacking IRIS expression (Fig. 2b,
inset) had a significantly reduced ability to develop
tumors. Indeed, tumors formed using MDA-231/
shIRIS cells were ~ 30% the volume of tumors formed
using MDA-231/shCtrl cells (compare dark to light
blue lines, Fig. 2b), and tumors formed using
MDA-468/shIRIS cells were ~3% the volume of tu-
mors formed using MDA-468/shCtrl cells (compare
red to yellow lines, Fig. 2b).

Moreover, according to ELISA analysis, sera isolated
from peripheral blood (PB) from naive mice (n=20)
contained ~ 0.001 ng/ml IL-6. In comparison, ~ 900-fold
higher IL-6 was measured in sera from MDA-231/shCtrl
tumor-bearing mice (0.91 + 0.15 ng/ml, Fig. 2c, upper left
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blue) or MDA-468/shCtrl tumor-bearing mice (0.89 +
0.17 ng/ml, upper right blue). In contrast, sera from
MDA-231/shIRIS tumor-bearing mice contained 0.33 +
0.11 ng/ml, an ~ 65% decrease in the level of circulating
IL-6 in these mice (p =0.0001, Fig. 2c, upper left or-
ange), and sera from MDA-468/shIRIS tumors-bearing
mice contained 0.30 + 0.12 ng/ml, an ~66% decrease in
the level of circulating IL-6 in these mice (p =0.0003,
Fig. 2¢, upper right green).

Furthermore, sera from naive mice (n = 20) contained
~0.003ng/ml PGE, (not shown). In comparison, >
350-fold higher PGE, was measured in sera from
MDA-231/shCtrl tumor-bearing mice (1.12 + 0.12 ng/ml,
lower left blue) or MDA-468/shCtrl tumor-bearing mice
(1.1 £ 0.15ng/ml, lower right blue). In contrast, sera
from MDA-231/shIRIS tumor-bearing mice contained
0.37 £ 0.13 ng/ml, an ~ 67% decrease in the level of cir-
culating PGE, in these mice (p = 0.000001, Fig. 2c, lower
left orange), and MDA-468/shIRIS tumor-bearing mice
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Fig. 2 IL-6-secreting TNBC cells attract IL-6R-expressing/PGE,-secreting MSCs, in the orthotopic model. a Schematic representation of the assays
performed. b The volume of orthotopic mammary tumors developed following injection of 2 x 10° cells of MDA-231/shCtrl cells (light blue, n =
5), MDA-231/shIRIS (dark blue, n = 5), MDA-468/shCtrl (yellow, n = 5), and MDA-468/shIRIS (red, n=5). The inset shows the expression of IRIS in
these cells. ¢ The levels of circulating IL-6 (upper) or PGE; (lower) as detected using ELISA in sera from mice bearing MDA-231/shCtrl or MDA-
231/shIRIS and MDA-468/shCtrl, or MDA-468/shIRIS tumors. d FACS analysis of the percentage of IL-6R"CD90™, IL-6R"CD90", IL-6R*CD90, or IL-
6R™CD90™ cells within MDA-231/shCtrl and MDA-231/shIRIS tumors (upper), or MDA-468/shCtrl and MDA-468/shIRIS tumors (lower). Fluorescence
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Ryan et al. Breast Cancer Research (2019) 21:53

contained 0.39 + 0.15ng/ml, an ~65% decrease in the
level of circulating PGE, in these mice (p=0.0001,
Fig. 2c, lower right green).

Additionally, a fresh portion of each tumor was used to
generate single cells and immediately labeled with
anti-IL-6R and -CD90 antibodies. FACS analysis of these
cells showed that compared to MDA-231/shCtrl tumors,
MDA-231/shIRIS tumors contained more IL-6R™/CD90™
(i.e., double negative [DN], 62.8+2.5% vs. 74.9+ 1.1, p<
0.0000001, Fig. 2d, upper), unchanged numbers of IL-6R™/
CD90" (i.e., CD90", 6.1 + 0.7% vs. 6.4+ 0.7, p = 0.5, Fig. 2d,
upper), and decreased numbers of IL-6R*/CD90” (ie.,
IL-6R", 12.6 + 1.7% vs. 7.1 £ 0.9, p = 0.0002, Fig. 2d, upper)
and IL-6R"/CD90" (i.e., double positive [DP], 18.6 + 2.2%
vs. 11.6 £ 0.8, p=0.0002, Fig. 2d, upper) cells. Similarly,
compared to MDA-468/shCtrl tumors, MDA-468/
shIRIS tumors also contained more DN (63.4 + 3.8%
vs. 74.1+27, p=0.001, Fig. 2d, lower), unchanged
numbers of CD90" (6.6 +0.5% vs. 7.3+0.7, p=0.9,
Fig. 2d, lower), and decreased numbers of IL-6R"
(12.5£1.3% vs. 9.6 £ 1.1, p = 0.004, Fig. 2d, lower) and
DP (175+2.8% vs. 9.1+1.2, p=0.0003, Fig. 2d,
lower) cells.

Finally, for further confirmation, a paraffin-embedded
portion of each tumor was cut at 5 um and IHC stained
using anti-CK5 (basal marker), anti-CD90 (infiltrated
mouse MSC-specific marker [12]), and anti-IL-6R anti-
bodies. As expected, in MDA-231/shCtrl tumors (Fig. 2e;),
almost all the cells were CK5" (Fig. 2€5 and 3* arrowheads)-
There were also high numbers of CD90" cells (Fig. 2e4 anq
5 arrowheads) and IL-6R* cells (Fig. 2es). However, while
none of the CD90" cells were CK5" cells (compare arrow-
heads and arrows, respectively in Fig. 2es3.), the majority
were IL-6R" cells (compare arrowheads and arrows, re-
spectively Fig. 2es:). In contrast, in the MDA-231/shIRIS
tumor section, there was almost a complete absence of
the high CK5 expression in the majority of cells (note very
low-level expression in Fig. 2€g and 9 arrowheads)- 1 here was
a complete absence of CD90" cells (Fig. 2€10 and 11° arrow-
heads) and IL-6R™ cells (Fig. 2e;,) within these tumors. To
define the nature of the CK5  cells in IRIS-silenced
MD-A231 tumors, we stained sections from these tumors
for the luminal cytokeratin biomarker CK18. As expected,
while no/very low CKI18 staining was detected in
MDA-231/shCtrl tumors, high C18 staining was detected
in MDA-231/shIRIS tumors (compare A and B in
Additional file 6: Figure S6). In fact, IRIS-silencing
converted the aggressive morphology of the TNBC cells—
MDA-231, MDA-468, and MDA-453—into the less ag-
gressive morphology of luminal A cells (compare K, M,
and O to ], L, and N, respectively, Additional file 2: Figure
S2). Moreover, IRISOE converted the less aggressive
morphology of the luminal A cells, MCF-7 and T47D, into
aggressive TNBC cell morphology (compare Q and S to P
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and R, respectively, Additional file 2: Figure S2). The re-
sults suggest that IL-6R is expressed primarily by the infil-
trated MSCs—not IRISOE TNBC tumor cells—and that
even in vivo, suppressing IRIS expression in IRISOE
TNBC cells converts them into luminal A tumor cells,
correlated with suppression in IL-6 secretion, and preven-
tion in CD90"/IL-6R™ MSC recruitment into IRISOE tu-
mors; especially the aggressiveness niche [12, 34] and their
conversion into PGE,-secreting cells.

Further in vivo evidence for the IL-6/PGE,-positive
feedback loop

To analyze the feedback following inhibition of IRIS activ-
ity in established tumors in vivo, a second set of athymic
mice (1n=20) were injected with IRIS291 (n=10) or
IRIS293 (n=10) in the 2nd left thoracic mammary fat
pads (Fig. 3a). At ~0.5 cm’, each set was randomized and
intratumorally injected four times, once every 3 days with
scrambled peptide (n=5) or the IRIS-inhibitory peptide
(IRIS-pep, n=5, Fig. 3a). As we previously reported,
IRIS-pep treatment leads to loss of IRIS protein expres-
sion [15, 25]. Moreover, while IRISOE TNBC tumors
injected with scrambled peptide continued to grow to
reach a volume of >200% within this period, the
IRIS-pep-treated tumors regressed by ~50% (Fig. 3b). In-
deed, scrambled peptide-treated IRIS291 tumors were ~
1.4 cm?® at resection, while IRIS-pep-treated IRIS291 tu-
mors regressed to < 0.3 cm® (p = 0.002, compare the dark
to light blue lines, Fig. 3b) and scrambled peptide-treated
IRIS293 tumors were ~15 cm® at resection, while
IRIS-pep-treated IRIS293 tumors regressed to <0.3 cm®
(p = 0.001, compare red to yellow lines, Fig. 3b).

Again, sera from PB from naive mice (n=20) con-
tained ~ 1 pg/ml IL-6 and ~ 3 pg/ml PGE, as detected by
specific ELISA (not shown). In comparison, >750-fold
higher IL-6 was measured in sera from IRIS291
tumor-bearing mice injected with scrambled peptide
(0.79 £ 0.09 ng/ml, Fig. 3c, upper left black) or IRIS293
tumor-bearing mice injected with scrambled peptide
(0.76 £ 0.05 ng/ml, Fig. 3c, upper right black). In
contrast, sera from IRIS291 tumor-bearing mice injected
with IRIS-pep contained 0.25+0.01 ng/ml, an ~69%
decrease in the level of circulating IL-6 in these mice
(p < 0.000001, Fig. 3c, upper left red), and sera from
IRIS293 tumor-bearing mice injected with IRIS-pep
contained 0.25 + 0.03ng/ml, an ~67% decrease in the
level of circulating IL-6 in these mice (p =0.0000001,
Fig. 3c, upper right green). Furthermore, > 350-fold
higher PGE, was measured in sera from IRIS291
tumor-bearing mice injected with scrambled peptide
(1.16 £ 0.05 ng/ml, Fig. 3c, lower left black) or IRIS293
tumor-bearing mice injected with scrambled peptide
(1.1 £ 0.09 ng/ml, Fig. 3c, lower right black). Similarly,
sera from IRIS291 tumor-bearing mice injected with
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Fig. 3 IRIS inactivation suppresses recruitment of the IL-6R-expressing/PGE,-secreting MSCs in an established TNBC orthotopic model. a Schematic
representation of the assays performed. b The volume of orthotopic mammary tumors developed following injection of 2 x 10° IRIS291 cells and at ~
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IRIS291 or IRIS293 tumors treated with scrambled or IRIS-pep. d FACS analysis of the percentage of IL-6R"CD90~, IL-6R"CD90", IL-6R*CD0™, or IL-
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IRIS-pep contained 0.34 +£0.03ng/ml, an ~72% de-
crease in the level of circulating PGE, in these mice
(p =0.000001, Fig. 3c, lower left red), and IRIS293
tumor-bearing mice injected with IRIS-pep contained
0.36 £ 0.03 ng/ml, an ~67% decrease in the level of
circulating PGE, in these mice (p = 0.0000001, Fig. 3c,
lower right green).

Furthermore, FACS analysis on dissociated cells from
these tumors showed that compared to IRIS291 tumors
from mice injected with scrambled peptide, tumors from
mice injected with IRIS-pep contained more DN (65.5 +
3.9% vs. 7491127, p<0.003, Fig. 3d, upper), un-
changed numbers of CD90" (6.2 +1.3% vs. 6.6 £ 1.6, p =
0.7, Fig. 3d, upper), and decreased numbers of IL-6"
(121 +£0.8% vs. 7.0+0.9, p=0.000001, Fig. 3d, upper)
and DP (16.2+3.6% vs. 109+1.7, p=0.02, Fig. 3d,
upper) cells. Similarly, compared to IRIS293 tumors
from mice injected with scrambled peptide, tumors from
mice injected with IRIS-pep contained more DN (64.1 +

4.1% vs. 73.9+2.9, p = 0.002, Fig. 3d, lower), unchanged
numbers of CD90" (5.9+1.0% vs. 6.7+09, p=0.2,
Fig. 3d, lower), and decreased numbers of IL-6" (12.5 +
1.4% vs. 10.2 + 1.7, p = 0.04, Fig. 3d, lower) and DP (17.5
+2.8% vs. 9.3+ 2.1, p = 0.0007, Fig. 3d, lower) cells.

Once more, IHC analysis of paraffin-embedded sec-
tions from these tumors showed that in scrambled
peptide-treated IRIS291 tumor sections (Fig. 3e;), almost
all the cells were CK5" (Fig. 3€3 and 3 arrowheads). Lhere
were also high numbers of CD90" cells (Fig. 3e4 and 5° ar
rowheads), and IL-6R* cells (Fig. 3eg). Again, none of the
CD90" cells were CK5" cells (compare arrowheads and
arrows, respectively in Fig. 3es.), whereas the majority of
the CD90" cells were IL-6R" cells as well (compare ar-
rowheads and arrows, respectively Fig. 3Es-). In contrast,
in IRIS-pep-treated IRIS291 tumors, there was a signifi-
cant decrease in the CK5 expression in the cells of these
tumors (Fig. 3€g and 9° arrowheads)- Lhere was also a total
absence of CD90" cells (Fig. 3€10 and 11° arrowheads) and
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IL-6R" cells (Fig. 3e;5). According to IHC staining, the
CK5™ cells in IRIS-pep-treated IRIS291 tumors stained
positive for the luminal cytokeratin biomarker, CK18
(compare ¢ and d, Additional file 6: Figure S6).
Altogether, this suggests that IRISOE drives the TNBC
phenotype and the aggressiveness of these tumors
through MSC recruitment into tumors. Inactivating IRIS
in vivo also converts TNBC tumors into luminal A
tumor cells, blocks MSC recruitment into tumors, and
significantly suppresses the secretion of high-level IL-6
and PGE, into patients’ circulation.

The IL-6/PGE,-positive feedback loop is also observed in
the immune-competent model

Similar to human IRIS, mouse Brcal-Iris (hereafter Iris)
is overexpressed in mouse breast cancer cell lines, espe-
cially those of the TNBC subtype (e.g., 4 T1, generated
from a spontaneous BALB/c TNBC tumor [43] and
EO771, generated from a spontaneous C57BL/6 TNBC
tumor [44]) (not shown). Thus, to analyze the effect of
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inhibiting Iris expression in establishment of syngeneic
TNBC tumors and their phenotype in vivo, we injected
15 BALB/c mice with 4 T1l-expressing shCtrl (n=5),
-shlrisl (n =5), or -shlris2 (7 =5) (two shRNA that tar-
get different areas of mouse Iris intron 11 domain [45],
Fig. 4a). Tumors developed from 4T1/shCtrl cells grow
quickly to reach ~1.0 cm® in volume (within 40 days).
4T1/shlris1 (p =0.0026, compare red to black lines,
Fig. 4b) or 4T1/shlris2 (p =0.0029, compare blue to
black lines, Fig. 4b) tumors grow much slower, and by
40 days, they were ~ 0.2 cm® only.

Here too, ELISA analysis of sera isolated from the PB
of these mice showed that the circulating levels of IL-6
in mice bearing 4T1/shlris1 or 4T1/shlris2 tumors were
~56% and 55% lower, respectively, compared to the cir-
culating level in mice bearing 4T1/shCtrl tumors (0.39 +
0.05 and 0.38 £0.06 vs. 0.87 £ 0.04, p < 0.00000001 for
both, Fig. 4c, upper). Similarly, the circulating levels of
PGE, in mice bearing 4T1/shlris1 or 4T1/shlris2 tumors
were ~41% and 46% lower, respectively, compared to
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mice bearing 4T1/shCtrl tumors (0.65 + 0.07 ng/ml and
0.6 +£0.12ng/ml vs. 1.10 £0.11 ng/ml, p =0.000001 for
both, Fig. 4c, lower).

Furthermore, FACS analysis with anti-IL-6R and
anti-CD29 (a second mouse MSC-specific marker [12])
antibodies of single cell populations prepared from these
tumors showed that compared to 4T1/shCtrl tumors,
4T1/shlrisl tumors contained more DN (64.1 +3.9% vs.
75.8 £ 2.2, p = 0.00004, Fig. 4d, upper), unchanged num-
bers of CD29" (6.8 +1.5% vs. 7.6 £0.9, p = 0.4, Fig. 4d,
upper), and decreased numbers of IL-6* (13.3 + 0.8% vs.
8.4 +1.6, p=0.00002, Fig. 4d, upper) and DP (16.8 +
1.9% vs. 8.2+ 1.1, p = 0.0002, Fig. 4d, upper) cells. Simi-
larly, compared to 4T1/shCtrl tumors, 4T1/shlris2 tu-
mors contained more DN (64.1 +2.2% vs. 774+ 2.8, p =
0.00002, Fig. 4d, lower), unchanged numbers of CD29"
(6.8+1.5% vs. 7.3+1.0, p=0.5, Fig. 4d, lower), and de-
creased numbers of IL-6" (13.3+0.8% vs. 7.8+ 1.9, p=
0.00004, Fig. 4d, lower) and DP (15.8 +1.9% vs. 7.5 £ 1.1,
p =0.0001, Fig. 4d, lower) cells.

IHC staining of paraffin-embedded sections from these
tumors showed that the majority of the cells in 4T1/
shCtrl tumors (Fig. 4e;) are CK5" cells (Fig. 4€ and 3* ac-
rowheads)- Lhere was a large number of CD90" cells
(Fig. 4€4 and 5 arrowheads) and IL-6R" cells (Fig. 3eg)
within these tumors as well. Moreover, none of the
CD90" cells were CK5" cells (compare arrowheads and
arrows, respectively, in Fig. 4e3:), while almost all CD90"
cells were IL-6R" cells as well (compare arrowheads and
arrows, respectively, Fig. 4es.). In contrast, in 4T1/
shlris1 tumors (Fig. 4e;), we observed a significant re-
duction in CK5 expression in tumor cells (Fig. 4eg 4nq o
arrowheads)y @ complete absence of the CD90" cells
(Fig. 4e10 and 11° and the IL-6R" cells
(Fig. 4e1,). Identical results were obtained using sections
from 4T1/shlris2 tumors (not shown). Moreover, here
too, IRIS-silenced tumors showed much higher expres-
sion of the luminal biomarker, CK18 (compare f to e,
Additional file 6: Figure S6). This again suggests that
inhibiting Iris expression can also block recruitment of
MSCs into mouse Iris-overexpressing TNBC tumors in
immune competent mice leading to loss of tumor
aggressiveness.

arrowheads)y

IRISOE TNBC cells activate MSC fibrogenic PGE,-secreting
fate, in vitro
We exposed naive MSCs to CM from HME, IRIS291,
IRIS293, MDA-231/shCtrl, MDA-231/shIRIS, MDA-468/
shCtrl, or MDA-468/shIRIS for 7 days (changed daily),
followed by staining cells with Oil-Red O (adipogenic
marker), Alizarin (osteogenic marker), Alcian blue (chon-
drogenic marker), or PicroSirius (fibrogenic marker).
Naive MSCs exposed to HME cell CM maintained
their naive MSC morphology of large nuclei and
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cytoplasm (compare Additional file 2: Figure S2I and
Additional file 7: Figure S7A arrow) and equal ability for
adipogenic (Fig. 5a and Additional file 7: Figure S7B),
osteogenic (Fig. 5b and Additional file 7: Figure S7C),
chondrogenic (not shown), and fibrogenic (Fig. 5c and
Additional file 7: Figure S7D) differentiation. In contrast,
naive MSCs exposed to CM from IRIS291 and IRIS293
showed more elongating and fibroblastic morphology
(compare Additional file 7: Figure S7E and 7I to 7A) and
a greater tendency to adopt the fibrogenic fate (Fig. 5a—c
and compare Additional file 7: Figure S7TH and 7L to
7D) over the adipogenic (Fig. 5a—c and compare
Additional file 7: Figure S7F and S7] to S7B), the osteo-
genic (Fig. 5a—c and compare Additional file 7: Figure
S7G and S7 K to S7C), or the chondrogenic (not shown)
fates.

Significantly, like naive MSCs exposed to CM from
IRISOE tumor cells (see above), those exposed to CM
from MDA-231/shCtrl or MDA-468/shCtrl CM also
showed more elongating and fibroblastic morphology
(compare Additional file 7: Figure S7M and S7U to
S7A) and a greater tendency to adopt the fibrogenic fate
(Fig. 5a—c and compare Additional file 7: Figure S7P and
S7X to S7D) over the adipogenic (Fig. 5a—c and compare
Additional file 7: Figure S7N and S7V to S7B), the
osteogenic (Fig. 5a—c and compare Additional file 7: Fig-
ure S70 and S7W to S7C), or the chondrogenic (not
shown) fates. By contrast, naive MSCs exposed to
MDA-231/shIRIS or MDA-468/shIRIS CM maintained
morphology resembling naive MSCs with large nucleus
and cytoplasm (compare Additional file 7: Figure S7Q
and S7Y to Additional file 2: Figure S2I and
Additional file 7: Figure S7A) and showed a greater
tendency to adopt all fates equally (Fig. 5a—c and
Additional file 7: Figure S7R-T and S7Z-BB, respect-
ively). These data suggest that IRISOE TNBC cell secre-
tome (e.g., IL-6) skews MSC differentiation toward the
aggressiveness-promoting CAF fate, in vitro.

If true, we expected that only MSCs induced to adopt
the fibrogenic fate would be PGE,-secreting cells. To
test that, we again chemically induced adipogenic, osteo-
genic, chondrogenic, or fibrogenic fates in naive MSCs
and then exposed each for 24 h to the CM from normal
HME, IRIS291, IRIS292 or IRIS293 cells that were ex-
posed to hypoxia (24 h). ELISA analysis was again used
to evaluate PGE, level in CM. This analysis showed that
compared to naive MSCs that were exposed to none
(black bar, Fig. 5d), exposure to CM from hypoxic nor-
mal HME cells did not induce PGE, secretion from
naive, adipogenic-, osteogenic-, chondrogenic- or fibro-
genic fate-adopted MSCs (blue bars, Fig. 5d). In con-
trast, naive MSCs and fibrogenic fate-adopted MSCs
secreted high levels of PGE, when exposed to CM from
hypoxic IRIS291 (orange bars, Fig. 5d), hypoxic IRIS292
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(yellow bars, Fig. 5d) or hypoxic IRIS293 (red bars,
Fig. 5d) cells. Interestingly, adipogenic-, osteogenic-, and
chondrogenic fate-adopted MSCs did not secrete PGE2
when exposed to hypoxic IRIS291 or hypoxic IRIS293
CM. Thus, observations confirm that IRISOE TNBC cell
secretome (e.g., IL-6) skews MSC differentiation toward
the aggressiveness-promoting PGE,-secreting CAF fate,
in vitro.

The opposing role of MSCs toward IRIS-proficient vs. IRIS-
deficient TNBC cells

We previously reported that MSC co-injection triggers
faster, bigger, and more aggressive IRISOE TNBC tu-
mors [12]. To explore the effect of IRISOE TNBC
cells-MSC bi-directional positive feedback loop on over-
all survival, athymic female mice were injected in the
2nd thoracic mammary glands with 2 x 10° IRIS291 cells

alone (n=10) or admixed with 2 x10° human MSCs
(10:1 ratio, n =10). The second set of mice was injected
with 2 x 10° IRIS293 cells alone (1 = 10) or admixed with
2 x 10° human MSCs (n = 10). Mice were followed until
death from their disease or until a 10-week time limit
(ie, >1 cm® tumor volume, Fig. 6a). MSC co-injection
promoted an ~ 3-fold increase in IRIS291 (1599.00 +
436.29 vs. 557.40+519.28, p=0.002, Fig. 6b) and
IRIS293 (1799.00 + 311.11 vs. 580.00 + 531.04, p = 0.001,
Fig. 6b) tumor growth. Moreover, while none of the mice
injected with IRIS291 cells alone or IRIS293 cells alone
died from their tumors by the end of the 10 weeks
(Fig. 6c¢), eight mice injected with IRIS291 + MSCs
(Fig. 6¢c, upper) and seven mice injected with the
IRIS293 + MSCs died (Fig. 6¢, lower) by the end of the
10 weeks. These outcomes suggest that the IRISOE
TNBC cells-MSC bi-directional feedback loop worsens
patients’ survival.
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(See figure on previous page.)

Fig. 6 The opposing roles of MSCs in IRISOE TNBC tumors. a Schematic representation of the assays presented in (b, ¢). b Tumor volumes during
the 10 weeks following injection in the 2nd thoracic mammary gland of athymic mice of 2 x 10° IRIS291 (yellow), 2 x 10° IRIS291 + 2 x 10° human
MSCs (red), 2 x 10° IRIS293 (light blue), or 2 x 10% IRIS293 + 2 x 10° human MSCs (dark blue). ¢ Comparison of percentage of survival in athymic
mice injected with IRIS291 (upper, black) and IRIS293 alone (lower, black) vs. mice injected with IRIS291 admixed with MSCs (upper, red) or IRIS293
admixed with MSCs (lower, green). d Percentage of GFP™* cells at days 0-8 in cultures of MDA-468/shCtrl cells + MSCs relative to MDA-468/shCtrl cells
(black), and MDA-468/shIRIS cells + MSCs relative to MDA-468/shIRIS cells (red). Representative fluorescence and bright field images of MDA-468/shCtrl
(€1 and 2), MDA-468/shCtrl + MSCs (€3 ang 4), MDA-468/shIRIS (€5 ang 6), OF MDA-468/shIRIS + MSCs (€, ang g). Assay was done three different times in
four replicates. Scale bar =400 um. f Schematic representation of the assays presented in (g, h). g Tumor volumes during the 60 days following
injection of athymic mice 2nd thoracic mammary gland with 1 x 10° MDA-231/shCtrl cells (yellow), 1 x 10° MDA-231/shCtrl cells + 1 x 10° human
MSCs (red), 1x 10° MDA-231/shIRIS cells (light blue), and 1x 10° MDA-231/shIRIS cells + 1 10° human MSCs (dark blue). h Upper: comparison of the
percentage of survival of mice in g injected with MDA-231/shCrtl (green) and MDA-231/shIRIS (black). Lower: comparison of percentage survival of
mice in g injected with MDA-231/shCtrl admixed with MSCs (dashed) or without MSCs (solid). i Schematic representation of the assays presented in (j,
k). j Tumnor volumes during 40 days following injection of BALB/c mice 2nd thoracic mammary gland with 5 x 10° 4T1/shCtrl cells (yellow), 5 x 10°
4T1/shCtrl cells + 5 x 10* mouse MSCs (red), 5 10° 4T1/shlris1 cells (light blue), and 5x 10° 4T1/shIRIS cells + 1 x 10 mouse MSCs (dark blue). k
Upper: comparison of the percentage of survival of mice in g injected with 4T1/shCrtl cells (black), 4T1/shlris1 cells (red) or 4T1/shlris2 cells (green).
Lower: comparison of the percentage of survival of mice in g injected with 4T1/shCtrl cells admixed with MSCs (red) or without MSCs (blue)

We previously noticed that although MDA-468/shIRIS
cells can grow in culture, albeit slowly, in vivo they al-
most completely failed to form tumors [15] (also see
Fig. 2b). We reasoned that in vivo, compared to
IRIS-proficient TNBC cells, the microenvironment is
detrimental to IRIS-deficient TNBC cells. To experimen-
tally define MSC role in the growth potential of IRISOE
or IRIS-silenced TNBC cells, we plated 1x10*
GFP-expressing MDA-468/shCtrl or MDA-468/shIRIS
cells alone or with 10 x 10* naive MSCs for 8 days and
cultures were photographed and counted daily. First,
starting from the same number of cells, MDA-468/
shCtrl cells grew 2-fold during days 1, 2, and 3 after
plating compared to MDA-468/shIRIS cells (compare
light blue to orange line Additional file 8: Figure S8), at
which time the growth of MDA-468/shIRIS cells was en-
hanced during days 4 and 5 of plating and/or MDA-468/
shCtrl cells’ growth was stalled (compare light blue to
orange line Additional file 8: Figure S8). However, by
day 8, the number of MDA-468/shCtrl cells was 30%
higher compared to MDA-468/shIRIS cells (p =0.0007,
compare light blue to orange line Additional file 8: Fig-
ure S8). More importantly, establishing the percentage
of GFP* cells in each culture in the presence vs. absence
of MSCs on day 1 as 100%, we noticed gradual enhance-
ment of the growth of MDA-468/shCtrl cells in the
presence of MSCs that reached ~ 1.5-fold by day 8
(black line, Fig. 6d and e;_4). In contrast, we observed a
gradual suppression of the growth of MDA-468/shIRIS
by MSCs that reached >80% by day 8 (red line, Fig. 6d
and es_g). So, in low confluence culture, MSCs had a
modest effect on IRIS-proficient or deficient TNBC cell
growth, while in high confluence culture (i.e., close prox-
imity of the secretome and/or membrane of the two cell
types), MSCs had a profound effect on the growth of
IRIS-proficient TNBC cells and a detrimental effect on
the growth of IRIS-deficient TNBC cells.

To explore this in vivo, we took advantage of the fact that
MDA-231/shIRIS formed, albeit small tumors in athymic
mice (Fig. 2b). We injected the 2nd thoracic mammary fat
pads of athymic mice with 1 x 10° MDA-231/shCtrl (1 =
10), 1x 10° MDA-231/shCtrl +1 x 10° naive human (h)
MSCs (1=10), 1 x 10° MDA-231/shIRIS (#=10), or 1 x
10° MDA-231/shIRIS +1x10° naive hMSCs (1= 10).
Tumor volume and overall survival were monitored for 60
days (Fig. 6f). As expected, and previously reported, by day
60 MD-A231/shCtrl were >250% larger than MDA-231/
shIRIS tumors (p > 0.0000001, compare yellow to light blue
line, Fig. 6g) [12]. Likewise, as previously reported, MSCs
enhanced IRISOE TNBC tumor growth [12, 46—48]. In-
deed, by day 60, co-injecting MSCs promoted a >20% in-
crease in MDA-231/shCtrl tumors’ volume (1350.00 +
100.00 vs. 1119.00 + 51.63, p = 0.001, compare red to yellow
lines, Fig. 6g). In contrast, MSCs had a negative effect on
the IRIS-deficient TNBC cells. Indeed, by day 60,
co-injecting MSCs suppressed MDA-231/shIRIS tumor
growth by >50% (175.60+44.91 vs. 429.40+43.27, p >
0.0000001, compare light to dark lines, Fig. 6g).

Additionally, five of the 10 mice injected with
MDA-231/shCtrl cells died, whereas none of the mice
injected with MDA-231/shIRIS cells died (p =0.00001,
Fig. 6h, upper). Moreover, compared to mice injected
with MDA-231/shCtr]l tumors alone, worse overall sur-
vival (OS) was observed in mice co-injected with
MDA-231/shCtrl + MSCs (p = 0.00001, Fig. 6h, lower).
Equally noteworthy, the death occurred several days
earlier in the group injected with MDA-231/shCtr]l +
MSCs compared to those injected with MDA-231 cells
alone. These results suggest that IRIS-silencing sup-
presses TNBC tumors’ growth and aggressiveness. This
implies that IRIS inhibition could significantly enhance
patients’ overall survival. These data also suggest that
the presence of MSCs within the tumor at an earlier
stage elevates tumor aggressiveness and can be exploited
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therapeutically to eliminate the tumor by inhibiting IRIS
expression/function. The mechanism of how MSCs kill
IRIS-silenced/inactivated cells is still unknown but could
perhaps be due to yet unidentified cell-cell contact [49]
(and see discussion).

Further evidence for the opposing role of MSCs toward
IRIS-proficient vs. IRIS-deficient TNBC cells

MSC ability to exert an anti-tumor effect as opposed to
pro-tumor effect depending on IRIS expression/activity
in the tumor was next examined in an immune-compe-
tent mouse model. Forty BALB/c mice were injected in
the 2nd thoracic mammary gland with 5x10° 4T1/
shCtrl alone (1 = 10, Fig. 6i), 5 x 10> 4T1/shCtrl + 5 x 10*
mouse (m) MSCs (1 =10, Fig. 6i), 5x 10> 4T1/shlris1
alone (n=10, Fig. 6i), or 5x10° 4T1/shlris1 + 5 x 10*
mMSCs (n =10, Fig. 6i). By day 40, mice injected with
4T1/shCtrl developed tumors > 3-fold bigger than mice
injected with 4T1/shlris1 (1155.20 + 124.55 vs. 358.60 £
146.90, p < 0.0000001, compare yellow and light blue
lines, Fig. 6j). While none of the mice injected with 4T1/
shlris] tumors died by day 40, five of the 10 mice
injected with 4T1/shCtrl cells died (Fig. 6k, upper).
Identical results were obtained using 4T1/shlris2 cells.
Furthermore, injecting naive mMSCs (10:1 ratio) with
Iris-proficient 4T1/shCtrl cells also significantly en-
hanced tumor growth. Indeed, by day 40, a >25% in-
crease in the volume of tumors developed in the
presence vs. absence of mMSCs was detected (1426.00 +
41.01 vs. 1155.20 £+ 124.55, p = 0.02, compare red to the
yellow line, Fig. 6j).

Moreover, MSCs induced a worse outcome in these
mice. While 5/10 mice died from their disease in the
group injected with 4T1/shCtrl cells, 8/10 mice injected
with 4T1/shCtrl cells + mMSCs died (Fig. 6k, lower).
More importantly, as in the orthotopic model described
above in the presence of the hMSCs, mMSCs reduced in-
stead of enhanced the 4T1/shlris1 ability to form tumors.
In fact, by day 40, 4T1/shlris1 + mMSC tumors were >
50% smaller than tumors developed using 4T1/shlrisl
cells alone (150.60 + 110.89 vs. 358.60 + 146.90, p = 0.003,
compare dark to the light blue line, Fig. 6j). Thus, the data
support our conclusion that silencing Iris also converts
MSCs within a syngeneic tumor from promoters into sup-
pressors of tumor growth and raises the very interesting
possibility that inhibiting IRIS expression and/or activity
in patients with established TNBC tumors could trigger
death from the inside of the tumors by converting the
pro-tumor MSCs into an anti-tumor entity.

Human data support IL-6/PGE,-positive feedback loop
enhancing TNBC tumor aggressiveness

So far, the data suggest that high-level IL-6 secreted by
TNBC (e.g., IRISOE) cells activates MSCs to secrete
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PGE, to reciprocally entrain aggressiveness in TNBC
cells, most likely within the aggressiveness niche [34].
To validate these data further, we analyzed public data-
bases for the association of the expression of “IL-6,
PTGER2, and PTGER4” with aggressive tumor pheno-
types. This gene set was significantly associated with the
basal subtype (p =0.00001, Fig. 7a) and the ER-negative
status in breast cancer samples (p = 2¢~°, Fig. 7b). This
set also shows positive Spearman correlation with the
stromal gene, lipid metabolism gene, immune response
gene, basal phenotype gene, and early response gene
modules, while showing negative Spearman correlation
with the checkpoint gene, M-phase gene, and steroid
gene modules in breast cancer samples (p [ANOVA] =
0.00023, Fig. 7c).

To evaluate the expression of the gene set “IL-6,
PTGER2, and PTGER4” with outcomes in breast can-
cers, we performed meta-analysis-based biomarker as-
sessment of outcomes in several cohorts of breast
cancer patients using Kaplan-Meier plotter (http://
kmplot.com [50]). Normalized expression levels of IL-6,
PTGER?2, and PTGER4 were available for every patient
in each cohort; the individual expression levels were
summed, and each cohort was then dichotomized into
patients with high or low expression of IL-6, PTGER2,
and PTGER4 using the median of the summed expres-
sion levels in each cohort as the split point. Subse-
quently, Kaplan-Meier plots and log-rank statistics were
calculated to compare the subgroups with high or low
expression. Patients with high-level IL-6 plus PTGER2
plus PTGER4 showed a trend to reduced distant
metastasis-free survival (DMSF, p < 0.06, Fig. 7d), and a
significant reduction in OS (p = 0.0045, Fig. 7e), com-
pared to patients with low-level IL-6 plus PTGER2 plus
PTGER4. These data suggest that high expression IL-6
plus PTGER2 plus PTGER4 in breast cancer could be a
diagnostic biomarker for aggressive TNBC tumors (most
likely of the IRISOE phenotype) that have a high pro-
pensity to metastasize and/or kill the patient. In the near
future, we aim to confirm whether or not this signature
could stratify IRISOE TNBCs from IRIS-negative TNBCs
using prospectively collected tumor samples.

Discussion
TNBC is a subtype of breast cancer with the poorest
clinical outcome that shows strong similarities to
BRCA1™" or BRCA1-dysfunctional breast cancers [51].
The poor clinical outcomes and lack of targeted therapy
for this subtype warrant a better understanding of the
biology underlying the disease in order to develop effect-
ive therapeutic strategies against it [51].

IRIS overexpression drives the formation of aggressive
TNBC tumors in women or in pre-clinical orthotopic
mouse models through promoting the expression of
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basal biomarkers, EMT inducers, and stemness en-
forcers, in addition to suppressing the expression of ERa
and BRCA1 [14-16, 52]. A large central acellular core of
necrosis surrounded by hypoxic and inflamed areas is a
common feature of IRISOE TNBC tumors in human or
orthotopic models [15, 17]. We recently proposed to
name this necrotic/hypoxic/inflamed core “the

aggressiveness niche” [34]. Additionally, we argued that
TNBC metastatic precursors are born within this niche
very early in tumor development [34]. Within this niche,
we proposed that the secretome of tumor cells recruit
stromal cells including MSCs, tumor-associated macro-
phages (TAMs), and endothelial cells (ECs) and establish
strong bi-directional interactions with them to defend
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against the unfavorable and harsh conditions within the
niche, such as detachment from the ECM, attack by im-
mune cells, growth factor-deprivation, and the hypoxic
and inflamed microenvironment.

In a recent publication, we showed that IL-1p secreted
by IRISOE TNBC tumor cells within the aggressiveness
niche recruited MSCs to the aggressiveness niche and
initiated strong bi-directional interactions with them
that led to CXCL1 secretion from MSCs. CXCL1 reacti-
vated IRISOE TNBC cells to secrete CCL2 and VEGF
that attracted TAMs and ECs, respectively. In the ag-
gressiveness niche, TAMs and ECs secreted S100A8 and
IL-8, respectively, that in cooperation with CXCL1 gen-
erated metastatic precursors that disseminated from the
tumors at an early stage [53]. We argued that these se-
creted factors could be an independent prognostic factor
for low recurrence-free survival (RSF) in IRISOE TNBC
patients [54] and showed that Anakinra (the FDA-ap-
proved IL-1p inhibitor) alone or together with SB265610
the CXCR2 (the receptor for CXCL1) inhibitor signifi-
cantly blocked MSC, TAM, and EC recruitment into IRI-
SOE TNBC tumors, reduced the circulating levels of
CCL2 and VEGE, tumor growth, and significantly im-
proved mice overall survival.

The present collection of studies supports a second
bi-directional interaction “IL-6/PGE,” between IRISOE
TNBC tumor cells and MSCs in promoting aggressive-
ness in IRISOE TNBC tumor cells. The fact that naive
MSCs are IL-6R-negative and induced to express the re-
ceptor upon exposure to IRISOE TNBC cells IL-6-rich
CM is important since it suggests that like Anakinra,
IL-6 inhibitors, such as “Tocilizumab,” the monoclonal
antibody (mAb) specific for the IL-6 receptor (IL-6R) cur-
rently in late phase clinical trials for rheumatoid arthritis
[55], is another valid combinatorial drug to be used with
IRIS-pep (or drug “in progress”) to treat women with IRI-
SOE TNBC tumors. IL-6 binds to a receptor complex
consisting of an 80-kDa ligand-binding chain, known as
IL-6R and a 130-kDa signal-transducing chain, named
gpl130 [56]. Unlike the ubiquitously expressed gp130,
IL-6R shows a highly limited expression pattern [57]. IL-6
binds to IL-6R first on target cells, initiating recruitment
of gp130 to the complex. IL-6 signaling activates primarily
the JAK/STATS3 signaling pathway but can also activate
the PI3’K/AKT and MAPK/ERK signaling pathways.

In the steady state, STAT3 resides in the cytoplasm,
whereas upon activation, it translocates to the nucleus,
mostly as a homodimer to bind a consensus DNA elem-
ent in target genes, including cyclin D1, Bcl-xL, c-Myc,
Mcll, VEGEF, and survivin [58] involved in cancer cell
proliferation, differentiation, survival, invasion, inflam-
mation, and immune-suppression functions. Our de-
tailed analysis showing lowered instead of enhanced
STAT3 phosphorylation on Y705 in naive MSCs
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following exposure to IL-6-rich IRISOE TNBC cells CM
(for 24-h as well as 30 min) is at the very least surprising.
However, the fact that treatment with rIL-6 (30 ng/ml)
also showed the same pattern validates our results.
STAT3 possesses two phosphorylation sites that are rele-
vant to function: Y705 and S727 [59]. Traditionally,
STAT3Y7%  phosphorylation is thought to trigger
dimerization and activation of the protein. However, re-
cent data have shown that non-phosphorylated STAT3
can activate transcription [60] as a dimer or in complex
with other transcription activators, such as IRF1 [61].
STAT3 activity can be exerted by nuclear transcriptional
effects, sequestration in signaling endosomes [62], or epige-
netically regulated by acetylation on K140 or K685 [63].
Moreover, phosphorylation of S727 alone or in concert with
Y705 may also confer STAT3 transcriptional activity [64].
Most importantly, p-STAT3%* intrinsically (not via the
negative regulatory loop through SOCS3) regulates the dur-
ation of STAT3 activity by promoting dephosphorylation of
p-STAT3Y%, which shortens the duration of transcrip-
tional activity [65]. The nuclear TC45 phosphatase is the
most likely candidate for the p-STAT3%*'-dependent de-
phosphorylation of p-STAT3Y7%. It is possible that TC45 is
also upregulated (alternatively activated) in MSCs by IL-6
secreted by IRISOE TNBC cells. This could, at least to
some extent, explain the underlying mechanism of our re-
sults, and obviously will be the subject of a follow-up study
shortly.

Our data also suggest that STAT3 signaling is ex-
tremely important for MSC proliferation and migration.
In contrast, AKT signaling, while having no effect on
MSC proliferation, is important for their migration.
Interestingly, ERK signaling, while also having no effect
on MSC proliferation, instead blocked MSC migration.
Similar data was recently published in different cell
types. For example, MAPK/ERK signaling inhibited
EGFR/PI3'K/AKT-mediated tissue factor (an initiator of
blood coagulation and a participant in cancer progres-
sion and metastasis) expression in MDA-MB-231 cells
[66]. Moreover, AKT inhibits MAPK’ role in the
steroid-induced increase of heart muscle contractility
[67]. Finally, inhibiting the AKT pathway, while activat-
ing the ERK pathway, contributes to neuronal apoptosis
[68]. It is possible that a similar situation also occurs in
MSCs exposed to IRISOE TNBC CM, where MAPK/
ERK signaling inhibits STAT3 and/or PI3’K/AKT-me-
diated migration.

Our studies also highlight the role of PGE, in the
MSC-enriched microenvironment within the aggressive-
ness niche in IRISOE TNBC tumors. PGE, activities are
mediated through the family of G protein-coupled re-
ceptors (EP1-4) that are linked to diverse intracellular
signaling pathways [69]. Blocking PGE, synthesis by
COX inhibitors, e.g., Celecoxib, reduces tumor
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metastasis [70]. Thus, blocking EP signaling on tumor
cells would also inhibit tumor metastasis [71]. Compared
to HME cells, IRISOE TNBC tumor cells express high
levels of at least two of these receptors: EP2 and EP4. It
is possible that CAFs-secreted PGE, elevates the meta-
static ability of IRISOE TNBC cells. This implies an in-
trinsic aggressiveness-inducing ability of IRISOE TNBC
tumor cells [34], which through secreting a high level of
IL-6 (and possibly others), recruit and activate MSCs to
enhance their own aggressiveness by reciprocally exacer-
bating EP2 and EP4 activation on tumor cells through
PGE,. This supports combining IRIS-pep with EP2 and/
or EP4 inhibitors and/or Tocilizumab to effectively in-
hibit the progression of IRISOE TNBC tumors.

Collectively, our data confirm the interesting concept
that some tumor types are endowed with an intrinsic
ability to promote their own aggressiveness. These tu-
mors, such as IRISOE TNBC secretome, intrinsically ac-
tivate the microenvironment to reciprocally activate
them. We recently proposed that IRISOE TNBC meta-
static precursors disseminate from early disease lesions
[17]. It is possible that because of the abundant hypoxia
and inflammation facing the earliest normal mammary
cells, some transform by upregulating IRIS expression
and becoming IRISOE TNBC cells. These cells become
metastatic precursors through recruiting and activating
the microenvironment and disseminate at an early stage.
It is thus possible to suggest that using diagnostic tools
such as those proposed here could facilitate identifying
IRISOE TNBC early disease lesions and treatment with
an anti-IRIS combined with an anti-IL-6R and/or
anti-EP2/4 inhibitors to block dissemination of meta-
static precursors and patients’ death.

Another provocative result from our studies is the fact
that naive MSCs, whether in co-culture or in vivo
co-injection assays, have completely opposite roles to-
ward IRIS-proficient vs. IRIS-deficient TNBC cells. It
seems that the bi-directional interactions with MSCs in
the form of “secreted factors” and/or “cell-cell interac-
tions” (see red Fig. 7f) are beneficial for IRISOE TNBC
cells, while detrimental for their IRIS-deficient counter-
parts (see blue Fig. 7f). It is also possible that loss of
IRIS expression/activity in IRISOE TNBC cells converts
them to cells that respond in an opposite manner to
MSC activity. The more important question is how? We
can offer four mutually exclusive and provocative sug-
gestions. All require much more future investigation.

Firstly, we suggest that the secretome of IRIS-deficient
TNBC tumor cells converts MSCs from pro-TNBC allies
to anti-TNBC cannibalists (perhaps, semi-phagocytes,
compare blue to red, Fig. 7f). A negative role for MSCs is
not a new observation. Human bone marrow-derived
MSCs prevented development of carcinogen-induced lung
cancer in a rat model [72], glioblastoma xenografts [73],
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liver cancer growth [74], inhibited leukemia/lymphoma
cell proliferation in vitro and in a mouse model of allogen-
eic bone marrow transplant [75], and migration and inva-
sion in breast cancer cells [76]. Some proposed that
paracrine factors secreted from human or mouse naive
MSCs negatively affect tumor cells through reducing
PI3K/AKT activation [74] or secretion of a tissue inhibitor
of metalloproteinase-1 and metalloproteinase-2 [76].

Secondly, we suggest that originally MSCs secrete factors
(soluble) that could harm IRISOE TNBC cells. Their recep-
tor could be masked in some fashion by IRIS overexpression
in TNBC tumor cells. Upon silencing/inactivation of IRIS,
this receptor becomes available, exposing the original nega-
tive effect of MSCs (compare red and blue Fig. 7f).

Thirdly, our most provocative suggestion is that the
masked factor is a membranous rather than a soluble
factor. It is possible that IRIS overexpression in TNBC
cells inhibits the expression or the surface presentation
of ligands/receptors (e.g., CD24 [17]), which might en-
gage with receptor/ligands constitutively expressed by
MSCs. The binding of the two would promote TNBC
cell death only when IRIS is silenced/inactivated in these
cells, and thus, the proposed ligand/receptor is exposed
to TNBC cell membranes. Our data (Fig. 6d and e) seem
to support the latter suggestion in that we observed the
negative effect of MSCs toward IRIS-silenced TNBC
cells in highly confluent co-culture rather than sub-con-
fluent cultures (e.g., started on day 2, Fig. 6d and e), ie.,
when cell-cell contact becomes more prominent.

Fourth, IRISOE TNBC cells express a receptor that
when engaging a ligand on MSC surface inhibits an in-
trinsic ability of MSCs to be anti-tumor cells. When IRIS
is silenced, and the expression of this proposed receptor
is decreased, the unmasking of MSC killing ability oc-
curs and tumor cells are attacked and killed. We prefer
the last two and are engaged in an intense search for
these receptors both on IRISOE (or silenced) TNBC
cells and MSCs.

Conclusions

The bi-directional interactions between BRCAI-IRIS-
overexpressing cells and MSCs generate fast growing
metastatic TNBC tumors. Suppressing BRCA1-IRIS ex-
pression using shRNA or activity using memetic inhibi-
tory peptides blocks TNBC tumor formation and their
metastatic ability and significantly prolongs patients’ sur-
vival. This was also observed in immunocompetent mice
using mouse TNBC tumor cells. We show for the first
time an unexpected destabilizing effect for CM from
IRISOE TNBC cells to p-STAT3Y7% in MSCs with im-
plication for therapies. We also show for the first time
an anti-tumor role for MSCs toward IRIS-deficient
TNBC cells, also with implication for therapies. For in-
stance, IRIS inactivation triggering the anti-tumor effect
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of resident MSCs could be pursued as a first-line therapy
to combat TNBC tumor formation, progression, and
drug-resistant recurrence to significantly reduce
TNBC-related mortalities. Finally, the gene set “IL-6 plus
PTGER2 plus PTGER4” once confirmed as a diagnostic
tool for detection of IRISOE TNBC tumor cells could
activate a treatment protocol directed at blocking the ac-
tivity of these factors to interrupt IRISOE TNBC tumor
cell/MSC-positive bi-directional feedback loop, which
could lead to better patient outcomes. Additionally, this
gene set could be used as a prognostic tool for the effi-
cacy of this treatment.

Additional files

Additional file 1: Figure S1. Inflammatory cytokine secretion from
IRISOE cells. Expression of IL-2, IL-3, IL-4, IL-5, IL-6, and IL-7 in condition
media (CM) of HME or IRISOE cells. Assay was performed three separate
times. (TIF 1514 kb)

Additional file 2: Figure S2. IRISOE induces the TNBC phenotype, while
silencing induces the luminal phenotype. The expression of IRIS in HME
cells or 3 1° orthotopic IRISOE TNBC tumor cell lines: IRIS291, IRIS292, and
IRIS293 (A); in MDA231 and MDA468 cells transfected with siLuc or silRIS
(B); in MDA-231, MD-468, and MDA-453 cells expressing shCtrl or shIRIS
(different from the siRNA, Q); and in MCF-7 and T47D cells expressing
vector or IRIS cDNAs (D). Morphology of normal HME cells (E) compared
to IRIS291 (F), IRIS292 (G), and IRIS293 (H) TNBC tumor cells. Morphology
of naive MSCs (I). Morphology of MDA-231/shCtrl (J) compared to
MDA-231/shIRIS (K), MDA-453/shCtrl (L) compared to MDA-453/shIRIS
(M), and MDA-468/shCtrl (N) compared to MDA-468/shIRIS (O) cells.
Morphology of MCF-7/vector (P) compared to MCF-7/IRIS (Q) and
T47D/vector (R) compared to T47D/IRIS (S). (TIF 12909 kb)

Additional file 3: Figure S3. Normalized mRNA expression of HIF-1a
mRNA (A) or protein (B) in HME, IRIS291, IRIS292, and IRIS293 cells
expressing siCtrl or siHIF-1a (72 h, n = 3). Data obtained in either part
using different HIF-1a siRNA. (TIF 1233 kb)

Additional file 4: Figure S4. Expression of IRIS in different IRISOE cell
clones (A), and p-STAT3Y”% in MSCs exposed to CM from these clones
for 24 h (B) or 30 min (C). (TIF 4820 kb)

Additional file 5: Figure S5. The co-staining or core or periphery of a
12 orthotopic mammary IRISOE TNBC tumor section with CD90 and
CD105. Arrows denote red blood cells non-specifically stained with
secondary antibodies (TIF 3083 kb)

Additional file 6: Figure S6. IRIS-silencing converts TNBC phenotype
into luminal phenotype in breast cancer cells. The expression of the
luminal biomarker; CK18 expression in shCtrl vs. shIRIS expressing MDA-
231 (A and B), MDA-468 (C and D), and MDA-453 (E and F). (TIF 81687 kb)

Additional file 7: Figure S7. Representative bright field, oil-red, Alizarin
Red S, PicriSirius images of MSC cells exposed to CM from HME (A-D),
IRIS291 (E-H), IRIS293 (I-L), MDA-231/shCtrl (M-P), MDA-231/shIRIS (Q-T),
MDA-468/shCtrl (U-X), and MDA-468/shIRIS (Y-BB) cells. (TIF 17281 kb)

Additional file 8: Figure S8. The growth kinetics of MDA-468/shCtrl
cells or MDA-468/shIRIS cell lines grown alone or in the presence of MSCs
(1,1) for 8 days. (TIF 1321 kb)

Acknowledgements
Wael is Dr. Lawrence & Mrs. Bo Hing Chan Tseu, American Cancer Society
Research Scholar.

Funding

This research is supported by a National Cancer Institute grant ROT CA194447.
The funding body had no role in the design of the study and collection,
analysis, interpretation of data, and in writing the manuscript.

Page 21 of 23

Availability of data and materials
Data sharing not applicable to this article as no datasets were generated or
analyzed during the current study.

Authors’ contributions

WeS performed the in vivo experiments, analyzed all the data, interpreted all
the data, and wrote the manuscript. DR performed some in vitro experiments.
BP performed some in vitro experiments. All authors read and approved the
final manuscript.

Ethics approval and consent to participate
Not applicable

Consent for publication
Not applicable

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

Author details

'Breast Cancer Program, San Diego Biomedical Research Institute, 10865
Road to Cure, Suite 100, San Diego, CA 92121, USA. 2Department of
Molecular Biology and Biophysics, University of Connecticut Health Center,
Farmington, CT, USA. 3Departmen‘[ of Molecular and Experimental Medicine,
The Scripps Research Institute, La Jolla, CA, USA.

Received: 5 September 2018 Accepted: 26 March 2019
Published online: 24 April 2019

References

1. Martins D, Schmitt F. Microenvironment in breast tumorigenesis: friend or
foe? Histol Histopathol. 2019;34(1):13-24.

2. YuT, DiG. Role of tumor microenvironment in triple-negative breast cancer
and its prognostic significance. Chinese J Cancer Res. 2017,29(3):237-52.

3. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell.
2011;144(5):646-74.

4. Wels J, Kaplan RN, Rafii S, Lyden D. Migratory neighbors and distant
invaders: tumor-associated niche cells. Genes Dev. 2008;22(5):559-74.

5. Joyce JA, Pollard JW. Microenvironmental regulation of metastasis. Nat Rev
Cancer. 2009,9(4):239-52.

6. Mishra PJ, Mishra PJ, Humeniuk R, Medina DJ, Alexe G, Mesirov JP, Ganesan
S, Glod JW, Banerjee D. Carcinoma-associated fibroblast-like differentiation
of human mesenchymal stem cells. Cancer Res. 2008,68(11):4331-9.

7. Quante M, Tu SP, Tomita H, Gonda T, Wang SS, Takashi S, Baik GH, Shibata
W, Diprete B, Betz KS, et al. Bone marrow-derived myofibroblasts contribute
to the mesenchymal stem cell niche and promote tumor growth. Cancer
Cell. 2011;19(2):257-72.

8. Lazennec G, Jorgensen C. Concise review: adult multipotent stromal cells
and cancer: risk or benefit? Stem Cells. 2008;26(6):1387-94.

9. Altoub M, Almusa A, Almajed M, Al-Nbaheen M, Kassem M, Aldahmash A,
Alajez NM. Pleiotropic effects of cancer cells' secreted factors on human
stromal (mesenchymal) stem cells. Stem Cell Res Ther. 2013;4(5):114.

10. Shi'Y, Su J, Roberts Al, Shou P, Rabson AB, Ren G. How mesenchymal stem cells
interact with tissue immune responses. Trends Immunol. 2012;33(3):136-43.

11. Rattigan Y, Hsu JM, Mishra PJ, Glod J, Banerjee D. Interleukin 6 mediated
recruitment of mesenchymal stem cells to the hypoxic tumor milieu. Exp
Cell Res. 2010;316(20):3417-24.

12. Ryan D, Sinha A, Bogan D, Davies J, Koziol J, EIShamy WM. A niche that
triggers aggressiveness within BRCAT-IRIS overexpressing triple negative
tumors is supported by reciprocal interactions with the microenvironment.
Oncotarget. 2017;8(68):113294.

13. EIShamy WM, Livingston DM. Identification of BRCAT-IRIS, a BRCAT locus
product. Nat Cell Biol. 2004;6(10):954-67.

14, Shimizu Y, Luk H, Horio D, Miron P, Griswold M, Iglehart D, Hernandez B,
Killeen J, EIShamy WM. BRCAT-IRIS overexpression promotes formation of
aggressive breast cancers. PLoS One. 2012;7(4):34102.


https://doi.org/10.1186/s13058-019-1131-2
https://doi.org/10.1186/s13058-019-1131-2
https://doi.org/10.1186/s13058-019-1131-2
https://doi.org/10.1186/s13058-019-1131-2
https://doi.org/10.1186/s13058-019-1131-2
https://doi.org/10.1186/s13058-019-1131-2
https://doi.org/10.1186/s13058-019-1131-2
https://doi.org/10.1186/s13058-019-1131-2

Ryan et al. Breast Cancer Research

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.
34.
35.

36.

(2019) 21:53

Blanchard Z, Paul BT, Craft B, EIShamy WM. BRCAT-IRIS inactivation
overcomes paclitaxel resistance in triple negative breast cancers. Breast
Cancer Res. 2015;17:5.

Sinha A, Paul B, Sullivan L, Sims H, El Bastawisy A, Yousef H, Zekri AR,
Bahnassy A, EIShamy WM. BRCAT-IRIS overexpression promotes and
maintains the tumor initiating phenotype: implications for triple negative
breast cancer early lesions. Oncotarget. 2016; In press.

Sinha A, Paul BT, Sullivan LM, Sims H, El Bastawisy A, Yousef HF, Zekri AN,
Bahnassy AA, EIShamy WM. BRCA1-IRIS overexpression promotes and
maintains the tumor initiating phenotype: implications for triple negative
breast cancer early lesions. Oncotarget. 2017;8(6):10114-35.

Halpern JL, Kilbarger A, Lynch CC. Mesenchymal stem cells promote
mammary cancer cell migration in vitro via the CXCR2 receptor. Cancer
Lett. 2011,308(1):91-9.

Senst C, Nazari-Shafti T, Kruger S, Honer Zu Bentrup K, Dupin CL, Chaffin AE,
Srivastav SK, Worner PM, Abdel-Mageed AB, Alt EU, et al. Prospective dual
role of mesenchymal stem cells in breast tumor microenvironment. Breast
Cancer Res Treat. 2013;137(1):69-79.

Zou A, Lambert D, Yeh H, Yasukawa K, Behbod F, Fan F, Cheng N. Elevated
CXCL1 expression in breast cancer stroma predicts poor prognosis and is
inversely associated with expression of TGF-beta signaling proteins. BMC
Cancer. 2014;14:781.

Erin N, Nizam E, Tanriover G, Koksoy S. Autocrine control of MIP-2 secretion
from metastatic breast cancer cells is mediated by CXCR2: a mechanism for
possible resistance to CXCR2 antagonists. Breast Cancer Res Treat. 2015;
150(1):57-69.

Jin K, Pandey NB, Popel AS. Simultaneous blockade of IL-6 and CCL5
signaling for synergistic inhibition of triple-negative breast cancer growth
and metastasis. Breast Cancer Res. 2018;20(1):54.

Gyamfi J, Lee YH, Eom M, Choi J. Interleukin-6/STAT3 signalling regulates
adipocyte induced epithelial-mesenchymal transition in breast cancer cells.
Sci Rep. 2018;8(1):8859.

Xu H, Zhou Y, Li W, Zhang B, Zhang H, Zhao S, Zheng P, Wu H, Yang J.
Tumor-derived mesenchymal-stem-cell-secreted IL-6 enhances resistance to
cisplatin via the STAT3 pathway in breast cancer. Oncol Lett. 2018;15(6):
9142-50.

Paul BT, Blanchard Z, Ridgway M, EIShamy WM. BRCAT-IRIS inactivation
sensitizes ovarian tumors to cisplatin. Oncogene. 2015;34(23):3036-52.
Rostovskaya M, Anastassiadis K. Differential expression of surface markers in
mouse bone marrow mesenchymal stromal cell subpopulations with
distinct lineage commitment. PLoS One. 2012;7(12):e51221.

Santo VE, Duarte AR, Popa EG, Gomes ME, Mano JF, Reis RL. Enhancement
of osteogenic differentiation of human adipose derived stem cells by the
controlled release of platelet lysates from hybrid scaffolds produced by
supercritical fluid foaming. J Control Release. 2012;162(1):19-27.

Ensley JF, Maciorowski Z, Pietraszkiewicz H, Klemic G, KuKuruga M, Sapareto
S, Corbett T, Crissman J. Solid tumor preparation for flow cytometry using a
standard murine model. Cytometry. 1987,8(5):479-87.

Mangi MH, Newland AC. Interleukin-3 in hematology and oncology: current
state of knowledge and future directions. Cytokines Cell Mol Ther. 1999;5(2):
87-95.

Dentelli P, Rosso A, Olgasi C, Camussi G, Brizzi MF. IL-3 is a novel target to
interfere with tumor vasculature. Oncogene. 2011;30(50):4930-40.

Konig A, Vilsmaier T, Rack B, Friese K, Janni W, Jeschke U, Andergassen U,
Trapp E, Juckstock J, Jager B, et al. Determination of interleukin-4, =5, =6, =8
and —13 in serum of patients with breast cancer before treatment and its
correlation to circulating tumor cells. Anticancer Res. 2016;36(6):3123-30.
Ramirez AG, Parma DL, Munoz E, Mendoza KD, Harb C, Holden AEC,
Wargovich M. An anti-inflammatory dietary intervention to reduce breast
cancer recurrence risk: study design and baseline data. Contemporary Clin
Trials. 2017,57:1-7.

Heo TH, Wahler J, Suh N. Potential therapeutic implications of IL-6/IL-6R/
gp130-targeting agents in breast cancer. Oncotarget. 2016;7(13):15460-73.
EIShamy WM, Sinha A, Said N. Aggressiveness niche: can it be the foster
ground for cancer metastasis precursors? Stem Cells Int. 2016;2016:4829106.
Rossi JF, Lu ZY, Jourdan M, Klein B. Interleukin-6 as a therapeutic target. Clin
Cancer Res. 2015;21(6):1248-57.

Czapla J, Matuszczak S, Wisniewska E, Jarosz-Biej M, Smolarczyk R, Cichon T,
Glowala-Kosinska M, Sliwka J, Garbacz M, Szczypior M, et al. Human cardiac
mesenchymal stromal cells with CD105+CD34- phenotype enhance the
function of post-infarction heart in mice. PLoS One. 2016;11(7):e0158745.

37.

38.

39.

40.

42.

43.

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

Page 22 of 23

Kim HS, Yun JW, Shin TH, Lee SH, Lee BC, Yu KR, Seo Y, Lee S, Kang TW,
Choi SW, et al. Human umbilical cord blood mesenchymal stem cell-derived
PGE2 and TGF-beta1 alleviate atopic dermatitis by reducing mast cell
degranulation. Stem Cells (Dayton, Ohio). 2015;33(4):1254-66.

Chae HK, Song WJ, Ahn JO, Li Q, Lee BY, Kweon K, Park SC, Youn HY.
Immunomodulatory effects of soluble factors secreted by feline adipose tissue-
derived mesenchymal stem cells. Vet Immunol Immunopathol. 2017;191:22-9.
Lee BC, Kim HS, Shin TH, Kang |, Lee JY, Kim JJ, Kang HK, Seo Y, Lee S, Yu
KR, et al. PGE2 maintains self-renewal of human adult stem cells via EP2-
mediated autocrine signaling and its production is regulated by cell-to-cell
contact. Sci Rep. 2016;6:26298.

Langroudi L, Hassan ZM, Soleimani M, Hashemi SM. Tumor associated
mesenchymal stromal cells show higher immunosuppressive and
angiogenic properties compared to adipose derived MSCs. Iran j Immunol.
2015;12(4):226-39.

Cheuk IW, Shin VY, Siu MT, Tsang JY, Ho JC, Chen J, Tse GM, Wang X,
Kwong A. Association of EP2 receptor and SLC19A3 in regulating breast
cancer metastasis. Am J Cancer Res. 2015;5(11):3389-99.

Xin X, Majumder M, Girish GV, Mohindra V, Maruyama T, Lala PK. Targeting
COX-2 and EP4 to control tumor growth, angiogenesis, lymphangiogenesis
and metastasis to the lungs and lymph nodes in a breast cancer model.
Laboratory Investigation. 2012,92(8):1115-28.

Bijian K, Kaldre D, Wang TT, Su J, Bouttier M, Boucher A, Alaoui-Jamali M,
White JH, Gleason JL. Efficacy of hybrid vitamin D receptor agonist/histone
deacetylase inhibitors in vitamin D-resistant triple-negative 4T1 breast
cancer. J Steroid Biochem Mol Biol. 2018;177:135-9.

Johnstone CN, Smith YE, Cao Y, Burrows AD, Cross RS, Ling X, Redvers RP,
Doherty JP, Eckhardt BL, Natoli AL, et al. Functional and molecular
characterisation of EO771.LMB tumours, a new C57BL/6-mouse-derived model of
spontaneously metastatic mammary cancer. Dis Model Mech. 2015;8(3):237-51.
Pettigrew CA, French JD, Saunus JM, Edwards SL, Sauer AV, Smart CE,
Lundstrom T, Wiesner C, Spurdle AB, Rothnagel JA, et al. Identification and
functional analysis of novel BRCA1 transcripts, including mouse Brcal-Iris
and human pseudo-BRCAT. Breast Cancer Res Treat. 2010;119(1):239-47.
Gonzalez ME, Martin EE, Anwar T, Arellano-Garcia C, Medhora N, Lama A,
Chen YC, Tanager KS, Yoon E, Kidwell KM, et al. Mesenchymal stem cell-
induced DDR2 mediates stromal-breast cancer interactions and metastasis
growth. Cell Rep. 2017;18(5):1215-28.

Wolfe AR, Trenton NJ, Debeb BG, Larson R, Ruffell B, Chu K, Hittelman W,
Diehl M, Reuben JM, Ueno NT, et al. Mesenchymal stem cells and
macrophages interact through IL-6 to promote inflammatory breast cancer
in pre-clinical models. Oncotarget. 2016;7(50):82482-92.

Lacerda L, Debeb BG, Smith D, Larson R, Solley T, Xu W, Krishnamurthy S,
Gong Y, Levy LB, Buchholz T, et al. Mesenchymal stem cells mediate the
clinical phenotype of inflammatory breast cancer in a preclinical model.
Breast Cancer Res. 2015;17:42.

Rhee KJ, Lee JI, Eom YW. Mesenchymal stem cell-mediated effects of tumor
support or suppression. Int J Mol Sci. 2015;16(12):30015-33.

Gyorffy B, Lanczky A, Eklund AC, Denkert C, Budczies J, Li Q, Szallasi Z. An
online survival analysis tool to rapidly assess the effect of 22,277 genes on
breast cancer prognosis using microarray data of 1,809 patients. Breast
Cancer Res Treat. 2010;123(3):725-31.

Buckley NE, Haddock P, De Matos SR, Parkes E, Irwin G, Emmert-Streib F,
McQuaid S, Kennedy R, Mullan P. A BRCAT deficient, NFkappaB driven
immune signal predicts good outcome in triple negative breast cancer.
Oncotarget. 2016;7(15):19884-96.

Bogan D, Meile L, El Bastawisy A, Yousef HF, Zekri AN, Bahnassy AA,
EIShamy WM. The role of BRCAT-IRIS in the development and progression
of triple negative breast cancers in Egypt: possible link to disease early
lesion. BMC Cancer. 2017;17(1):329.

SuZ Yang Z, Xu'Y, Chen Y, Yu Q. Apoptosis, autophagy, necroptosis, and
cancer metastasis. Mol Cancer. 2015;14:48.

van Verschuer VM, Hooning MJ, van Baare-Georgieva RD, Hollestelle A,
Timmermans AM, Koppert LB, Verhoog LC, Martens JW, Seynaeve C, van
Deurzen CH. Tumor-associated inflalmmation as a potential prognostic tool
in BRCA1/2-associated breast cancer. Hum Pathol. 2015;46(2):182-90.
Hennigan S, Kavanaugh A. Interleukin-6 inhibitors in the treatment of
rheumatoid arthritis. Ther Clin Risk Manag. 2008:4(4):767-75.

Wang SW, Sun YM. The IL-6/JAK/STAT3 pathway: potential therapeutic
strategies in treating colorectal cancer (review). Int J Oncol. 2014;44(4):
1032-40.



Ryan et al. Breast Cancer Research

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.

75.

76.

(2019) 21:53

Kishimoto T. IL-6: from its discovery to clinical applications. Int Immunol.
2010;22(5):347-52.

Aoki Y, Feldman GM, Tosato G. Inhibition of STAT3 signaling induces
apoptosis and decreases survivin expression in primary effusion lymphoma.
Blood. 2003;101(4):1535-42.

Mohr A, Chatain N, Domoszlai T, Rinis N, Sommerauer M, Vogt M, Muller-
Newen G. Dynamics and non-canonical aspects of JAK/STAT signalling. Eur J
Cell Biol. 2012,91(6-7):524-32.

Shen Y, Schlessinger K, Zhu X, Meffre E, Quimby F, Levy DE, Darnell JE Jr.
Essential role of STAT3 in postnatal survival and growth revealed by mice
lacking STAT3 serine 727 phosphorylation. Mol Cell Biol. 2004;24(1):407-19.
Yang J, Chatterjee-Kishore M, Staugaitis SM, Nguyen H, Schlessinger K, Levy
DE, Stark GR. Novel roles of unphosphorylated STAT3 in oncogenesis and
transcriptional regulation. Cancer Res. 2005,65(3):939-47.

Zhang L, Badgwell DB, Bevers JJ 3rd, Schlessinger K, Murray PJ, Levy DE,
Watowich SS. IL-6 signaling via the STAT3/SOCS3 pathway: functional
analysis of the conserved STAT3 N-domain. Mol Cell Biochem. 2006;288(1—
2):179-89.

Stark GR, Wang Y, Lu T. Lysine methylation of promoter-bound transcription
factors and relevance to cancer. Cell Res. 2011;21(3):375-80.

Yang J, Huang J, Dasgupta M, Sears N, Miyagi M, Wang B, Chance MR, Chen X,
Du Y, Wang Y, et al. Reversible methylation of promoter-bound STAT3 by
histone-modifying enzymes. Proc Natl Acad Sci U S A. 2010;107(50):21499-504.
Wakahara R, Kunimoto H, Tanino K, Kojima H, Inoue A, Shintaku H, Nakajima
K. Phospho-Ser727 of STAT3 regulates STAT3 activity by enhancing
dephosphorylation of phospho-Tyr705 largely through TC45. Genes Cells.
2012;17(2):132-45.

Hu C Huang L, Gest C, Xi X, Janin A, Soria C, Li H, Lu H. Opposite regulation
by PI3K/Akt and MAPK/ERK pathways of tissue factor expression, cell-
associated procoagulant activity and invasiveness in MDA-MB-231 cells. J
Hematol Oncol. 2012;5:16.

Buzaglo N, Rosen H, Ben Ami HC, Inbal A, Lichtstein D. Essential opposite
roles of ERK and Akt signaling in cardiac steroid-induced increase in heart
contractility. J Pharmacol Exp Ther. 2016;357(2):345-56.

Cui W, Li W, Han R, Mak S, Zhang H, Hu S, Rong J, Han Y. PI3-K/Akt and ERK
pathways activated by VEGF play opposite roles in MPP+-induced neuronal
apoptosis. Neurochem Int. 2011;59(6):945-53.

Narumiya S, Sugimoto Y, Ushikubi F. Prostanoid receptors: structures,
properties, and functions. Physiol Rev. 1999;79(4):1193-226.

Wang D, Wang M, Cheng Y, Fitzgerald GA. Cardiovascular hazard and non-
steroidal anti-inflammatory drugs. Curr Opin Pharmacol. 2005;5(2):204-10.
Ma X, Kundu N, Rifat S, Walser T, Fulton AM. Prostaglandin E receptor EP4
antagonism inhibits breast cancer metastasis. Cancer Res. 2006,66(6):2923-7.
Liu T, Zhu K, Ke C, Yang S, Yang F, Li Z, Zhang Z. Mesenchymal stem cells
inhibited development of lung cancer induced by chemical carcinogens in
a rat model. Am J Transl| Res. 2017;9(6):2891-900.

Pacioni S, D'Alessandris QG, Giannetti S, Morgante L, Cocce V, Bonomi A,
Buccarelli M, Pascucci L, Alessandri G, Pessina A, et al. Human mesenchymal
stromal cells inhibit tumor growth in orthotopic glioblastoma xenografts.
Stem Cell Res Ther. 2017;8(1):53.

Yulyana Y, Ho IA, Sia KC, Newman JP, Toh XY, Endaya BB, Chan JK, Gnecchi
M, Huynh H, Chung AY, et al. Paracrine factors of human fetal MSCs inhibit
liver cancer growth through reduced activation of IGF-1R/PI3K/Akt
signaling. Molecular Therapy. 2015;23(4):746-56.

Song N, Gao L, Qiu H, Huang C, Cheng H, Zhou H, Lv S, Chen L, Wang J.
Mouse bone marrow-derived mesenchymal stem cells inhibit leukemia/
lymphoma cell proliferation in vitro and in a mouse model of allogeneic
bone marrow transplant. Int J Mol Med. 2015;36(1):139-49.

Clarke MR, Imhoff FM, Baird SK. Mesenchymal stem cells inhibit breast
cancer cell migration and invasion through secretion of tissue inhibitor of
metalloproteinase-1 and -2. Mol Carcinog. 2015;54(10):1214-9.

Page 23 of 23

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Cell culture
	Antibodies and drugs
	Proliferation assay
	Cytokine array
	siRNA transfection
	Conditioned media transfer experiment
	Cytokine ELISA
	Co-culture experiment
	Western blot
	Immunohistochemistry
	MSC lineage differentiation
	MSC lineage staining assay
	Orthotopic and syngeneic mammary models
	Fluorescence-activated cell sorting
	TCGA meta-analysis using Kaplan-Meier plotter
	Statistical analysis

	Results
	In vivo evidence for the IL-6/PGE2-positive feedback loop
	Further in vivo evidence for the IL-6/PGE2-positive feedback loop
	The IL-6/PGE2-positive feedback loop is also observed in the immune-competent model
	IRISOE TNBC cells activate MSC fibrogenic PGE2-secreting fate, in vitro
	The opposing role of MSCs toward IRIS-proficient vs. IRIS-deficient TNBC cells
	Further evidence for the opposing role of MSCs toward IRIS-proficient vs. IRIS-deficient TNBC cells
	Human data support IL-6/PGE2-positive feedback loop enhancing TNBC tumor aggressiveness

	Discussion
	Conclusions
	Additional files
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

