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Abstract

Systemic inflammation in breast cancer correlates with poor prognosis but the molecular
underpinnings of this connection are not well understood. In this study, we explored the
relationship between HER2 overexpression, inflammation and expansion of the mammary stem/
progenitor and cancer stem-like cell (CSC) population in breast cancer. HER2-positive epithelial
cells initiated and sustained an inflammatory milieu needed to promote tumorigenesis. HER2
induced a feed-forward activation loop of IL-1a and IL-6 that stimulated NF-xB and STAT3
pathways for generation and maintenance of breast CSC. In mice, 111a genetic deficiency delayed
MMTV-Her2-induced tumorigenesis and reduced inflammatory cytokine expression as well as
CSC in primary tumors. In clinical specimens of human breast tumor tissues, tissue microarray
analysis revealed a strong positive correlation between IL-1a/IL-6 expression and CSC-positive
phenotype. Pharmacologic blockade of IL-1a signaling reduced the CSC population and improved
chemotherapeutic efficacy. Our findings suggest new therapeutic or prevention strategies for
HER2-positive breast cancers.
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Introduction

Considerable clinical evidence have established a strong association between inflammation
states and cancer development (1). Furthermore, levels of chronic inflammation are
correlated with the risk of breast cancer recurrence after primary therapy (2). Inflammatory
cytokines have been shown to link oncogenic signaling to generation and maintenance of
cancer stem cells (CSCs) (3,4). Human epidermal growth factor receptor 2 (HER2) is
overexpressed in about 25% of all breast cancers and is associated with an aggressive
behavior, high rate of relapse, and poor prognosis (5). MMTV-HerZ2 transgenic animal
developed tumors with inflammatory patterns based on gene expression profiling that
corresponded to the proinflammatory gene expression patterns found in human tumors (6,7).
Several /n vitro studies have demonstrated that HER2 overexpression in breast cancer cells
increased 1L-6 production (8). Consistently, Korkaya et al. concluded that activation of an
IL-6-NF-xB inflammatory loop mediates trastuzumab resistance in HER2+ breast cancer by
expanding the CSC population (9). It has been reported that HER2 downstream PI13-
kinase/AKT pathway is activated in the putative CSC subpopulations of several HER2
positive cell lines (10). It seems to be logical to propose that HER2 activates the IL-6-NF-
xB signaling loop via its canonical downstream PI3/AKT pathway in breast CSCs. In
contrast, there is evidence suggesting that HER2 activates NF-xB independent of the
PI3/AKT pathway in breast cancer cells (11). In animal models, the canonical NF-xB
pathway governs HER2-induced tumorigenesis and CSC expansion. However, the precise
mechanisms to link HER2-induced inflammation and tumorigenesis /77 vivo have not been
established.

In this study, we found that HER2 overexpression induced IL-1a secretion to trigger cancer-
cell driven inflammatory circuits, which is required for sequential activation of NF-xB-IL6-
STAT3 axis for generation and maintenance of CSCs both /n vitroand in vivo. Given that the
feed-forward inflammation loop can be sustained by small percentages of HER2-positive
breast cancer and even surrounding normal epithelial cells, our study may provide an
alternative explanation for the efficacy of HER2-blocking agents in HER2-negative breast
cancer cells classified by the arbitrary cutoff (12,13).

Materials and Methods

Cell lines

The detailed procedures of plasmid construction, cell culture, antibody and immunoblot,
flow cytometry, microarray analysis, qRT-PCR, ChIP-gPCR, shRNA-mediated knockdown,
luciferase reporter assay, microarray, tumorsphere formation assay, CRISPR/Cas9-mediated
genomic editing, immunochemical staining, animal injections as well as key reagents are
described in Supplemental Experimental Procedures.

MCF10A, MCF7 and HCC1954 were purchased from ATCC in 2013. MCF10A-vector and
HER?2 cell lines were provided by Dr. Shizhen Emily Wang (University of California at San
Diego). MDA-MB361 cells were obtained from Dr. Saraswati Sukuma, Johns Hopkins
University, in 2008. Cells were grown under standard conditions. Cell lines were tested for
Mycoplasma via PCR using the Universal Mycoplasma Detection Kit (ATCC).
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All animal experiments were approved by the institutional animal care and use committee at
the University of South Carolina. /a7~ mice (14) were backcrossed to wild type FVB/N
mice for at least 6 generations and then crossed to N-Tg(MMTV-Neu) 202Mul/J mice (JAX
lab) to generate MMT\~Her2/Il1a*/~ mice. The MMT\V-Her2/Il1a®’~ mice were intercrossed
to generate MMTV-Her2/ll1a™*, MMTV-Her2/Il1a*/~ and MMT\V-Her2/ll1a™~ mice.

Tissue microarray

Statistics

Results

TMASs used de-identified tumor samples and were considered exempt by the Institutional
Review Boards of the University of South Carolina. The tissue array samples from breast
cancer patients were provided by the Chonnam National University Hwasun Hospital
National Biobank of Korea, which is supported by the Ministry of Health, Welfare and
Family Affairs. Characterization of clinicopathological features of patients was based on the
Cancer Staging System from the American Joint Committee (Table S1). The core tissue
biopsies exhibiting carcinoma with a diameter of 2 mm were punched from individual donor
paraffin-embedded tissue blocks and precisely arrayed into a new recipient block. Four-
micron sections of TMA blocks were cut and used for IHC analysis.

All results were confirmed in at least three independent experiments, and all quantitative
data are presented as mean = SD or SEM as indicated. Student’s t test or one-way ANOVA
test was employed for analyzing quantitative variables. Drug synergy effects were
determined using CompuSyn software. The association between IHC staining and the
clinicopathologic parameters of the breast cancer patients was evaluated by the Fisher
extract or Chi-square test. Survival curves were evaluated using Kaplan-Meier method and
the differences between those survival curves were tested by log-rank test.

HER2 overexpression triggers inflammatory circuits to enhance stem-like properties in
pre-neoplastic tissues and breast epithelial cells

In addition to direct oncogenic effect, a chronically inflamed microenvironment possessed
many other mechanisms to promote progression of a preneoplastic lesion. Cancer prone
transgenic mice serve as models for autochthonous tumor formation. 100 % of MMT\V-Her2
heterozygous transgenic mice develop palpable tumors starting at around 6 months old and
with a median incidence of around 8 months (15). We hypothesized that HER2-induced
inflammation promotes tumorigenesis by enhancing stem-like properties. Consistent with
our previously published data (16,17), overexpression of Her2resulted in expansion of
epithelial progenitor cell population (defined as CD49f™edCD24Ni cells) in the pre-neoplastic
tissues (Fig. 1A). Previous gene profiling data have indicated that tumorigenesis in Her2-
transgenic mice are associated with activation of pro-inflammatory pathways (6). To verify
this observation, we examined cytokine and chemokine expression in pre-neoplastic and
age-matched normal mammary glands, and found that the expression of many cytokines/
chemokines were significantly upregulated in mammary gland tissues of MMT\V-Her2
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transgenic mice compared to normal mice (Fig. 1B). Because the mammary gland is not
commonly susceptible to chronic inflammation, we examined the expression of these
cytokines in isolated mammary epithelial cells. Similarly, the expression of several cytokines
including IL-1a and IL-6 were upregulated (Fig. 1C), suggesting that HER?2 overexpressing
mammary epithelial cells may be responsible for initiation and maintenance of a pro-
inflammatory environment during tumorigenesis.

To confirm that HER2 induces inflammatory circuits in breast epithelial cells, we performed
microarray analysis to obtain the gene expression profiles of HER2-overexpressing normal
epithelial MCF10A and control cells. Ontology analysis of microarray data revealed that a
high proportion of these significantly affected genes were inflammatory genes (37 of 616
probes, p<0.0001) (Fig. 1D and S1A). We further validated the expression levels of the
selected inflammatory genes including /LIA, /IL1B, CXCL1, CCL20, IL6, and CXCL8
using real-time RT-PCR analysis (Fig. 1D). Given that IL-6 has been shown to induce breast
CSCs (3,9,18,19), we examined the effect of these cytokines on induction of a stem-like
(CD44*CD24") population in MCF10A cells. We treated MCF10A-vector and MCF10A-
HER2 cells with these cytokines for 6 days and measured the percentage of CD44*CD24"~
cells. We found that treatment with IL-1a, IL-1p and IL-6, but not with CXCL1, CCL20, or
CXCL-8, caused expansion of the CD44*CD24" population in MCF10A-vector cells (Fig.
1E). However, none of these cytokines or chemokines further increased the percentage of
CD44*CD24 cells in MCF10A-HER2 cells, presumably because MCF10A-HER?2 cells
already express high levels of both IL-1a and IL-6. Indeed, gene set enrichment analysis
(GSEA) indicated that IL-1a production and IL-6 downstream signaling pathways were
significantly enriched in MCF10A-HER?2 cells compared to control MCF10A cells (Fig.
S1A-S1E). Additionally, we utilized mammosphere formation assay, a surrogate reporter of
stem cell activity (20), and confirmed that MCF10A-HER2 cells treated with IL-1a, IL-1p
or IL-6 promoted tumor sphere formation (Fig. 1F). Taken together, these data imply that
HER2-induced pro-inflammatory circuits, including activation of IL-1a, IL-1p and IL-6
pathways may promote tumorigenesis by increasing stem-like properties of pre-neoplastic
and transforming breast epithelial cells.

Secreted IL-1a and IL-6 in HER2-positive epithelial and cancer cells are responsible for
constitutive activation of NF-kB and STATS3, respectively

Given that IL-1a, IL-1p and IL-6 were reported to activate multiple downstream signaling
pathways including MAPK, PI3K/AKT, NF-xB, and STAT3 in some cultured cells (21), we
investigated whether these pathways are activated by IL-1a, IL-1p or IL-6 in breast cancer
cells. Interestingly, none of these cytokines significantly activated AKT, relative to their
basal level expression; however, IL-1a and IL-1p modestly induced ERK phosphorylation,
peaking at 15 min post treatment (Fig. 2A and Fig. S2). Both IL-1a and IL-1p strongly
induced the activation of NF-xB pathways within 5 min, but IL-1a-mediated NF-xB
activation was more sustainable (Fig. 2A). Although the IL-6-NF-xB signaling loop has
been proposed to be critical for maintenance of breast CSCs (3,9), we did not observe a
significant activation of NF-xB signaling by IL-6 at any time point. However, IL-6
stimulated a potent, rapid, and transient phosphorylation of STAT3 that reached a maximum
level by 15 min after treatment (Fig. 2A). In comparison, STAT3 phosphorylation stimulated
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by IL-1a and IL-1pB was delayed for 60 min and relatively less robust. Collectively, these
findings suggest that HER2 overexpression upregulates IL-1 and IL-6 expression, which
seem to mainly stimulate NF-xB and STAT3, respectively, in MCF10A cells.

In accordance with our above results, previous studies have detected constitutively activated
NF-xB and STAT3 in breast tumors, especially HER2-positive tumors (22,23). We
hypothesized that overexpression of HER2 in breast cancer cells may activate NF-xB and
STAT3 pathways through secreted IL-1a, IL-1p and IL-6. To test this hypothesis, we
performed ELISA analysis to examine the expression levels of IL-1a, IL-1f and IL-6 in the
culture medium of HER2-overexpresing MCF10A cells and control cells. As expected,
IL-1a and IL-6 were upregulated in MCF10A-HER?2 cells compared to control cells, while
the expression of IL-1p was barely detectable (Fig.S3A-C and S4A-B). Since IL-1p is
solely active as a secreted product, it may not play a critical role in our system. To further
elucidate the signaling pathways, we generated /L 1A and /L6 knockout MCF10A-HER?2
cells using CRISP/Cas9 system (Fig. S3A and S4A-C). We then tested whether secreted
IL-1a and IL-6 were responsible for activation of NF-xB and STAT3, respectively, by
measuring the signaling response of MCF10A cells cultured in conditioned medium from
wild type, /L1A™~, or /L6~ MCF10A-HER2 cells. We found that conditioned medium
from parental MCF10A-HER?2 cells strongly induced activation of STAT3, and that addition
of IL-6 neutralizing antibody to the conditioned medium greatly diminished this effect (Fig.
2B). In contrast, conditioned medium from parental MCF10A-HER2 cells induced NF-xB
activation, which was largely blocked by addition of soluble IL-1 receptor (Fig. 2B).
Consistently, conditioned medium from two clones of /L1A™'~ or /L6~ MCF10A-HER2
cells were unable to activate NF-xB or STAT3 pathways, respectively (Fig. 2B).

To verify that IL-1a and IL-6 signaling are required for maintenance of constitutive
activation of NF-xB and STAT3 pathways in HER2-positive breast cancer cells, we blocked
IL-1a and IL-6 signaling with IRAK1 and JAK2 inhibitors (24) (25). As expected, treatment
with IRAK1 and JAK2 inhibitors resulted in a rapid decrease of p65 and STAT3
phosphorylation levels in MCF10A-HER?2 (Fig. 2C and 2D) and several endogenous HER2-
overexpressing breast cancer cell lines (Fig. SSA-B). In contrast, treatment with Lapatinib, a
dual inhibitor of EGFR and HER2, ablated HER2-mediated phosphorylation of ERK and
AKT within 15 minutes, but had no effect on the phosphorylation status of p65 and STAT3
over two hours of treatment (Fig. S6A). Additionally, inhibition of NF-xB and STAT3
signaling did not occur until 8-12 hours of lapatinib treatment (Fig. S6B). In a
complementary experiment, we treated HER2-positive SKBR3 breast cancer cells with
HER2-agonist (26), and found that activation of HER2 signaling induced phosphorylation of
AKT and ERK1/2 within 10 minutes, but failed to activate NF-xB and STAT3 pathways
even after 90 minutes of treatment (Fig. S6C). Collectively, these findings suggest that NF-
kB and STAT3 pathways are not directly activated by either MAPK or PI3K/AKT kinases,
which are immediately downstream of HER2. Instead, we propose that HER2
overexpression mediates the upregulation and secretion of IL-1a and IL-6 to initiate and
maintain the constitutive activation of NF-xB and STAT3, respectively, in breast cancer
cells. Consistent with our /n vitro data, immunohistochemical (IHC) staining and western
blot assay confirmed increased phosphorylation levels of p65 and STAT3 in mammary
epithelial cells of MMTV-Her2transgenic mice (Fig. 2E and S7).
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NF-xB and STAT3 signaling pathways are critical for HER2-induced expansion of CSC-like

cells

To determine the contribution of different HER2-downstream signaling pathways to expand
the CSCs population, a variety of chemical inhibitors were used to specifically block HER2
(Lapatnib), MAPK (PD0325901), PI3K/AKT (LY290042), SRC (PP2), NF-xB (JSH23),
and STAT3 (Stattic) pathways. All of these inhibitors effectively blocked the corresponding
pathways (Fig. S8A). Treatment of MCF10A-HER?2 and HER2-positive HCC1954 breast
cancer cells with STAT3 or NF-xB inhibitor resulted in a significant reduction in the
percentage of CD44*CD24" cells (Fig. 3A). Treatment with MAPK or PI3K inhibitors
moderately decreased the percentage of CD44*CD24™ cells. The effects of drug treatment
on tumor sphere formation efficiency also reflected the changes in the proportion of
CD44*CD24~ cell populations (Fig. 3B). To exclude possible off-target effects associated
with the reduction of CSC-like cells by STAT3 and NF-xB inhibitors, we utilized siRNA to
specifically knockdown the expression of p65 and STAT3 (Fig. 3C). Consistently, specific
knockdown of p65 and STAT3 in HCC1954 cells resulted in a reduction of CD44*CD24~
cells (Fig. 3C). Interestingly, no direct correlations existed between the inhibition of cell
growth and reduction of CSCs after drug treatment, although all of the drug treatments had
negative effects on cell growth to some extent (Fig. S8B). Together, these data suggest that a
modest level of MAPK and PI3K/AKT activation may be necessary for cell proliferation and
survival, whereas NF-xB and STAT3 signaling pathways are critical for HER2-mediated
expansion of CSCs.

HER2 induces sequential activation of IL-1a and IL-6 sighaling for maintenance of CSCs

Since we demonstrated that i) inhibition of either NF-xB or STAT3 pathway dramatically
reduced the proportion of CSC-like populations in HER2-overexpressing cells (Fig. 3C); ii)
IL-1a treatment delayed STAT3 activation (Fig. 2A); and iii) IL-6 treatment accelerated
STAT3 activation (Fig. 2A); we sought to explain our results by HER?2 inducing a sequential
activation of IL-1a and IL-6 signaling. To test this sequential activation model, we treated
wild type, /L1A™~, and /L6~ MCF10A cells with either IL-1a or IL-6 cytokine to monitor
the signaling response for two hours (Fig. S3A-S3C and 3E). As expected, exogenous IL-1a
and IL-6 were sufficient to activate NF-xB and STAT3 in both /.24~ and /L67/~ cells (Fig.
3D). However, knockout of /L6 completely abolished IL-1a-induced delayed activation of
STAT3, indicating that delayed activation of STAT3 by IL-1a is mediated via induction of
IL-6 expression (Fig. 3D). To investigate the relative contribution of IL-1a and IL-6
signaling in regulation of CSCs, we measured the CD44"CD24~ population and sphere
formation abilities after cytokine treatment of parental, /L1A™~ and /L6~ MCF10A cells
for 6 days. As shown in Fig. 3F, IL-1a or IL-6 cytokine treatment of wild type cells induced
a 10-fold increase in the CD44*CD24 population. Both IL-1a and IL-6 cytokine treatment
of /L 1A cells were sufficient to induce the expansion of CD44*CD24™ population to the
same level as wild type cells (Fig. 3E). However, in /L6 cells, IL-1a treatment only
slightly increased the proportion of CD44*CD24" cells while IL-6 treatment largely restored
its function (Fig. 3E). A very similar pattern was observed in the sphere formation assay
(Fig. 3F). These data reinforces our hypothesis that IL-1a acts upstream of IL-6 in breast
cells.
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To explore the molecular mechanisms of HER2-mediated sequential upregulation of IL-1a
and IL-6 expression, we treated MCF10A-HER2 cells with a variety of chemicals to
specifically block putative HER2-downstream pathways and measured /L 1A and /L6 mMRNA
levels (Fig. 4A). ERK1/2 and NF-xB inhibition reduced IL-1a expression by 80% and 50%,
respectively. In contrast, NF-xB inhibitor treatment silenced IL-6 expression, while ERK1/2
inhibition reduced its expression by about 70% (Fig. 4A). PI3K kinase inhibitor slightly
increased the expression levels of IL-1a and IL-6, possibly due to the inhibitory effects of
PI3K/AKT activity on MAPK kinase pathway (27,28). To identify the specific
transcriptional factors that directly regulate /L 1A and /L6 expression, we performed
transient transfection assays to examine the effects of several candidate transcriptional
factors on the promoter activity of /L1A and /L6 in HER2-overexpressing and control
MCF10A cells (Fig. 4B). /L 1A promoter activities were increased by 5-6 fold by PU.1 or
NF-xB in control cells and further enhanced by another 4-5 folds in HER2-overexpressing
cells (Fig. 4C), implying that HER2-signaling may post-transcriptionally regulate the
activities of PU.1 and NF-xB. ChlIP analysis confirmed that both PU.1 and NF-xB could
bind to the /L 1A promoter (Fig. 4D). Given that transcriptional activation ability of PU.1
may be activated by ERK1/2 kinase (29), we treated HER2-positive cells with MAPK
inhibitor. Indeed, MAPK kinase inhibitor treatment completely blocked the binding of PU.1
to /L1A promoter (Fig. 4D). Among the transcriptional factors we studied, only that of NF-
B could bind to the /L6 promoter (Fig. 4E), which was partially blocked by MAPK
inhibitors (Fig. 4F and 4G). Collectively, these data support a model of HER2-induced
sequential activation of IL-1a and IL-6 signaling pathways, as further evidenced by: i)
HER2 upregulating IL-1a expression via MAPK-mediated activation of PU.1 transcription
factor; ii) secreted IL-1a binding to its receptor and activating NF-xB, which subsequently
binds to and activates /L ZA and /L-6 promoters via a feedback mechanism; iii) Secreted
IL-6 binding to its receptor and activating the downstream STAT3 transcriptional factor (Fig.
4H).

Knockout of IL1A inhibits HER2-induced tumorigenesis via reducing CSCs and dampening
inflammatory microenvironment in vivo

To investigate the role of the sequential activation of IL-1a and IL-6 signaling on
maintenance of breast CSCs, /L1A™~, /L67~, and HER2 knockdown (HER2 KD as a
positive control) HCC1954 cell lines were generated using CRISP9 system (Fig. S9A). The
loss of cytokine production in the supernatants from these knockout (KO) cells was
confirmed by ELISA analysis (Fig. S9B). The effect of /L 1A and /L6 deficiency on
CD44*CD24~ population was assessed by FACS. As shown in Figure 5A, the percentage of
CD44*CD24~ population was greatly diminished in /1A 7~ cells than in wild type
HCC1954. Similarly, /L6 deficiency resulted in a drastic reduction in the percentage of
CD44*CD24~ population (Fig. 5A). Further, the role for IL-1a and IL-6 on maintenance of
breast CSCs was verified by sphere formation assay (Fig. 5B). To further evaluate the effects
of /L1A and /L6 deficiency on the tumorigenicity of HCC1954 cells in vivo, we performed a
series dilution transplantation assay. KO of either /L1A or /L6 drastically reduced tumor
initiation efficiency (Supplementary Table S1), which was consistent with tumors from /LA
=/~ and /67~ cells growing much slower than those from parental line HCC1954 (Fig. 5C).
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Taken together, both IL-1a and IL-6 are required for maintenance of CSC population /n
vitro and the tumorigenicity of HCC1954 cells /n vivo.

To further evaluate the role of IL-1a in HER2-induced tumorigenesis at a physiologically
relevant condition, we crossed //Za/~ mice with MMTV-Her2transgenic mice. Knockout of
//1asignificantly delayed Her2-induced tumor onset and partially inhibited tumor metastasis
(Fig. 5D and 5E). FACS analysis revealed a significant reduction in the proportion of CSCs
(CD49fiCD61N cells) in both primary tumors from MMTV-Her2/ll1a*"~ and MMTV-Her2/
/112~ mice compared to control mice (Fig. 5F) (17). In addition, loss of //Za expression
caused a systematic reduction of a panel of inflammatory cytokines and chemokines (Fig.
5G), with //6being one of the most significantly downregulated cytokine genes in //1a-
knockout mice, thus supporting the sequential activation mechanism as proposed.
Consistently, NF-xB and Stat3 signaling pathways was partially blocked in the primary
tumor samples from MMTV:Her2/Il1a”~ mice and almost completely blocked in MMTV-
Her2/ll1a™~ mice (Fig. S10). Together, these data suggest that I11a promotes Her2-induced
tumor onset and progression via maintenance of an inflammatory microenvironment and
population of CSCs

IL-1a and IL-6 expression are positively associated with the CSC-positive phenotype in
primary breast tumors and serve as prognostic biomarkers

To investigate the clinical relevance of our findings, we examined the expression status of
HER2, IL-1a, and IL-6 by IHC staining analysis of 136 human breast cancer tissues on a
tissue array (Supplementary Fig. S11A-L and Table S2). As shown in Fig. 6A, IL-1a and
IL-6 proteins were highly expressed in 55.2% and 44.1% of breast cancer samples,
respectively, and exhibited a strong positive correlation with each other (p<0.0001),
corroborating their aforementioned linear relationship. Interestingly, HER2 expression status
positively correlated with IL-1a (p = 0.001) (Fig. 6A and Table S3), which is also
conclusive with our hypothesis that HER2 directly regulates IL-1a expression in breast
cancer cells. Considering the role of IL-1a and IL-6 in expansion of CSCs /in vitroand in
animal models, we also analyzed CD44 and CD24 expression to identify the CSC phenotype
(CD44*CD24") in the breast cancer tissues (30,31). CSC-positive phenotype
(CD44*CD247) was detected in 50.7% (69/136) of breast cancer samples (Fig. 6B). The
CSC prevalence was significantly associated with the positive expression status of IL-1a
(p=0.0002) and IL-6 (p<0.0001) alone or both (Fig. 6B and Table S4). More importantly,
both IL-1a and IL6 high expression at protein level predicted distant metastasis-free survival
of breast cancer patients (Fig. 6C-D and Fig. S12 A-B) and therefore had the potential to be
new prognostic biomarkers in breast cancer.

Pharmacological blockage of IL-1a signaling reduces breast CSCs and increases the
efficacy of chemotherapy in vivo

CSCs have been proposed to be responsible for chemotherapeutic resistance and tumor
recurrence (32,33). Given the sequential activation of IL-1a and IL-6 in HER2-positive
breast cancer cells, we reasoned that blockade of IL-1a signaling may sensitize tumor cells
to chemotherapies. We evaluated the sensitivity of /£ZA 7~ HCC1954 cells to the treatment
of two classic chemotherapeutic drugs: cisplatin (CPL) and paclitaxel (PTX). Knockout of
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/L1Ain HCC1954 cell line significantly decreased the IC50 values of both CPL and PTX
compared to parental cells and HER2 KD cells (Fig. 7A). Considering the potential
translational relevance of these findings to clinical benefits, we also tested whether chemical
inhibition of IL-1a signaling could improve chemotherapy efficacy. IRAK1 inhibitor alone
at a concentration of 10uM had no significant effect on cell growth. However, this level of
IRAK1 inhibitor synergized with either CPL or PTX significantly induced cell death
compared to either inhibitor alone (Fig. 7B and Fig. S13A-B). Using an orthotropic
xenograft mouse model, we observed significant tumor growth inhibition by IRAK1
inhibitor or PTX treatment alone compared to controls (Fig. 7C and 7D); but detected a
further 60% reduction in tumor size upon the combination of these treatments compared to
PTX alone (p<0.001) (Fig. 7D). In addition, all of the long-term follow-up tumors in the
combined treatment group exhibited either consistent reduction in tumor size or slow growth
rate after the last treatment, in contrast to rapid tumor growth observed in 3 out of 5 mice in
the PTX group (Fig. S14A-D).

To confirm whether blockade of IL-1a signaling reduces CSCs in vivo, we first analyzed the
proportion of CD44*/CD24 population in tumors harvested three days after the last
treatment. We found that PTX significantly increased CD44*/CD24~ CSCs by about two-
fold compared to controls (Fig. 7E). We also observed a significant reduction in the CSCs
population by IRAK inhibitor alone, and moreover, IRAK1 inhibitor in combination with
PTX reduced the PTX-induced CSC population to control level (Fig. 7E). The PTX-induced
CSC increase correlated with the increased sphere formation efficiency of xenograft tumors
compared to the controls (Fig. 7F). The combined treatment significantly inhibited the PTX-
induced sphere formation efficiency of the xenograft tumors to levels comparable to control.
IRAK1 inhibitor alone significantly, although not as evident, impaired the sphere forming
ability (Fig. 7F). Immunochemical staining analysis of phosphor-p65 positive cells in the
treated tumors confirmed that IRAK1 inhibitor effectively blocked IL-1a signaling (Fig.
S14A and S14B). Together, these results strongly support the hypothesis that
pharmacological blockade of IL-1a signaling in breast cancer cells can reduce CSCs /n vivo
and improve chemotherapy efficacy.

Discussion

Inflammation is now recognized to be important in the pathogenesis of many types of
malignancies (1,34). Specifically, HER2-positive breast cancers exhibit higher expressions
of tumor infiltrated lymphocytes than ER-positive/HER2-negative breast cancers (35).
Accordingly, HER2-targeted treatments can induce lymphoctic infiltrates (36), suggesting
that HER2 signaling may be a mechanism to modulate immune responses. Although the role
of inflammation in HER2-induced tumorigenesis remains controversial, our studies support
that HER2 overexpression induces a tumor cell-derived cytokine production to trigger and
maintain a local inflammatory environment. Mechanistically, HER2 overexpression
activated expression and secretion of IL-1a which functions as a pro-inflammatory signal to
sequentially trigger expression of other cytokines including IL-6. Knockout of //Zaalone
dramatically dampened the inflammatory microenvironment and delayed Her2-induced
tumor onset and progression. These findings support a new hypothesis that IL-1a functions
as one of the newly defined class of ‘Sressorin’ cytokines (37), which can be actively
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released in response to numerous physiological or cellular stress, e.g. oncogene
overexpression, and contribute to initiation and maintenance of chronic inflammation. In
contrast to the conventional view that chronic sterile inflammation is generally triggered by
passively released damage or danger associated molecular patterns (DAMPSs) from dead
cells (38), our studies reveal a new mechanism for HER2-induced IL-1a expression and
secretion to maintain chronic inflammation for promotion of cancer initiation and
progression.

This present work also sheds light on the molecular mechanisms of HER2-induced
expansion of breast CSCs. Korkaya et al. proposed that HER2 overexpression triggered the
NF-xB-1L-6 loop to induce expansion of CSCs. (9). However, we found that IL-1a, not
IL-6, can swiftly activate NF-xB. These results led us to hypothesize that IL-1a is the
missing link between HER2 and IL-6 pathways. In support of our hypothesis, we found that
IL-1a induced a delayed activation of STAT3 in control cells, but not in /L6~ MCF10A
cells. Our data support the model that HER2 sequentially activates the IL-1a-NF-xB-1L-6
signaling axis in breast cancer cells. As a canonical HER2 downstream signaling molecule,
AKT can activate NF-xB via degrading kB in immune cells (39). We initially assumed that
AKT plays an indispensable role in the activation of NF-xB pathway in HER2-positive
breast cancer cells. Contrary to our expectation, we found that manipulation of HER2-
downtream MAPK and AKT signaling with lapatinib or HER2 agonist had no obvious effect
on p65 phosphorylation. These observations are consistent with another previous work
indicating that AKT inhibition has no effect on inactivation of NF-xB in breast cancer cell
lines (11). Instead, our findings revealed that IL-1a strongly activates NF-xB in breast
cancer cells. Knockout of IL-1a or chemical blockade of its signaling in HER2-
overexpressing breast cancer cells resulted in the dramatic reduction of p65 phosphorylation
and NF-xB transcriptional activity. To our knowledge, this current study is the first to
demonstrate that IL-1a mediates HER2-induced activation of the NF-xB pathway and the
sequential activation of IL-1a and IL-6, connecting the function of NF-xB and STAT3 in
regulation of breast CSCs. Consistently, there is a strong positive correlation of IL-1a
expression with HER2 status and CSCs-positive phenotype in primary breast cancer tissues.
However, one of the caveats of our study is that the CD44*CD24~ phenotypes used as the
CSC-identification biomarkers may not necessarily reflect the characteristics of CSCs and
unfavorable clinical outcomes in patients.

Our studies exemplifies the need for further investigation of the central role of IL-1a. in
regulating breast CSCs. This may open up a new avenue for treatment, considering that
chemotherapy alone increases the CSC fraction in breast cancer tumors, leading to drug
resistance and tumor recurrence (40). Our /n vitro data indicated that either knockout of the
/L 1A gene or blockade of downstream signaling with IRAK1 inhibitor can significantly
improve the chemotherapy efficacy. Perhaps the most intriguing aspect of this work is that
the IRAK1 inhibitor in combination with paclitaxel resulted in complete remission in 20%
of mice and continued to shrink tumor sizes after the last treatment. FACS analysis of post-
treatment tumor samples indicated that paclitaxel alone increases the CSC fraction, whereas
IRAKZ1 inhibitor alone or in combination has opposite effects. Our data supports the
hypothesis that HER2-elicited IL-1a signaling can promote drug resistance via expansion of
CSCs. Of note, HER?2 genetic heterogeneity is frequently detected among HER?2 equivocal
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and negative breast cancer tissues (41). Korkaya et al. (2008) has previously proposed that
even ‘HER2-negative’ tumors contain a small percentage of HER2 expressing CSCs that
may account for HER2-negative tumor patients’ sensitivity to trastuzumab treatment (42).
Our study suggested that HER2-positive tumor or surrounding normal epithelia cells could
secrete a variety of cytokines to generate a pro-inflammatory environment for maintenance
and/or expansion of CSCs. These observations provide a new biological explanation of the
unexpected findings from two separate prospective randomized trials that the benefits of
adjuvant trastuzumab in women with HER2-negative cancers is roughly the same as those
with HER2-positve cancers (12,13). Therefore, targeting our proposed tumor cell-derived
pro-inflammatory I1L-1a-1L-6 circuit triggered by HER2 may represent an effective
therapeutic avenue for breast cancer prevention and treatment.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. HER2 overexpression induces inflammatory circuits to enhance stem-like properties
A. FACS analysis was performed to examine the luminal progenitor cell population

(CD49fmedCD24Ni cells) in mammary glands of 6-month old FVB/N and MMTV-Her2
transgenic mice (n=3). **, p < 0.01 (Unpaired Student’s ¢test). B-C. RT-PCR analysis of
inflammatory cytokine and chemokine expression in mammary gland tissues (B) and
purified epithelial cells (C) of 6-month old FVB/N and MMTV-Her2 transgenic mice (n=3).
Data are reported as mean fold changes after intrasample normalization to the levels of
GAPDH for n = 3 animals per group. *p < 0.05, **p < 0.01, ***, p< 0.001 (unpaired
Student’s ttest). D. Microarray analysis of gene expression profiles of MCF10A-vector and
MCF10A-HER?2 cells. Quadruplicate samples were used for array analysis and RT-PCR
validation analysis was performed for selected genes. E. FACS analysis of the CD44*CD24~
populations in MCF10A-vector and MCF10A-HER?2 cells treated with different cytokines at
the concentration of 10ng/ml for six days. Data are presented as mean + SD. **p < 0.01
(Unpaired Student’s ¢test). F. MCF10A cells were treated with cytokines for six days
followed with tumorsphere formation assay. Independent stimulation experiments were
repeated three times. *p < 0.05, **p < 0.01 (Unpaired Student’s ¢test). See also Figure S1.
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Figure 2. Secreted IL-1a and IL-6 are responsible for constitutive activation of NF-xB and

STAT3 in HER2-positive breast cancer cells
A. Western blot analysis of HER2 signaling kineti

cs in MCF10A cells after 10ng/ml of

IL-1a treatment. B. Serum-free conditioned medium (CM) was harvested from parental and
two clones of /LZA™~ or /L6~ MCF-HER2 cell lines at 48hrs. MCF10A cells were treated
with different amount of CM or cytokines for 15 min and then harvested for western blot
analysis. IL-6 Ab, IL-6 neutralizing antibody; sIL1R, soluble IL-1 receptor antibody. One
representative experiment out of two similar results is shown. C-D. MCF10A-vector and
MCF10A-HER?2 cells were treated with IRAKZ1 inhibitor (C) or JAK2 inhibitor (D) at the
final concentration of 10uM. E. Representative IHC staining images of total HER2,

phosphorylated p65 and Stat3 levels in mammary

gland cells of 6-week old FVB/N and

MMTV-Her2 transgenic mice. Similar results were observed in tissue sections of three
animals in each group. Scale bar, 20uM. See also Figures S2-S7.

Cancer Res. Author manuscript; available in PMC 2019 April 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Liuetal.

Page 16

gm M:HDA-HERJ‘ T 25 HCC1954
= -
3 30 z 2
bod |
I -
a8 1
g 10 o
o 0 g
d}
\"B
C.
X D.
@9 é) Parental L6+ IL1A
| HER2 0 15 30 60 90 120 0 15 30 60 90 120 0 15 30 60 90 120 Minutes
B - STAT3 p-STAT3| |6
B bl -STATS
—— = STAT3 =i ‘M,
S | =
s S "
—— e (-actin
& E. F.
7 & 30,053,Crl BB IL-10. W 16 1503 Cvl E2D IL-1amm 116
S0 2
- @ —_—
2 s 2 & o 20 s 10
g 3 "
Z 0 +S 10 [T |
et SR 3 % % ; 2
‘tpa-é(}é\v- éQé o o - —18 - 0 [ ..
& ©  Parental IL6- IL1A" Parental IL6" IL1A*

Figure 3. Sequential activation of NF-xB and STAT3 is required for HER2-mediated expansion
of cancer stem-like cells

A-B. Cells were treated with lapatinib (2uM), LY 294002 (10uM), PD0325901 (100nM),
JSH (20uM), PP2 (10pM), Stattic (1uM) and DMSO for 6 days, followed by FACS analysis
of the CD44+CD24- population (A) and tumorsphere formation assay (B). C. Knockdown of
STAT3 and p65 reduced the proportion of CD44+CD24- cells. STAT3 and P65 siRNA-
mediated knockdown efficiency was evaluated by western blot analysis. siCtrl, control
SIRNA; siSTAT3, STAT3 siRNA,; siRelA, RelA siRNA. Knockdown of STAT3 and p65
reduced the proportion of CD44+CD24- cells. D—F. Parental and /LIA™ or /L6~
MCF10A cells were treated with exogenous IL-1a or IL-6 cytokines followed by signaling
and functional analysis. Western blot analysis of phosphorylated p65 and STAT3 (D), FACS
analysis of the CD44*CD24~ populations (E) and tumorsphere formation assay of cells (F)
were performed after cytokine treatment for six days. SFE, sphere formation efficiency. For
A, B, C, E and F, all experiments were repeated three times and data are shown as mean +
SD. *p < 0.05, **p < 0.01 (Unpaired Student’s ftest). See also Figures S3 and S8.
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Figure 4. HER2-mediated sequential activation of IL1A and |L6 transcription
A. Real-time RT-PCR analysis of /L1A and /L6 mMRNA levels in MCF10A-HER?2 cells

treated with several HER2-downstream signaling pathway inhibitors for 24 hours. B and E.
Schematic depiction of the potential transcriptional binding sites on the /L 1A (B) and /L6
(E) promoter. C and F. MCF10A-vector and MCF10A-HER?2 cells were co-transfected with
IL1A (C) or /L6 (F) promoter reporter and several transcriptional factors-expression
plasmids. At 48hrs post-transfection, luciferase assays were performed. RLU, relative
luciferase unit; Vector, MCF10A-vector; HER2, MCF10A-HER2 cells. D and G. ChiIP
analysis of the relative binding abilities of PU.1 and NF-xB to /L1A (D) or /L6 (G)
promoter in MCF10A-HER?2 cells treated with DMSO and PD0325901 for 24 hours. The IP
experiments were repeated and all of qRT-PCR reactions were performed in triplicate. H. A
proposed model for HER2-mediated sequential upregulation of /L1A and /L6 expression in
the context of HER2-downstream pathways and functions. For A, C, D, and F, the
experiment were repeated three times and results were shown as mean + SD. *p < 0.05, **p
<0.01. ***p < 0.001 (unpaired Student’s t test).

Cancer Res. Author manuscript; available in PMC 2019 April 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Liuetal.

&

Volume of tumors {cm3]

Page 18

D. F.
=10 B 2.0 _ 1204 == MMTV-Her2/ll1a*'* 15 nnx
< 2 100- —— MMTV-Her2/Ila™" z —
2 8 _ 15 = MMTV-Her2/i1a™ Bwld *
O g 2 : 80 s % e g
= w 1.0 o 2 5 =
S 4 i - & 601 __ 2400} %3149 Tgoime 9 %
9 2 | o5 | & T g 404 Psey ~—
g T ? 2 \ L\ﬂu_._l_ SRS
© 0 0.0 = p<00001 | W
2 O.F 3 Al o O0+——— ~ .
St ST 0 200 400 600 &
P Pt Age of tumor onset (d) .
@
E. S15 i
MMTV-Her2/ MMTV- Heer MMTV-Her2/ % 10 i ,
IHa+ = e
Xenograft of HCC1954 cell lines : 25 b
=5
1.5 < 5 :
-ﬁ\-Palreﬂale"‘"ew > 5 '_ Py X X
; VY e . AW kD 4 \\'a i \\*b
= A e"‘\,é‘xﬁ
104 ™ Is™ S = G. (\\;b o \f\‘
8 Bl VTV-Her2/la™* &S
by Bl MMTV-Her2A11a*"-
£ 159 Bl MMTV-Her2/ll1a™
7 " l I I I
< EHUHH LR TELAL AR
g o
0.0 £ 010
0 20 40 60 o
Days E; 0.05
o 0.00

Figure 5. IL-1a loss reduces CSCs, turns off the inflammatory signaling circuits and inhibits
HER2-induced tumorigenicity in vivo

A-B. FACS analysis of the CD44*CD24~ populations (A) and tumorsphere formation assay
(B) were performed using parental, /L1A™~, /L6~ and HER2KD HC1954 cells. HER2KD,
HER?2 stably knocked down HCC1954 cells. The experiment were repeated three times and
Data represents means + SD from three separate experiments. **, p < 0.01 (unpaired
Student’s t test). C. Tumor growth in mice injected with 1 x 10° cells (n = 8). Tumor growth
was monitored every 7 days; tumor size and weight were recorded. Data are represented as
mean + SEM. Tumor sizes of each group at the end point were compared with the parental
control mice group by ANOVA test, p < 0.001. D. Tumor incidence in MMTV-Her2/Il1a"*
(n =13), MMTV-Her2/ll1a*" (n = 32) and MMTV-Her2/l11a~/~ (n = 31) mice. The p value
was calculated using the long-rank test. E. Lung metastasis were assessed in animals
sacrificed at 60 days post tumor onset. The number of metastatic foci in the three group of
animals with lung metastasis were compared using One-way ANOVA followed with Tukey’s
multiple comparison test of each pair. *p < 0.05, **p < 0.01. F. FACS analysis of the
putative CSC cells (CD49fNiCD61N population) in the first tumor of each animal. One-way
ANOVA test was performed, *p < 0.05, **p < 0.01; ***, p <0.001. G. Inflammatory
chemokine and cytokines expression profiling of primary tumor samples from animals. Data
are reported as mean fold changes + SEM after intrasample normalization to the levels of
GAPDH for n = 3 animals per group. *p < 0.05, **p < 0.01, ***, p < 0.001 (unpaired
student’s ztest). See also Figures S9 and S10.
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Figure 6. Expression of IL-1a and IL-6 is associated with CSC-positive phenotype and other
prognostic factors
A. Representative IHC detection of IL-1a, IL-6, and HER2 expression in primary breast

tumors. Tissue microarray (TMA) containing 136 breast cancer samples were used for
immunohistochemical analysis. Association of IL-1a positive expression status with HER2
and IL-6 expression was assessed by Chi-square analysis. Scale bar, 20uM. B.
Representative IHC images of CD44 and CD24 double-staining breast tumors. Association
of IL-1a or IL-6-positve expression with CD44/CD24 phenotypes was assessed by Chi-
square analysis. Scale bar, 20uM. C-D. Kaplan-Meier plots of distant metastasis-free
survival of patients, stratified by expression of IL-1a (C) and IL-6 (D). The pvalues were
obtained using log-rank (Mantel-Cox) test. See also Figure S11 and S12, Table S2—4.
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Figure 7. Blockade of IL-1a signaling sensitizes breast cancer cells to chemotherapy
A. MTT assay of parental, /L 1ZA~/~ or HER2KD HCC1954 cells treated with indicated

concentration of cisplatin or paclitaxel for 7 days. IC50 values (mean + SD) were calculated
from three independent experiments. B. MTT assay of HCC1954 cells treated with IRAK
inhibitor (10 pM), cisplatin (2.5 uM), paclitaxel (10 nM) alone or in combination for 7 days.
Samples were prepared in triplicate. Data are presented as the mean +SD and compared with
DMSO control in each group. **, p < 0.01; *** p < 0.001 (one-way ANOVA test). C.
Luciferase-labeled HCC1954 cells were injected into the number 4 mammary fat pads of
NOD-SCID mice. Mice were treated with i.p. injection of IRAK inhibitor (4mg/Kg),
paclitaxel (10 mg/Kg), combination of IRAK1 inhibitor and paclitaxel, or solvent control,
respectively. Bioluminescence imaging before (0 day) or after (18 days) treatment is shown.
D. Tumor growth was monitored every three days and normalized to tumor volume at
treatment start point. Data are represented as a mean + SEM from 5 mice (2 injection sites/
mouse). Tumor sizes of each group at the end point (5 weeks) were compared with the
parental control mice group by ANOVA test, *p < 0.05, **p < 0.01, ***p < 0.001. E. FACS
analysis of the CD44*CD24~ populations in the xenograft tumors as described above. F.
Tumorsphere formation assay of xenograft tumor cells. Scale bar, 200uM. For E and F, two-
tailed #tests were performed to obtain the p values. *p < 0.05, **p < 0.01; ***p < 0.001.
CPT, cisplatin; PTX, paclitaxel; IRAKIi, IRAK1 inhibitor. See also Figure S13 and S14.
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