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Abstract

Clinical data analysis reveals that the expression of the EphB4 receptor
tyrosine kinase is significantly elevated in HER2-positive breast cancer and
high levels of EphB4 strongly correlate with poor disease prognosis. However,
the impact of EphB4 activation on HER2-positive breast cancer cells and the
potential of EphB4 as a therapeutic target remain to be explored. Here, we
show that EphB4 overexpression confers gain-of-function activities to
HER2-positive breast cancer cells, rendering resistance to a HER2/EGFR
inhibitor Lapatinib. Furthermore, using integrated transcriptomic and tyrosine
phosphoproteomic analyses, followed by biochemical confirmation, we
establish that EphB4 activation engages the SHP2/GAB1-MEK signaling
cascade and downstream c-MYC activation, and thereby limits the overall drug
responses to Lapatinib. Finally, we demonstrate that, in HER2-positive breast
tumors, inhibition of EphB4 combined with Lapatinib is more effective than
either alone. These findings provide new insights into the signaling networks
dictating therapeutic response to Lapatinib as well as a rationale for

co-targeting EphB4 in HER2-positive breast cancer.
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Abstract

Clinical data analysis reveals that the expression of the EphB4 receptor
tyrosine kinase is significantly elevated in HER2-positive breast cancer and
high levels of EphB4 strongly correlate with poor disease prognosis. However,
the impact of EphB4 activation on HER2-positive breast cancer cells and the
potential of EphB4 as a therapeutic target remain to be explored. Here, we
show that EphB4 overexpression confers gain-of-function activities to
HER2-positive breast cancer cells, rendering resistance to a HER2/EGFR
inhibitor Lapatinib. Furthermore, using integrated transcriptomic and tyrosine
phosphoproteomic analyses, followed by biochemical confirmation, we
establish that EphB4 activation engages the SHP2/GAB1-MEK signaling
cascade and downstream c-MYC activation, and thereby limits the overall drug
responses to Lapatinib. Finally, we demonstrate that, in HER2-positive breast
tumors, inhibition of EphB4 combined with Lapatinib is more effective than
either alone. These findings provide new insights into the signaling networks
dictating therapeutic response to Lapatinib as well as a rationale for

co-targeting EphB4 in HER2-positive breast cancer.



1.Introduction

Amplification and/or overexpression of the receptor tyrosine kinase HER2
occur in approximately 20% of breast cancer [1-3]. Although both Trastuzumab
and Lapatinib provide considerable clinical benefits for HER2-positive breast
cancer patients, a large fraction of the diseases display primary resistance to
these inhibitors [2-5]. Furthermore, tumors that are initially sensitive to these
drugs go on to adapt to HER2-targeted inhibition or develop acquired
resistance in patients with advanced diseases [2-5]. The Eph receptor tyrosine
kinase EphB4 has been previously shown to promote mammary tumorigenesis
and enhance metastatic burden in MMTV-neuT (an active mutant rat Her2/neu,
ErbB-2) mice [6]. However, the impact of EphB4 activation on HER2-positive
breast cancer and the potential of EphB4 as a therapeutic target still await
further investigation.

Increasing evidence suggest that EphB4 may affect the growth, migration
and invasion of cancer cells through differential activation of signal
transduction pathways in different tissue types or genetic settings [7-12]. High
levels of EphB4 are observed in a variety of human malignancies, including
breast cancer [1,7-9,13-17]. Overexpression of EphB4 has been linked to
malignant transformation and tumor progression through activation of the
PI3K/AKT, MEK/ERK or RhoGTPase signaling pathways [8,11,12]. A more
recent study reported EphB4 as an erythropoietin (Epo) receptor promoting
rhEpo-induced tumor growth and progression via Src-Stat3 signaling in
ovarian and breast cancers [18]. Other evidence, however, indicates that
EphB4 may function as a tumor suppressor in EphrinB2 (an EphB4-preferred
ligand)-dependent manner in breast cancer [10]. The opposing roles of EphB4
as reported in breast cancer, combined with the potential link of EphB4 to
HERZ2-positive subtype of the disease [6], prompted us to investigate whether

EphB4 activation confers gain-of-function to HER2-positive breast cancer and



whether EphB4 overexpression allows tumor cells to escape from

HER2-targeted inhibition by Lapatinib.

2.Materials and methods
2.1. Cell culture and Reagents

All the cell lines were purchased from the American Type Culture Collection
(ATCC, Manassas, USA) and maintained in culture medium (HCC1954 and
BT474 cells in RPMI-1640; SKBR3 cells in McCoy's 5A modified;
MDA-MB-361 cells in Dulbecco's Modified Eagle's Medium) supplemented
with 10% FBS and 1% penicillin/streptomycin. MCF10A were cultured in
DMEM/F12 supplemented with 5% FBS, 20 ng/ml EGF, 10 ug/ml insulin, 500
ng/ml hydrocortisone, 100 ng/ml cholera toxin, and 1% penicillin/streptomycin.
Cells were incubated at 37°C in a humidified atmosphere containing 5% CO2.
All cell lines were examined periodically for Mycoplasma infection by PCR.
Lapatinib, MEK-162, MK-2206, Trastuzumab and JQ-1 were purchased from
Medchemexpress (Shanghai, China) and BHG-712 was purchased from
Selleck (USA). EphrinB2-Fc and Fc were purchased from Sino Biological
(Beijing, China). Lipofectamine 3000 (Invitrogen, USA) was used to transfect
siRNA oligos into the cells according to the manufacturer’s guidelines. The
siRNA reagents were purchased from GenePharma (Suzhou, China).
SIEphrinB2#1: CGAUUUCCAAAUCGAUAGUTT, SiEphrinB2#2:
GACAAGGACUGGUACUAUATT,; siMYC: GCTTGTACCTGCAGGATCT.

2.2. Plasmids and stable cell line generation

To construct pLKO.1 puro (addgene #8453) or pLKO-tet-on shRNAs (kindly
provided by Dr. Jean Zhao at Dana-Farber Cancer Institute, USA) targeting
human EphB4, SHP2, GAB1, and STAT3, oligonucleotides synthesis were
performed by Sangon Biotech (Shanghai, China) Co. Ltd.
EphB4 shRNA#1: CAATGGGAGAGAAGCAGAATA



EphB4 shRNA#2: CACCACCAAACTCAATCATTT
SHP2 shRNA#1: TATACCCTTAACCAGTTTAAT
SHP2 shRNA#2: AGATGTCATTGAGCTTAAATA
GAB1 shRNA#1: AGTTAACACACTCGTAGTATT
GAB1 shRNA#2: GTTACGCAGTGGCCGTTTAAC
STAT3 shRNA#1: CTCAGAGGATCCCGGAAATTT
STAT3 shRNA#2: GGCGTCCAGTTCACTACTAAA
To construct pWzl-EphB4 and pBABE-puro HER2, human EphB4 or HER2
were amplified and cloned into pWzl-blast (kindly provided by Dr. Jean Zhao at
Dana-Farber Cancer Institute, USA) or pBABE-puro (addgene #1764).

2.3. Western blot analysis

Cells were lysed in RIPA lysis buffer supplemented with phosphatase (1 mM
NaF, 1 mM NazVO,, 1 mM CzH7Na,OgP, and 10 mM Na4sO,P,), and protease
inhibitors (Roche, USA). The immunoblotting was conducted in accordance
with the standard procedures previously described [19]. The blots were probed
with the following antibodies: anti-EphB4 (Cell signaling technology,
CST#14960, USA), anti-pHER2 Y1221/1222(CST#2243), anti-HER2 (Abcam,
ab134182, USA), anti-cleaved PARP (CST#5625), anti-pAKT S473
(CST#4060), anti-AKT (H-136) (Santa Cruz Biotechnology, sc8312, USA),
anti-Vinculin (Sigma Aldrich, V9131, USA), anti-phosphotyrosine antibody
(4G10) (Millipore#05-1050, Germany), anti-pERK1/2 (CST#4370),
anti-ERK1/2 (CST#9102), anti-pGAB1 Y659 (CST#12745), anti-GAB1
(CST#3232), anti-SHP2 Y542 (CST#3751), anti-SHP2 Y580 (CST#5431),
anti-SHP2 (CST#3397), anti-c-Myc (CST#5605), anti-pSTAT3 Y705
(CST#9145) and anti-GST Tag (Proteintech#666001-2-Ig). For the
immunoblotting assay with SH2 superbinder-based phosphotyrosine, standard

manual was performed as previously described [20].



2.4. Immunoprecipitation of Phosphotyrosine-containing proteins

Cells were lysed in TEB lysis buffer (50mM Tris pH 7.5, 150 mM NacCl, 1.0 %
Nonidet P-40, 10% glycerol, 0.5mM phenylmethylsulfonyl fluoride)
supplemented with phosphatase inhibitor (ImM NaF, 1mM NazVO,, 1mM
C3H;Na,O¢P, and 10mM NasO-,P;) and protease inhibitor (Roche, USA), and
the debris was cleared by centrifugation. Cell lysate was then incubated with
GST-SH2 superbinder [20] at 4°C overnight, and followed by the addition of
Glutathione sepharose (GE Healthcare, USA) for an additional 1 hour. The
beads were then washed three times with ice-cold TEB buffer, and eluted with
2XSDS loading buffer. The eluted pTyr proteins were subjected to Western blot

analysis.

2.5. Clonogenic survival assay

The breast cancer cells were trypsinized and seeded in 12-well plates.
Fresh medium was replaced every 3 days. At the end point, cells were washed
once with PBS then fixed with fixation solution and subsequently stained with
0.5% crystal violet (Sigma) and dissolved with 10% glacial acetic acid as
previously described [19]. The optical density (OD) was measured at 590 nm

by an xMark Microplate Spectrophotometer (Bio-Rad, USA).

2.6. Cell viability assay

The breast cancer cells were seeded in 96-well plates, indicated inhibitors
were added in the next day for another 72 hours. The Cell Counting Kit-8
(CCK-8) assay (Dojindo Molecular Technologies, Japan) was carried out
according to the manufacturer’s suggestions as previously described [19]. The
optical density (OD) was measured at 450nm by an xMark Microplate
Spectrophotometer (Bio-Rad). The IC50s (half maximal inhibitory
concentration) were calculated from the sigmoidal dose-response curves

utilizing Prism.



2.7. 3-dimensional spheroid assay

The 3D cell culture experiments were carried out in 96-well plates precoated
with 50% Matrigel (BD Biosciences, USA) plus 50% medium without serum.
Breast cancer cells were trypsinized then seeded at a density of 3000 cells per
well. Cells were grown in respective culture medium supplemented with 2%
Matrigel and 2% FBS that was replaced every 3 days. Quantification was
conducted according to the surface area of the spheroid using ImageJ
software or the 3D structure integrity based on the resemblance to images
shown along with the figures. Over 100 colonies were scored in each

condition.

2.8. Quantitative RT-PCR analysis

Total RNA was extracted from cultured cells using the Nucleozol Reagent
(Macherey-Nagel, Germany), 0.5 ug of the total RNA was subjected to a
reverse transcriptase reaction according to the manufacturer’'s guidelines of a
high-capacity cDNA PrimeScript™ RT master mix (Takara, Japan). For the
guantitative real-time PCR, the complementary DNAs (cDNAs) were analyzed
by a SYBR Green PCR Master Mix (Applied Biosystems, USA) on an
StepOnePlus Real-time PCR system (Applied Biosystems). The primer
synthesis and DNA sequencing were conducted by Sangon Biotech (Shanghai,
China). The relative expression of cDNA was normalized to f-actin expression
and was calculated by the 2AACt method. All used primers were listed as
follows:
EphrinB2-Forward: TGTGCCAGACAAGAGCCATG
EphrinB2-Reverse: AGCTTCTAGTTCTGGACGTCTTG
c-MYC-Forward: AGGGTCAAGTTGGACAGTGTCA
c-MYC-Reverse: TGGTCGATTTTCGGTTGTTG
ODC1-Forward: AGCCATCGTGAAGACCCTTG



ODC1-Reverse: TGCATAGATAATCCTCTCTGGAGGC
LDHA-Forward: ATGTTGCTGGTGCCTCTCTGAAG
LDHA-Reverse: GCCCAGGATGTGCAGCCT

STAT3-Forward: AAGGACATCAGCGGTAAGAC
STAT3-Reverse: GAGATAGACCAGTGGAGACAC

2.9 Flow cytometry analysis

Apoptosis was analyzed with Annexin V-FITC Apoptosis Detection Kit
(Dojindo Molecular Technologies, Japan) according to manufacturer’s
instructions. Briefly, cultured cells were trypsinized with 0.25% trypsin

without EDTA, and then stained with Annexin V-FITC and Propidium

iodide (PI) solution. Stained cells were subjected to flow cytometry analysis on

BD FACS Aria Il (BD Biosciences, USA).

2.10. RNA sequencing

The RNA-Seq experiments were performed by Shanghai Biotechnology
Corporation (China). The extracted total RNAs were sequenced on the
lllumina HisegX10 platform wusing the standard paired-end protocol.
Approximately 40 million 75-bp paired reads were acquired for each sample.
RNA-Seq data were analyzed using GSEA software provided by the Broad
Institute, Cambridge, MA, USA, as previously described [21]. A false discovery
rate (FDR g value) of < 0.25 and a nominal P value of < 0.05 were considered

statistically significant.

2.11. Tyrosine phosphoproteomics

Detailed methodology is described in Supplementary method.

2.12. In vivo Xenograft Mouse Study
Eight-week-old female NOD-SCID mice were purchased from Beijing Vital

River Laboratory Animal Technology. The HCC1954 TetO-EphB4 shRNA cells
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(5x10° per injection) in PBS/Matrigel mixture were injected orthotopically into

the mammary fat pads. Drug treatment started when average tumor size

3
reached about 100 mm . Lapatinib was dissolved in 0.5% methylcellulose/0.5%

Tween 80 and administered once daily via oral gavage at 100 mg/kg.
Doxycycline was given in drinking water (5% dextrose), refreshed every 3 days.
The tumor volumes were measured every other day with a digital caliper
according to the following formula: tumor volume= (length x width?)/2. All
animal experiments were carried out in accordance with the approval of the

Animal Research Committee of Dalian Medical University.

2.13. Clinical data analysis

The gene expression data were downloaded from TCGA or other published
database (http://www.ncbi.nlm.nih.gov/geo/). GSE25055, GSE25065 and
GSE250660 were for Hatzis_Breast [22]. Kaplan—Meier survival analyses for
disease outcomes were performed using the online database

(www.kmplot.com) [23] or other published database

(http://www.ncbi.nlm.nih.gov/geo/): Desmedt breast (GSE7390) [24] and

Kao_breast (GSE20685) [25].

2.14, Statistics

Statistical analysis was performed by two-tailed unpaired Student's t test for
two group comparisons, and by one-way ANOVA followed by Tukey's multiple
comparison tests wherever appropriate. The survival analysis was performed
by the Kaplan—Meier method and compared statistically using the log-rank test.

P-value < 0.05 was considered as statistical significance.

3. Results
3.1. Expression of EphB4 is significantly elevated in HER2-positive

breast cancer, strongly correlated with the poor disease outcomes
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It has been reported that the receptor tyrosine kinase EphB4 is overexpressed
in a variety of human cancers including breast cancer [1,7-9,13-17]. Analysis
of the two breast cancer databases [1,22] reveals that EphB4 mRNA is
preferentially elevated in basal-like and HER2-enriched breast carcinoma
compared to luminal A and B tumors (Fig. 1A and B). To gain insights into the
potential relevance of EphB4 overexpression in breast cancer, we asked
whether EphB4 expression correlates with disease prognosis. By analyzing
gene expression data across three independent cohorts [23-25], we found that
EphB4 expression was inversely associated with overall survival and
metastasis-free survival (Fig. 1C and D). Specifically, higher expression levels
of EphB4 were strongly associated with poor prognosis in HER2-positive and
basal-like subtypes (Fig. 1E and Supplementary Fig. 1A and B), thus
implicating a potential oncogenic role of EphB4 in these diseases.

Our findings that higher levels of EphB4 expression significantly correlate
with poor prognosis in HER2-positive breast cancer (Fig. 1E), together with
the previous report that transgenic overexpression of EphB4 expedited the
tumorigenesis and metastatic potential of the mouse mammary cancer model
transgenic for neuT [6], prompted us to further investigate the potential
oncogenic role of EphB4 in HER2-positive breast cancer. It has been
demonstrated that the presence of endogenous oncogenic PIK3CA mutations
renders HER2-positive breast cancer cells less responsive to HER2 blockade
[26]. We found that EphB4 knockdown in HCC1954 (HER2 amplification,
PIK3CA H1047R) and MDA-MB-361 (HER2 amplification, PIK3CA E545K)
cells markedly reduced the proliferation of cells cultured in 2D monolayer and
the growth of spheroids cultured in 3D on Matrigel (Supplementary Fig.
2A-C), a condition that closely mimics tumor microenvironment [27-29].
Conversely, overexpression of EphB4 resulted in significant clonogenic
survival in 2D cultures and conferred a remarkable growth advantage in the 3D

cultures of HER2-amplified breast cancer cell lines BT474 and SKBR3 as well
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as MCF10A/HER2, a normal human mammary epithelial cell line with ectopic
overexpression of HER2 (Supplementary Fig. 2D-F). Together, these results
suggest that EphB4 confers gain-of-function activities to HER2-positive breast

cancer.

It has been previously shown that EphrinB2-dependent EphB4 signaling
exhibits a tumor suppressive role in breast cancer cells including MCF7,
MDA-MB-435, and MDA-MB-231 [10]. Notably however, none of these cell
lines belong to the HERZ2-overexpressing subtype. To further investigate
whether the HER2- positive breast cancer cell lines examined in our study may
depend on EphrinB-mediated EphB4 signaling, we first performed shRNA
knockdown of EphrinB2 and measured the cell viability. Indeed, EphrinB2
knockdown had no discernable impact on the growth of HER2-overexpressing
breast cancer cells HCC1954 and MDA-MD-361 (Supplementary Fig. 3A-D).
Meanwhile, we also failed to observe an effect of EphinB2-Fc on the growth of
these cancer cells (Supplementary Fig. 4). Together, these results argue
against the presence of EhrinB2-mediated tumor suppressor signaling in

HER2-positive breast cancer.

3.2. EphB4 activation confers resistance to Lapatinib

We next investigated whether EphB4 could affect the response of HER2-
overexpressing breast cancer cells to Lapatinib, a dual HER2/EGFR tyrosine
kinase inhibitor. Notably single-agent Lapatinib treatment strongly inhibited
HER2 phosphorylation but had little impact on the levels of cleaved PARP, an
indicator of apoptosis, in HCC1954 cells (Fig. 2A). In contrast, knockdown of
EphB4 sensitized cells to Lapatinib as determined by the cell viability assay
and the 3D spheroid assay (Fig. 2B and C). In line with this, combinatorial
EphB4 knockdown and Lapatinib induced apoptosis (Fig. 2A and
Supplementary Fig. 5A). Furthermore, BHG712 [30,31], a kinase inhibitor of
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EphB4, enhanced the cytotoxic effect of Lapatinib in the 2D culture and 3D
spheroid models of HCC1954 cells (Fig. 2D-F and Supplementary Fig. 5B).
Conversely, EphB4 activation by ectopic overexpression of EphB4 rendered
HER2-positive BT474 and HER2-overexrpressing MCF10A (MCF10A/HER?2)
cells insensitive to Lapatinib (Fig. 2G-I, Supplementary Fig. 5C and 6A-B). In
addition to Lapatinib, inhibition of EphB4 also sensitized HCC1954 cells to
Trastuzumab, a humanized monoclonal antibody targeting HER2
(Supplementary Fig. 7) Together, these results suggest for the first time that
EphB4 activation allows HER2-positive breast cancer cells to escape from

HER2-targeted inhibition by Lapatinib.

3.3. EphB4 engages KRAS/MEK signaling in HER2-positive breast cancer
cells

To investigate the mechanism underlying the oncogenic role of EphB4 in
HER2-positive breast cancer, we performed RNA sequencing (RNA-Seq)
analysis. Specifically, we subjected RNAs isolated from HCC1954 with or
without EphB4 shRNA knockdown, and parallelly BT474 cells with or without
ectopic overexpression of EphB4, to transcriptional profiling by RNA-Seq.
Subsequent gene set enrichment analyses (GSEA) of both RNA-Seq data sets
pointed to a highly significant association between EphB4 expression and
KRAS-associated gene signatures (Fig. 3A and B). KRAS regulates numerous
cellular processes by activating signaling pathways such as MEK/ERK
mitogen-activated protein kinase and PI3K-AKT pathways [32,33]. To identify
which specific effector pathway downstream of KRAS is associated with the
effect of EphB4 on HER2-positive breast cancer cells, we further analyzed the
in vivo signaling by western blot analysis. We found that knockdown of EphB4
led to significantly decreased ERK phosphorylation (Fig. 3C). Conversely,
ectopic overexpression of EphB4 remarkably induced ERK phosphorylation

(Fig. 3D). Notably, the levels of phosphorylated AKT remained intact
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regardless of whether EphB4 is silenced or ectopically overexpressed (Fig. 3C
and D). These results suggest that the signaling of MEK/ERK, rather than AKT,
is most likely associated with EphB4 activation.

We extended these findings into investigate whether blockade of effectors
downstream of KRAS signaling, ERK or AKT, may abrogate the
gain-of-function activity of EphB4 on HER2-positive breast cancer cells.
Indeed, while single-agent MEK inhibitor MEK126 or Lapatinib alone had little
inhibitory effect, the combination treatment nearly abolished the 3D spheroid
structures (Fig. 3E, middle panels). In contrast, combined use of AKT
inhibitor MK2206 and Lapatinib had only moderate effect on the growth of 3D
spheroids (Fig. 3E, bottom panels). Consistently, compound
Lapatinib/MEK162 fully suppressed phosphorylated ERK signals and induced
strong cleaved PARP signals (an indicator of apoptosis), whereas compound
Lapatinib/MK2206 induced only moderate levels of apoptosis (Fig. 3F). It is
worth noting that while the GSEA analysis identified an enrichment of
IL6-JAK-Stat3 signature in BT474 cells with EphB4 overexpression,
subsequent 3D spheroid assays by using Stat3 shRNA knockdown failed to
establish a causal relationship (Supplementary Fig. 8A-E). Collectively, these
findings suggest that EphB4 activation confers oncogenic activities to
HER2-positive breast cancer through activation of KRAS downstream effector
MEK/ERK rather than AKT, and that blocking MEK/ERK activation may

sensitize EphB4-overexpressing cells to HER2 blockade by Lapatinib.

3.4. EphB4 activation allows HER2-positive breast cancer cells to escape
from Lapatinib through engaging the SHP2/GAB1-MEK signaling

To gain insights into how EphB4 mediates MEK/ERK activation in
HER2-positive breast cancer cells, we conducted quantitative tyrosine
phosphoproteomics using our newly developed SH2 superbinder [34-36].

Interestingly, tyrosine phosphoproteomics analysis identified markedly
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increased intensity of phosphorylation at Tyr542 and 580 in Src homology-2
(SH2) domain-containing phosphatase 2 (SHP2) in EphB4-overexpressing
BT474 cells when compared to the control cells (Fig. 4A and Supplementary
Table 1). We validated these specific tyrosine phosphorylation events in SHP2
by western blot analysis (Fig. 4B and Supplementary Fig. 9A), suggesting
the mass spectrometry data generated by our SH2 superbinder-based
approach could faithfully recapitulate tyrosine phosphorylation in vivo. It has
been previously shown that phosphorylation of SHP2 at Tyr542 and 580 is
critically important for SHP2-mediated full activation of the MEK/ERK signaling
cascade [37-40]. In line with this, knockdown of SHP2 in
EphB4-overexpressing BT474 cells led to significantly reduced ERK
phosphorylation (Supplementary Fig. 9B). These results for the first time
brought our attention that EphB4 activation may engage the SHP2-MEK

signaling axis in HER2-positive breast cancer.

Several lines of evidence indicate that SHP2 in complex with
phosphorylated GRB2-associated binder protein 1 (GAB1) at Y627 and Y659
relieves the auto-inhibition of SHP2, promoting the activation of MEK/ERK
signaling [41-44]. Indeed, our tyrosine phosphoproteomics analysis also
identified a discernable increase in GAB1l phosphorylation at Y659 in
EphB4-overexpressing BT474 cells when compared to the control cells (Fig.
4A and Supplementary Table 1). Subsequent western blot analysis validated
the increase of this site-specific GAB1 phosphorylation (Fig. 4B and
Supplementary Fig. 9A). Although to a lesser extent than the effect of SHP2
silencing (Supplementary Fig. 9B), knockdown of GABl1 in
EphB4-overexpressing BT474 cells led to a decrease in phosphorylated
ERK1/2 signals (Supplementary Fig. 9C). Notably, blockade of HER2 activity
by Lapatinib alone did not cause noticeable changes in SHP2 or GAB1

phosphorylation in EphB4-overexpressing BT474 cells (Fig. 4B). In contrast,
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knockdown of either SHP2 or GAB1 combined with Lapatinib nearly abolished
the ERK phosphorylation induced by EphB4 (Supplementary Fig. 9B and C).
These data strongly suggest that EphB4 activation may confer resistance to
Lapatinib through engaging the SHP2/GAB1-MEK signaling cascade. We
further looked into this possibility by conducting 3D spheroid assay. While
overexpression of EphB4 allowed BT474 cells to survive on Matrigel in the
presence of Lapatinib, concomitant knockdown of either GAB1 or SHP2
rendered the sensitivity of these EphB4-overexpressing cells to Lapatinib (Fig.
4C). In addition, as EphrinB2 knockdown had little impact on the
phosphorylation levels of SHP2, GAB1 or ERK in EphB4-overexpressing
BT474 cells (Supplementary Fig. 10A and B), it is less likely that EphrinB2 is
involved in EphB4-mediated signal transduction in HER2-positive breast
cancer. Together, these data suggest that EphB4 activation allows
HERZ2-positive breast cancer cells to escape from Lapatinib through engaging

the SHP2/GAB1-MEK signaling.

3.5. Inactivation of the EphB4-SHP2-MEK signaling axis attenuates
c-MYC activation

Previous work has shown that SHP2-mediated activation of MEK/ERK
signaling induces the expression of c-MYC [45]. We extended this finding into
examine whether EphB4-mediated MEK/ERK signaling also involves c-MYC
activation. Indeed, our RNA-Seq analysis revealed an association of EphB4
expression and MYC-targeted gene signature (Fig. 5A). Consistently, EphB4
knockdown led to reduced c-MYC expression at both mRNA and protein levels,
and concordantly reduced expression of two well-described MYC targets,
ODC1 and LDHA [46,47] (Fig. 5B-D). Furthermore, siRNA-mediated
knockdown of c-MYC sensitized HCC1954 cells to Lapatinib treatment
(Supplementary Fig. 11). Concordantly, JQ-1 [48], a BET bromodomain

inhibitor that suppresses MYC transcription, combined with Lapatinib induced
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strong apoptotic signals and abrogated the integrity of the 3D spheroids of
HCC1954 cells (Fig. 5E and F). Conversely, ectopic expression of EphB4 led
to dramatically increased expression of c-MYC mRNA and protein (Fig. 5G
and H). The combination treatment by Lapatinib and JQ1 strongly induced
apoptotic  signals and disrupted the 3D spheroid growth of
EphB4-overexpressing BT474 cells (Fig. 51 and J). Together, these results
suggest that therapeutically targeting c-MYC may enhance the anti-tumor

effect of Lapatinib in HER2-positive breast cancer with EphB4 overexpression.

3.6. Targeting EphB4-MEK signaling improves the tumor response to
Lapatinib in vivo

To extend these in vitro findings, we generated a HCC1954 cell line expressing
EphB4 shRNA in which knockdown of EphB4 expression is under the control
of a tetracycline-inducible promoter (TetO), designated as HCC1954
TetO-EphB4 shRNA. Prior to the in vivo study, we first assessed the response
of this cell line model to drug treatments in vitro. When compared to
single-agent treatments, combined use of Lapatinib and doxycycline resulted
in a substantial decrease in ERK phosphorylation and, to a lesser extent,
c-MYC protein abundance (Supplementary Fig. 12A). Strikingly, the drug
combination completely suppressed cell proliferation and induced apoptosis
(Supplementary Fig. 12A and B). Furthermore, we found that ectopic
expression of c-MYC T58A, a more stable form of c-MYC [49], at least in part,
rescued the growth inhibitory effect caused by doxycycline-induced silencing
of EphB4 (Fig. 5K and L). Together, these data suggest that inhibition of the
EphB4-mediated ERK-MYC signaling cascade may augment the response to

lapatinib.

We next established the orthotopic xenograft model using the HCC1954

TetO-EphB4 shRNA cell line and subjected the tumor-bearing mice to drug
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treatment in vivo. Compared to single-agent or vehicle treatments, combined
use of Doxycycline and Lapatinib significantly inhibited the tumor growth (Fig.
6A). While Lapatinib sufficiently blocked HER2 signaling and Doxycycline
attenuated EphB4 expression, these single-agent treatments only moderately
reduced ERK phosphorylation (Fig. 6B). Consistent with the results obtained
in the in vitro studies, Doxycycline-induced EphB4 silencing combined with
Lapatinib led to remarkably diminished phosphorylated ERK1/2 signals and
further decreased c-MYC protein abundance (Fig. 6B). Meanwhile, the
combination treatment elicited strong apoptotic signals in vivo (Fig. 6B),
explaining at least in part for the strong therapeutic efficacy exerted by

combined blockade of HER2 and EphBA4.

4. Discussion

Resistance to HERZ2-targeted therapies remains a big challenge in the
treatment of HER2-positive breast cancer patients. Accumulating research
studies have reported diverse molecular mechanisms of resistance to HER2-
targeted therapies [2-5], including dysregulation of mitogenic signaling by
constitutively activated oncogenic proteins. We and others have previously
shown that compensatory activation of MEK-ERK signaling confers resistance
to HER2-targeted agents in HER2-positive breast tumor models carrying
oncogenic PIK3CA mutations [50-54]. In the current study, we demonstrate
that overexpression of EphB4 renders the escape of HER2-positive breast
cancer cells from Lapatinib treatment through engaging the
SHP2/GAB1-MEK-MYC signaling cascade.

Eph receptors belong to the largest family of receptor tyrosine kinases,
among which Eph receptor A2 (EphA2) is the most extensively studied [55-59].
EphA2 has been shown to cooperate with HER2 to promote malignant
transformation and metastatic progression in a genetic mouse model of breast

cancer [55]. Similarly, EphB4 transgene expression has been shown to
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expedite mammary tumorigenesis and enhance metastatic burden in neuT
transgenic mice [6]. While our findings highlight a more broad investigation of
the potential involvement of additional Eph RTKs in HER2-targeted therapies,
further thorough studies may be required to investigate whether EphB4 also
confers resistance to other HER2-targeted agents, e.g. the newly FDA
approved HER kinase inhibitor Neratinib. Meanwhile, as the expression levels
of EphB4 are also elevated in basal-like breast cancer and higher levels of
EphB4 expression are significantly associated with the poor prognosis of the
disease (Fig. 1 and Supplementary Fig. S1), future studies with focus on
uncovering potential oncogenic activities of EphB4 in the basal-like subtype
would be necessary to expand the scope of the current study.

We report for the first time that EphB4 activation engages the SHP2-MEK
signaling cascade in HER2-positive breast cancer. Indeed, SHP2 has been
previously shown to promote HER2-induced signaling and transformation by
increasing the RAS activity [45,60,61]. In the current study, we took integrated
approaches to investigate the oncogenic activity of EphB4 in HER2-positive
breast cancer. First, using RNA-Seq transcriptional profiling followed by
western blot analysis, we identified the impact of EphB4 activation on the
effector signaling downstream of KRAS, specifically ERK, rather than AKT.
Second, to examine the phosphotyrosine profiles affected by EphB4 activation,
we performed SH2 superbinder-based tyrosine phosphoproteomics analysis,
and identified an increase in phosphorylation of SHP2 Tyr542 and Tyr 580 in
association with EphB4 activation. As these two SHP2 phosphorylation events
are known to be critical for full activation of MEK/ERK signaling [37-40], the
findings from our integrated molecular analyses, together with subsequent
functional characterization data, provide strong evidence for the role of EphB4
in activation of the SHP2- MEK signaling axis in HER2-positive breast cancer.

Accumulating evidence indicates that GAB1 phosphorylation at Tyr 627
and Tyr 659 recruits and activates SHP2, leading to MEK/ERK activation
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[41-44]. Our finding that EphB4 overexpression enhances phosphorylation of
GABL1 at Tyr 659 thus supports the notion that EphB4 regulates GAB1-SHP2
mediated MEK/ERK activation. Furthermore, we demonstrate the growth
dependence of HERZ2-positive breast cancer cells on EphB4-activated
SHP2/GAB1-MEK signaling cascade. In addition, our findings also establish a
causal relationship between EphB4-mediated signaling and c-MYC activity. It
has been shown that SHP2-mediated activation of MEK/ERK signaling
promotes breast cancer progression via activation of c-MYC [45]. We extend
this finding to show that EphB4 activation induces c-MYC activity and that
pharmacological inhibition of c-MYC by JQ1 sensitizes EphB4-overexpressing
breast cancer cells to Lapatinib. Collectively, our data uncover the complex
rewiring of the oncogenic signaling networks conferred by EphB4 activation in
the context of HER2-positive breast cancer.

While our work has established for the first time a functional link
between EphB4 activation and the SHP2/GAB1/MEK-1/c-MYC signaling axis,
in-depth characterization of EphB4-SHP2 signaling network activity at
systems-levels has been lacking. The interaction of SH2 domain containing
protein with phosphorylated tyrosine residues is a key feature of signaling
initiation events and thus have a substantial effect on signal transduction of
RTK activation. However, as these binding events are typically of relatively low
affinity and occur rapidly, it would be difficult to capture these events by routine
coimmunoprecipitation assays with potential loss of protein complex stability
during incubations. Indeed, this may be the case in our study as we failed to
observe phosphorylation events of Grb2 in the tyrosine phosphoproteomic
profile of EphB4 activating cells. Nevertheless, we cannot rule out the
possibility that Grb2 is not involved in EphB4 activation-mediated signaling. On
the other hand, among all RTKs, the dynamic interaction of EGFR with the
SHP2-GAB1-MEK1 signaling axis has been most extensively studied and

interestingly, it has been recently shown that EGFR-activated Src family
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kinases maintain GAB1-SHP2 complexes distal from EGFR[43], a regulatory
mechanism uniquely used by EGFR (but not c-Met) to remotely control the
duration of the signaling cascade. It will be interesting to investigate whether
EphB4 activation would adopt a mechanism of signaling initiation similar to that
of EGFR activation. To further understand how EphB4 activation regulates the
phosphorylation dynamics of SHP2-mediated signaling, we propose to
determine the extent to which EphB4 activation is perturbed by using allosteric
inhibitors of SHP2 (e.g. SHP099) in our future quantitative phosphoproteomics
studies.

In summary, we propose the model based on our understanding to
explain the regulation of SHP2/GAB1-MEK signaling cascade activated by
EphB4 overexpression and how inhibition of EphB4 or its downstream
effectors may sensitize HER2-positive breast cancer cells to Lapatinib (Fig.
6C). Altogether, our study provides new insights into the signaling networks
dictating therapeutic response to Lapatinib as well as a rationale for targeting

EphB4 in HER2-positive breast cancer.
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Figure legends

Fig. 1 EphB4 expression is significantly elevated in HER2-positive breast
cancer and high expression levels of EphB4 strongly correlates with
poor prognosis. A EphB4 expression levels were significantly higher in
HER2-positive breast carcinoma (n = 58) than in normal breast tissues (n = 22)
in the TCGA (The Cancer Genome Atlas) breast cancer cohort. The median
with interquartile range is indicated by black lines in each group. ** P < 0.01,
(Student's t test). B EphB4 expression levels in five distinct molecular
subtypes of breast cancer classified by PAM50 (20-22). The median with
interquartile range is indicated by a black line in each group. * P < 0.05, ** P <
0.01, and *** P < 0.001 by a one-way ANOVA followed by Tukey's multiple
comparison tests. C-D Kaplan—Meier analysis of overall survival (C) and
metastasis-free survival (D) of breast cancer patients in three independent
cohorts. E Kaplan—Meier analysis of overall survival and metastasis-free
survival in HER2-positive breast cancer patients from the KM-plotter Breast
cohort . All samples were classified into two groups with high and low
expression levels of EphB4. Log-rank p value and hazard ratio (HR) are shown.

202894 s _at probe set was used for the analysis.
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Fig. 2 EphB4 confers resistance to Lapatinib in HER2-positive breast
cancer. A Western blot analysis of the proteins as indicated in the shControl or
shEphB4-expressing HCC1954 cells treated with or without Lapatinib (1 pM)
for 48 hours. Vinculin served as a loading control. B Cell viability was
measured by the CCK8 assay for cells as in (A) treated with or without
Lapatinib for 72 hours. C Representative images of the 3D culture of cells as in
(A) grown on Matrigel and treated with or without Lapatinib (0.5 yM). D
Western blot analysis of proteins as indicated in HCC1954 cells treated with
Lapatinib (1 uM), BHG712 (2 uM), or the combination for 48 hours. Note, the
level of EphB4 phosphorylation was examined by phosphotyrosine (pTyr)
immunoprecipitation followed by western blot analysis for EphB4. E Cell
viability was measured by the crystal violet assay for cells as in (D) for 14 days.
Fresh medium was replaced every three days. The bar graphs indicate means
+S.D. of three independent experiments, ** P < 0.01 and *** P < 0.001
(Student's t test). F Representative images of the 3D culture of HCC1954 cells
grown on Matrigel treated with vehicle, Lapatinib (0.5 uM), BHG712 (1 uyM) or
the combination. G Western blot analysis of the proteins as indicated in the
vector or EphB4-overexpressing BT474 cells treated with or without Lapatinib
(0.15 uM). Levels of EphB4 phosphorylation was examined as in (D). H Cell
viability was measured by the CCK8 assay for cells as in (G) treated with
Lapatinib for 72 hours. | Representative images of the 3D culture of cells
treated as in (G). For the 3D cell culture experiments, representative images of
scored structures (intact, semi-disintegrated, and disintegrated) and

guantification for structural integrity are shown. Scale bars, 50 pm.

Fig. 3 Overexpression of EphB4 activates KRAS signaling in HER2-
positive breast cancer. A Gene set enrichment analysis of KRAS regulated
gene signatures in the shControl-expressing HCC1954 cells versus the

shEphB4-expressing cells. B Gene set enrichment analysis of KRAS regulated
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gene signatures in EphB4-overexpressing BT474 cells versus the control cells
(vector-expressing BT474). Normalized enrichment score (NES) and False
discovery rate (FDR) g value of correlation are shown. C Western blot analysis
of the proteins as indicated in the shControl or shEphB4-expressing HCC1954
cells. D Western blot analysis of the proteins as indicated in the vector or
EphB4-overexpressing BT474 and MCF10A/HER?2 cells. Vinculin served as a
loading control. E Representative images of the 3D culture of
EphB4-overexpressing BT474 cells grown on Matrigel treated with vehicle,
Lapatinib (0.15 yM), MK2206 (2 uM) and MEK162 (2 uM), either alone or in
combination as indicated. Representative images of scored structures (intact,
semi-disintegrated, and disintegrated) and quantification for structural integrity
are shown. Scale bars, 50 ym. F Western blot analysis of the proteins as
indicated in EphB4-overexpressing BT474 cells treated with vehicle, Lapatinib
(0.15 uM), MK2206 (1 yuM) and MEK162 (1 uM), either alone or in combination

as indicated. Vinculin served as a loading control.

Fig. 4 Overexpression of EphB4 engages the SHP2/GAB1-MEK signaling
axis in HER2-positive breast cancer. A Quantitative tyrosine
phosphoproteomics analysis identified enhanced phosphorylation in KRAS
signaling-related proteins in EphB4 overexpressed BT474 cells. Fold changes
(FC) in the abundance of phosphorylation sites in EphB4 versus Vector
overexpressed BT474 cells are shown as a function of significance. EphB4
overexpression resulted in 105 up-regulated phosphorylation sites.
Significance cutoffs were set by p-value = 0.05 (student’s t test) and FC = 2 or
0.5 (n = 3). B Western blot analysis of the proteins as indicated in the vector or
EphB4-overexpressing BT474 cells treated with or without Lapatinib (0.15 uM).
Vinculin served as a loading control. C Representative images of the 3D
culture of cells as indicated in the vector or EphB4-overexpressing BT474 cells

with co-expression of SHP2 shRNA or GAB1 shRNA grown on Matrigel treated
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with vehicle or Lapatinib (0.15 pM). Representative images of scored
structures (intact, semi-disintegrated, and disintegrated) and quantification for

structural integrity are shown. Scale bars, 50 pym.

Fig. 5 EphB4 engages c¢c-MYC activation in HER2-positive breast cancer.
A GSEA of MYC-regulated gene signatures in shControl-expressing HCC1954
cells versus shEphB4-expressing cells. NES and FDR q value of correlation
are shown. B Quantitative RT-PCR analysis of c-MYC mRNA levels in the
shControl or shEphB4-expressing HCC1954 cells. actin served as an
internal control. The bar graphs indicate the means = S.D. of three
independent experiments. C Western blot analysis of proteins as indicated in
cells as in (B). Vinculin served as a loading control. D Quantitative RT-PCR
analysis of ODC1 and LDHA mRNAs in cells as in (B). The bar graphs indicate
the means*S.D. of three independent experiments. E Western blot analysis
of proteins as indicated in HCC1954 cells treated with vehicle, Lapatinib (1 uM)
and JQ1 (2 uM), either alone or in combination as indicated for 48 hours.
Vinculin served as a loading control. F Representative images of the 3D
culture of HCC1954 cells grown on Matrigel treated as in (E). Representative
images of scored structures (intact, semi-disintegrated, and disintegrated) and
guantification for structural integrity are shown. Scale bars, 50 um. G
Quantitative RT-PCR analysis of c-MYC mRNA levels in the control or
EphB4-overexpressing BT474 cells. The bar graphs indicate the means+S.D.
of three independent experiments. H Western blot analysis of the proteins as
indicated in cells as in (G). | Western blot analysis of proteins as indicated in
EphB4-overexpressing BT474 cells treated with vehicle, Lapatinib (0.15 uM),
JQ1 (2 uM) or the combination. J Representative images of the 3D culture of
HCC1954 cells grown on Matrigel treated as in (I). Scale bars, 50 ym. K
Western blot analysis of the proteins as indicated in the inducible

shEphB4-expressing HCC1954 cells with or without overexpression of c-MYC
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T58A in the presence or absence of Doxycycline (DOX, 100 ng/ml). L The
cells as in (K) were cultured for 14 days. Fresh medium was replaced every
three days. Cell viability was measured by the crystal violet assay. The bar
graphs indicate means=+S.D. of three independent experiments, ** P < 0.01,

P < 0,001, *** P < 0.0001 (Student's t test).

Fig. 6 EphB4 knockdown improved the anti-tumor effect of Lapatinib. A
Mice bearing HCC1954 TetO-shEphB4 orthotopic breast tumors were
randomly divided into four groups: vehicle, Doxycycline (DOX), Lapatinib, or
the combination. Lapatinib, 100mg/kg/day, QD; DOX, 2 mg/ml in drinking
water and was replaced every 3 days. The graph shows the fold change in
tumor volume, with respect to the initial treatment at day 0. Data are means +
S.E.M, n = 11/group. ** P < 0.01 and *** P < 0.001 by a one-way ANOVA
followed by Tukey's multiple comparison tests. B The xenograft tumor-bearing
mice were treated as in (A) for 3 days and sacrificed 3.5 hours after the last
dose. Tumor lysates were collected and subjected to western blot analysis of
the proteins as indicated. Vinculin served as a loading control. C Schematics
illustrating the identified signaling cascade triggered by EphB4 overexpression
and that inhibition of EphB4 or its downstream effectors (e.g. MEK inhibition by
MEK162 or MYC inhibition by JQ-1) sensitizes EphB4-overexpressing

HER2-positive breast cancer cells to Lapatinib.
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Highlights

High levels of EphB4 correlate with poor prognosis in HER2-positive
breast cancer

EphB4 activation confers resistance to Lapatinib

EphB4 activation engages the SHP2/GAB1/MEK/MYC signaling axis

Inhibition of EphB4 sensitizes HER2-positive breast tumors to Lapatinib
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