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Abstract

DNA damage repair capacity is required for cells to survive
catastrophic DNA damage and proliferate under conditions of
intratumoral stress. The ability of the minor histone protein
H2AX to serve as a hub for the assembly of a productive DNA
damage repair complex is a necessary step in preventing DNA
damage–induced cell death. The Eyes Absent (EYA) proteins
dephosphorylate the terminal tyrosine residue of H2AX, thus
permitting assembly of a productive DNA repair complex.
Here, we use genetic and chemical biology approaches to
separately query the roles of host vascular endothelial cell
and tumor cell EYA in tumor growth. Deletion of Eya3 in host

endothelial cells significantly reduced tumor angiogenesis
and limited tumor growth in xenografts. Deletion of Eya3 in
tumor cells reduced tumor cell proliferation and tumor
growth without affecting tumor angiogenesis. A chemical
inhibitor of the EYA tyrosine phosphatase activity inhibited
both tumor angiogenesis and tumor growth. Simultaneous-
ly targeting the tumor vasculature and tumor cells is an
attractive therapeutic strategy because it could counter
the development of the more aggressive phenotype
known to emerge from conventional antiangiogenic agents.
Mol Cancer Ther; 17(8); 1659–69. �2018 AACR.

Introduction
Several mechanisms that differentiate between developmen-

tal and pathologic angiogenesis have been recently delineated
(1–5). Among these, the DNA damage repair (DDR) pathway
has emerged as a potentially targetable mechanism permitting
survival of endothelial cells in hostile microenvironments and
thus promoting pathologic angiogenesis. Notably, the H2AX-
dependent DNA damage response is activated and promotes
neovascularization specifically under hypoxic conditions (2).
Hypoxia-induced tumor angiogenesis was reduced in H2AX�/�

mice (2), suggesting that H2AX is necessary for endothelial cells
to survive and proliferate under conditions of oxygen depriva-
tion. A critical step in the H2AX-dependent DDR pathway is
phosphorylation at Serine-139 to form g-H2AX, a commonly
used marker of DNA damage and the formation of repair foci.
H2AX is also constitutively phosphorylated on its terminal
tyrosine-142 by the William-Beuren Syndrome Transcription

Factor kinase (6). Dephosphorylation of H2AX-Tyr142 is nec-
essary for the assembly of productive DDR complexes via
recruitment of the adaptor protein MDC1 (7). The Eyes Absent
(EYA) protein tyrosine phosphatases (PTP) dephosphorylate
H2AX-Tyr142 (7–9), promoting DDR and cell survival
under DNA-damaging hypoxic conditions (7). Indeed, the PTP
activity of EYA contributes to neovascularization in the oxygen-
induced retinopathy model (10), a classic example of hypoxia-
induced pathologic angiogenesis.

The EYA proteins are expressed during embryonic develop-
ment, and their transcription is largely downregulated after
development (reviewed in ref. 11). Elevated levels of EYA
proteins in cancer cells are linked to increased tumor growth,
metastasis (12–14), and resistance to DNA-damaging thera-
peutics (15). EYA1 promotes breast cancer cell proliferation
(13) and medulloblastoma growth (16), EYA4 promotes the
formation of malignant peripheral nerve sheath tumors (12),
and overexpression of Eya2 in ovarian cancer cell lines pro-
motes tumor growth in xenografts (17). These observations
have led to the suggestion that the EYA proteins are good
targets for the development of cancer therapeutics (11, 18–20).
The ability of the EYA-PTP activity to promote tumor cell
survival under DNA-damaging conditions, whether intrinsic
(oxidative and replication stress in a growing tumor) or extrin-
sic (chemotherapy, radiation), provides an additional ratio-
nale for EYA as a therapeutic target.

Here, we separately probed the contributions of host endothe-
lial EYA3 and tumor cell EYA3 to tumor growth and vascularity
using genetic manipulations. Further, the specific contribution of
the tyrosine phosphatase activity of the EYA proteins was exam-
ined through the use of a small-molecule inhibitor. The results
suggest that targeting the EYA-PTP activity can simultaneously
attenuate tumor angiogenesis and tumor growth.

1Division of Developmental Biology, Cincinnati Children's Hospital Medical
Center, Department of Pediatrics, University of Cincinnati College of Medicine,
Cincinnati, Ohio. 2Divisions of Pathology, Laboratory Medicine and Pulmonary
Biology, Cincinnati Children's Hospital Medical Center, University of Cincinnati
College of Medicine, Cincinnati, Ohio.

Note: Supplementary data for this article are available at Molecular Cancer
Therapeutics Online (http://mct.aacrjournals.org/).

Current address for S. Riffle: Helix, 1 Circle Star Way, San Carlos, California.

Corresponding Author: Rashmi S. Hegde, Cincinnati Children's Hospital Medical
Center, 3333 Burnet Avenue, Cincinnati, OH 45229. Phone: 513-636-5947;
Fax: 513-636-6772; E-mail: rashmi.hegde@cchmc.org

doi: 10.1158/1535-7163.MCT-18-0057

�2018 American Association for Cancer Research.

Molecular
Cancer
Therapeutics

www.aacrjournals.org 1659

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/17/8/1659/1858739/1659.pdf by guest on 19 M
ay 2023

http://crossmark.crossref.org/dialog/?doi=10.1158/1535-7163.MCT-18-0057&domain=pdf&date_stamp=2018-7-20


Materials and Methods
Antibodies and reagents

Anti-EYA3 (Abcam), anti-Ki-67 (Thermo Fisher Scientific), pan
anti-actin C4 (Seven Hills Bioreagents; ref. 21), antiendomucin
(Santa Cruz Biotechnology), anti-CD31 (Dako Agilent), anti-
g-H2AX (Novus Biological), biotin-SP conjugated goat anti-
mouse secondary antibody (Jackson Immuno-Research), bioti-
nylated goat anti-rabbit secondary antibody (Vector Labs). A
TUNEL assay kit (Promega), Benzarone (2-Ethyl-1-benzofuran-
3-yl)-(4-hydroxyphenyl)methanone, obtained from Toronto
Research Chemicals), CCK-8 kit (Dojindo Molecular Techno-
logies). Lewis lung carcinoma cells were obtained from ATCC
(CRL-1642 LL/2 (LLC1), obtained in January 2016), tested for
mycoplasma contamination (ATCC Mycoplasma detection kit,
30-1012K), maintained in DMEM containing 1%/vv penicillin
(100 IU/mL), streptomycin 100 mg/mL, 10%/vv FBS and used
within 10 passages. CRISPR/Cas9 was used to disrupt Eya3
expression by causing a double-strand break within the gene
using the Eya3 CRSIPR/Cas9 KO system (Santa Cruz Biotechnol-
ogy; SC-420256) consisting of a pool of 3 plasmids encoding the
Cas9 nuclease and one of 3 target-specific guide RNAs:

Plasmid 1: GGTGCAGGCACCATAGCACT
Plasmid 2: TTGCAGATGAAGTGGGTATC
Plasmid 3: CAGTACCTGGTTTGAGATG

Formalin-fixed, paraffin-embedded deidentified lung cancer
samples were obtained from University Hospital in Cincinnati,
OH.

Animals
C57Bl/6 mice obtained from The Jackson Laboratories. Con-

ditional loss-of-function allele Eya3flox was generated using con-
ventional gene targeting as described previously (10). To generate
Eya3VEC-KO mice, Eya3flox mice were crossed with the endothelial
cell-specific tamoxifen-inducible Cre-recombinase Pdgfb-iCreER
(10, 22). Tamoxifen (300 mg/day) intraperitoneally for 3 days
induced Eya3 deletion. All mice were bred in the CCHMC facility
(Animal Protocol IACUC2016-0057).

Xenografts
Animal experiments were performed in accordance with the

recommendations of the Institutional Animal Care and Use
Committee at Cincinnati Children's Hospital Medical Center
(IACUC2016-0019). A total of 1 � 106 tumor cells mixed with
30% Matrigel in 100 mL PBS (1:1) were injected subcutaneously
into the flank of C57BL/6 mice (male, 6-week-old), and tumor
size was monitored by caliper measurements [volume (mm3) ¼
(length�width2)/2]. At the indicated times, mice were randomly
distributed into appropriate groups. For inhibitor experiments,
mice were either administered vehicle (5% DMSO) or BZ in 5%
DMSO (25 mg/g bodyweight) via intraperitoneal injection. Xeno-
grafts were performed at least twice.

Immunohistochemistry
Tumor tissue was fixed in 4%PFA, embedded in paraffin, 5-mm

serial sections deparaffinized and rehydrated in a gradient of
alcohol and TBST. After antigen retrieval (10 mmol/L sodium
citrate pH 6.0), sections were incubated with 3% hydrogen
peroxide (10 minutes) and 5% goat serum in PBST (30–60
minutes) as required, followed by anti-Eya3 (dilution: 1:500),
anti-CD31 (1:50), or anti-g-H2AX (1:500) at 4�C overnight,

followed by 30 minutes at room temperature in Alexa fluor–
conjugated secondary antibody for immunofluorescence or bio-
tinylated secondary antibody for immunohistochemistry. Images
were taken using standard light or confocal microscopy and
analyzed with ImageJ (23). To detect cell death, tumor sections
were stained with DeadEnd Fluorometric TUNEL System
(Promega) following the manufacturer's protocol.

COMET assays
Cells weremaintained in either standard cell culture conditions

or in a hypoxia chamber (0.1% O2) for 16 hours before being
subject to the alkaline COMET assay (24). Briefly, cells embedded
inagaroseonglass slidesweremaintained in lysis buffer (2.5mol/L
NaCl, 100mmol/LEDTA,10mmol/L Tris, 1%sarkosyl, 1%Triton-
X-100, pH 10; 1 hour, 4�C), neutralized with Tris-buffered EDTA,
incubated with alkaline electrophoresis buffer (300 mmol/L
NaOH, 1 mmol/L EDTA, pH 12.3) for 30 minutes to allow DNA
to unwind, electrophoresed (40 minutes, 25V), slide immersed in
70% ethanol for 5 minutes, dried at 40�C for 15 minutes, and
stained with propidium iodide. For quantification comets were
imagedwith afluorescentmicroscope and tailmoments calculated
using OPENCOMET (25) in ImageJ (23).

Multicellular tumor spheroids (MCTS)
Multicellular tumor spheroids (MCTS) were formed using the

liquid overlay method (26), collected and fixed in 4% parafor-
maldehyde/PBS. When appropriate, spheroids were incubated
with pimonidazole prior to fixation. For cryopreservation fixed
MCTS were dehydrated with 30% sucrose and snap-frozen with
optimal cutting temperature media (Tissue Tek). Cryosections
(5 mm) were blocked in PBS pH 7.4, 0.15% Triton-X 100/vv, 10%
FBS/vv, and 2%BSA/wv in a humidified chamber, incubated with
mouse anti-g�H2AX (1:200), and with goat anti-mouse second-
ary antibody conjugated to an Alexa Flour 674 Azide. DNA was
labeledwithHoechst dye. Sectionsweremounted using Fluorogel
with DABCO (17985-04; Electron Microscopy Science). Fluores-
cently stained MCTS sections were imaged on a Zeiss confocal
microscope. Nuclei were counted as Hoechst-positive cells by
using watershed separation and quantification with particle anal-
ysis in ImageJ software followed by manual counting of the
number of g�H2AX–positive nuclei. Lewis lung carcinoma (LLC)
survival in two-dimensional culture was measured using the
CCK-8 kit as previously described (27, 28) and following the
manufacturer's protocol.

Statistical analysis
Results presented as the mean � SD (standard deviation).

Statistical analyses were performed using GraphPad PRISM ver-
sion 5.0 forMacOSX, www.graphpad.com. A t test was usedwhen
2 samples/conditions were compared and ANOVA for more than
2 groups.

Results
Endothelial cell EYA3 promotes tumor angiogenesis

RT-PCR analyses on human endothelial cells (HUVEC and
HMVEC) show a transcript for only Eya3 of the 4 vertebrate Eya
isoforms (Eya1, Eya2, Eya3, and Eya4; ref. 28). Staining of serial
sections from primary human lung adenocarcinoma and lung
squamous cell carcinoma samples with antibodies to CD31
(endothelial cell marker) and EYA3 also showed the presence of
EYA3 in tumor endothelial cells (Fig. 1A and B).
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In order to investigate the endothelial cell autonomous con-
tribution of EYA3 to tumor angiogenesis, we deleted Eya3 from
endothelial cells using the loxP recombination strategy and the
vascular endothelial cell (VEC)-specific tamoxifen-inducible Cre-
recombinase Pdgfb-iCreER (ref. 22; resulting mice are referred to
as Eya3VEC-KO and have been previously described; ref. 10). This
targeting strategy results in over 80% reduction in EYA3 protein
levels with no alterations in transcripts for other EYAs (10).
Subcutaneous transplantationofmurine LLC cells into littermates
with Eya3VEC-KO and Eya3fl/fl genotypes was used. Once tumors
were>100mm3, allmicewere administered tamoxifen. This led to
VEC-specific deletion of Eya3 in the Eya3VEC-KO mice (Supple-
mentary Fig. S1), while tamoxifen administered to all animals
controlled for any effect of tamoxifen itself. In Eya3VEC-KO mice
there was immediate flattening of the tumor growth curve that
persisted for 12 days, after which the slope increased again.

Despite this apparent recovery in tumor growth rate, tumors in
Eya3VEC-KOmicewere 50% smaller (Fig. 2A and B) than in control
Eya3fl/flmice at the end of the study. To determine whether tumor
growth correlated with angiogenesis and cell proliferation,
tumors were sectioned and stained with anti-CD31 antibody
(specifically labels endothelial cells) and Ki-67 (Fig. 2C). Vessel
density was quantified in 3 vascular hotspot areas/section (Fig.
2D). Reduction inCD31-positive vasculaturewas apparent in LLC
tumors from Eya3VEC-KO mice, while no significant differences in
tumor cell proliferation were measured (Fig. 2E). TdT-mediated
dUTP nick-end labeling (TUNEL) positive apoptotic nuclei were
also higher in tumors from Eya3VEC-KO mice (Fig. 2F), indicative
of increased cell death with endothelial Eya3 deletion. Together
these data suggest a role for host endothelial EYA3 in promoting
vascularity and in the survival of tumor cells. We hypothesize that
hypoxic conditions resulting from reduced tumor vascularity
contribute to tumor cell apoptosis and slower tumor growth.

Deletion of Eya3 in LLC cells limits growth of xenograft tumors
In order to specifically query the contribution of tumor cell

EYA3 to tumor growth, we used the CRIPSR-Cas9 system to
disrupt the Eya3 gene in LLC cells; the resulting cells will be
referred to as EYA3-ko (Supplementary Fig. S2b). RT-PCR analysis
shows high levels of Eya3 transcripts in LLC cells and low levels of
Eya1. Eya2 and Eya4 were not detected (Supplementary Fig. S2a).
Here, we sought to determine the effect of loss of Eya3 (the major
Eyahomologue in LLC cells) on tumor growth.C57/Bl6micewere
used for xenografts in which one flank was injected with LLC cells
and the other flank with the same number of Eya3-ko cells,
allowing us to compare tumor characteristics in the same host
animal. Tumor growth was monitored by caliper measurements
(Fig. 3A). EYA3-ko tumors were over 50% smaller in size at the
end of the study (Fig. 3A and B). Histologic analyses revealed
significant patches of necrosis in both large control and smaller
EYA3-ko tumors (Supplementary Fig. S2c). LLC tumors are fast
growing; hence, the unevenly distributed necrosis in the large LLC
tumors is likely to be a result of tumor cells outgrowing their
nutrient supply. The degree of vascularity was similar in LLC and
LLC-Eya3-ko tumors asmeasured by endomucin staining (Fig. 3C
and D). In contrast, there were over 60% fewer Ki-67–positive
cells and over 3.5-foldmore apoptotic cells in the Eya3-ko tumors
supporting a role for tumor cell EYA3 in cell survival and prolif-
eration (Fig. 3E and F).

The PTP activity of EYA3 promotes tumor angiogenesis
The EYA family of proteins combine an unusual number of

independent biochemical activities: the N-terminal domain has
transactivation and threonine phosphatase activities (29) and the
highly conserved C-terminal domain is a mechanistically novel
PTP (30). Previous studies have shown that the PTP activity of
EYA3 contributes to retinal vascular development and to neovas-
cularization in the oxygen-induced retinopathy model (10, 11,
14, 28). To specifically query the contribution of the PTP activity
to tumor angiogenesis and to tumor growth, we used the previ-
ously characterized EYA-PTP inhibitor benzarone (BZ; refs. 27,
28). Cell proliferation measured using the CCK-8 cytotoxicity
assay showed that BZwas antiproliferative under standard culture
conditions, with an IC50 for LLC cells of 1.2 mmol/L (Supple-
mentary Fig. S3).

LLC xenografts in C57/Bl6mice were used to establish whether
BZ treatment inhibits tumor growth or vascularity. When tumors

Figure 1.

EYA3 is expressed in human tumor endothelial cells. A, Immunohistochemistry
shows endothelial and tumor cell EYA3 in human lung adenocarcinoma. Serial
sections were stained with antibodies toward CD31 and EYA3. Magnified regions
indicated by red boundaries; scale bars, 50 mm. B, Immunohistochemistry
shows endothelial and tumor cell EYA3 in human lung squamous cell carcinoma.
Serial sections were stained with antibodies toward CD31 and EYA3. Magnified
regions indicated by red boundaries; scale bars, 50 mm.
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had reached >150 mm3, either 25 mg/g BZ or vehicle control was
injected intraperitoneally every other day. Tumor size was mon-
itored using calipers. BZ treatment substantially reduced the rate
of tumor growth (Fig. 4A and B), with over 65% tumor growth
inhibition (%TGI¼ ((Vc� Vt)/(Vc� Vo))� 100, where Vc is the
median volume of vehicle-treated tumors at the end of the study,
Vt is the median volume of BZ-treated tumors at the end of the
study, Vo is the median volume of tumors at the start of treat-
ment). Agents that lead to over 60% TGI in murine models have
been shown to lead to clinical response in humans (31). In a
separate protocol, BZ (or vehicle) was administered when tumors
had reached a median volume of 670 mm3. The experiment was

terminated 4 days later, after 2 doses of BZ administration. There
was an immediate change in the LLC tumor growth curve upon
initiationof BZ treatment (Fig. 4C),with 69%TGImeasured at the
end of the study. In contrast, there was no change in the growth
rate of LLC-EYA3-ko tumors similarly treated with BZ (Fig. 4H).
BZ treatment did not consistently induce necrosis; the level of
necrosis in BZ-treated tumors was either less or the same as that in
controls (Supplementary Fig. S4).

To assess the effect of BZ on tumor vascularity and cell prolif-
eration, sections were costained for Ki-67 and the angiogenesis
marker CD31 (Fig. 4D). Areas of high vascular density were
chosen for quantification of both vascularity and proliferation

Figure 2.

Endothelial EYA3 promotes tumor angiogenesis.
A, Tumor growth curve of Eya3fl/fl and Eya3VEC-KO

mice bearing LLC tumors. Tamoxifen was
administered to all mice on day 13 after the xenograft
to induce loss of endothelial EYA3 in Eya3VEC-KO.
Data represent mean and SD (n ¼ 5 animals of each
genotype; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001). B,
Weights of LLC tumors from Eya3fl/fl and Eya3VEC-KO

mice. Data are represented as a box and whiskers
plot where the box extends from the 25th to 75th
percentiles, and the whiskers are drawn between
the smallest and largest values. The median is
indicated by a horizontal line in the box. n¼ 5 animals
of each genotype. C, LLC tumors from Eya3fl/fl and
Eya3VEC-KO mice costained with the endothelial
marker CD31 and the proliferation marker Ki-67.
Sections were counterstained with DAPI to show
nuclei. Scale bar, 100 mm. D, Quantitation of the
CD31-positive area in LLC tumors from Eya3fl/fl and
Eya3VEC-KO mice. Four representative images were
analyzed from each tumor. Data represent mean and
SD; n ¼ 3 tumors from animals of each genotype.
E, Quantitation of Ki-67–positive cells in LLC tumors
from Eya3fl/fl and Eya3VEC-KO mice. Four
representative images were analyzed from each
tumor. Data represent mean and SD; n ¼ 3 tumors
from animals of each genotype. F, Quantitation of
TUNEL staining in LLC tumors from Eya3fl/fl and
Eya3VEC-KO mice. Four representative images were
analyzed from each tumor. Data represent mean and
SD; n ¼ 3 tumors from animals of each genotype.
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as the ratio of CD31-positive or Ki-67–positive cells, respectively.
Tumor vascularity was reduced by over 65% in BZ-treated versus
vehicle-treated LLC tumors (Fig. 4E). The percentage of tumor
cells staining positive for the proliferation marker Ki-67 was also
lower by over 50% in BZ-treated tumors (Fig. 4F). There was a
substantial increase in cell death upon BZ treatment, reflected in
nearly 3 times as many TUNEL-positive cells (Fig. 4G).

EYA3 contributes to DDR, tumor cell survival, and tumor
angiogenesis

The microenvironment within a tumor includes areas with
varying oxygen levels ranging from anoxia to milder hypoxia.

COMET assays show that LLC cells subject to acute hypoxic
conditions undergo DNA damage in vitro (Fig. 5A). To mimic a
3D tumor environment, we used multicellular tumor spheroids.
As has been previously described, LLC cells form spheroids within
48hours of seeding and can grow to achieve amaximumdiameter
of �1,000 mm in 10–12 days (26). Deletion of Eya3 results in a
small (5%), but statistically significant, reduction in spheroid size
measured 7days after initial seeding. The divergence in size begins
after spheroids reach 600 mm in diameter (Fig. 5B) and cells
>100 mm from the spheroid surface are hypoxic (Fig. 5C). Ki-67
staining of spheroid sections revealed a gradient of proliferation
with over 77% of cells within 100 mm of the surface staining

Figure 3.

Loss of EYA3 in LLC tumor cells attenuates tumor
growth. A, Tumor volume over time from xenografts
performed with LLC and LLC-EYA3-ko cells in C57/
Bl6 mice. Data represent mean and SD. Two-way
ANOVA with Bonferroni posttest was used. n ¼ 8
animals in each group; �� , P < 0.01; ��� , P < 0.001. B,
Final tumorweights from xenografts performedwith
LLC and LLC-EYA3-ko cells in C57/Bl6 mice. Data
represented as a box and whiskers plot where the
box extends from the 25th to 75th percentiles, and
the whiskers are drawn between the smallest and
largest values. The median is indicated by a
horizontal line in the box. A paired t test was used
comparing LLC (CTL) and EYA3-ko tumors in the
same animal (n¼ 8 in each group). C, LLC and EYA3-
ko tumors costained with the endothelial marker
endomucin and the proliferation marker Ki-67.
Sections were counterstained with DAPI to show
nuclei. Scale bar, 100 mm. D, Quantitation of the
endomucin-positive area in LLC and EYA3-ko
tumors. Four representative images were analyzed
from each tumor. Data representmean and SD (n¼ 5
tumors from each group). E, Quantitation of the
Ki-67 index in LLC and EYA3-ko tumors. Four
representative images were analyzed from each
tumor. Data represent mean and SD (n ¼ 5 tumors
from each group). F, Quantitation of TUNEL staining
in LLC and EYA3-ko tumors. Four representative
images were analyzed from each tumor. Data
represent mean and SD (n ¼ 4 tumors from animals
of each group).

EYA3 Promotes Tumor Angiogenesis and Tumor Growth

www.aacrjournals.org Mol Cancer Ther; 17(8) August 2018 1663

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/17/8/1659/1858739/1659.pdf by guest on 19 M
ay 2023



Figure 4.

Inhibition of EYA-PTP activity attenuates tumor growth, vascularization, and cell proliferation. A, Tumor volume over time from xenografts performed
with LLC cells in C57/Bl6 mice and treated with either BZ or vehicle starting when tumor volume was >100 mm3 (arrow). 25 mg/g body weight BZ or vehicle
was delivered intraperitoneally. Tumor growth was monitored by caliper measurements until the experiment was terminated. BZ treatment
substantially reduced tumor size. Data represented as mean and SD; two-way ANOVA with a Bonferroni posttest was used. (n ¼ 9, vehicle; n ¼ 8, BZ;
��� , P < 0.001). B, Final tumor weights from xenografts performed with LLC cells in C57/Bl6 mice and treated with either BZ or vehicle. Data represented
as a box and whiskers plot where the box extends from the 25th to 75th percentile, and the whiskers are drawn between the smallest and largest values.
The median is indicated by a horizontal line in the box (n ¼ 9, vehicle; n ¼ 8, BZ; unpaired t test). C, Tumor volume over time from xenografts
performed with LLC cells in C57/Bl6 mice and treated with either BZ or vehicle starting when tumor volume was >600 mm3 (arrow). Body weight or vehicle
(25 mg/g) was delivered intraperitoneally. Tumor growth was monitored by caliper measurements until the experiment was terminated. BZ treatment
substantially reduced tumor size. Data represent mean and SD (n ¼ 7, vehicle; n ¼ 6, BZ; �� , P < 0.01; ��� , P < 0.001). D, Vehicle and BZ-treated tumors
costained with the endothelial marker CD31 and the proliferation marker Ki-67. Sections were counterstained with DAPI to show nuclei. Scale, 100 mm.
E, Quantitation of the CD31-positive area in vehicle and BZ-treated tumors. Four representative images were analyzed from each tumor. Data represent
mean and SD (n ¼ 5 tumors in each group). F, Quantitation of Ki-67–positive cells in LLC and EYA3-ko tumors. Four representative images were
analyzed from each tumor. Data represent mean and SD (n ¼ 4 tumors in each group). G, Quantitation of TdT-mediated dUTP nick-end labeling (TUNEL)
staining in LLC and EYA3-ko tumors. Four representative images were analyzed from each tumor. Data represents mean and SD (n ¼ 3 tumors in each group).
H, Tumor volume over time from xenografts performed with LLC Eya3-ko cells in C57/Bl6 mice and treated with either BZ or vehicle starting when tumor
volume was >600 mm3 (arrow). Body weight BZ or vehicle (25 mg/g) was delivered intraperitoneally. BZ treatment had no effect on tumor size. Data
represented as mean and SD (n ¼ 7, vehicle; n ¼ 6, BZ).

Wang et al.

Mol Cancer Ther; 17(8) August 2018 Molecular Cancer Therapeutics1664

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/17/8/1659/1858739/1659.pdf by guest on 19 M
ay 2023



positive for Ki-67, while less than 55% of the cells in the hypoxic,
nonnecrotic center were Ki-67–positive (Fig. 5D). Eya3 deletion
led to a 26% reduction in the percentage of Ki-67–positive cells
(Fig. 5D and E), suggesting that EYA3 contributes to cell prolif-
eration in the 3D context. To examine the effect of Eya3 deletion
on the DDR process, spheroid sections were stained for g-H2AX.
In spheroids between 600 and 700 mm in diameter, there is a
distinct band of g-H2AX–positive cells present in the hypoxic,
perinecrotic area, suggesting that DDR processes are active in this
zone (Fig. 5E). Loss of EYA3 led to over 50% reduction in
g-H2AX–positive cells indicating defective DDR (Fig. 5E).

Tumor sections were similarly analyzed by costaining for
g-H2AX and CD31. In control tumors, patches of g-H2AX–
positive tumor cells were found concentrated around vascular
hotspots, and at lower frequency along the tumor surface (Fig.
6A). Eya3 deletion in tumor cells led to over 50% reduction in the
percentage of g-H2AX–positive cells (Fig. 6B and C).

To evaluate the effect of Eya3 deletion in host endothelial
cells, LLC xenografts were conducted in Eya3fl/fl and Eya3VEC-ko

mice, with tamoxifen-induced Eya3 deletion initiated 12 days
after tumor cell transplantation. As in Fig. 2A, significant
reduction in tumor growth was observed (Fig. 6D). Tumors
were analyzed for the presence of g-H2AX–positive cells on day
20. Upon host VEC-specific Eya3 deletion there was no change
in the percentage of tumor cells staining positive for g-H2AX
(Fig. 6E and F). However, the percentage of endothelial
(CD31-positive) cells that stained positive for g-H2AX was
substantially reduced (Fig. 6E and F). Together, these analyses
of tumor xenograft tissue are consistent with a defect in the

g-H2AX–dependent DDR pathway upon Eya3 deletion in
either tumor or endothelial cells.

Discussion
While defects in DNA repair pathways are commonly asso-

ciated with cancer cells, residual DNA repair capacity is required
for survival and proliferation under the conditions of oxidative
stress present in tumors (32). Evidence provided here in the
context of tumor and endothelial cells, and in previous studies
using other cell types (7, 10), supports a role for the EYA-PTPs
in promoting cell survival under DNA-damaging conditions.
Tumors with endothelial Eya3 deletion were smaller and sig-
nificantly less vascular, with no change in the Ki67 index of
tumor cells. More TUNEL-positive cells were seen in the tumor,
suggesting that reduced vascularity contributes to tumor cell
death. An inverse correlation between neovascularization and
spontaneous apoptosis in untreated tumors has been reported
in numerous human cancers, including lung adenocarcinoma
(33) and colorectal cancer (34), consistent with an antiapop-
totic role for tumor angiogenesis. Indeed, angiogenesis inhibi-
tors are known to sustain the dormancy of primary tumors (35)
and micrometastases (36) through increased apoptosis, while
having no effect on the proliferation rate of tumor cells.
Deletion of Eya3 in tumor cells reduced tumor size in xeno-
grafts but had no effect on vascularity, suggesting an endothe-
lial cell autonomous role for EYA3 in tumor angiogenesis. The
negative effect on the Ki-67 index and increase in apoptosis
seen in LLC-Eya3-ko tumors is consistent with a role for EYA3

Figure 5.

Multicellular tumor spheroids show reduced
proliferation and g-H2AX upon loss of EYA3. A,
Hypoxia-induces DNA damage in LLC (CTL) and
EYA3-ko cells. Alkaline COMET assays on cells
maintained at 0.1% O2 for 16 hours shows
increased DNA damage in EYA3-ko cells. Tail
moments calculated using OPENCOMET. Graph
shows mean and SD. B, Growth curves for
spheroids generated with LLC (black) or LLC-
EYA3-ko (red) cells. The diameter and standard
deviation of >15 spheroids representing 2
independent experiments are plotted over time.
� , P < 0.05. C, Hypoxia is present in spheroids
>600 mm in diameter. Immunostaining of an LLC
spheroid (625 mm in diameter) section for the
hypoxia marker pimonidazole (yellow),
counterstained with Hoechst 33342 (blue).
D, EYA3-ko spheroids have fewer proliferating
cells. Representative images showing the
proliferative marker Ki-67 (green, with blue
Hoechst 33342 counterstain) in LLC and EYA3-
ko spheroids 680–700 mm in diameter.
Quantitation of the percentageof Ki-67–positive
cells is shown as mean and SD. E, EYA3-ko
spheroids have fewer g-H2AX–positive cells.
Representative images showing the DDR
marker g-H2AX (red, with blue Hoechst 33342
counterstain) in LLC and EYA3-ko spheroids
660–690 mm in diameter. Quantitation of the
percentage of g-H2AX–positive cells is shown
as mean and SD.
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in cell proliferation and survival as previously reported in
nontumor contexts (7), and the documented correlation
between levels of EYA proteins and tumor progression (13, 17).

Linking biochemical function with biological outcomes
using simple knockout studies is complicated for the multi-
functional EYA proteins (11). Here, we have addressed this
concern by the use of a validated inhibitor of the PTP activity,
benzarone (10, 27, 28). The PTP activity of the EYA proteins

utilizes a reaction mechanism distinct from that of the classical
Cys-based PTPs (30, 37) and can be selectively targeted. BZ
binds noncovalently to the EYA active site, which is stereo-
chemically conserved among all EYA proteins. Hence, BZ inhi-
bits all EYA family members (targeting both EYA3 and EYA1 in
LLC cells). Treatment with BZ had a strong and immediate
negative effect on tumor growth but did not result in tumor
regression. Both tumor and stromal cells are exposed to BZ in

Figure 6.

Loss of EYA3 reduces the number of g-H2AX–positive cells in vivo. A, Representative sections from LLC (CTL) and EYA3-ko tumors in areas of maximal
vascular density (vascular hotspots) and along the tumor periphery stained for the endothelial marker CD31 (green) and the DDRmarker g-H2AX (red); scale, 50 mm.
B, Quantitation of the percentage of cells staining positive for g-H2AX around areas of maximal vascular density. Three representative images were analyzed
from each tumor. Data represent mean and SD (n ¼ 3 tumors in each group). C, Quantitation of the percentage of cells staining positive for g-H2AX near
the tumor surface. Three representative images were analyzed from each tumor. Data represent mean and SD (n¼ 3 tumors in each group). D, Tumor growth curve
of Eya3fl/fl and Eya3VEC-KO mice bearing LLC tumors. Tamoxifen was administered to all mice on day 12 after the xenograft to induce loss of endothelial
EYA3 in Eya3VEC-KO. The experiment was terminated 8 days later. Data represent mean and SD (n¼ 4 for Eya3fl/fl and n¼ 5 for Eya3VEC-KO; � , P <0.05; ��� , P <0.001).
E,, g-H2AX foci are present in both tumor and endothelial cells in tumor sections from Eya3fl/fl mice, but reduced in the vasculature of Eya3VEC-KO tumors.
Sections stained for the endothelial marker CD31 (green) and the DDR marker g-H2AX (red). White arrowheads indicate g-H2AX foci–containing endothelial cells;
scale, 50 mm. F, Quantitation of the percentage of cells staining positive for g-H2AX in tumor and endothelial cells. Three representative images were analyzed
from each tumor were analyzed. Data represent mean and SD (n ¼ 3 tumors in each group).
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our studies, consistent with the observed antiangiogenic effect
and reduction in tumor cell proliferation. The best character-
ized direct substrate for the EYA-PTP is the minor histone
protein H2AX and dephosphorylation of H2AX-tyrosine 142
promotes the repair of DNA breaks and the survival of cells
with DNA damage (7, 9). There is independent evidence
of a role for endothelial DDR (1, 2), and more specifically
EYA3-associated DDR (10), in pathologic angiogenesis. The
data provided here extend those observations to the tumor
context.

While the growth of solid tumors is limited without vascu-
larization, tumor-associated vessels are inefficient and do not
effectively oxygenate tumor tissue. Hence, tumors have areas
that are either chronically or acutely hypoxic with often high
levels of reactive oxygen species. Such conditions, along with
unresolved replicative stress in rapidly proliferating cells, can
result in DNA damage. Previous investigations report that the
level of constitutive H2AX phosphorylation in tumor cells
varies between cell lines and is dependent on cell-cycle status;
S and G2–M phase cells showed higher levels of g�H2AX (38).
Other contributors to cell-specific variability in constitutive
g�H2AX levels include genetic differences that affect DDR
pathways and the response to oxidative stresses, e.g., p53
mutational status (39–41), expression of oncogenes or tumor
suppressors, and other defects in DDR pathway components.
Furthermore, several non-DDR–associated g-H2AX functions
have been reported (42). Numerous studies have examined the
linkage between hypoxia, radiation sensitivity, and g-H2AX in
tumors (43). Here, we note that there are distinct patches of
g-H2AX–positive tumor cells around vascular hotspots, and
that a g-H2AX signal is also detected in endothelial cells in
tumor sections. In the absence of EYA-PTP activity, g-H2AX
containing repair foci formation is impaired tipping the bal-
ance toward apoptosis of DNA-damaged cells, as evidenced
here in both tumor cells and endothelial cells. Tumor hypoxia
(resulting from conventional antiangiogenic therapies) can
promote a more aggressive phenotype (activation of stress
responses, metabolic adaptations, tissue remodeling, escape of
tumor cells), hence such simultaneous targeting of the tumor
vasculature and tumor cells by EYA-PTP inhibition is an attrac-
tive therapeutic strategy.

BZ is an active metabolite of benzbromarone, a uricosuric
drug widely used in the treatment of gout. Isolated cases of
hepatotoxicity have been reported in patients using these
compounds for gout (44), but the risk–benefit assessments
remain actively debated (45, 46). In the context of gout treat-
ment, benzbromarone acts as a xanthine oxidase (XO) inhib-
itor. Hence, it is possible that the effects seen in the present
study are secondary to XO inhibition. However, treatment of
LLC-Eya3-ko xenografts with BZ did not reduce tumor size (Fig.
4H), suggesting that the effectiveness of BZ in retarding tumor
growth is EYA3 dependent. Despite this evidence of target
specificity in the antitumor context, the ability of BZ to inhibit
XO and thus reduce uric acid levels bears consideration. The
association between uric acid levels and cancer is complicated
(47); while uric acid has antioxidant properties with potential
benefit as a defense against cancer, elevated serum uric acid has
primarily been associated with increased inflammatory stress
and premature cancer mortality (48–50). Furthermore, cancer
patients are predisposed to hyperuricemia due to both tumor-
related and treatment-related factors. Nevertheless, the propos-

al that therapeutic management of serum uric acid levels could
facilitate the treatment of cancers associated with hyperurice-
mia (51) has been tempered by concern regarding the effect of
XO inhibition in tumor cells (decreased XO levels are associ-
ated with many aggressive human cancer types; refs. 48–50).
XO inhibitors have never before been directly tested in tumor
models. The data presented here show that BZ, a XO and EYA-
PTP inhibitor, retards tumor growth. This observation raises the
possibility that the EYA-targeted effect of BZ combined with
control of serum uric acid levels via XO inhibition could be
useful in cancer management.

The LLC murine syngeneic model is highly tumorogenic,
utilizes an immunocompetent host, and has been used exten-
sively to evaluate the efficacy of chemotherapeutic agents (52,
53). In the context of the present studies, it has the particular
advantage of permitting the use of genetic manipulations to
evaluate the role of host factors (EYA3 in host endothelial
cells). Nevertheless, there are limitations. Responses evaluated
in a completely murine background may not be directly extrap-
olated to human conditions, and the aggressive nature of LLC
cells may not reflect human tumors. Ongoing studies are
extending the results reported here to human tumor cell xeno-
grafts (both established cell lines and patient-derived tissue)
and orthotopic models.

In addition to the ability of EYA-PTP inhibition to nega-
tively regulate tumor angiogenesis and tumor cell survival/
proliferation, impaired DDR could also sensitize cells to
DNA-damaging treatment strategies (radiation, chemotherapy)
commonly used as first-line treatments. Furthermore, EYA-PTP
activity promotes cell migration (14, 28), a process that
contributes to both angiogenesis and metastasis. Hence, in
addition to the antiangiogenic effect of EYA-PTP inhibition
observed here, EYA-PTP inhibitors could be useful as antimeta-
static agents.
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