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Abstract

Ephrin B2 is variably expressed on tumor cells and its blockade has been shown to inhibit
angiogenesis in animal models of pancreatic, colorectal, lung and head, and neck squamous cell
carcinomas. However, the implications of ephrinB2 expression in cancer patients have remained
elusive. In this study, we analyzed the cancer genome atlas (TCGA) for ephrinB2 expression. We
report significant correlations between EFNB2 expression, overall survival and disease-free
survival in head and neck squamous cell carcinoma (HNSCC, n7=519), pancreatic
adenocarcinoma (7= 186), and bladder urothelial carcinoma (/7= 410). In HNSCC patients, high-
EFNB2 mRNA expression was associated with tumor HPV negativity, oral cavity location, alcohol
intake, higher TP53 mutation, and EGFR amplification. EphrinB2 overexpression also correlated
with worse response to chemotherapy and radiotherapy. The therapeutic potential of blocking
ephrinB2 was validated in HNSCC patient-derived tumor xenografts and showed significant
improvement in survival and tumor growth delay. Our data shows that ephrinB2 overexpression
can serve as a critical biomarker for patient prognosis and response to therapy. These results
should guide design of future clinical trials exploring EphrinB2 inhibition in cancer patients.
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INTRODUCTION

Ephrins represent a class of membrane-bound ligands that regulate an array of cellular and
physiological functions including axon guidance [1-3], angiogenesis [4,5], lymphatic valve
development [6], and epithelial cell migration [7]. Ephrins and their corresponding Eph
receptors are divided into A and B classes based on their structure, ligand affinity, and
membrane-linkage. Ephrins exert their biological functions by binding to Eph receptors,
which comprise the largest family of receptor tyrosine kinases. In addition to Eph/Ephrin
signaling, ephrins can act in an Eph-receptor-independent manner through reverse signaling
[8,9]. Reverse signaling occurs when the cytoplasmic ephrin domain is phosphorylated
resulting in activation of cell signaling pathways [10-13]. Both Eph/Ephrin signaling have
been implicated in cancer development and progression (reviewed in [14,15]). In particular,
ephrins have been shown to be important mediators of tumor cell invasion, migration, and
angiogenesis [16—19]. Several groups have shown ephrin-B2 to be a poor prognostic
indicator in a variety of tumors including ovarian, uterine endometrial cancers, esophageal
squamous cell carcinoma, and astrocytoma [17,20,21]. However, most studies to date have
been limited by small population size and absence of a clear biomarker of therapeutic
potential.

The cancer genome atlas (TCGA) comprises a database of over 10,000 primary tumors
categorized based on cancer type and containing data related to gene expression, gene copy
number amplification, mutation status, methylation status as well as response to chemo, and
radiotherapy. We hypothesized that overexpression of the ephrin B2 gene (EFNB2) selects
for patients with poor survival and poor response to therapy in the TCGA. We also
hypothesized that EFNB2 blockade can inhibit tumor growth and improve survival in
patient-derived xenograft (PDX) tumor models.

MATERIALS AND METHODS

Patient Tissue

Tissue samples were collected from the Johns Hopkins Tissue Core, part of the Head and
Neck Cancer Specialized Program of Research Excellence (HNC-SPORE). All patients were
recruited under an institutional review board approved protocol.

RNA Preparation and Sequencing

For gene-expression profiling of patient samples, RNA was extracted from 0.35 mm thick
frozen tissue sections using the mirVana miRNA lIsolation Kit (Ambion, Forster City, CA)
per manufacturer’s recommendations. The concentration of RNA was quantified using a
NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA). The RNA quality
was assessed using an Agilent RNA 6000 Nano Kit (Santa Clara, CA). The samples were
required to achieve an RNA Integrity Number (RIN) of at least 7.0. After RNA extraction,

Mol Carcinog. Author manuscript; available in PMC 2018 May 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Oweida et al.

Page 3

47 tumors and 25 normal samples passed minimum quality thresholds. A stranded RNA
library was prepared using the Illumina TruSeq stranded total RNA seq poly Al Gold kit
(San Diego, CA) following the manufacturer’s recommendations. Next, a ribosomal RNA
reduction was performed from 400 ng of total RNA and purified with AMPure XP magnetic
beads. The purified RNA was fragmented and converted to double stranded cDNA, and the
cDNA was 3" adenylated and ligated with barcode adapters. The library was then enriched
using PCR and AMPure XP bead purification. The quality and quantity of each library was
assessed using the Agilent High Sensitivity DNA Analysis Kit. Sequencing was performed
using the HiSeq 2500 platform sequencer (lllumina), and the TruSeq Cluster Kit for 2 x 100
bp sequencing. RNA sequencing data were normalized using the version 2 protocols as
developed by TCGA.10. The RNA sequences were aligned to the GRCh37/hg19 genome
assembly using MapSplice2 version 2.0.1.9. MapSplice was run with the default command
line arguments and the fusion option to perform fusion identification and quantify read
counts in fusions during the alignment.

Protein Expression

For analysis of protein expression in patient samples, HNSCC and pancreatic tumor tissue
was obtained from the labs of Drs. Antonio Jimeno and Gail Eckhardt (University of
Colorado, Anschutz Medical Campus). Tissue was snap-frozen at the time of surgery and
stored in —80°C. At the time of lysate collection, tissue was placed in liquid nitrogen and
with the aid of a pestle made into fine powder. Radio-immunoprecipitation assay buffer
(RIPA buffer) was used to lyse the tissue. Protein concentration was determined using the
BCA assay.

Patient-Derived Xenograft Tumor Model

Female athymic nude mice (5-6-wk-old) were purchased from Harlan Laboratories. All
mice were maintained, handled, and euthanized in accordance with the ethics guidelines and
conditions set by the University of Colorado, Anschutz Medical Campus Animal Care, and
Use Committee. Early passage (F8-F12) HNSCC PDX tumor tissues were obtained from Dr.
Antonio Jimeno’s lab (University of Colorado, Anschutz Medical Campus). For
implantation, tumors were placed in collecting medium consisting of RPMI supplemented
with 10% fetal bovine serum (FBS), 200 U/mL penicillin, and 200 ug/mL streptomycin, and
cut into 3 x 3 x 3 mm pieces. Up to 20 mice (40 tumors) were implanted in each experiment.
The right and left hind flanks were sterilized and small incisions on the right and left hind
flank were made to create subcutaneous pockets. Tumor pieces prepared in 3 x 3 x 3 mm
size were immersed in Matrigel (BD Biosciences, San Jose, CA) and inserted into the
subcutaneous pocket. Tumor growth was measured using a digital caliper. Tumor volume
was calculated using the following ellipsoid formula: ([smaller diameter)?x[longer
diameter])/2. When tumor volumes reached a size of approximately 100-150 mm3, the mice
were randomized to PBS or sEphB4-HSA. Mice were either injected with PBS or
administered with 20 mg/kg dose of sEphB4-HSA intraperitoneally (three times/week)
throughout the course of the experiment.
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Antibodies and Reagents

Statistics

Protein extracts (30 pug) were loaded onto 10% SDS-PAGE gels. Electrophoresis, blocking,
probing, and visualization of proteins were conducted as described [17]. Ephrin-B2 was
obtained from Abcam (Cambridge, MA), phsopho-EphrinB2 was obtained from Sigma—
Aldrich (St. Louis, MQ), and beta-actin was obtained from Cell Signaling Technology
(Danvers, MA). sEphB4-HSA protein for blocking ephrin B2 was provided by Dr. Gill
Parkash (University of Southern California, Los Angeles, CA).

Survival analysis and disease-free survival for each cancer was based on average mRNA
expression. Overall survival and disease-free survival was calculated by Kaplan—-Meier
method using log-rank tests for comparisons. Disease-free survival (DFS) was defined as
time from the date of diagnosis to the date of the last known occasion that the patient was
disease-free, or the date of disease recurrence (local, regional, or distant recurrence). Death
without documented recurrence was censored at the date of death. Univariate Cox
proportional model was used to calculate the Hazard ratio (HR). Two-sided ~values were
reported for all survival analyses.

Patient characteristics data were obtained directly from the TCGA. Bivariate analysis of
patient and tumor characteristics was performed based on EFNB2 expression. Two-sided
Fisher’s exact test and the Chi-squared test were applied for bivariate analysis. For the
purposes of this study, classifications of alveolar ridge, buccal mucosa, lip, oral tongue, and
floor of mouth were re-classified to oral cavity. Tonsil was re-classified to oropharynx.

Multivariate Cox regression analysis for OS and DFS was performed for alcohol, TP53,
EGFR, disease site, and EFNB2. For validation of the relationship between HPV status and
EFNB2 expression, sequencing data were pooled from patient data available from JHU and
the TCGA. One-way analysis of variance (ANOVA) with Tukey correction was applied for
statistical analysis. Four stars represent P-value <0.0001.

Statistical significance of ephrin-B2 inhibition on tumor growth curves in PDX models was
assessed by one-way ANOVA. A P-value of 0.05 was considered statistically significant. At
the termination of the experiment, tumors were collected and flash-frozen.

All statistical analyses were performed in GraphPad Prism software and SAS software.

RESULTS AND DISCUSSION

We interrogated the TCGA database for mRNA expression of EFNB2 across all cancers
(Supplementary Figure S1). High-EFNB2 expression correlated significantly with poor
survival in a number of solid cancers, including HNSCC (median OS 27.04 months vs.
68.43) pancreatic adenocarcinoma (median OS 15.80 vs. 22.83 months) and bladder
urothelial cancer (median OS 23.19 vs. 44.28 months). In addition, EFNB2 expression
correlated with reduced disease-free survival in the same populations (Figure 1). Expression
of EFNB2 was significantly higher in tumor tissue compared to normal tissue, which was
defined based on data analyzed using oncomine (Supplementary Figure S2). Previous
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studies have also shown significantly increased protein levels of EFNB2 in HNSCC tissue
compared to normal tissue [22,23]. Additionally, inhibition of EFNB2 signaling in HNSCCs
has been shown to result in tumor growth retardation [23]. For further analysis, we therefore
focused on the cohort of HNSCC patients. Based on average EFNB2 mRNA expression, 318
patients were classified as having low-EFNB2 expression and 201 patients were classified as
having high-EFNB2 expression. Mutation status was available for 134 high EFNB2 patients
and 132 low EFNB2 patients. In addition, copy number amplification was available for 201
high EFNB2 patients and 302 low EFNB2 patients.

Figure 2A shows bivariate analysis of the two patient populations based on patient and
tumor characteristics. EFNB2 expression correlated significantly with the presence of TP53
mutations (£ = 0.0003) and EGFR amplification (£ = 0.0126). Subgroup analysis comparing
patients with stage T1-T2 and stage T3-T4 tumors (according to the neoplasm American
Joint Committee on Cancer clinical primary tumor T stage) revealed a significant difference
in OS in patients with high-EFNB2 expression compared to patients with low-EFNB2
expression (Figure 2B). Median OS for stage T1-T2 patients with high EFNB2 was 35.51
months compared to 57.88 months for stage T1-T2 patients with low-EFNB2 expression (P
=0.0019). In addition, subgroup analysis based on nodal status showed significantly
decreased OS and DFS in N1-N2b patients with high-EFNB2 expression compared to N1-
N2b patients with low-EFNB2 expression (Figure 2C). Median OS for N1-N2b patients
with high EFNB2 was 18.96 months compared to 71.16 months in N1-N2b patients with
low EFNB2 (P = 0.0005). We further classified the population of HNSCC patients based on
disease site. Within the high-EFNB2 patient population, the majority of tumors were seen in
the oral cavity (73%) whereas only 17% of oropharynx patients had high-EFNB2
expression. Since the majority of patients (82%) were heavy smokers (>10 pack year history
of smoking (as defined by RTOG 0129 [24]), there was no difference by smoking status.
However, EFNB2 expression correlated significantly with alcohol consumption frequency (P
= 0.0341). Multivariate cox regression analysis demonstrated significant correlation between
EFNB2 expression and OS as well as DFS (Figure 2D).

We performed further analysis in the TCGA database to investigate associations between
EFNB2 expression and primary tumor treatment response. Radiotherapy data (for curative
intent) was available for 112 patients with high EFNB2 and 173 patients with low EFNB2
(Figure 3A). Patients treated with RT who had high-EFNB2 expression performed
significantly worse compared to patients with low-EFNB2 expression (median survival
35.45 months compared to 88.8 months, A= 0.0018, HR = 1.88, HR range = 1.27-2.81). A
tendency towards decreased progression-free survival was observed in the high-EFNB2
population (median time to progression 35.0 months compared to 45.0 months, A= 0.0882,
HR = 1.351, HR range = 1.0-2.01). Chemotherapy data were available for 67 patients with
high EFNB2 and 107 patients with low EFNB2 (Figure 3B). The majority of patients
received cisplatin chemotherapy (53%), followed by carboplatin (20%), cetuximab (11%),
paclitaxel (8%), and 8% received other forms of drug/chemotherapy. Patients with high
EFNB2 who were treated with chemotherapy had significantly worse OS (median survival
25.9 months compared to 56.9 months, £=0.0087, HR = 1.94, HR range = 1.2-3.2) and
progression-free survival (median time to progression 18.4 months compared to 45.0
months, = 0.0397, HR = 1.66, HR range = 1.03-2.68). These findings provide evidence
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that ephrinB2 expression correlates with poor survival, disease-free survival, and poor
response to therapy.

Since HPV status is a known and validated prognostic marker in HNSCC, we examined the
correlation between EFNB2 expression and HPV status. HPV status based on p16
expression was available for 35 high EFNB2 patients and 72 low EFNB2 patients. The
majority (92%) of HPV+ patients (35/38) had low-EFNB2 expression (£ <0.0001). Out of
the three HPV+ patients with high EFNB2, one was negative for HPV based on in situ
hybridization analysis while the there was no ISH data available on the remaining two
patients. No additional gender, race, or age differences could be observed. Since the TCGA
contains only 39 HPV+ patients, we performed additional validation for EFNB2 expression
in an independent cohort of 47 HPV+ HNSCC patients. We pooled sequencing data
available from Johns Hopkins University as well as the TCGA for analysis of EFNB2
expression. EphrinB2 expression in HPV- tumors was significantly higher compared to
HPV+ tumors as well as normal tissue (Figure 4). No significant difference could be
observed in ephrinB2 expression between HPV+ tumors and normal tissue.

To underscore the impact of these findings at the protein level, we next examined EFNB2
protein expression and correlated it with mRNA expression. Frozen tissue samples from
HNSCC and pancreatic cancer patients available at our institution were analyzed by western
blotting. All patient tumor samples expressed moderate to high levels of EFNB2 protein
(Figure 5A). To corroborate, the correlation between mRNA and protein expression, linear
regression analysis was conducted on sequencing data obtained from RNAseq on seven
HNSCC patient samples and revealed similar patterns of expression to protein levels (#% =
0.56, Figure 5B).

To validate the therapeutic potential of blocking EFNB2 we performed in vivo experiments
using a PDX from a patient with relapsed oral cavity tumor. Blockade of EFNB2 using
sEphB4-HSA (VasGene Therapeutics, Los Angeles, CA) has been previously characterized
[25] and shown to have efficacy in Kaposi Sarcoma [26]. In addition, SEphB4-HSA
demonstrated efficacy in cancers where sEphB4-HSA/EphrinB2 signaling promotes tumor
growth and angiogenesis [27-29]. The drug is comprised of the recombinant soluble
extracellular domain of SEphB4-HSA, containing the globular ligand-binding subdomain for
ephrinB2. Based on our screening of patient-derived tissue samples, we selected the
CUHNO004 PDX which showed high EFNB2 expression as revealed by Western blot analysis
(Figure 5A) for validation of sEphB4-HSA efficacy. The CUHN004 PDX was derived from
an HPV negative patient diagnosed with tumor of the floor of mouth and who relapsed
within 3 years after having received surgery, chemotherapy and radiation therapy. Tissue was
harvested at the time of relapse. EphrinB2 blockade resulted in significant inhibition of
tumor growth in the patient-derived CUHNO004 xenograft compared to PBS-treated animals
(Figure 5C). For proof of target, western blotting was conducted for total- and phospho-
EFNB2. Early time point analysis revealed significant decrease in phosphorylated and total
levels of EFNB2 72 h after administration of the first dose of s-EphB4-HSA (Figure 5D).

In this study, we have demonstrated that EFNB2 overexpression correlates with poor
survival and disease-free survival in HNSCC, pancreatic adenocarcinoma, and urothelial
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bladder carcinoma based on data from over 1100 patients in the TCGA. We chose to focus
on the cohort of HNSCC patients due to the presence of a large sample size in both high and
low EFNB2 expressing patients. Our data demonstrate that ephrinB2 overexpression not
only predicts for worse overall survival outcomes, but also significantly worse response to
chemo and radiotherapy. Our data show that EFNB2 over-expression appears to be a driver
of poor prognosis in high-risk patients—those with oral cavity cancer, high alcohol
consumption, and HPV negative disease. Even with early stage tumors (T1-T2 and N1-
N2b) EFNB2 overexpression correlates with worse overall survival outcomes. Blockade of
EFNB2 in PDX tumor derived from a patient with relapsed oral cavity caner, inhibited
tumor proliferation, and increased animal survival. This striking response potentially
represents a prime target for new anti-cancer therapy. These findings should help set the
stage to design rational studies and clinical trials aimed at testing EFNB2 inhibition in
cohorts of high-risk patients described in this analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

EFNB2 expression is an indicator poor prognosis based on TCGA data in HNSCC (519
patients), pancreatic adenocarcinoma (186 patients), and bladder urothelial carcinoma (410
patients). Survival analysis and disease-free survival are based on average mMRNA expression
(high = above average; low = below average). Overall survival and disease-free survival was
calculated by Kaplan—Meier method using log-rank tests for comparison. Disease-free
survival (DFS) was defined as time from the date of diagnosis to the date of the last known
occasion that the patient was disease-free, or the date of disease recurrence (local, regional,
or distant recurrence). Death without documented recurrence was censored at the date of
death. Univariate Cox proportional models were used to calculate the Hazard ratio (HR).
Two-sided P-values are reported for all analyses.
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Figure 2.

Analysis of the HNSCC patient cohort based on EFNB2 expression. (A) Bivariate analysis
of patient and tumor characteristics based on EFNB2 expression. A-values below 0.05
represent significant correlation between EFNB2 expression and the analyzed parameter.
Two-sided Fisher’s exact test and the Chig-squared test were utilized for the analysis.
Classifications of alveolar ridge, buccal mucosa, lip, oral tongue, and floor of mouth were
re-classified to oral cavity. Tonsil was re-classified as oropharynx. (B) Subgroup analysis of
HNSCC patients based on T-stage and (C) N-stage. (D) Multivariate Cox regression analysis
for OS and DFS was performed for alcohol consumption frequency, TP53, EGFR, EFNB2,

and disease site.
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Figure 3.

High EphrinB2 expression in HNSCC patients correlates with worse response to
radiotherapy (A) and chemotherapy (B). Only patients who received treatment for curative
intent to the primary tumor were selected for analysis.
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Figure 4.
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Normal (n=25)
HPV+ (n=47)

HPV+ TCGA (n=39)
HPV- TCGA (n=72)

Validation of the relationship between HPV status and EFNB2 expression. Sequencing data
were pooled from patient data available from JHU and the TCGA. One way analysis of
variance (ANOVA) with Tukey correction was applied for statistical analysis. Three stars

represent P-value <0.0001.

Mol Carcinog. Author manuscript; available in PMC 2018 May 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Oweida et al.

Page 13

Day 28, p=0.0042
- PRSI PES ¢ vIee
Q’c Q"“ Q"(\ ﬁ"e Q’DQ Q"Q i"° Q”c Q"b Q"(\ . f—l—\
°, 3000
- s
e _ g 000
= -
g o ]
T
P P FE P S ES P g 1o .
«\“@%@S%@@«»@ & TS 2 . u
& & O O & & S &SSO L .
& g
L
100+
— PBS (n=8)
g 80: — s-EphB4 (n=7)
2 &0
" H p=0.0003
B  Prowin £ HR=14.74
T ea H
]
. & 2

EFNB2 mRNA (RPKM)
() vorssaxixa woroia
>

¢ & R & $
LA A A A A
Phospho Ephrin-B2

Ephrin-B2

B-Actin

Figureb.
EphrinB2 protein expression in HNSCC and pancreatic adenocarcinoma patient tissue. (A)

Protein expression of EphrinB2 revealed through Western blot in 12 HNSCC and 12
pancreatic patient samples. (B) Correlation of mMRNA to protein expression in seven HNSCC
patient samples. (C) Treatment with s-EphB4-HSA of a HNSCC patient-derived xenograft
from a patient with relapsed oral cavity cancer. (D) Early time point analysis showing effect
of s-EphB4-HSA on total and phosphorylated levels of SEphB4-HSA.
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