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HER2-positive (HER2+) breast adenocarcinomas are a heterogeneous group in which hormone receptor (HR) status
influences therapeutic decisions and patient outcome. By combining genome-wide RNAi screens with regulatory
network analysis, we identified STAT3 as a critically activated master regulator of HR−/HER2+ tumors, eliciting
tumor dependency in these cells. Mechanistically, HR−/HER2+ cells secrete high levels of the interleukin-6 (IL-6)
cytokine, inducing the activation of STAT3, which in turn promotes a second autocrine stimulus to increase
S100A8/9 complex (calprotectin) production and secretion. Increased calprotectin levels activate signaling pathways
involved in proliferation and resistance. Importantly, we demonstrated that inhibition of the IL-6–Janus kinase 2
(JAK2)–STAT3–calprotectin axis with FDA-approved drugs, alone and in combination with HER2 inhibitors,
reduced the tumorigenicity of HR−/HER2+ breast cancers, opening novel targeted therapeutic opportunities.
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HER2/ERBB2 is a receptor tyrosine kinase found overex-
pressed in 15%–20% of breast tumors (HER2+ tumors)
(Hynes and Lane 2005). It belongs to a family of four recep-
tors (EGFR/HER1, HER2, HER3, and HER4) involved in
cell signaling networks regulating cell growth, survival,
and differentiation (Hynes and Lane 2005; Lemmon and
Schlessinger 2010). In general, EGFR/HER receptors are
activated through dimerization, which is promoted by
the binding of cognate growth factors. However, HER2 is
a unique member of the family and does not rely on direct
ligand binding for activation; instead, it is activated
through heterodimerization with other EGFR/HER fami-
ly members that are ligand-bound (Citri and Yarden
2006). When aberrantly overexpressed, HER2 is able to
homodimerize and initiate proliferation and prosurvival
signal transduction in a ligand-independent fashion (Citri
and Yarden 2006).

Despite the existence of several HER2-specific targeted
therapies that have drastically improved the treatment of
HER2+ patients (trastuzumab, lapatinib, TDM1, and per-
tuzumab), tumor progression remains transient (Hynes
and Lane 2005; Tagliabue et al. 2010). Thus, there is a
need to find complementary, therapeutic targets that
hold the potential for more effective treatments.
Although, HER2+ tumors are commonly considered as

a single entity, there is increasing evidence indicating
that important intrinsic differences associated with hor-
mone receptor (HR) status exist. Each of the two groups,
HR+ and HR−, represents about half of all HER2+ breast
cancers.
Compared with HR+/HER2+, HR−/HER2+ tumors

present worse histopathological characteristics (larger
size, lymph node involvement, higher American Joint

8These authors contributed equally to this work.
Corresponding authors: jose.silva@mssm.edu, califano@c2b2.columbia.
edu
Article published online ahead of print. Article and publication date are
online at http://www.genesdev.org/cgi/doi/10.1101/gad.262642.115.

© 2015 Rodriguez-Barrueco et al. This article is distributed exclusively
by Cold Spring Harbor Laboratory Press for the first six months after the
full-issue publication date (see http://genesdev.cshlp.org/site/misc/
terms.xhtml). After six months, it is available under a Creative Commons
License (Attribution-NonCommercial 4.0 International), as described at
http://creativecommons.org/licenses/by-nc/4.0/.

GENES & DEVELOPMENT 29:1–18 Published by Cold Spring Harbor Laboratory Press; ISSN 0890-9369/15; www.genesdev.org 1

 Cold Spring Harbor Laboratory Press on August 23, 2022 - Published by genesdev.cshlp.orgDownloaded from 

mailto:jose.silva@mssm.edu
mailto:jose.silva@mssm.edu
mailto:jose.silva@mssm.edu
mailto:califano@c2b2.columbia.edu
mailto:califano@c2b2.columbia.edu
mailto:califano@c2b2.columbia.edu
mailto:califano@c2b2.columbia.edu
http://www.genesdev.org/cgi/doi/10.1101/gad.262642.115
http://www.genesdev.org/cgi/doi/10.1101/gad.262642.115
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://genesdev.cshlp.org/
http://www.cshlpress.com


Committee on Cancer [AJCC] stage, and higher histologi-
cal grade) (Vaz-Luis et al. 2012).HR+/HER2+ tumors prefer-
entially recur in bones, while there is a strong trend for
more visceral metastases in the HR−/HER2+ cancers (Pal-
uch-Shimon et al. 2009; Vaz-Luis et al. 2012). Moreover,
despite a higher rate of pathologic complete responses
(pCRs) to neoadjuvant chemotherapy (Hurley et al. 2006;
Vaz-Luis et al. 2012), HR−/HER2+ patients still have an in-
creased risk of death within 5 years of diagnosis (Vaz-Luis
et al. 2012). Intrinsic differences betweenHR−/HER2+ and
HR+/HER2+ breast cancers are also found at themolecular
level, as highlighted by unsupervised cluster analysis of
gene expression profiles. The latter clearly identifies two
distinctHER2+ subtypes.Most tumors clinically classified
as HR+/HER2+ fall in the luminal B subtype, while most
HR−/HER2+ tumors are part of the HER2-enriched sub-
type (Perou et al. 2000; Sotiriou and Pusztai 2009).

Indeed, while HR+/HER2+ patients benefit from anti-
hormonal and HER2 targeted therapies (Kaufman et al.
2009), the outcome for HR−/HER2+ patients strongly de-
pends on their response to chemotherapy as well as anti-
HER2 therapy. Thus, to identify genes that represent nov-
el mechanistic dependencies in HR−/HER2+ breast cancer
cells, we designed an integrative approach that combines
functional genomic (RNAi screens) (Luo et al. 2008; Silva
et al. 2008) and computational (Basso et al. 2005;Margolin
et al. 2006; Carro et al. 2010; Lefebvre et al. 2010; Piovan
et al. 2013) algorithms.

Our integrative analysis identified STAT3 as a de novo
master regulator (MR) gene associated with HER2-medi-
ated transformation in HR− breast cancer cells. Impor-
tantly, we demonstrate that aberrant STAT3 activity is
necessary to maintain the HR−/HER2+ tumor state, thus
representing a nononcogene dependency in these tumors.
Mechanistically, we found that HR−/HER2+ breast tu-
mors secrete high levels of interleukin-6 (IL-6). This auto-
crine mechanism induces the activation of STAT3 via the
canonical Janus kinase 2 (JAK2)/STAT3 pathway. Aber-
rant STAT3 activity induces up-regulation and secretion
of the S100A8/9 complex (calprotectin), thus triggering a
second autocrine stimulus that enhances proliferation
and survival. As a result, disruption of the “IL-6–JAK2–
STAT3–S100A8/9 cascade” compromises HR−/HER2+

cell viability, suggesting that the components of this path-
way represent putative therapeutic targets in HR−/HER2
tumors. Importantly, small molecule inhibitors and
blocking antibodies for components of this double auto-
crine loop are already FDA-approved or in clinical trials.
Here, we demonstrate that blocking the IL-6 receptor
(IL-6R) with the humanized monoclonal antibody tocili-
zumab (Patel and Moreland 2010; Navarro-Millan et al.
2012), STAT3 inactivation with the dual JAK1/2 inhibitor
ruxolitinib (Mascarenhas and Hoffman 2012; Mesa et al.
2012), or calprotectin inhibition with the small molecule
inhibitor tasquinimod (Dalrymple et al. 2007, 2012), alone
or in combination with anti-HER2 therapies, compromis-
es the viability of HR−/HER2+ breast cancer cells. The
availability of FDA-approved inhibitors to target this nov-
elmechanism represents an exciting opportunity for rapid
translation of these findings to the clinics.

Results

Genome-wide RNAi screens and MR analysis
identify STAT3 as an essential MR gene in
HR−/HER2+ cells

To identify critical regulators of HR−/HER2+ breast
cancer cell homeostasis, we developed an integrative ap-
proach that combines pooled, genome-wide loss-of-func-
tion studies and systems biology methods for the reverse
engineering and interrogation of regulatory networks
(Fig. 1A).

RNAi is a powerful genetic strategy to interrogate gene
function by loss-of-function studies. We (Silva et al. 2008;
Rodriguez-Barrueco et al. 2013; Yu et al. 2013) and others
(Luo et al. 2008; Schlabach et al. 2008) have developed
RNAi-based genetic approaches to perform high-through-
put (HTP) screens in mammalian systems. Using this
technology, we performed genome-wide pooled RNAi
screens to find gene functions that are required to main-
tain the homeostasis of HR− mammary epithelial cells
transformed by the oncogene HER2. However, RNAi-
based screens suffer from high inherent noise and het-
erogeneity that can compromise the effective validation
of identified hits (Schultz et al. 2011). To reduce the can-
didate gene list size while increasing its robustness, we
decided to combine our genetic screens with computa-
tional approaches that are highly effective in identifying
MR genes of HR−/HER2+ tumors. These represent tran-
scription factors (TFs) and signaling proteins (SPs) that
are mechanistic regulators of the genes that are differen-
tially expressed between normal and transformed cells
from a repertoire of 780 expressed TFs and 2453 expressed
SPs that are expressed in HR−/HER2+ tumors. This is
accomplished by using MARINa (Master Regulator In-
ference Algorithm) (Carro et al. 2010; Lefebvre et al.
2010; Piovan et al. 2013) to interrogate regulatory net-
works (hereafter referred to as interactomes) inferred by
ARACNe (Algorithm for the Reconstruction of Accurate
Cellular Networks) (Basso et al. 2005; Margolin et al.
2006) from a large, tumor-specific gene expression profile
data set. Importantly, we showed that 20%–30% of the
MARINa-inferred MRs are essential for viability of the
cells that they regulate (Carro et al. 2010; Piovan et al.
2013), thus representing valuable tumor-specific targets.
We speculated that inhibiting MRs that are computation-
ally identified and also selected by the loss-of-function
screen would impact HER2-mediated transformation of
HR− mammary epithelial cells.

As the experimental model for the RNAi screens, we
chose mammary epithelial MCF-10A cells and an isogen-
ic variant transformed with an oncogenic form of HER2
(Wang et al. 2006), termed here MCF-10A/ErbB2∗. This
model system possesses several characteristics that
make it useful for our purposes. MCF-10A is a spontane-
ously immortalized, but nontransformed, human mam-
mary epithelial cell line (Soule et al. 1990; Debnath
et al. 2003). These cells exhibit numerous features of
normal breast epithelium, including diploid chromosome
genotype, lack of tumorigenicity in nude mice, lack of an-
chorage-independent growth, and dependence on growth
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Figure 1. Integrative functional studies identify STAT3 as a MR in HR−/HER2+ breast cancer cells. (A) Schematic representation of the
strategy followed to identify potential therapeutic targets in HR−/HER2+ breast tumors as described in the text. The left side shows a sim-
plified representation of the shRNA screening strategy. The right side summarizes MR analysis based on expression profiles from MCF-
10A and MCF-10A/ErbB2∗ models as well as from primary samples (TCGA [The Cancer Genome Atlas Network] and METABRIC [Mo-
lecular Taxonomyof Breast Cancer InternationalConsortium]) (for a detailed description, see theMaterials andMethods). The integration
of both approaches identified STAT3 as a putative target for HR−/HER2+ breast cancer cells. (B) Enrichment pathway analysis of the genes
that have a stronger inhibitory effect on the growth of MCF-10A/ErbB2∗ cells when compared with MCF-10A. (C ) Correlation of STAT3
activity (MR score) with the breast cancer subtype defined by HER2 and HR status in primary samples from theMETABRIC data set. The
number shown on the bars corresponds to the P-value for each correlation, and the dashed line indicates the significance threshold.
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factors for proliferation and survival. In contrast, MCF-
10A/ErbB2∗ cells are transformed and form tumors when
xenografted into immunocompromised mice. Important-
ly, parental MCF-10A cells are HR−, and, when grown
on basement membrane components (BCMs), these cells
activate a morphogenetic program that induces the devel-
opment of organotypic spheroid structures. Remarkably,
this three-dimensional (3D) model bears a much closer
resemblance to the in vivo epithelial context than classi-
cal two-dimensional (2D) cultures (Debnath et al. 2002,
2003).

Using this cell model, we completed three complemen-
tary RNAi screens (Fig. 1A). In the first screen, wild-type
MCF-10A andMCF-10A/ErbB2∗ cells were grown on stan-
dard tissue culture plates. In the second screen, these cells
were grown in the presence of BCM (extracellular matrix
[ECM]-Matrigel) to form organotypic structures. Finally,
we performed an in vivo screen by transplanting MCF-
10A/ErbB2∗ cells into the mammary fat pads of immuno-
compromised (SCID) mice. We reasoned that knockdown
of genes that specifically compromised the viability of
HER2 transformed cells in all screens may represent
strong tumor dependencies that are conserved indepen-
dently of the conditions and platform. Metaanalysis iden-
tified 355 genes fulfilling this criterion. Thirty-six of them
were TFs and/or signalingmolecules (Supplemental Table
S1). Pathway analysis showed that, as expected, silencing
components of HER2 as well as canonical MAPK signal-
ing have a stronger impact on the growth of MCF-10A/
ErbB2∗ cells when compared with nontransformed MCF-
10A (Fig. 1B; Supplemental Fig. S1A,B).

We then used MARINa to computationally identify
candidate MRs of HER2-mediated transformation of
MCF-10A/ErbB2∗ breast cancer cells (Fig. 1A). First, we
analyzed 359 gene expression profiles from TCGA (The
Cancer Genome Atlas Network) primary breast cancer
samples (The Cancer Genome Atlas Network 2012) to
construct breast cancer-specific regulatory (11,415 nodes
and 112,490 edges) and signaling (11,477 nodes and
180,220 edges) networks using ARACNe, an information
theory-based reverse-engineering approach (Basso et al.
2005; Margolin et al. 2006). For SPs, we used ARACNe
to identify theirmaximum information transfer (MIT) tar-
gets, as previously done for the identification of AKT1 as
the MR of glucocorticoid resistance in T acute lympho-
blastic leukemia (T-ALL) (Piovan et al. 2013). We then in-
terrogated these interactomes with genes differentially
expressed in the MCF-10A versus MCF-10A/ErbB2∗ cells
(in both 2D and 3D cultures) (see Supplemental Table
S2) using MARINa to identify the transcriptional (Carro
et al. 2010; Lefebvre et al. 2010; Aytes et al. 2014) and sig-
naling (Piovan et al. 2013) MRs that are mechanistic regu-
lators of HER2-dependent tumorigenesis in HR− cells.
These analyses showed significant overlap ofMARINa-in-
ferred MRs between the 2D and 3D experimental models
(Fig. 1A). In fact, there was a dramatic increase compared
with the poor overlap of signature genes, by conventional
differential expression analysis (Supplemental Fig. S1C).
This suggests that, while the programs that affect HER2-
mediated transformation in these two contexts are sub-

stantially different, their transcriptional and signaling reg-
ulators are highly conserved.

Integration of 120 MRs predicted by systems biology
analysis and 36 depleted candidates from metaanalysis
of RNAi screens identified STAT3, AGRN, and GLRX
as potential MRs of MCF-10A/ErbB2∗ tumorigenesis and
thus as candidate therapeutic targets (Supplemental Fig.
S1D). We further validated STAT3 andAGRN as essential
genes in MCF-10A/ErbB2∗ cells using additional shRNAs
that efficiently silence these genes but were not included
in the initial pool library (Supplemental Fig. S1E). Individ-
ual gene validation was performed through competition
assays. These assays are based on the ability of the shRNA
vectors to coexpress the shRNA of interest and a fluores-
cent protein. Cells expressing shRNAs were mixed in a
50/50 ratio with parental cells, which did not express
the hairpin; expression of the fluorescent reporter allowed
us to track the ratio of shRNA/non-shRNA cells by flow
cytometry (Supplemental Fig. S1E). Interestingly, STAT3
and AGRN showed no differential expression in either
2D or 3D, and conventional differential expression analy-
sis could not identify them; however, MARINa analysis
successfully inferred them as differentially activated (Sup-
plemental Fig. S1D). This is a recurrent theme, as virtually
all validatedMRs in other tumor contexts were not differ-
entially expressed (Carro et al. 2010; Piovan et al. 2013).

Next, we evaluated the MR activity of STAT3 and
AGRN in primary breast cancer samples. To avoid overfit-
ting, we used a METABRIC (Molecular Taxonomy of
Breast Cancer International Consortium) data set (Curtis
et al. 2012) independent of the TCGA data from which
the networks were derived. When we compared all major
clinical subtypes based on HR and HER2 status, STAT3
was the only one of the three MRs that consistently
emerged as a HR−/HER2+-specific MR (Fig. 1C; Supple-
mental Fig. S1F).

STAT3 silencing compromised HR−/HER2+ breast cancer
cell viability in vitro and in vivo

An increasing amount of evidence suggests a pivotal role
for STAT3 as a regulator of cancer cell homeostasis (Dar-
nell 2005; Weerasinghe et al. 2007). This includes breast
cancers, where high levels of phosphorylated STAT3 (p-
STAT3) are found in ∼50% of cases and are associated
with high expression levels of growth factor receptors
EGFR and HER2 (Berclaz et al. 2001; Berishaj et al. 2007;
Hartman et al. 2011). The canonical JAK/STAT pathway
consists of a series of membrane receptors that bind to a
family of cytoplasmic kinases, the JAKs, for signal trans-
duction (Rawlings et al. 2004). Association of the receptor
with its respective cytokine/ligand enables the transduc-
tion of the intracellular signal by phosphorylating and ac-
tivating TFs called STATs.

As shown by interactome analysis and RNAi screens,
multiple evidences suggest that the JAK/STAT pathway
is activated in HER2 transformed MCF-10A cells. Indeed,
we found that STAT1, STAT3, and STAT5 phosphoryla-
tion increased upon overexpression of both wild-type
ErbB2 and the mutant ErbB2∗ variant used in our screens
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(Fig. 2A; Wang et al. 2006). Additionally, a reporter assay
in which luciferase expression was controlled by the pro-
moter of the bona fide endogenous STAT3 target SOCS3
(Wormald and Hilton 2004) showed a more than fourfold
increase in MCF-10A/ErbB2∗ compared with parental
MCF-10A (Fig. 2B). Consistently, we found that endoge-
nous SOCS3 mRNA levels increased (fivefold) in ErbB2∗

transformed MCF-10A cells in both 2D and 3D cultures
(Fig. 2B). Critically, STAT3 activity was exclusively
linked to increased phosphorylation and not increased
expression (Fig. 2A). Remarkably, robust activation of
STAT3 was observed when MCF-10A cells were trans-
formed with HER2 but not any common breast cancer
drivers (Supplemental Fig. S2A). Overall, these data dem-
onstrate that HER2 overexpression selectively activates
the JAK/STAT pathway.
Next, we further validated STAT3 essentiality in MCF-

10A/ErbB2∗ cells. To prevent uncontrolled cell viability
loss when silencing STAT3, we opted for a doxycycline
(Dox)-inducible RNAi system. This system coexpresses
the shRNA of interest (shRNA sequence from the pool
screens) and a red fluorescent protein (RFP) under con-
trolled conditions (addition of Dox to the culture medi-
um). The expression of the fluorescent reporter was used
for tracking shRNA-expressing cells in competition as-
says, as described above (Supplemental Fig. S1E). As be-
fore, competition assays showed a progressive loss of
MCF-10A/ErbB2∗ cells following STAT3 silencing, while
no significant effect was observed in MCF-10A cells (Fig.
2C). Loss of cell viability was not limited to standard cul-
ture conditions and was also evident in in semisolid agar
medium and 3D cultures (Fig. 2D,E). STAT3 silencing
affected MCF-10A/ErbB2∗ cell growth not only in vitro
but also in vivo, and STAT3 knockdown cells showed re-
duced tumorigenicity in orthotopic NOD scid mouse xe-
nografts (Fig. 2F). Since parental MCF-10A cells are not
tumorigenic, we used MDA-MB-231 cells to study the ef-
fect of STAT3 silencing on HER2WT cells that lack signifi-
cant STAT3 activation in vivo (Supplemental Fig. S2B). As
expected, tumors generated by transplanting MDA-MB-
231 breast cancer cells were not affected by STAT3 knock-
down (Fig. 2G; Supplemental Fig. S2C,D).

STAT3 activation in HER2+ breast cancer is mediated by
autocrine secretion of IL-6 and JAK2 activation

We next investigated the mechanisms that may mediate
aberrant STAT3 activation. By comparing gene expression
profiles of parental and HER2 transformed MCF-10A
cells, we found strong up-regulation of multiple interleu-
kin molecules and their receptors (Fig. 3A). Remarkably,
the most up-regulated interleukin (>20-fold) was IL-6,
a bona fide STAT3 activator (Rawlings et al. 2004; Murray
2007). High levels of IL-6 mRNA were reflected in a
21-fold increase in the levels of secreted IL-6 into the
culture medium (Fig. 3B). Remarkably, incubation of
MCF-10A cells with MCF-10A/ErbB2∗ conditioned medi-
um strongly induced STAT3 phosphorylation, an effect
that was abrogated by the presence of IL-6R-blocking anti-
bodies (tocilizumab) (Fig. 3C; Supplemental Fig. S3A;

Navarro-Millan et al. 2012). These data confirm previous
observations linkingHER2-mediated transformationwith
a profound transcriptional activation of inflammatory
programs (Hartman et al. 2011).
Phosphorylation and activation of STAT proteins is

mostly mediated by JAK family members (Rawlings
et al. 2004; Murray 2007). However, in cancer cells with
constitutive growth factor receptor activation, it has
also been shown that STAT proteins can also be activated
by SRCkinases (Garcia et al. 2001). Thus, we used specific
pan-inhibitors of JAK and SRC protein families as well
as the dual EGFR/HER2 inhibitor lapatinib to identify
the specific mechanism of STAT3 activation (Fig. 3D).
These experiments showed that, in breast cancer cells,
short-term inhibition of JAK proteins completely blocked
STAT3 activation, while inhibition of SRC or HER2
did not have any effect. Note that we interrogated both
MCF-10A overexpressing the oncogenic (MCF-10A/
ErbB2∗) and the wild-type HER2 (MCF-10A/ErbB2) gene
because the mutant HER2 variant has been found to be
resistant to lapatinib (Wang et al. 2006). Next, we used
specific inhibitors of different JAK family members to
identify which one of them was responsible for aberrant
STAT3 activation, revealing JAK2 as its upstream activat-
ing kinase (Fig. 3E).
Remarkably, when we studied STAT3 phosphorylation

levels (pY705) and IL-6 expression in primary breast tu-
mors using the RPPA and mRNA expression data from
theTCGAbreast cancer data set (TheCancerGenomeAt-
las Network 2012), ER−/HER+ tumors presented both the
highest levels of IL-6 expression (Fig. 3F) and the strongest
correlation between IL-6 and STAT3 phosphorylation
(Fig. 3G).

S100A8 and S100A9 are direct targets of STAT3, playing
a critical role in HER2-mediated oncogenesis

When activated, STAT3 works as a TF regulating target
gene expression on the chromatin. In order to identify rel-
evant targets of STAT3 in the ER−/HER2+ context, we
compared gene expression profiles of MCF-10A cells fol-
lowing STAT3 activation (±IL-6 in the culture medium
for 6 h) as well as of MCF-10A/ErbB2∗ cells following
shRNA-mediated STAT3 silencing (Fig. 4A; Supplemental
Fig. S4A). To identify targets that are differentially ex-
pressed following STAT3 activation, we selected genes
that fulfill two criteria: (1) They are up/down-regulated
more than twofold, with P < 0.05 in MCF-10A cells
after IL-6 exposure, and (2) they showed an opposite trend
in MCF-10A/ErbB2∗ cells following RNAi-mediated
STAT3 silencing. As expected, STAT3 as well as SOCS3
were at the top of the list. Remarkably, other top genes in-
cluded S100A8 and S100A9 (Fig. 4A; Supplemental Fig.
S4B). High mRNA levels of S100A8/9 in our MCF-10A
model led to high protein levels both in the cell extract
and secreted in the medium (Fig. 4B).
S100A8 and S100A9 are small cytoplasmic calcium-

binding proteins that heterodimerize to form a complex
(calprotectin) that is secreted into the intercellular space
(Gebhardt et al. 2006; Ehrchen et al. 2009). Although
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Figure 2. RNAi-mediated silencing of STAT3 expression reduces the tumorigenicity of HR−/HER2+ breast cancer cells. (A) Western blot
analysis of STAT1, STAT3, and STAT5 phosphorylation in MCF-10A cells and its isogenic variants overexpressing ErbB2 wild type and
the oncogenic ErbB2YVMA mutant (ErbB2∗). (B) The left panel shows a scheme of the SOCS3 promoter subcloned upstream of the firefly
luciferase reporter gene. Blue squares indicate the predicted STAT-binding sequences present in the promoter. The graph below shows the
normalized luciferase signal when the SOCS3 promoter construct was transduced into MCF-10A and MCF-10A/ErbB2∗ cells. The right

panel shows the comparison of endogenous SOCS3 expression levels between MCF-10A/ErbB2∗ and parental MCF-10A cells grown in
plastic culture plates (2D) and Matrigel (3D). (C ) Competition assay to determine the viability of MCF-10A models when STAT3 was si-
lenced. Western blot analysis of STAT3 expression after the induction of silencing shRNAs with doxycycline (Dox) is shown in the top

panel. pTRIPZ represents the control vector. The bottom panel shows the relative abundance of MCF-10A and MCF-10A/ErbB2∗ cells
expressing control or STAT3 shRNAs (RFP+) through time after they were mixed at a 50:50 ratio with nontransduced cells at the initial
time point. Dashed lines correspond to the cells where STAT3 expression has been reduced by the induction of shRNA. Colony formation
assay in agar (D) and Matrigel (E) of MCF-10A/ErbB2∗ cells expressing Dox-inducible STAT3 shRNAs or the control vector pTRIPZ. Pic-
tures were taken 6 d after plating of the cells. (F ) Tumor growth of MCF-10A/ErbB2∗-expressing control (pTRIPZ) or shRNAs against
STAT3 (shSTAT3) when orthotopically injected into the intramammary fat pad (IMFP) of immunosuppressed SCID mice (N = 5). The
box plot represents theweight of the tumors after their extraction. The left panel shows the results whenDox is administered in the drink-
ing water immediately after the transplantation. The right panel shows the tumor growth when Dox is added after the tumor reached 0.3
cc. (indicated by the arrows). (G) Tumor growth and final weight when MDA-MB-231 cells are othotopically injected into the IMFP of
SCID mice and Dox is administered from the day of surgery. n = 5. (∗) P < 0.05.
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Figure 3. The autocrine loop IL6–JAK2 activates STAT3 in HR−/HER2+ breast cancer cells. (A, left) The heat map shows the most up-
regulated ILs and IL receptors, comparing MCF-10A/ErbB2∗ cells and parental MCF-10A cells. (Right panel) Further validation of IL-6
and IL-6R expression by quantitative RT–PCR (qRT–PCR) is also shown. (B) Images and quantification of cytokine antibody arrays (mea-
suring 42 different cytokines) incubated for 48 h with conditioned medium of either MCF-10A or MCF-10A/ErbB2∗ cells. Cytokines
strongly secreted in MCF-10A/ErbB2∗ cells compared with MCF-10A cells are highlighted in the image by squares, and the same color
code is used in the bar chart. The names of these secreted cytokines are shown above the bars. (C ) Western blot analysis of STAT3 phos-
phorylation in MCF-10A cells when incubated with MCF-10A/ErbB2∗ conditioned medium for 1 h and inhibition of its activation when
the cells are simultaneously treated with 50 µg/mL tocilizumab. (D) STAT3 phosphorylation after treatment of MCF-10A/ErbB2∗ and
MCF-10A/ErbB2 with either 1 µM pan-Src inhibitor-I, 1 µM pan-JAK inhibitor-I, or 1 µM lapatinib for 8 h was measured by Western
blot. (E) Determination of STAT3 phosphorylation inMCF-10A/ErbB2∗ cells after treatmentwith inhibitors of different JAK familymem-
bers for 24 h. All inhibitors were used at 1 µM concentration except CEP33779, which was used at 5 µM. The table below indicates the
specificity of each of the inhibitors. (F ) Box plot representing the expression of IL-6 in primary breast cancers classified according to their
estrogen receptor (ER) and HER2 status. For F andG, the data were obtained from the RPPA data set of the TCGA. Every dot represents a
sample, and the dashed line indicates the slope of the correlation. (G) Correlation between STAT3 phosphorylation and IL-6 levels in each
subtype of primary breast sample analyzed.
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Figure 4. S100A8 and S100A9 are transcriptional targets of STAT3. (A) The heatmap shows genes transcriptionally up-regulated inMCF-
10A cells when STAT3 is activated by 50 µg/mL IL-6 for 6 h and down-regulated in MCF-10A/ErbB2∗ cells when STAT3 is silenced with
two independent shRNAs. (B) Western blot analysis of S100A8 and S100A9 expression in MCF-10A and MCF-10AErbB2∗ whole extracts
as well as in their 48-h conditioned medium. (C ) Box plot representing the correlation between S100A9mRNA expression and HER2 im-
munohistochemistry score in primary breast cancers. Data were obtained from aMETABRIC data set. (D) Distribution of S100A9mRNA
expression in primary breast cancers according to tumor subtype as determined by ER and HER2 status. The slope of the correlation is
shown by the dashed line and is indicated at the top. (E) Correlation between S100A9 mRNA levels and STAT3 phosphorylation in
the primary breast cancer subtype. Datawere obtained from the TCGA data set. (F ) Ten-year Kaplan-Meier survival curve of breast cancer
patients classified according to the S100A9 expression in the tumor. Data were obtained from the METABRIC data set. S100A9 levels
above and under the median are considered high and low, respectively. (G) Analysis by Western blot of S100A8 and S100A9 levels
when STAT3 expression is silenced by Dox-inducible shRNAs. (H) SOCS3, S100A8, and S100A9 promoters were cloned in a luciferase
reporter vector. HEK293T cells were transfected with these constructs along with vectors expressing Renilla luciferase for normalization
purpose. The bar graph represents the normalized levels of luciferase expression from each of these constructs when STAT3was activated
for 6 h with 50 µg/mL IL-6 in the presence of different doses of the dual JAK1/2 inhibitor ruxolitinib. (I ) Determination of STAT3 binding
to the S100A8 and S100A9 promoters was performed by chromatin immunoprecipitation (ChIP) assay using MCF-10A cells expressing
V5-tagged STAT3. Blue squares in the promoter indicate putative STAT-binding sites, and the bars show the enrichment measured by
qRT–PCR after STAT3-V5 immunoprecipitation of cells incubated for 30 min with 50 µg/mL IL-6. (∗) Statistical significance < 0.05.
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they have been mainly studied in the context of the im-
mune system, S100A8/9 have been found to be up-regulat-
ed in multiple solid tumors and associated with poor
prognosis (Arai et al. 2008; Kawai et al. 2011; Grebhardt
et al. 2014).
Next, we analyzed the METABRIC data to investigate

whether overexpression of S100A8/9 was observed in
ER−/HER2+ primary breast tumors. These studies re-
vealed that mRNA levels of S100A8 and S100A9 are
strongly correlated (r = 0.94), suggesting coregulation (Sup-
plemental Fig. S4C). Furthermore, mRNA expression of
S100A8/9was strongly correlatedwithHER2 pathological
status (Fig. 4C). Importantly, ER−/HER2+ tumors present-
ed the highest S100A8/9 expression (Fig. 4D) as well as the
highest correlation between STAT3 phosphorylation and
S100A8/9 mRNA expression (the RPPA data set from
the TCGA breast cancer studywas used here) (Fig. 4E). Re-
markably, high S100A8/9 expression was associated with
lower breast cancer patient survival (Fig. 4F).
Taken together, these data suggest that expression of

S100A8/9 in ER−/HER2+ tumor cells is intimately linked
to aberrant STAT3 activation. To validate the dependency
of S100A8 and S100A9 expression on STAT3 activity,
we performed RNAi-mediated STAT3 silencing in
MCF-10A/ErbB2∗ cells. As expected, STAT3 knockdown
strongly reduced S100A8 and S100A9 expression (Fig.
4G). Both the S100A8 and S100A9 promoters present sev-
eral predicted STAT-binding sequences. Thus, we cloned
the S100A8, S100A9, and SOCS3 (positive control) pro-
moters to drive expression of a luciferase reporter (Supple-
mental Fig. S4D) and evaluated reporter gene induction
upon STAT3 activation. HEK293T cells transfected with
the reporters showed strong induction of luciferase ex-
pression after addition of IL-6 to the medium (Fig. 4H;
Supplemental Fig. S4E). Importantly, the effect was fully
abrogated when STAT3 activation was prevented by the
JAK1/2 inhibitor ruxolitinib (Fig. 4H; Mascarenhas and
Hoffman 2012; Mesa et al. 2012). To further investigate
whether regulation of S100A8 and S100A9 occurs by di-
rect binding of STAT3 to their promoters, we performed
chromatin immunoprecipitation (ChIP) assays. For this,
we first engineered MCF-10A cells expressing V5-tagged
STAT3. After checking that STAT3-V5 behaves identical-
ly to endogenous STAT3 (it is enriched in the nucleus af-
ter IL-6 exposure) (Supplemental Fig. S4F), STAT3-V5 was
immunoprecipitated from MCF-10A cells cultured in the
absence/presence of IL-6. Next, the presence of STAT3 in
S100A8 and S100A9 promoters was evaluated by quanti-
tative PCR (qPCR). These studies revealed a significant
enrichment of STAT3 in both promoters upon IL-6-medi-
ated STAT3 activation (Fig. 4I).
Since S100A8/9 are part of the transcriptional program

up-regulated by STAT3 in ER−/HER2+ mammary tumors,
we asked whether S100A8/9 are relevant for the essential
role of STAT3 in these cancer cells. Remarkably, shRNAs
targeting both S100A8 and S100A9 were also positive hits
in our RNAi screen (Fig. 5A). To study the role of S100A8
and S100A9, we first engineeredMCF-10A/ErbB2∗ cells to
express shRNAs targeting both genes under inducible
conditions (Supplemental Fig. S5A). We then studied

how S100A8/9 silencing impacts the tumorigenic poten-
tial of these cells. S100A8/9 silencing phenocopied the le-
thal effect induced by STAT3 inhibition in vitro (Fig. 5B,
C) and in vivo when MCF-10A/ErbB2∗ variants were
orthotopically injected in NOD scid mice (Fig. 5D).
Next, we reasoned that, if STAT3-dependent lethality

in MCF-10A/ErbB2∗ cells is mediated at least in part by
loss of S100A8/9 expression, then re-expression of these
genes should rescue the phenotype. To test this scenario,
we first transduced MCF-10A/ErbB2∗-expressing STAT3
targeting shRNAs with viral constructs expressing
S100A8 and S100A9. As these viral constructs coexpress
the cDNAs and fluorescent reporters, we were able to
use FACS to separate the transduced cells in bins express-
ing different amounts of S100A8 and S100A9 based on
fluorescence intensity (Supplemental Fig. S5B). Finally,
we also selected sorted cells expressing S100A8 and
S100A9 at the levels found in parental MCF-10A/ErbB2∗

cells (Supplemental Fig. S5B). When the tumorigenic po-
tential of these cells was assayed, we found that re-ex-
pression of S100A8/9 restored the tumorigenic potential
of MCF-10A/ErbB2∗ cells expressing STAT3 targeting
shRNAs in vitro (Fig. 5B) and in vivo (Fig. 5D).
Because S100A8/9 are proinflammatory cytokines that

influence the recruitment of immune cells (Gebhardt
et al. 2006; Ehrchen et al. 2009), in order to eliminate, as
much as possible, any contribution of the immune system
in the growth of the tumor cells, we repeated the above
studies using NOD scidγ mice (deficient in B and T cells,
macrofages, NK cells, and complement), These experi-
ments confirmed the importance of the autocrine sti-
mulus mediated by S100A8/9 (Fig. 5E).Finally, we also
asked whether up-regulation of S100A8/9 alone in non-
transformed cells is able to transform them. Experimental
up-regulation of S100A8 and S100A9 to the levels ob-
served in HER2 transformed MCF-10A cells by using the
viral cDNA constructs described above did not provide at-
tachment-independent growth abilities to MCF-10A cells
(Supplemental Fig. S5C).

S100A8 and S100A9 play a pivotal role in HER2-
mediated oncogenesis by promoting key proliferative
and survival signal transduction pathways

After demonstrating the critical role of S100A8/9 in
HER2-mediated oncogenesis in our HR−/HER2+ model,
we decided to investigate the specific mechanism. Expo-
sure to S100A8/9 has been shown to activate canonical
signal transduction pathways that are involved in tumor-
igenesis by increasing proliferation, resistance to stress,
and protein synthesis (Gebhardt et al. 2006; Hermani
et al. 2006; Ichikawa et al. 2011; Acharyya et al. 2012).
As the activation of particular signaling is often context-
dependent, we first decided to evaluate the activation of
these pathways in our model after cells are exposed to re-
combinant S100A8/9 protein.
In order to expose cells to physiologic S100A8/9 protein

levels, we first measured the amount of S100A8/9
proteins in the culture medium of MCF-10A/ErbB2∗

cells. Conditioned media with different numbers of cells
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growing exponentially for 48 hwere concentrated, and the
levels of S100A8/9 proteins were estimated by titrating
recombinant protein through a standard curve (Supple-
mental Fig. S6A). This study revealed that ∼75–150 ng of
S100A8 and S100A9 was present in the conditioned
media per 1 × 105 cells (Supplemental Fig. S6A). When
an equivalent amount of recombinant proteins was added
to the culture medium of MCF-10A cells, we observed a
robust increase in the phosphorylation levels (activation)
of ERK1/2 and AKT and a minor effect on phosphor-

P70S6K (Fig. 6A). Furthermore, MCF-10A cell prolife-
ration increased (Fig. 6B). It is well established that activa-
tion of the above-mentioned pathways is directly achieved
by EGFR/HER familymembers without the need for auto-
crine stimulation (Moasser 2007). Thus, it was important
to investigate whether the activation mediated by the
S100A8/9 autocrine mechanism is a way to amplify
the signal and achieve the high levels observed in HER2+

cells or is simply redundant. To answer this question,
we blocked S100A8/9 activity in MCF-10A/ErbB2∗ cells

Figure 5. S100A8 and S100A9 play a critical role in HER2-mediated oncogenesis. (A) Schematic representation of the rank of shRNAs
according to their Z-scores in the screen. Positions of the shRNAs that target STAT3 (blue), S100A8 (orange), and S100A9 (green) are
shown. (B) Colony formation assay in agar of MCF-10A/ErbB2∗ cells transduced with control vector (pTRIPZ), shRNA against STAT3
(shSTAT3), shRNAs against S100A8 and S100A9 (shS100A8/9), or shRNA against STAT3, where the expression of S100A8 and
S100A9 has been restored experimentally by transduction of c-DNAs (shSTAT3 + S100A8/9-cDNA). All vectors expressing shRNAs
were Dox-inducible. The chart bars represent the quantification of the number of colonies normalized to the pTRIPZ control. (C ) Growth
in ECM-Matrigel of cells fromB. Quantification of the effect of gene silencing in the growth of the acini is provided in the graphs showing
the size distribution of 50 acini. (∗∗∗) P < 10−5. (D) The top panel shows the growth of tumors (average ± SD) when the different variants of
MCF-10A/ErbB2∗ cells described in B were injected into the IMFP of NOD scid mice. n = 5. (E) The same experiments performed in D

when the cells were injected into the IMFP of NOD scidγ mice. n = 6. The box plot represents the final weight of the dissected tumors,
and a representative picture of each injected mouse is shown. The arrow indicates when 2 mg/mL Dox was added to the drinking water.
(∗) P < 0.05.
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Figure 6. S100A8 and S100A9 activate signal transduction pathways involved in tumorigenesis. (A) Western blot analysis of phosphor-
ylation levels of AKT, ERK1/2, and p70S6K in MCF-10A cells incubated with increasing doses of recombinant S100A8 and S100A9 for 6
h. (B) Increase in the number of MCF-10A cells incubated with different doses of S100A8/9 for 48 h as measured with Cell Titer Glo. The
fold changewas normalized to untreated cells. (∗) P < 0.05 (C ) Phosphorylation levels of HER2, STAT3, AKT, ERK1/2, and p70S6K inMCF-
10A/ErbB2∗ cells after treatment with increasing doses of the S100A9 inhibitor tasquinimod for 48 h. (D) Schematic representation of the
double autocrine loop in HR−/HER2+ breast cancer cells. FDA-approved inhibitors against different components of the pathway are indi-
cated in red. (E) TheWestern blot shows the phosphorylation levels of STAT3,AKT, and ERK1/2 aswell as S100A8 and S100A9 levels after
treatmentwith 50 µg/mL tocilizumab, 1 µM ruxolitinib, or 10 µM tasquinimod for 48 h. (F ) Quantification of Annexin V+ cells by FACS in
MCF-10A andMCF-10A/ErbB2∗ cells incubated with 50 µg/mL tocilizumab, 1 µM ruxolitinib, or 10 µM tasquinimod for 48 h. (∗) P < 0.05
(G) Immunohistochemical analysis of pSTAT3, Ki67, Caspase3, pAKT, and pERK1/2 levels inMCF-10A/ErbB2∗ orthotopic tumors. Cells
were injected into the IMFPof SCIDmice and allowed to growuntil they reached a volumeof 0.3 cc, when the treatmentwas administered
for 4 d as follows: 2 mg of tocilizumab per mouse, twice per week; 90 mg/kg ruxolitinib twice per day; or 10 mg/kg tasquinimod per day.
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using the specific S100A9 inhibitor tasquinimod (Dalrym-
ple et al. 2007, 2012). We found that, despite having the
same HER2+ phosphorylation levels as untreated cells,
blocking S100A8/9 significantly reduced the activation
levels of AKT, while less pronounced effects were ob-
served for ERK1/2 and P70S6K (Fig. 6C).

Our studies suggest the existence of a critical double au-
tocrine stimulus in HR−/HER2+ breast cancer cells. The
first stimulus is defined by the secretion of IL-6 to activate
STAT3 through the canonical JAK pathway. Once activat-
ed, STAT3 induces up-regulation of the S1008/9 dimer,
which is secreted and augments AKT activation and, to
a lesser extent, ERK1/2 and P70S6K (Fig. 6D). Importantly,
several compounds targeting key players of this double au-
tocrine loop are already available in the clinic, providing
exciting therapeutic opportunities (Fig. 6D; Supplemental
Fig. S6B). Tocilizumab is a humanized antibody against
the IL-6R. It is FDA-approved for the treatment of rheuma-
toid arthritis (RA) (Patel and Moreland 2010; Navarro-
Millan et al. 2012). Ruxolitinib is a JAK1/2 dual inhibitor
that has been recently FDA-approved to specifically treat
patients with myelofibrosis (Mascarenhas and Hoffman
2012;Mesa et al. 2012). Tasquinimod binds to and inhibits
the interactions of S100A9 and is actively being investi-
gated for the treatment of solid tumors, mostly prostate
cancers (Dalrymple et al. 2007, 2012).

Thus, we next studied the use of these inhibitors to re-
duce the levels of S100A8 and S100A9 proteins as well as
the activation of the signaling cascades described above.
As expected, treating MCF-10A/ErbB2∗ cells with tocili-
zumab or ruxolitinib strongly inhibited the expression
of S100A8 and S100A9 (Fig. 6E), and each of the three in-
hibitors significantly attenuated phosphor-AKT levels.
Remarkably, treatment with these inhibitors was asso-
ciated with increased apoptosis in MCF-10A/ErbB2∗ cells
compared with the parental MCF-10A line (Fig. 6F). Im-
portantly, we observed comparable results in vivo when
orthotopic models of MCF-10A/ErbB2∗ were treated with
the same inhibitors (Fig. 6G; Supplemental Fig. S6C).

Inhibition of IL-6R/JAK2/S100A9 represents a novel
target for patient-oriented therapies in HR−/HER2+

breast cancers

The studies described above suggest that inhibition of
IL-6R/JAK2/S100A9 represents a novel, mechanistically
motivated anti-cancer strategy in HR−/HER2+ breast can-
cers. In order to further investigate this possibility, we
completed a series of in vitro and in vivo studies to evalu-
ate tumor growth treatment with the above-described in-
hibitors. First, we selected a set of nine additional breast
cancer cell lines, representing the four subtypes (HR+/
HER2−, HR+/HER2+, HR−/HER2−, and HR−/HER2+) (Fig.
7A; Supplemental Fig. S7A). In these cells, we studied
STAT3 phosphorylation as well as S100A8 and S100A9
protein expression. Consistent with our model, HR−/
HER2+ cell lines presented both the highest phospho-
STAT3 levels and the highest S100A8 and S100A9 expres-
sion (Fig. 7A). Furthermore, exposing HR−/HER2+ HCC-
1954 cells to tocilizumab, ruxolitinib, and tasquinimod

reduced the levels of p-STAT3, P-AKT, and S100A8/9,
as seen in the MCF-10A/ErbB2∗ model (Supplemental
Fig. S7B).

All of these cell models were then plated in Matrigel
and individually treated with tocilizumab, ruxolitinib,
and tasquinimod. As expected, growth of HR−/HER2+

cells was significantly affected by these treatments, while
minor effects were observed in the remaining cells lines
(Fig. 7B shows only HR−/HER2+ cell lines; Supplemental
Fig. S7C,D shows the full set). Interestingly, in addition
to the HR−/HER2+ models, HCC-70 was the only cell
line that was strongly affected when treated with ruxoliti-
nib.Thiswas not surprising, as these cells have high levels
of p-STAT3 (Fig. 7A). Finally, to transition our studies to
an in vivo context,MCF-10A/ErbB2∗ cells were orthotopi-
cally transplanted into the mammary glands of NOD scid
mice and individually treated with each of the three in-
hibitors. As seen in vitro, treatment with tocilizumab,
ruxolitinib, and tasquinimod significantly reduced the
tumorigenic potential of MCF-10A/ErbB2 cells in vivo
(Fig. 7C; Supplemental Fig. S7E). To further complete
our preclinical studies, seven different orthotopically in-
jected cell lines in NOD scid mice representing the four
subtypes, a patient-derived HR−/HER2+ xenograft, and a
transgenic HER2+ breast cancer mouse model, FVB-Tg
(MMTV-Erbb2)NK1Mul/J (http://jaxmice.jax.org/strain/
005038.html), were treated with ruxolitinib . HER2+mod-
els were also treated with the humanized anti-HER2 anti-
body trastuzumab (Lewis Phillips et al. 2008) and the
combination of trastuzumab plus ruxolitinib. For these
in vivo studies, ruxolitinib was selected over tasquinimod
and tociluzumab because it is already FDA-approved for
cancer treatment. These studies confirmed that response
to ruxolitinib as a sole anti-cancer agent in all engrafted
HR−/HER2+ cells (MCF-10A/ErbB2∗, HCC-1954, and the
patient-derived xenograft [PDX]) was statistically signifi-
cant (Fig. 7D,E; Supplemental Fig. S7G,H). Interestingly,
the HR+/HER2+ line MDA-MB-361 showed minimal re-
sponse (not statistically significant) to individual treat-
ment with ruxolitinib and trastuzumab, which became
statistically significant when the animals were treated
in combination. The enhanced anti-tumor effect when
trastuzumab and ruxolitinib were used in combination
was confirmed in both HR+/HER2+ and HR−/HER2+ mod-
els in vivo (Fig. 7D,E; Supplemental Fig. S7G,H). As seen
in vitro, the HCC-70 model also responded to ruxolitinib
treatment in vivo.

Transgenic FVB-Tg(MMTV-Erbb2)NK1Mul/J females
developed multifocal tumors after pregnancy, and, con-
sistent with the xenograft models, we observed that
treatmentwith ruxolitinib reduced both the number of tu-
mors formed and the growth of individual tumor masses
(Fig. 7F).

Discussion

Breast cancer is not a homogeneousmalignancy but rather
a heterogeneous group of tumor diseases (Bertos and
Park 2011). Hyperactivation of HER2 has been classically
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Figure 7. Tocilizumab, ruxolitinib, and tasquinimod are efficient anti-cancer drugs in HR−/HER2+ breast cancer cells. (A) Western blot
analysis of STAT3 phosphorylation as well as S100A8 and S100A9 levels in a panel of breast cancer cell lines. HR and HER2 status is in-
dicated at the bottom. (B) Growth in ECM-Matrigel of HR−/HER2+ breast cancer models (MCF-10A/ErbB2∗, HCC-1954, and SUM-190)
when treated with inhibitors. Pictures were taken after 6 d of treatment with 200 µg/mL tocilizumab, 1 µM ruxolitinib, and 10 µM tas-
quinimod. A complete series of all 11 cell lines is shown in A, and additional drug doses are shown in Supplemental Figure S7. Quanti-
fication of the effect of drug treatment in the growth of the cells is provided in the graphs showing the size distribution of 50 acini. (∗∗∗) P <
10−5. (C ) Tumor growth of MCF-10A/ErbB2∗ cells injected into the IMFP of SCID mice. n = 6. Treatment was administrated as follows:
2 mg of tocilizumab per mouse, twice per week; 90 mg/kg ruxolitinib, twice per day; or 10 mg/kg tasquinimod per day. Representation
of the growth curves generated by the injection of breast cancer cell lines (D) or a patient-derived xenograft (PDX) (E) into the IMFP of
SCIDmice. n = >6 for all animal experiments shown inD and E. (F ) Three-month-old transgenic FVB-Tg(MMTV-Erbb2)NK1Mul/J female
animalsweremated and randomly assigned a treatment cohort when the absolute tumormass reached 100mm3. The left panel shows the
growth of the tumor masses as absolute tumor volume per mouse (multifocal masses). The right panel shows the growth kinetics of in-
dividual tumors. Three individual animals were analyzed per cohort. For all panels, mice were treated with herceptin (one loading shot of
30 mg/kg followed by administration of 15 mg/kg twice per week), ruxolitinib (90 mg/kg, twice per day), or the combination of both. The
black arrows indicate the point when the treatment was started (tumors reached 0.3 cc). (∗) P < 0.05, (∗∗) P < 0.01, (∗∗∗) P < 0.001.
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considered one of the determinants that define ∼20% of
all breast cancers, and, consequently, HER2+ breast can-
cers have been managed in the clinic as a homogeneous
group (Hynes and Lane 2005; Lemmon and Schlessinger
2010). However, emerging evidence has challenged this
view, revealing important intrinsic differences associated
with HR status (Perou et al. 2000; Paluch-Shimon et al.
2009; Sotiriou and Pusztai 2009; Vaz-Luis et al. 2012).

We and others have previously described screening
strategies based on genetic (Silva et al. 2008; Marcotte
et al. 2012) and small molecule (Gupta et al. 2009; Heiser
et al. 2012) inhibitors aimed to identify the Achilles’ heel
of tumor cells based on specific aspects of their biology.
Similarly, we showed that analysis of regulatory networks
can identify MR genes that are necessary and sufficient
for tumor survival (Carro et al. 2010; Piovan et al. 2013;
Aytes et al. 2014). Here, we describe the design and re-
sults of the first integrative analysis that combines
both methodologies to identify novel therapeutic targets
for HR−/HER2+ breast cancers. Our studies identified
that HR−/HER2+ breast cancers robustly activate the
IL-6–JAK2–STAT3–calprotectin cascade. Importantly,
we also demonstrated that the tumorigenic potential of
these cells is dependent on the activation of this autocrine
cascade.

Activation of STAT3 in metastatic progression is well
established and has been associated with myeloid cell re-
cruitment (Chang et al. 2013), angiogenesis (Chang et al.
2013), epithelial–mesenchymal transition (Wendt et al.
2014), and migration (Barbieri et al. 2010a). However, its
potential role in the maintenance of breast cancer cell ho-
meostasis is not clear. While STAT3 is dispensable to ini-
tiate tumorigenesis in HER2-driven mouse mammary
models (Barbieri et al. 2010b), blocking STAT3 signaling
in some cancer cell models compromises their tumorige-
nicity (Marotta et al. 2011; Chang et al. 2013). Arguably,
poor understanding of the molecular determinants that
define STAT3 activation as an essential hub in some cells
but not in others prevents us from considering therapies
targeting its activation.

Here, we report that HR−/HER2+ breast cancers are
especially sensitive to inhibition of STAT3 activation.
Mechanistically, we identified the downstream targets
of STAT3 (S100A8 and S100A9) as responsible, at least
partially, for this sensitivity. S100A8 and S100A9 are
calcium-binding proteins that heterodimerize, forming
a complex called calprotectin that is secreted (Gebhardt
et al. 2006; Ehrchen et al. 2009). While the role of
S100A8/9 as proinflammatory mediators secreted by im-
mune cells is well documented, S100A8/9 proteins are
also found up-regulated in multiple solid tumors and as-
sociated with poor prognosis characteristics (Arai et al.
2008; Kawai et al. 2011; Grebhardt et al. 2014). Indeed, au-
tocrine and paracrine exposure to calprotectin activates
key signaling pathways involved in tumorigenesis (Geb-
hardt et al. 2006; Hermani et al. 2006; Ichikawa et al.
2011; Acharyya et al. 2012). Our data using immuno-
compromised mouse models lacking all major immune
cells (NOD scidγ) reveal that, in the context of HR−/
HER2+ breast cancers, S100A8/9 secreted by the tumor

cells is an important mediator of tumorigenesis that
increases the phosphorylation of AKT and, to a lesser ex-
tent, ERK.

How can the above-mentioned observations explain the
sensitivity of HR−/HER2+ breast cancer cells to inhibition
of the IL-6–JAK2–STAT3–calprotectin cascade? Aberrant
AKT activity is a key event commonly seen in human
cancers that positively impacts most cancer hallmarks,
including cell cycle, survival, metabolism, motility,
genomic instability, angiogenesis, and inflammatory cell
recruitment (Testa and Tsichlis 2005; Fruman and Rom-
mel 2014). AKT is directly stimulated by activation of
growth factor receptors, including HER2, through canon-
ical PI3K–PIP3 signals. Additionally, cross-talkwith other
pathways and feedback loops modulate the final activity
of AKT (Testa and Tsichlis 2005; Fruman and Rommel
2014). Our results suggest that overexpression and secre-
tion of S100A8 and S100A9, as detected in HR−/HER2+

cells, also contribute to aberrant AKT activity. It is thus
plausible that inhibiting S100A8/9 secretion may reduce
AKT activity (despite an otherwise unchanged stimulus
from oncogenic HER2) to a point that becomes critical
for these cancer cells. Although several receptors for
S100A8/9 have been identified (RAGE [Turovskaya et al.
2008], TLR4 [Kallberg et al. 2012], and EMMPRIM [Hibino
et al. 2013]), how the signal is transmited to AKT is not
characterized. It will be important to dissect the signaling
pathways that connect S100A8/9 with AKT, as additional
therapeutic alternatives may emerge.

An additional consideration regarding the sensitivity
of HR−/HER2+ cells is that STAT3 has been found activat-
ed in stem cell-like breast cancer cells, and its inhibition
was shown to reduce their viability (Marotta et al. 2011;
Chung et al. 2014). Thus, the anti-tumor response ob-
served may also be a reflex of the inhibition of the stem
cells inside HR−/HER2+ cancers. Although HR−/HER2+

cancer cells were the most sensitive to the inhibition
of the IL-6–JAK2–STAT3–calprotectin axis, we observed
that STAT3 blockade with ruxolitinib also affects the
growth of a HR+/HER2+ model—especially when com-
bined with anti-HER2 therapy—as well as some breast
cancer cells with high levels of p-STAT3 (see Fig. 7D; Sup-
plemental Fig. 7G). Remarkably, the link between HER2,
STAT3, and stem cell-like cells has also been described in
HR+ breast cancers, which could explain this effect (Mar-
otta et al. 2011; Chung et al. 2014). Overall, the studies de-
scribed here unveil the IL-6–JAK2–STAT3–calprotectin
cascade as an Achilles’ heel of HR−/HER2+ tumors. Im-
portantly, our preclinical studies demonstrating anti-
cancer activity of FDA-approved drugs (ruxolitinib and
tociluzumab) as well as of a compound that is currently
being evaluated in clinical trials (tasquinimod) open new
avenues for a rapid transition of our findings to the clinic.
Indeed, our data serve as the basis for investigating the
combination of ruxolitinib and trastuzumab in a phase
I/II, multicenter trial in patients with metastatic breast
cancer that has progressed on prior HER2 targeted therapy
(ClinicalTrials.gov identifier NCT02066532). If a clinical
benefit is identified, inhibition of the IL-6–JAK–STAT3–
calprotectin axis by ruxolitinib would represent a novel,
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non-chemotherapy-containing, orthogonal anti-cancer
strategy for HER2+ breast cancers.

Materials and methods

Pooled shRNA screening

MCF-10A andMCF-10A/ErbB2∗ cells were infectedwith a pool of
virus generated from the Open BiosystemGIPZ lentiviral human
shRNA library that comprises 58,493 shRNA targeting 18,651
genes. After infection, cells were cultured in triplicate in standard
plastic plates for 10 doubling times or embedded in ECM-Matri-
gel for 1 wk. In addition, MCF-10A/ErbB2∗ cells were injected
in triplicate into the intramammary fat pad (IMFP) of immuno-
compromised mice to perform the in vivo screening. Experimen-
tal details are described in Rodriguez-Barrueco et al. (2013). Data
analysis details are described in Yu et al. (2013).

Data-driven network reconstruction of breast cancer

Weused a data-driven approach,ARACNe, to reconstruct a breast
cancer interactome from 359 TCGA breast cancer gene expres-
sion profiles. We then applied ARACNe against 1597 probes
corresponding to 780 TFs to establish a TF-centered interactome
and against 6434 probes for 2453 signalingmolecule genes to con-
struct a SP-focused network. The parameters of the algorithm
were configured as follows: P-value threshold, P = 1 × 10−7; DPI
tolerance, e = 0; and number of bootstraps, NB = 100. We used
the adaptive partitioning algorithm for mutual information
estimation.

Gene expression arrays

For gene expression arrays, MCF-10A and MCF-10A/ErbB2∗

RNAs were extracted using RNeasy extraction kits and labeled
using the low-input QuickAmp labeling kit (Agilent, no. 5190-
2331) following the manufacturer’s instructions. Finally, labeled
RNAs were hybridized on an Illumina HT12v3 microarray. The
experiment was performed with an n = 6.
MCF-10A cells were treated with 50 µg/mL IL6 for 1 h. In par-

allel, MCF-10A/ErbB2∗ infected with inducible shRNAs against
STAT3 were incubated with 100 ng/mL Dox for 5 d. RNA from
each condition was extracted with RNeasy extraction kit, la-
beled, and hybridized on a humanGE 4x44K version 2microarray
kit (Agilent, no. G4845A).
Gene expression data have been uploaded, and the Gene Ex-

pression Omnibus accession number assigned is GSE62251.

MR analysis

We interrogated the TCGA breast cancer interactomes and
applied MARINa to identify key master transcriptional or sig-
naling drivers for MCF-10A/ErbB2∗ cells or HR−/HER2+ breast
cancer samples in TCGA orMETABRIC data. For the gene set en-
richment analysis method in MARINa, we applied the “max-
mean” statistic to score the enrichment of the gene set and
used a sample permutation to build the null distribution for stat-
istical significance.

Viral production and infection

Lentiviral productionwas achieved by transfecting phoenix pack-
aging cells with jet-PEI (Polyplus, #101-10N) in combinationwith
the lentiviral plasmids (shRNA listed below, pLOC_S100A8, and

pLX304-Blast-V5_STAT3) and the pCMV-dR8.91 and pMD.G
helper plasmids at a ratio of 2:1:1, respectively (Rodriguez-Bar-
rueco et al. 2013). The same conditionswere employed to produce
retroviral particles by combining the retroviral plasmids (pBABE-
HERYVMA and pLPCX-RFP_S100A9) with the retroviral helper
plasmids Psi and VSVg. A detailed protocol is in the Supplemen-
tal Material as well as precious publications (Rodriguez-Barrueco
et al. 2013).

S0CS3, S100A8, and S100A9 promoter cloning

and luciferase assay

To measure luciferase activity, phoenix cells were plated at 70%
confluence in 96-well plates. Twenty-four hours later, cells were
transfected with 50 ng of pGL3 constructs containing the pro-
moter sequences in combination with a Renilla normalization
control using jet-PEI transfection reagent. After 24 h, relative lu-
ciferase units (RLU) were measured using the Dual-Glo Lucifer-
ase assay system (Promega, #E2949).

Soft agar colony formation assay

Cells were plated in semisolid medium as follows: 35-mm plates
were layered with 0.6% agar (Spectrum Chemical, AG110) and
medium, and 5.0 × 103 cells permilliliter were seeded in triplicate
in the second layer of 0.3% agar and medium and cultured in
the appropriate growth medium. Colonies were stained with 1
mg/mL MTT (Sigma, M2128) after 3 wk of incubation, photo-
graphed, and counted, and the average ± standard deviation was
represented.

3D basement membrane cultures

Wells in 24-well low-attachment plates (Corning, no. 3473) were
precoated with a layer of 200 µL of 100% ECM-Matrigel per well
(BD Biosciences, no. 354230) and allowed to gel at 37°C. Cells
were trypsinized and diluted at densities of 1 × 105 or 2 × 105 cells
per milliliter in assay medium (DMEM/F12 supplemented with
5% HS, 0.5 µg/mL hydrocortisone, 100 ng/mL cholera toxin,
10 µg/mL insulin, 4 ng/mL EGF, 5% ECM-Matrigel). Fresh assay
mediumcontaining the drugs at the indicated concentrationswas
added every day. Pictures were taken after 6 d of treatment.

Mice

Animal maintenance and experiments were performed in accor-
dance with the animal care guidelines and protocols approved
by the Columbia University animal care unit. Eight-week-old fe-
male NOD.CB17-Prkdcs SCID mice (Harlan) were injected with
5 × 106 cells resuspended in Matrigel (BD Biosciences):normal
growth medium (1:1) into the fat pad mammary gland. Dox was
added to drinking water at a final concentration of 2.0 mg/mL.
Tumor growth was monitored twice a week with calipers at
the site of injection. Animals were sacrificed when tumor size
reached 1.5-cm diameter.

ChIP

MCF-10A and MCF-10A/STAT3-V5 cells (untreated cells and
cells treated with 50 µg/mL IL6 for 30 min) were grown to
80%–90% confluency in 150-mm culture dishes. After washing
with PBS, cells were fixed and cross-linked using a truChIP
HighCell chromatin shearing kitwith SDS shearing buffer (Cova-
ris, no. 010128) following the manufacturer’s instructions.
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The next day, anti-V5-conjugated beads were resuspended in
1 mL of blocking buffer. Nuclear extracts (100 µL) were added
to the bead solution and incubated overnight at 4°C on a rotator.
After 12 h, beads were collected, and DNAwas obtained by stan-
dard protocols (detailed in the Supplemental Material).
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