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Abstract

Currently only patients with HER2-positive tumors are candidates for HER2-targeted therapies.
However, recent clinical observations suggest that the survival of patients with HER2-low breast
cancers, who lack HER2 amplification, may benefit from adjuvant therapy that targets HER2. In
this study, we explored a mechanism through which these benefits may be obtained. Prompted by
the hypothesis that HER2/HER3 signaling in breast tumor-initiating cells (TICs) promotes self-
renewal and survival, we obtained evidence that neuregulin 1 (NRG1) produced by TICs promotes
their proliferation and self-renewal in HER2-low tumors, including in triple-negative breast
tumors. Pharmacologic inhibition of EGFR, HER2 or both receptors reduced breast TIC survival
and self-renewal in vitro and in vivo and increased TIC sensitivity to ionizing radiation. Through a
tissue microarray analysis, we found that NRG1 expression and associated HER?2 activation
occurred in a subset of HER2-low breast cancers. Our results offer an explanation for why HER2
inhibition blocks the growth of HER2-low breast tumors. Moreover, they argue that dual
inhibition of EGFR and HER2 may offer a useful therapeutic strategy to target TICs in these
tumors. In generating a mechanistic rationale to apply HER?2 targeting therapies in patients with
HER2-low tumors, this work shows why these therapies could benefit a considerably larger
number of breast cancer patients than they currently reach.
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INTRODUCTION

Breast cancer is the most common cancer and the leading cause of cancer deaths in women
in North America (1). Breast cancers are heterogeneous and contain a subpopulation of cells
called tumor-initiating cells (TICs; also called cancer stem cells - CSCs) that have the ability
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to give rise to new tumors that recapitulate the full heterogeneity of the parental tumor.
While aspects of the CSC hypothesis, such as which markers best identify CSCs and
whether non-CSCs can acquire CSC properties, remain to be fully elucidated, a large
number of studies have shown that breast CSCs can both self-renew and give rise to more
differentiated non-tumorigenic cells (NTCs), which usually make up the bulk of a tumor (2—
4). Markers including CD44, CD49f (ITGA6), and ALDH (ALDH1AL) can be used to
highly enrich for tumorigenic activity (2, 3, 5-7). Furthermore, several studies have shown
that TICs can preferentially survive conventional therapies such as radiotherapy and
chemotherapy (8-10). Since eradication of all TICs within a tumor is essential in order to
prevent tumor recurrence, therapeutic strategies targeting TICs will be critical to improving
breast cancer patient survival.

Approximately 25% of all breast cancers are HER2 (ERBB2) positive by
immunohistochemical analysis and its overexpression is associated with aggressive
metastatic disease and historically poor clinical outcomes (11, 12). The HER family consists
of four receptor members, EGFR, HER2, HER3 (ERBB3) and HER4 (ERBB4) and thirteen
soluble HER family receptor ligands have been identified. Each has specific binding
activities to one or more HER receptors (13). Upon ligand binding, the receptors are induced
to form homodimers or heterodimers leading to transphosphorylation and activation of
downstream signaling pathways. Neuregulins represent the largest subclass of HER receptor
ligands and bind specifically to HER3 and HER4 (14).

Targeting HERZ2 in breast tumors that overexpress this gene as a result of gene amplification
(i.e. HER2-positive cancers) represents one of the most important successes of molecularly
targeted therapies in oncology and has resulted in dramatically improved outcomes for this
subset of breast cancers (15). HER2 overexpression has also been linked to CSCs since
exogenous overexpression of HER2 appears to increase numbers of CSCs and promotes
mammary tumorigenesis and invasion and HER2 inhibition can target CSC-like cells (16—
18). Intriguingly, while neoadjuvant treatment of HER2-low tumors with cytotoxic
chemotherapy was found to preferentially spare breast CSCs, treatment of HER2-positive
tumors with the HER2 inhibitor lapatinib resulted in a greater than 60% response rate and
did not lead to accumulation of CD44*CD24" cells, indicating that breast CSCs were killed
(8). These results support the importance of HER2 in CSCs from HER2-positive tumors.

The role for HER2 targeting in the management of “HER2-low” breast cancers (i.e. HER2
expressed but non-amplified for HER2 gene) remains controversial. While multiple trials
have shown no benefit of targeting HER2 in metastatic HER2-low tumors, recent evidence
suggests that HER2 inhibition may be beneficial in the adjuvant setting. Specifically, a
retrospective analysis of the National Surgical Adjuvant Breast and Bowel Project (NSABP)
trial B-31, which compared standard adjuvant chemotherapy with or without the anti-HER2
monoclonal antibody trastuzumab, found that HER2-low breast cancers benefited as much
from HER2 targeting as HER2-positive breast cancers (19). Similarly, patients in the N9831
adjuvant trastuzumab trial whose tumors did not display HER2 amplification by central
review also seemed to benefit from trastuzumab (20). These intriguing results have led to the
ongoing NSABP B-47 trial, which is testing the addition of trastuzumab to standard
chemotherapy in HER2-low tumors.

The mechanism of how HER2 targeting could be of benefit in HER2-low tumors remains
unclear. Therapies that increase cure rates in the adjuvant setting must be effective against
TICs, since residual TICs would allow tumor re-growth. Based on this reasoning, we
hypothesized that anti-HER2 therapies might target TICs in HER2-low breast cancer. We
therefore set out to test the importance of HER2 signaling in breast TICs from primary
HER2-low breast tumors.
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MATERIALS AND METHODS

Reagents

Neutralizing antibodies used are: normal rabbit IgG (Santa Cruz, sc-2027), anti-mouse
neuregulin 1 antibody (Santa Cruz, sc-28916), normal goat 1gG (R&D, AB-108-C) and anti-
human neuregulin 1 antibody (R&D, AF-296-NA). Accell SMARTpool mouse Her2 and
Her3 siRNA was purchased from Thermo Scientific Dharmacon. Her2 specific inhibitors
used are: AG825 (Tocris, #1555) and CP-724,714 (Selleck, S1167). Egfr specific inhibitor,
erlotinib, was purchased from LC Laboratories (L-4007). Dual inhibitors of HER2 and
EGFR used are: lapatinib (LC Laboratories, L-4804) and afatinib (Selleck, S1011). rhNRG1
was purchased from R&D Systems (#5898-NR-050).

Cell Labeling, Flow Cytometry and Cell Isolation

MMTV-Wnt-1 murine mammary tumors were harvested and dissociated into single cell
suspension as described previously (5, 10). Dissociated single cells were suspended at 1x107
per mL in staining buffer (HBSS with 2% heat-inactivated calf serum). Cells were first
blocked with 10pg/pL rat 1gG for 10 min., and then stained for 10 min. with the antibodies
listed below. After washing, stained cells were re-suspended in staining buffer with 1pg/mL
DAPI, analyzed, and sorted with a FACS Aria Il cell sorter (BD Biosciences). The anti-
mouse antibodies used in this study include CD45 (Ptprc)-Pacific Blue (1:200 dilution,
Biolegend, #103126), CD31 (Pecam1l)-Pacific Blue (1:200 dilution, Biolegend, #102422),
CD24-PE (1:200 dilution, eBioscience, #12-0241-83), CD49f-PE-Cy5 (1:100 dilution, BD,
#551129). Cells were sorted into staining buffer. The CD24HICD49fHILin~ and
CD24L°CD49fLOLin~ subpopulations were defined as the top and bottom 10%, respectively.

Breast cancer cell line and drug treatments—Human breast cancer cell line
SUM149 was kindly provided by Dr. Jonathan Pollack’s laboratory (Stanford, CA) and
cultured in HUMEC Ready Medium (Life Technology, #12752010). The cell line was
authenticated by morphology, growth characteristics and FACS analysis. The day before
drug treatment, cells were seeded in 6-well tissue culture plates. After cell attachment,
different concentrations of erlotinib, AG825, or CP724,714 were added to the media and
incubated in 37°C at 5% CQO2. Four days after incubation, cells were collected and analyzed
by flow cytometry for CD24, CD44, and EPCAM expression.

Quantitative RT-PCR Analysis

RNA was extracted from 5,000 sorted cells using RNeasy (Qiagen) and was reverse
transcribed using the high-capacity RNA-to-cDNA kit (Applied Biosystems) according to
manufacturer’s instructions. Gene expression level was determined using Applied
Biosystems 7900HT fast real-time quantitative PCR system using SYBR® Green PCR
Master Mix (ABI). Each sample was normalized to the housekeeping gene Hprt and the
relative expression level was determined. All primers used in this study were designed by
IDT (www.idtdna.com) and synthesized by Elim Biopharm (www.elimbio.com). Primer
sequences are listed in Supplemental Experimental Procedures.

Phospho-Flow Analysis

Breast TICs were starved in DMEM in 24-well low cluster plate for 30 min. and then
stimulated with Nrg1 (100ng/mL) for 30min. at 37°C. Cells were then fixed with 4%
paraformaldehyde (Electron Microscopy Sciences, #15710-S), washed with PBS buffer,
permeabilized with ice cold methanol, washed twice with PBS buffer, and stained with the
following antibodies and analyzed by FACS. Phospho-Akt (pT308)-PE (BD, #558275) and
phospho-Erk1/2-(pT202/pY204)-PE-Cy7 (BD, #560116). For drug treatments, TICs were
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pretreated with AG825 (100puM), CP-724,714 (5uM) and Lapatinib (5pM) for 10min at
37°C in DMEM and then stimulated with Nrgl (100ng/mL). Cells were then fixed,
permeabilized and analyzed by FACS.

Matrigel-Based 3-Dimensional Sphere Forming Assay

FACS-sorted MMTV-Wnt1 tumor cells were re-suspended in culture medium consisting of
DMEM/F12 (Invitrogen), 20 ng/mL mouse Egf (BD, #354001), 20 ng/mL human FGF (BD,
#354060) plus 1x B27 (Invitrogen), and plated on top of a layer of solidified Matrigel (BD
Biosciences). The culture medium was replenished every 3—4 days and spherical colonies
(>50pm in diameter) were counted at 14 days. For the self-renewal assay, spherical colonies
were dissociated with 1 mg/mL dispase (Invitrogen, #17105-041), digested with Trypsin/
0.05% EDTA, and spheres were passaged through a 27-G needle five times to dissociate
into single cells (21). Cells were then resuspended in culture medium, counted and re-plated
on top of matrigel. For growing human xenograft spheroids, sorted cells were cultured in
Advanced DMEM/F12 (Invitrogen) supplemented with 1x B27 (Invitrogen), 10 pM
Y-27632 (Sigma), 20 ng/mL mouse Egf, 100 ng/mL human Noggin (Peprotech), 250 ng/mL
human R-Spondinl (R&D Systems), and plated on top of a layer of growth factor reduced
matrigel (BD Bioscience) and a feeder layer of L-Wnt3a cells.

Tumor Growth Study and Limiting Dilution Analysis

FVB/NJ female mice (3—-6 weeks of age) were anesthetized by inhalation of isoflurane
(Baxter Healthcare Corporation, # NDC 10019-773-60) and tumor cells were mixed with
25% Matrigel (BD Bioscience) and injected percutaneously into mammary fat pads. When
tumor size reached approximately 150 mm?3, mice were treated with DMSO or AG825 (50
ng/kg) via intraperitoneal injection (IP) daily and DMSO, erlotinib (100 mg/kb; once daily)
or lapatinib (100 mg/kb; twice daily) via oral gavage (PO). Tumor size was measured by
calipers twice a week. For LDA, treated tumors were then dissociated into single cells,
analyzed by FACS and sorted Lineage™ cells were injected back into syngeneic mice. After
injection, mice were observed weekly for up to 3 months for tumor formation. Tumor-
initiating cell frequencies and p-values were calculated using L-Calc (Vancouver, BC,
Canada, http://www.stemcell.com). All animal experiments were conducted following the
guidelines and protocols approved by Administrative Panel on Laboratory Animal Care
(APLAC) at Stanford.

Human xenograft studies—Human xenograft tumor lines BCA70 and BCA71 were
established by passaging tumor cells from a patient with triple negative breast cancer and
passaged in NSG (NOD-scid IL2Rg"!") mice. The anti-human antibodies used were
EPCAM-APC (1:50 dilution, BD, #347200) and CD49f-FITC (1:100 dilution, BD,
#555735). Anti-mouse H2-Kd-PerCP-Cy5.5 (1:100 dilution, Biolegend, #116618) and
CDA45-PerCP-Cy5.5 (1:200 dilution, eBioscience, #45-9459-42) antibodies were used for
depleting mouse cells.

Immunohistochemistry

Drug treated tumors were formalin-fixed, paraffin-embedded, and sectioned at 5pm
thickness. Heat-induced antigen retrieval was performed by microwave oven for 25 minutes
in citrate buffer. Sections were then blocked with normal serum (Vector Laboratories,
PK-4001) for 1 hour at room temperature and incubated with primary antibodies at 4°C
overnight. Primary antibodies used include 1:50 dilution of Neu (C-18) (Santa Cruz
Biotechnology, Inc., sc-284), 1:50 dilution of p-Neu (Tyr 1248) (Santa Cruz Biotechnology,
Inc., sc-293110), 1:50 dilution of EGF receptor (D38B1) (Cell Signaling Technology,
#4267), and 1:1,600 dilution of phospho-EGFR (Tyr 1068) (Cell Signaling Technology,
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#3777). Next day, sections were washed with Tris buffered saline (Fisher Scientific,
BP24711) plus 0.001% Tween 20 (Sigma, P1379), incubated with 1:100 dilution of goat
anti-rabbit 1gG conjugated with DyLight 594 (Jackson Immunoresearch, #711-515-152) and
visualized using a fluorescent microscope (Nikon Eclipse E800). The intensity of
fluorescent staining was quantified by ImageJ (http://rsbweb.nih.gov/ij/). For tissue
microarray IHC analysis, TA221 containing primary breast carcinoma samples used was
previously described (22). Primary antibodies used were: 1:100 dilution of HER2 (CB11)
(Biogenex), 1:50 dilution of NRG1 (7D5) (Thermo Scientific) and 1:25 dilution of pHER2
(Cell Signaling Technology, #2243). For unbiased and reproducible quantification of IHC
staining patterns, we utilized Gemldent, a supervised in silico image segmentation system
(23). Gemldent was applied to digital images of TMA specimens to generate separate image
masks of both IHC localization (“stain”) and non-tissue empty space (“background”). For
each IHC stain, paired stain and background image masks were processed to calculate the
staining fraction of each TMA specimen.

Statistical Analysis

RESULTS

Statistical analysis was performed using the unpaired student t test and p values less than
0.05 were considered statistically significant.

Analysis of Her2/Her3 signaling in Her2-low mammary TICs

To explore the role of Her2 signaling in TICs within Her2-low tumors we began by studying
mammary tumors arising in MMTV-Whnt1 transgenic mice. These tumors have previously
been shown to contain a subpopulation of TICs that can be identified using various
combinations of surface markers including CD24, CD49f, Thy1, and CD61 (Itgh3) (5, 24).
Since functional verification of TIC activity in purported TIC-enriched populations is
critical, we began by confirming that CD24HiCD49fHiLin~ cells within these tumors are
highly enriched for TICs (25). In vivo limiting dilution analyses revealed that
CD24HiCD49fHILin~ cells were approximately 10- and 100-fold enriched for tumor-
initiating activity compared to the Lin~ and CD24-°CD49f°L in~ subpopulations,
respectively (p < 0.001; Fig. S1A and S1C). The TIC frequency in the middle subpopulation
(CD24Medcp49fMed| jin~) was intermediate between the other two subpopulations,
indicating partial overlap of TIC and NTC subpopulations in this region (Fig. S1C). Real-
time PCR analysis showed the TIC-enriched subpopulation predominantly expressed basal
cell markers (Trp63 and Krt5) whereas the NTC subpopulation exhibited higher expression
of the luminal cell marker, Krt18 (Fig. S1B). Tumors arising from CD24HiCD49fHiLin~
cells contained the full phenotypic heterogeneity of the parental tumors and could be
passaged for multiple generations (Fig. S1D). Furthermore, we established that
CD24HiCD49fHiLin~ TIC-enriched cells isolated from MMTV-Wht-1 tumors were
clonogenic in an in vitro 3D matrigel-based tumor sphere assay, whereas
CD24L9CD49fLOLin~ NTCs formed no or very few tumor spheroids. The frequency of
sphere forming cells in vitro and tumor initiating cells in vivo within the
CD24HiCcD49fHiLin~ subpopulation was similar at approximately 1 in 70, suggesting that
this culture system could serve as an in vitro surrogate for tumor initiation (Fig. S1E).

Clinically, breast cancers are classified as HER2+ if increased copy numbers of the HER2
locus are detected by fluorescent in situ hybridization (26). To similarly assess the Her2
status of MMTV-Wnt1 tumors, we performed gPCR for the Her2 locus in tumor and normal
cells and found that, as expected, it was not amplified in these tumors (Fig. 1A). However,
as in many HER2-neagive human breast cancers (19), Her2 mRNA was detectable by
quantitative real time polymerase chain reaction (QRT-PCR, Fig. 1B) and Her2 protein was

Cancer Res. Author manuscript; available in PMC 2015 January 01.


http://rsbweb.nih.gov/ij/

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Leeetal.

Page 6

detectable by immunofluorescence analysis (see below). More detailed examination of the
expression levels of Her family receptors revealed that both TICs and NTCs expressed Egft,
Her2 and Her3, with expression generally being greater in NTCs (Fig. 1B). Expression of
Her2 and Her3 was approximately 5- to 8-fold higher in TICs than CD24HiCD49fHiLin~
cells from normal mammary glands, which are enriched for mammary stem cells or so called
mammary repopulation units (MRUSs, p<0.03; Fig. 1B) (27, 28). We also examined
expression of Her2-family ligands. Nrgl and Nrg2 mRNA levels were greater than 2- and 6-
fold higher in TICs as compared to MRU-enriched cells and NTCs, respectively (p<0.04;
Fig. 1C).

The overexpression of Nrgl and Nrg2 in TICs suggested that TICs may activate Her2/Her3
signaling in an autocrine fashion. Since neuregulins activate Her2/Her3 heterodimers and
lead to the phosphorylation and activation of Akt (Aktl) and Erk1/2 (Mapk3/1), we next
examined phosphorylation of Akt and Erk1/2 in TICs by phospho-flow analysis.
Phosphorylation was observed in both CD24HiCD49fHiLin~ TIC-enriched cells and NTCs,
consistent with both populations expressing Her2 and Her3. However, Her2 phosphorylation
was 30% higher and phosphorylated Akt and Erk1/2 levels were more than 2-fold higher in
the TIC-enriched subpopulation compared to NTCs (p<0.001; Fig. 1D, 1E). This suggested
that autocrine activation of Her2/Her3 signaling may govern biological activity of breast
TICs.

Nrgl enhances tumor sphere-forming capacity of mammary TICs

To determine whether Nrg1 can stimulate the tumor sphere-forming capacity of mammary
TICs, CD24HiCD49fHILin~ TIC-enriched cells were purified by flow cytometry and treated
with recombinant Nrgl or a neutralizing antibody targeting endogenous Nrgl in the 3-
dimensional tumor spheroid forming assay. A greater than two-fold increase in the number
of spheres was observed in CD24HCD49fHILin~ TIC-enriched cells treated with Nrg1
(p<0.05; Fig. 2A). Nrgl treatment had no discernible effect on CD24-°CD49f-°Lin~ NTCs,
as no spheroids formed in its presence or absence (data not shown). Significantly, treatment
of TIC cultures with anti-Nrg1 antibody in the absence of exogenous Nrgl resulted in a 70%
reduction in sphere formation (p<0.001; Fig. 2B). Furthermore, siRNA-mediated
knockdown of Her2 and Her3 decreased the number of spheroids by 70% and 25%
compared to control siRNA respectively, consistent with a similar reduction in mRNA levels
(p<0.04; Fig. 2C). Phospho-flow analysis of downstream effector kinases in TICs further
revealed a 50% increase in the phosphorylation level of Akt and Erk1/2 by Nrgl stimulation
(p<0.05; Fig. 2D) and Nrgl-mediated activation of Akt and Erk1/2 was inhibited when
CD24HICD49fHILin~ TIC-enriched cells were pre-treated with specific inhibitors of Her2,
including AG825, CP-724,714, and the dual Egfr/Her2 inhibitor lapatinib (p<0.05; Fig. 2E).
These results indicate that Nrg1 promotes proliferation and survival of CD24H1CD49fHiLin~
TIC-enriched cells through activation of Her2/Her3 and subsequent stimulation of
downstream Akt and MAPK pathways.

Inhibition of Her2 and Egfr targets mammary TIC clonogenicity and self-renewal

Active Her2/Her3 signaling in CD24H1CD49fHiLin~ TIC-enriched cells suggested that Her2
inhibition may target TICs in HER2-low breast cancers. Additionally, an in silico search for
differential expression patterns that mimic the global gene expression changes between TICs
and NTCs using ProfileChaser (29) identified AG825, a Her2-inhibitor, as the most highly
significant pharmacologic agent, with AG825-treated cells more closely resembling NTCs
while vehicle treated cells more closely resembled TICs (data not shown). We therefore
investigated the effects of two specific inhibitors of Her2, AG825 and CP-724,714, on TIC
sphere formation (30, 31). CD24H1CD49fHILin™ TIC-enriched cells treated with either
inhibitor formed smaller and fewer spheres than control cells (Fig. 3A, 3C) and a greater
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than 70% reduction in the number of spheres was observed at 25..M of AG825 and 10pM of
CP-724,714 (p<0.03; Fig. 3B, 3D). Since Egf is a component of the tumor sphere media, we
hypothesized that Egfr inhibition would also target TICs. Thus, we tested the effect of Egfr
inhibition on tumor sphere formation, and found that erlotinib at 10pM killed more than
70% of TICs (p<0.002; Fig. 3E, 3F). Thus, inhibition of Her2 and Egfr suppresses sphere-
forming ability of breast TICs in vitro.

Given the effects of inhibiting Her2 and Egfr that we observed, we next evaluated
simultaneous targeting of the two receptors using the clinically available dual Her2 and Egfr
inhibitors afatinib and lapatinib on TIC clonogenicity and self-renewal. As with the other
inhibitors, we found that afatinib and lapatinib inhibited the sphere-forming ability of
CD24HiCD49fHILin~ TIC-enriched cells in a concentration dependent manner with a greater
than 80% reduction in the number of surviving spheres at a concentration of 1 pM and 2.5
M, respectively (p<0.03; Fig. 4A, 4B). The sensitivity of TICs is similar to recently
described cancer cell lines that lack HER2 amplification but are responsive to lapatinib (32).
FACS analysis of dissociated spheres revealed a reduction of the TIC subpopulation from an
average of 16% to 3% in tumor cells treated with lapatinib (p<0.002; Fig. 4C). To test
whether Her2 and Egfr inhibition reduced TIC self-renewal, we tested the effect of lapatinib
in an in vitro self-renewal assay. In this assay, CD24MCD49fHiLin~ TIC-enriched cells
purified from tumors were exposed to lapatinib during the first passage and then dissociated
and re-plated in fresh media lacking lapatinib in the second passage. We found that lapatinib
had a strong effect on CD24HICD49fHiLin~ TIC-enriched cell self-renewal and reduced
spheroid-forming frequency in the second passage by 5-fold at a concentration of 1 pM
(p<0.04; Fig. 4D). These results indicate that dual inhibition of Her2 and Egfr can target TIC
self-renewal in HER2-low tumors.

Inhibition of Her2 and Egfr targets mammary TICs in vivo

To evaluate the effect of Her2 inhibition on TICs in vivo, mice bearing MMTV-Wnt-1
tumors were treated with DMSO or AG825 via daily intraperitoneal injections for 14 days.
AGB825 treatment caused minimal growth delay (Fig. 5A). At the end of treatment, the
frequency of CD24H1CD49fHi TIC enriched cells was reduced by 2-fold as assessed by
FACS (p<0.002; Fig. 5B). Since TIC-enriched subpopulations are not entirely pure and
since in vitro assays may not accurately reflect tumor-initiating activities, we next wished to
confirm effects of Her2 inhibition on TIC self-renewal in vivo. If HER2 pathway regulates
TICs self-renewal, then HER2 inhibition should decrease in vivo tumor initiating activity.
Therefore, we performed limiting dilution analyses (LDA) of control and treated tumors.
Tumors from animals treated with vehicle or drug were dissociated and lineage negative
tumor cells were used for secondary transplants to functionally test if AG825 treatment led
to a reduction of TICs. LDA revealed a greater than 4-fold reduction in breast TIC
frequency (measured by tumor initiating activity) in the AG825 treatment group as
compared to the control group, consistent with the percent change in TICs observed by flow
cytometry (p<0.01; Table 1, Fig. 5B). This confirmed that Her2 inhibition by AG825
inhibits TIC self-renewal in vivo.

To test whether a similar effect could be observed with Egfr inhibition or dual Her2/Egfr
inhibition, tumor bearing animals were treated with DMSO, erlotinib (once daily), or
lapatinib (twice daily) via oral gavage for 14 days. Erlotinib treatment led to roughly similar
tumor growth delay as AG825 and by day 14 the treated tumors were 1.7-fold smaller than
the control group (p<0.01; Fig. 5A). By comparison, lapatinib treatment led to more
significant growth delay and by day 14 lapatinib treated tumors were 3.5-fold smaller than
vehicle-treated tumors (p<0.001; Fig. 5A). FACS analysis of tumors treated with erlotinib
and lapatinib showed a 50% reduction of the CD24HiCD49fHi TIC-enriched subpopulation
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compared to the control group (p<0.02; Fig. 5B). As before, we also performed LDA to
confirm that erlotinib and lapatinib inhibits self-renewal of TICs in vivo. Secondary in vivo
transplantation of cells from treated tumors revealed an approximately four- and six-fold
reduction in mammary TIC frequency in the erlotinib and lapatinib treated group as
compared to the control group, respectively, confirming in vivo activity against TICs (Table
1). Immunohistochemical analysis confirmed that both AG825 and lapatinib reduced the
level of phosphorylated Her2 by 40%, while only erlotinib and lapatinib treatment caused
reduction of phosphorylated Egfr (p<0.05; Fig. 5C, 5D). Thus, inhibition of Her2, Egfr, or
both targets TICs in Her2-low MMTV-Wht-1 mammary tumors in vivo.

HER2 and EGFR inhibition targets TICs in human HER2-low breast cancer

We next sought to determine whether observations made using murine mammary tumors
could be replicated with human HER2-low breast cancers. Lapatinib treatment of a large
panel of cancer cell lines was recently reported as part of the Cancer Cell Line Encyclopedia
(33). This data set included cell lines with and without HER2 amplification and as expected,
all HER2 amplified cell lines were sensitive to lapatinib. However, some cell lines lacking
HER2 amplification were also sensitive to lapatinib. Strikingly, the sensitive non-HER2
amplified cell lines all displayed overexpression of HER3 (Fig. 6A). NRG1, NRG2, and
HER2 were also expressed in all of the sensitive HER2-non-amplified cell lines, suggesting
autocrine activation of HER2/HER3 (Fig. S2). Interestingly, all sensitive non-HER2
amplified cell lines (HDQP1, Cal851, HCC1806, MDA-MB-468, MDA-MB-175-VII)
originated from triple negative tumors. These data indicate that a subset of human breast
cancer cell lines is sensitive to lapatinib in the absence of HER2 amplification and suggest
that this effect may be mediated via HER3 signaling.

To more specifically test the effect of HER2 inhibition on human breast cancer TIC-like
cells, we next tested HER2 inhibition using the triple negative HER2-non-amplified
inflammatory breast cancer cell line SUM149, which contains both EPCAM™* luminal-like
cells and EPCAM™ cells. While it is controversial if established breast cancer cell lines
contain true surrogates of primary TICs, a previous study suggested that EPCAM- cells
within SUM149 bulk populations have TIC-like characteristics (34). Pharmacological
inhibition of HER2 by AG825 or CP-724,714 reduced the percentage of the EPCAM™ TIC-
like subpopulation in SUM149 cell line by greater than 3 and 2-fold, respectively (Fig. S3).

Next, we wished to confirm an effect of HER2 inhibition on TICs in early passage, HER2-
low breast cancer patient-derived xenografts, which represent the best accepted preclinical
model of human breast cancer TICs. Given the observation noted above that a subset of
triple negative breast cancer cell lines was sensitive to lapatinib, we examined two
independent triple negative human breast cancer patient-derived xenografts lines (BCA70 &
BCAT1) that were established directly from a surgical specimen and never passaged in vitro.
LDA analysis using BCA70 revealed that TICs were over 180-fold enriched in the
EPCAM*CD49f* subpopulation compared to the EPCAM~CD49f™ subpopulation (p =
0.0001; Fig. S4A, S4B). Analogously to MMTV-Wnt-1 mammary tumors, EPCAM*CD49f*
TIC-enriched cells gave rise to tumor spheres in 3-dimensional culture while non-
tumorigenic cells did not (Fig. S4C). EGFR, HER2, and HER3 were expressed in a similar
pattern as in MMTV-Wnt-1 tumors and NRG1 was expressed by both subpopulations (Fig.
6B). NRG1 treatment of EPCAM*CD49f* TIC-enriched cells from both BCA70 and
BCA71 xenografts resulted in a 2-fold increase in the number of spheres (p<0.01; Fig. 6C),
whereas treatment with anti-NRG1 antibody reduced sphere formation by greater than 30%
(p<0.01; Fig. 6D). This suggested that as with mammary TICs, human breast TICs rely on
NRG1 to promote their self-renewal.
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To test the effect of inhibiting Her2 and Egfr on human TICs in triple negative breast
cancers we next exposed these cells to the same inhibitors used above for murine TICs.
Treatment of EPCAM*CD49f* TIC-enriched cells with AG825, CP-724,714, erlotinib,
lapatinib or afatinib strongly inhibited tumor spheroid formation in both xenograft lines
(p<0.02; Fig. 6E, 6F, SSA-S5D), suggesting that breast TICs are sensitive to inhibition of
both HER2 and EGFR. Since HER2 and EGFR inhibition at clinically relevant doses did not
eliminate all TICs, we also tested whether the combination of dual HER2 and EGFR
inhibition and radiotherapy could further increase killing of TICs. EPCAM*CD49f* TIC-
enriched cells treated with lapatinib or afatinib in combination with a clinically relevant dose
of ionizing radiation (2 Gy) were more sensitive to radiation (Fig. 6F, S5D). This suggests
that combination therapy could be an effective strategy for targeting TICs in the clinic.

Finally, in order to determine if we could find evidence of NRG1/HER2 pathway activation
in other HER2-low breast cancers, we analyzed expression of NRG1, pHER2 and HER2 in
HER2-low breast cancers by immunohistochemical staining of a tissue microarray
containing 132 Stage I-111 HER2-low (FISH-negative and IHC score <2) breast cancers.
Twenty-one (19%) tumors displayed NRG1 expression at greater than 5%, and these tumors
were significantly enriched for expression of pHER2 (p<0.04; Fig. 6G—H). Using a 10%
cutoff of NRG1 expression revealed an even stronger correlation between NRG1 and
pHER?2 expression (p<0.005; Fig. 6H).

DISCUSSION

The existence of TICs has important implications for rational design of therapies, since these
cells must be eliminated or inactivated in order to achieve cure. While novel therapeutic
agents are clearly needed, clinical experience using existing agents can help identify
currently available treatments that target TICs. Specifically, therapies that increase cure rates
in the adjuvant setting must by definition be effective against TICs. Therefore, given the
clinical observations of therapeutic benefit of trastuzumab in this group of breast cancers
(19, 20), we hypothesized that anti-HER2 therapies might target TICs in HER2-low tumors.
In this study, we show that neuregulins activate the HER2/HER3 pathway in breast TICs to
promote self-renewal in HER2-low breast cancers and that dual inhibition of EGFR and
HER2 is more effective than targeting either alone. Furthermore, this mechanism also holds
true for triple negative breast cancer cell lines and two triple negative patient-derived
xenografts. While it is not clear if HER2 is absolutely required for tumor initiation in the
primary tumor models we studied, inhibiting receptor either extracellularly or intracellularly
using clinically-available drugs inhibits TIC self-renewal, both in vitro and in vivo. Thus,
this NRG1-mediated HER2 activation serves as a potential explanation for the clinical
efficacy of HER2 targeting in HER2-low tumors.

Several previous studies have suggested a potential role for HER2 in HER2-low tumors. For
instance, NRG1 has been shown to promote tumor formation and metastasis of HER2-low
human breast cancer cell lines, including triple negative cell lines (35, 36). Furthermore, it
was recently shown that exogenous NRG1 promotes mammosphere formation in established
cell lines and cultured cells from primary breast cancer tissues (37). Finally, side population
and ALDEFLUOR-positive cells from luminal (ER+/PR+, HER2-) breast cancer cell lines
have been shown to be sensitive to HER2 inhibition (38, 39).

Our work differs from the previous studies in several important ways. First, we describe a
novel mechanism involving neuregulin-mediated activation of HER2 in TICs from these
tumors. While normal mammary stem cells express low levels of neuregulins, breast TICs
express significantly higher levels, suggesting that autocrine and/or paracrine signaling by
neuregulins promotes the uncontrolled growth of TICs that is a hallmark of cancer. Second,
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we focused on TICs purified directly from murine mammary tumors or patient-derived
xenografts since it remains unclear how well TIC-like cells in established cell lines reflect
properties of TICs found in primary tumors such as those used in our study (25, 40). Third,
we show that HER2-signaling is functionally important in TICs from triple negative breast
cancers, for which effective targeted therapies remain elusive. Finally, we found that dual
inhibition of HER2 and EGFR appears to be more effective than inhibition of either receptor
alone and leads to TIC radiosensitization, which has important implications for the design of
clinical trials.

Clinical data regarding the efficacy of anti-HER2 therapies in HER2-low breast cancers are
mixed. Retrospective analyses of trials using trastuzumab in the adjuvant setting have
suggested that patients with HER2-low tumors may benefit from this class of agents (19,
20). Conversely, HER2-targeted therapies in patients with metastatic HER2-low tumors
have generally not been effective. However, retrospective analysis of neuregulin expression
in patients with metastatic HER2-low breast cancers treated with trastuzumab plus taxanes
showed improved time to disease progression in patients whose tumors expressed high
levels of NRG, suggesting that NRG expression may predict response to trastuzumab-based
therapies (41). Using TMA analysis we found that a significant subset of Stage I-111 HER2-
low tumors express NRG1 and these tumors tend to display phosphorylated HER2. This
suggests that stratification of HER2-low patients by expression of neuregulin and/or
phosphorylated HER receptors may allow identification of a subset of patients who could
benefit from HER2-targeted therapies (41-43).

Our results suggest several possible explanations for the disparate clinical results in the
adjuvant and metastatic settings. First, TICs in microscopic tumor deposits present in the
adjuvant setting may be more dependent on HER2 signaling than TICs in macroscopic
tumors present in patients with metastatic disease. For example, clinically-detectable
metastatic tumors may have acquired additional mutations that reduce the reliance of their
TICs on the HER2 pathway, thus leading to the observed lack of benefit of HER2 targeting
in most patients with metastatic HER2-low breast cancer. Secondly, TICs in only a subset of
HER2-low tumors may rely on neuregulin-mediated activation of the HER pathway, thus
causing previous trials to be underpowered to observe an effect. This notion is supported by
our observation that lapatinib has significant activity in only a subset of HER2-low breast
cancer cell lines included in the Cancer Cell Line Encyclopedia and that only a subset of
HER2-low tumors expressed NRG in our TMA analysis. Finally, it is possible that HER2
targeted agents reach insufficient tissue levels in grossly visible HER2-low tumors and thus
are less effective than in microscopic deposits present in the adjuvant setting.

While TIC frequency significantly decreased after HER2 inhibition, it was not reduced to
zero. This suggests that HER2-targeted therapy of HER2-low tumors would be most
effective when combined with other therapies such as radiotherapy or chemotherapy.
Indeed, we found that lapatinib and afatinib increased sensitivity of TICs to radiation,
providing a rationale for combining HER pathway inhibition with radiation therapy to target
these cells.

In conclusion, we demonstrated that TICs in at least a subset of HER2-low breast cancers
are driven to self-renew by expression of neuregulin and activation of the HER pathway and
that inhibition of HER2, EGFR, or both target breast TICs. Our findings offer a potential
explanation for the benefit of HER2-targeted therapies in patients with HER2-low breast
cancers. Activation of oncogenic signaling pathways in the absence of somatic genetic
alterations in these pathways may be a common mechanism by which TICs promote self-
renewal and present a potential opportunity for developing individualized, TIC-targeted
therapeutic strategies.
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Figure 1. Neuregulins are overexpressed in cb24HicpagfHi TIC-enriched cells
(A) Bar graph showing Her2 status in MMTV-Wnt1 mice. Her2 gene copy number was
determined by quantitative PCR analysis using 10ng genomic DNA extracted from lineage-
negative (Lin—) cancer cells and lineage-positive (Lin+) stromal cells or a tail sample. (B)
Expression levels of Egfr, Her2, Her3 and Her4 in mammary repopulating unit (MRU)-
enriched cells from mouse normal mammary glands and CD24HCD49fH! TIC-enriched

cells and NTCs isolated from MMTV-Wnt1 tumors (p<0.03). (C) Neuregulin mMRNA
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expression levels in MRU-enriched, CD24HiCD49fHi TIC-enriched and NTC populations
(p<0.04). RT-PCR was performed in duplicates on five biological tumor replicates from
independent mice. (D) FACS histogram plots showing the levels of pAkt and pErk1/2 in
TICs and NTCs. (E) Bar graph showing the ratios of median fluorescent intensity (MFI) of
pEgfr, pHer2, pAkt and pErk1/2 normalized to Egfr, Her2, Akt, and Erk1/2, respectively
(p<0.001). Results are shown as mean £ SEM.
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Figure 2. Nrgl stimulatesthe self-renewal and proliferation of cb24HicpagfHi TIC-enriched
cellsthrough Her 3 and activation of Akt and Erk1/2 pathways

(A\) In vitro sphere forming assay showing Nrg1 (100ng/mL) stimulated CD24HiCD49fHi
TIC-enriched cell proliferation (n = 6, p<0.05). (B) Sphere forming assay showing the
inhibitory effect of anti-Nrg1 antibody. CD24HiCD49fHi TIC-enriched cells were cultured in
the presence of 4pg/mL normal rabbit 1gG or anti-Nrg1 antibodies (n = 7, p<0.001). (C)
Sphere forming assay showing the effect of Her2 and Her3 knockdown. CD24HiCcD4gfHi
TIC-enriched cells were treated with 1uM siRNA (n = 5, p<0.04). (D) CD24HiCD49fHi
TIC-enriched cells were cultured in standard medium (B27/Egf/Fgf) or Nrgl (100ng/mL) in
low cluster plate for 30 min. at 37°C. pAkt and pErk1/2 levels were determined by phospho-
flow analysis (n = 4, p<0.05). (E) Bar graph showing the effect of Nrgl on the
phosphorylation and activation of Akt and Erk1/2 pathways. CD24HiCD49fHi TIC-enriched
cells were starved for 30 min. and then stimulated with Nrg1 (100ng/mL) for 30min. at
37°C. pAkt and pErk1/2 levels were then determined by phospho-flow analysis. For drug
treatments, CD24H1ICD49fHi TIC-enriched cells were pretreated with AG825 (1001M),
CP-724,714 (5uM) and Lapatinib (51M) for 10min at 37°C in DMEM and then stimulated
with Nrgl (100ng/mL). Bars represent mean £ SEM (n = 5, p<0.05).
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Figure 3. Targeting Her 2 inhibits the proliferation of cD24HicpagfHi TIC-enriched cells

(A) Representative images of CD2471CD49fHi TIC-enriched cells treated with AG825 at
varying concentrations (0, 10, 25 and 50pM) in in-vitro sphere forming assays. Bar denotes
100pm. (B) Bar graph showing that AG825 reduced the spheroid forming abilities of
CD24HiCD49fH! TIC-enriched cells at a concentration of 25uM (n = 4, p<0.001). Bars
represent mean = SEM. (C) Representative images of CD24HCD49fH! TIC-enriched cells
treated with CP-724,714 at varying concentrations (0, 2.5, 5 and 10pM) in in-vitro sphere
forming assays. Bar denotes 100pm. (D) Bar graph showing that CP-724,714 reduced the
sphere forming abilities of CD24HICD49fHi TIC-enriched cells at a concentration of 10pM
(n = 3, p<0.01). (E) Representative images of CD24HCD49fH1 TIC-enriched cells treated
with erlotinib at varying concentrations (0, 0.1, 1 and 10.M) in in-vitro sphere forming
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assays. Bar denotes 100pm. (F) Bar graph showing that erlotinib reduced the sphere forming
abilities of CD24HCD49fH1 TIC-enriched cells at a concentration of 10uM (n = 3, p<0.02).

Cancer Res. Author manuscript; available in PMC 2015 January 01.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Leeetal.

A

Fraction surviving

% TIC subpopulation

1.54

-
o
[

o
T

o
o
L

N
o
]

-
(1]
1

2
o
1

A
1

o
1

Page 18

B
2.0+
o)
£ 1.5-
2
2
=
0 1.04
* c
o)
8 0.5-
* i *
* *
T 0.0-
DMSO 0.01uM 0.4uM 1uM  5uM DMSO 0.1uM 1uM 2.5,M 5.M 10uM
Afatinib Lapatinib
D
1.24 ;
11- Bl First passage
> 1.0 1 [ Second passage
E 0.9-
E 0.8-
=1 07'
* 2 06' *
S i
= 0.4- *
8 0.3- .
L 0.2 *%
- 1N fH
2.5,M 10uM " DMSO 1uM  10pM 25;M 50uM
Lapatinib Lapatinib

Figure 4. Lapatinib inhibited the capability of CD247icD49fHi TIC-enriched cellsto proliferate
and self-renew ) )
(A) Bar graph showing that afatinib reduced the sphere forming abilities of CD24HICD49fH

TIC-enriched cells at a concentration of 1uM (n = 3, p<0.02). Bars represent mean = SEM.
(B) Invitro sphere forming assay showing the dose-dependent effect of lapatinib in
CD24HiCD49fHi TIC-enriched cells. Cells were treated with lapatinib at varying doses (0,
0.1, 1, 2.5, 5 and 10pM) in the in vitro sphere forming assay (n = 3, p<0.03). (C) Bar graph
showing the percentage of CD24H1CD49fH1 TIC-enriched cells in tumors treated with
lapatinib at 2.5.M and 10pM (n = 3, p<0.002). (D) In vitro self-renewal assay showing the
inhibitory effect of lapatinib on self-renewal of CD24HCD49fH1 TIC-enriched cells. Cells
were treated with lapatinib at 0, 0.1, 1, 2.5, 5 and 10 uM and the fraction of surviving
spheres was determined (n = 3, *p<0.02). Spherical colonies from the first passage were
then dissociated into single cells and re-plated in the second passage without lapatinib
treatment (n = 3, * p<0.04, **p< 0.001). Bars represent mean =+ SEM.
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Figure 5. Dual inhibition of Her2 and Egfr suppressestumor growth and reducesthe percentage
of CD24HicD49fH! T1C-enriched cellsin vivo

(A) Tumor growth assay showing the effect of AG825, erlotinib and lapatinib. Mice bearing
MMTV-Wnt1 tumors were treated with DMSO (n = 5), AG825 (50p.g/kg, n = 5) once daily
via intraperitoneal administration, erlotinib (100mg/kg, n = 7) once daily via oral gavage or
lapatinib (100mg/kg, n = 6) twice daily via oral gavages. Tumor size was determined by
caliper measurements twice weekly (* p<0.01, ** p<0.001). (B) Scatter plots showing the
percentage of CD24HCD49fHi TIC-enriched cells in tumors treated with DMSO, AG825,
erlotinib or lapatinib. Tumors were dissociated into single cells at the end of treatment
period and analyzed by FACS analysis (* p<0.01; ** p<0.001). (C) Immunohistochemical
images at 200x magnification showing expression levels of Egfr, pEgfr, Her2 and pHer2 of
tumors sections (5.m) harvested at the end (day 14) of DMSO, AG825, erlotinib or
lapatinib treatment. (D) Bar graph showing the relative fluorescence of pHer2 and pEgfr in
tumors treated with DMSO, AG825, erlotinib or lapatinib (p<0.05). Bars represent mean +
SEM.
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Figure 6. HER2 inhibition targets a subset of human HER2-low breast cancer cell linesand
breast TICsin patient-derived xenogr afts

(A) Relative expression of HER3 and activity of lapatinib in 7 HER2-amplified and 20
HER2-non-amplified breast cancer cell lines from the Cancer Cell Line Encyclopedia. The
box highlights lapatinib-sensitive cell lines. (B) Expression levels of HER receptors and
neuregulins in patient-derived xenograft breast tumors (n = 3). (C) In vitro sphere forming
assay showing NRG1 (100ng/mL) stimulated patient-derived xenografts BCA70 (n = 3,
p<0.01) and BCAT71 (n = 4, p<0.001) TIC-enriched cell proliferation (D) Sphere forming
assay showing the inhibitory effect of anti-NRG1 antibody. TIC-enriched cells from BCA70
(n =6, p<0.01) and BCA71 (n = 4, p<0.02) were cultured in the presence of 4pg/mL normal
rabbit IgG or anti-NRG1 antibodies. (E) Bar graph showing that AG825 (25 M),
CP-724,714 (10pM) and Erlotinib (5puM, 10 pM) reduced the sphere forming abilities of
BCA70 TIC-enriched cells (n = 3, p<0.02). Bars represent mean + SEM. (F) Clonogenic
survival assays of BCA70 TIC-enriched cells in the presence of ionizing radiation (2Gy)
with or without lapatinib or afatinib treatment (* p<0.001). Bars represent mean + SEM. (G)
Tissue microrarray analysis of 132 HER2-low breast cancers. Bar graph showing fraction of
pHER?2 expression in HER2-low breast tumors stratified by NRG1 expression with a cutoff
of 5% expression level (p<0.04). (H) Association between NRG1, HER2 and pHER2
expression levels in HER2-negataive tumors stratified by NRG1 expression.
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Table 1

In vivo limiting dilution analysis of lineage-negative mammary tumor cells after treatment with DMSO,
AGB825, erlotinib or lapatinib (* p<0.01).

Treatment Groups | # cellsinjected | #tumor formation/total # injections TIC frequency
100 0/5
500 3/5
DMSO 1/633 (1/404-1/991)

2,500 5/5
5,000 5/5
100 0/5
500 1/5

AG825 1/2,641* (1/1,813 — 1/3,847)
2,500 2/5
5,000 5/5
100 0/5
500 0/5

Erlotinib 1/2,715* (1/1,739 — 1/4,239)
1,000 2/5
2,000 3/5
100 0/5
500 0/5

Lapatinib 1/3,837* (1/2,307 — 1/6,381)
1,000 3/5
2,000 1/5
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