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Vascular endothelial growth factor (VEGF)-targeted therapies
show significant antitumor effects for advanced clear cell renal
cell carcinomas (CC-RCCs). Previous studies using VEGF inhibitors
in mice models revealed that VEGF-dependent capillaries were
characterized by the existence of endothelial fenestrations (EFs).
In this study, we revealed that capillaries with abundant EFs did
exist, particularly in CC-RCCs harboring VHL mutation. This find-
ing was recapitulated in mice xenograft models, in which tumors
from VHL null cells showed more abundant EFs compared to
those from VHL wild-type cells. Importantly, treatment with bev-
acizumab resulted in a significant decrease of tumor size estab-
lished from VHL null cells. Additionally, a significant reduction of
EFs and microvessel density was observed in VHL null tumors.
Indeed, xenograft from 786-O/mock (pRC3) cells developed four
times more abundant EFs than that from 786-O/VHL (WT8). How-
ever, introduction of the constitutively active form of hypoxia-
inducible factor (HIF)-2o to WT8 cells failed to either augment the
number of EFs or restore the sensitivity to bevacizumab in mice
xenograft, irrespective of the equivalent production of VEGF to
786-O/mock cells. These results indicated that HIF-2« independent
factors also play significant roles in the development of abun-
dant EFs. In fact, several angiogenesis-related genes including
CCL2 were upregulated in 786-O cells in a HIF-2a independent
manner. Treatment with CCL2 neutralizing antibody caused sig-
nificant reduction of capillaries with EFs in 786-O xenograft, indi-
cating that they were also sensitive to CCL2 inhibition as well as
VEGF. Collectively, these results strongly indicated that capillaries
with distinctive phenotype developed in VHL null CC-RCCs are
potent targets for anti-angiogenic therapy. (Cancer Sci 2012; 103:
2027-2037)

t has been reported that the mutation of von Hippel-Lindau

tumor suppressor gene (VHL) is observed in approximately
60% of sporadic clear cell renal cell carcinomas (CC-
RCC).? 1t is well known that VHL loss of function mutations
results in the upregulation of hypoxia-inducible E)roteins such
as vascular endothelial growth factor (VEGF),” and trans-
forming growth factor-o,,¥ which contribute to RCC pathogen-
esis and tumor growth.> Tt has been reported that VEGF plays
important roles on angiogenesis® and those inhibitors showed
significant antitumor effects to advanced CC-RCCs.” 'V As
not all tumors respond to this therapy and a majority of
responding tumors eventually become refractory to the treat-
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ment,(lz) further understanding of the characteristics of tumor
microvasculature in CC-RCCs is required to improve the clini-
cal outcome.

We previously reported that capillary regression was
observed in mice normal tissue vasculature such as pancreatic
islets after the inhibition of VEGF signals and a consistent fea-
ture of these capillaries was the presence of endothelial fene-
strations (EFs) approximately 60-70 nm in diameter."'®
Abundant fenestrations were also observed in capillaries of
pancreatic islet tumors developed in RIP-Tag2 transgenic mice.
Importantly, those tumor vessels showed high sensitivity to
VEGF inhibition."'*

Based on these backgrounds, we have examined the micro-
vasculature of CC-RCCs using electron microscopy. As
expected, abundant fenestrations were observed in capillaries
from CC-RCC specimens and a significant correlation was
observed between the abundance of fenestrations and the VHL
status of specimens. Intriguingly, a mice xenograft model
could recapitulate the characteristic phenotype of microvascu-
lature in human VHL '~ CC-RCC specimens and we showed
that abundant EFs in VHL null CC-RCCs disappeared after
treatment with bevacizumab. Using xenograft models with dif-
ferent VHL status or hypoxia-inducible factor (HIF) transactivi-
ty, we revealed that VEGF was not sufficient for the
development EFs in VHL ™'~ CC-RCC cells.

In fact, several angiogenesis-related genes (i.e. CCL2, PGF,
MMP2, and MMP9) were upregulated in a HIF-independent
manner in VHL ™'~ 786-O cells. In these cells, the treatment of
CCL2 neutralizing antibody decreased the number of fenestra-
tions, indicating that CCL2 is required for the development of
the characteristic microvasculature of VHL ™'~ CC-RCC cells.
Collectively, the present results strongly suggest that the endo-
thelium with abundant fenestrations is a potent target of anti-
angiogenic therapy.

Material and Methods

Patients and RCC tissues. Tumor specimens were obtained
from 24 consecutive patients with CC-RCC who underwent
surgery between March and October 2006 at Kyoto University
(Kyoto, Japan) with appropriate informed consent. This study
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was approved by the institutional review board of Kyoto
University (IRB approval number G52). Peripheral lesions of
tumors without necrotic tissues were excised.

VHL genotyping and hypermethylation assays. Genomic DNA
was extracted from the freshly frozen tumor specimens using
QIAamp DNA mini kit (Qiagen, Hilden, Germany). We
searched for mutation of VHL of all three exons."> The meth-
ylation status in the CpG island of VHL was determined by
methylation-specific PCR as described previously.'®

Cell culture. Cells (786-O, A498, UMRC?2, NC65, and Caki-1)
were cultured routinely in DMEM (Invitrogen, Carlsbad, CA,
USA) containing 10% FBS supplemented with 1% penicillin/
streptomycin. 786-O subclones stably transfected with either
pRc-CMV  (pRC3) or pRc-CMV-HA-VHL (WT8)'” and
UMRC?2 with either pLenti6-HA (UMRC2-HA) or pLenti6-HA-
LHVHL (UMRC2-VHL) were a kind gift from Dr. William G.
Kaelin (Dana-Farber Cancer Institute, Boston, MA, USA). The
cells were cultured as previously described."® WT8 subclones
stably transfected with either pIRES-puro-HA or pIRES-puro-
HA-HIF20 P531A"929 were cultured in the presence of 1.5 ng/
mL puromycin in addition to G418. Lentiviral HIFloo sShRNA
vector (TRCNO0000038
10; target sequence, 5S'-GTGATGAAAGAATTACCGAAT-3")
was purchased from Open Biosystems (Huntsville, AL, USA).
Non-silencing shRNAs (Open Biosystems) were used as nega-
tive control. The experimental procedures for shRNA transfec-
tion into UMRC2 were done as previously described.?"
Following lentiviral infection, cells were maintained in the pres-
ence of 2 pg/mL puromycin.

Cell proliferation assays. Cells were seeded into 96-well
plates in triplicate in DMEM with 2.5% FBS and allowed to
adhere overnight. The cultures were then washed and re-fed
with medium. For treatment with neutralizing antibodies,
monoclonal anti-VEGF antibody (bevacizumab; Roche Phar-
maceuticals, Basel, Switzerland) or control saline was added to
the medium. Proliferative activity was determined by the MTT
assay using a microtiter plate reader at 540 nm.

Mouse xenograft assays. All experiments involving labora-
tory animals were done in accordance with the Guidelines
for Animal Experiments of Kyoto University. A total of
1.0 x 107 cells were injected s.c. into both flanks of 6-
week-old male BALB/cAJcl nude (nu/nu) mice (CLEA,
Tokyo, Japan) and tumor volumes were measured once a
week. After the drug trial, the animals were killed and xeno-
graft tumors were excised. Peripheral lesions without necrotic
tissues were used for sequential experiments. Experimental
groups consisted of five mice per group, unless otherwise
indicated.

Drugs and treatments. The dose of bevacizumab was deter-
mined based on previous studies.*” Treatment with bev-
acizumab (100 pg dissolved in 0.9% NaCl solution) or vehicle
was started simultaneously in each cohort of xenografts when
the average volume reached 100 mm® at 3-4-week intervals
after tumor inoculation. Injections were done i.p. twice a week.
Neutralizing antibodies to human CCL2 (MAB679; R&D
Systems, Minneapolis, MN, USA) or control mouse IgG were
given to mice with s.c. tumors from 786-O cells by injecting
i.p. twice a week at a dose of 10 pg/mouse.*”

Microscopy. Samples were fixed with 1% glutaraldehyde and
1.44% paraformaldehyde in 0.1 M phosphate buffer (pH 7.2).
For scanning electron microscopy (SEM), after dehydration in a
grade series of ethanol solutions, samples were freeze-dried in a
critical point apparatus, mounted onto metal stubs with carbon-
conductive paint, and coated with a thin layer of gold using a
sputter coater. The tumor surfaces were observed at 10-kV
acceleration voltage (S-4700; Hitachi, Tokyo, Japan). For trans-
mission electron microscopy (TEM), the fixed and washed sam-
ples were post-fixed with 1% OsO,4 and 0.1 M sucrose in 0.1 M
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phosphate buffer for 2 h, then dehydrated with graded concen-
trations of ethanol and embedded in epoxy resin. Areas with
abundant tumor capillaries were selected under a light micro-
scope, ultrathin 80-nm sections were cut on an ultramicrotome,
placed on 150 mesh copper grids, stained with uranyl acetate
followed by lead citrate, and examined using an electron micro-
scope operated at 75-kV acceleration voltage (H7000; Hitachi).

Quantitation of EFs. The EFs on the luminal surface of tumor
capillaries were counted on SEM images. The EFs were identi-
fied as simple round openings of ~70-nm diameter. We
selected at random and captured 5-10 capillaries with 10-30-
pm diameter all over each tumor specimen. After three random
segments with 4-um” fields per vessel were captured and
examined for each experimental variable (magnification,
x 15 000), a total of 15-30 areas were counted. The number of
EFs in each tumor and the mean number of fenestrations per
l—pm2 endothelial surface area were calculated. For confirma-
tion of diaphragmed fenestrations, observation was made on
TEM images of thin, anuclear segments of endothelial profiles
(magnification, x35 000).

Protein extraction and immunoblot analysis. Whole-cell pro-
teins were isolated from snap-frozen specimens or culture cells
and followed by immunoblotting as previously described."®
Antibodies were HIF1a, HIF2a (both Novus Biologicals, Lit-
tleton, CO, USA), glucose transporter 1 (Glutl; Alpha Diag-
nostic International, San Antonio, TX, USA), HA (Covance,
Berkeley, CA, USA), B-tubulin, and B-actin (Santa Cruz Bio-
technology, Santa Cruz, CA, USA).

Enzyme-linked immunosorbent assay. The VEGF protein lev-
els in the supernatant and the tumor cytozol were quantified as
previousl;r described using a VEGF ELISA kit (R&D Sys-
tems)."®** Three independent wells were used for each set of
experimental conditions. The VEGF concentration was normal-
ized to total cell protein.

Immunohistochemistry and vascular density measure-
ment. Immunohistochemical analysis was carried out on forma-
lin-fixed, paraffin-embedded clinical tissues or OCT compound
(Tissue Tek; Sakura Finetek, Torrance, CA, USA) fixed xeno-
graft tissues. Primary antibodies were human CD31 (clone MEC
13.3; BD Pharmingen, San Diego, CA, USA), mouse CD31
(clone JC70A; Dako, Glostrup, Denmark), and CCL2 (R&D
Systems). Tumor microvessel density (MVD) was evaluated
using CD31 as the endothelial marker. The MVD was deter-
mined as suggested by Weidner.*>

Reverse transcription and real time RT-PCR analysis of
angiogenesis- and invasion-related genes. RT? Profiler human
angiogenesis PCR arrays (SA Biosciences, Frederick, MD, USA),
containing 84 angiogenesis-related genes, plus housekeeping genes
and controls, were used according to the manufacturer’s protocols.

Real-time PCR. cDNA synthesis and real-time PCR for CCL2,
MMP2, MMP9, and GAPDH were carried out as described
previously.?® The primer sequences were as follows: PGF, 5'-
GTTCAGCCCATCCTGTGTCT-3' (sense) and 5'-CTTCATCT
TCTCCCGCAGAG-3' (antisense); BNIP3, 5'-CTCCTGGGTA-
GAACTGCACTTC-3" (sense) and 5'-ACGCTCGTGTTCCTC
ATGCTG-3' (antisense); and HK2, 5-CAAAGTGACAGTG
GGTGTGG-3' (sense) and 5-GCCAGGTCCTTCACTGTCTC-3'
(antisense).

Oncomine database analysis. Oncomine data originated from
Gumz et al.®” Expression levels of PGF, MMP-2, MMP-9,
NRP2, EFNB2, THBSI, THBS2, VEGFC, and [ID3 are com-
pared between normal kidney and CC-RCC.

Statistical analyses. Data are expressed as the mean + SE. The
significance of differences between means was assessed using
Student’s r-test with Bonferroni’s multiple comparison and y*-test.
Inhibition of tumor growth was analyzed by two-way repeated
measures ANOVA. A P-value < 0.05 was considered statistically
significant.
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Results

Significant influence of VHL gene status on the development
of EFs in CC-RCC specimens. We first examined if fenestrations
were observed on endothelial cells from 24 CC-RCCs. VHL
mutations were identified in 12 cases (50%) and none of them
showed promoter methylation patterns (Table 1). Electron
microscopy images revealed that the majority of capillaries
from tumors with wild-type (wt) VHL showed few fenestra-
tions with thick endothelium (Fig. 1Aa,b). In contrast, those
with mutant VHL showed attenuated endothelium with abun-
dant fenestrations (Fig. 1Ac,d; arrows). Typically, these fene-
strations were presented as the thinnest parts of capillary
walls, consisting of long and thin cytoplasmic arms from the
nucleus (N) in TEM images (Fig. 1Ad). The average number
of fenestrations in wt and mutant groups was 2.5 = 0.4 and
15.1 = 1.7/um?, respectively. Importantly, a significant differ-
ence was observed between them (Fig. 1B).

We next examined the amount of VEGF in tumor tissues.
Although tumors with mutated VHL produced a higher amount
of VEGF compared to those without mutation, no statistically
significant difference was observed between them (Fig. 1C). In
fact, MVD was almost comparable in both groups (Fig. 1D).
Collectively, these results indicate that the status of VHL sig-
nificantly influenced the characteristics of endothelium of
microvasculature of human CC-RCC specimens, without
affecting MVD.

Fenestration could be a potent predictive marker of the sensi-
tivity of CC-RCCs to VEGF inhibition. To further examine the
effects of VHL on the endothelial cell morphology, a mouse
xenograft model was established. As shown in Fig. 2A, admin-
istration of bevacizumab significantly inhibited tumor growth
of xenografts from VHL™~ RCC cells, irrespective of HIH2
(UMRC2) or H2 (786-O and A498) phenotype®, but not
wt-VHL RCC cells (NC65 and Caki—1). As tumors with
abundant EFs were prone to VEGF inhibition,">'® we next
assessed the effect of VEGF inhibition in these xenograft mod-
els. Capillaries from all VHL™™ cells presented abundant fene-
strations at a similar level to those from VHL-defective clinical
specimens (Fig. 2B). In contrast, those from wt-VHL cells
showed less abundant fenestrations, indicating that the xeno-
graft model recapitulated the VHL-dependent formation of EFs
in human CC-RCC specimens. Importantly, SEM images

Table 1. Patient characteristics, VHL alterations, and their
relationship to clinicopathologic parameters in 24 sporadic clear cell
renal cell carcinomas

Parameter VHL wild VHL mutantt P-value
Age (years)
Mean + SD 60.6 + 12.0 64.5 + 15.3 0.754
Sex
Male 9 7 0.386
Female 3 5
Staget
| 7 7 0.788
1l 2 1
1+ v 3 4
Grade#
1 2 1 0.165
2 9 6
3 1 5

1tNo. with mutated VHL, 12/24 (50%). Location of VHL mutation: exon
1, 4; exon 2, 6; exon 3, 2. Type of VHL mutation: frameshift, 6; non-
sense, 2; missense, 3; deletion, 1. No. with methylated VHL, 0/24 (0%).
F$Tumor stage and grade according to TNM (International Union
Against Cancer, 6th edition, 2002). SD, standard deviation.
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revealed that the remaining capillaries after the treatment
shows significantly less fenestration in the VHL null xenograft.
In contrast, no significant differences were observed in those
from wt-VHL cells (Fig. 2B). Reduced MVD was also
observed in the former cells (Fig. 2C), so these results strongly
indicated that microvasculature with abundant EFs was sensi-
tive to VEGF inhibition, and VHL status regulated the develop-
ment of fenestrated tumor microvasculature.

Abundance of EFs in microvasculature of CC-RCCs and concomi-
tant sensitivity to VEGF inhibition are regulated by pVHL in a
HIF-20-independent manner. To further clarify roles of VHL on
tumor microvasculature, we next examined if HIF activity
affected it. As it has been reported that HIF-2a, rather than
HIF-1a, promotes pVHL-defective renal carcinogenesis,*" we
first assessed the effect of HIF-2o. on the morphology of the
endothelium using a series of 786-O subclones with different
statuses of VHL or HIF transactivity. 786-O subclone express-
ing HA-tagged wt pVHL (WT8 cells) reduced the amount of
HIF-200 and canonical HIF target, Glut-1, or VEGF. In con-
trast, both of them were up-regulated by the introduction of
constitutive active form of HIF-2o0 (WT8 HIF2a P5S31A cells)
(Figs 3A,S1).

Consistent with our previous report,”” WT8 HIF-2a P531A
cells restored their ability to form xenograft tumors in vivo,
although introduction of HIF-2a P531A to WT8 cells did not
grossly affect the cell proliferation. None of them showed
attenuated cell proliferation at up to 100 mg/mL bevacizumab
in vitro (Figs S2,S3). Indeed, the mock transfected 786-O sub-
clone VHL™'~ pRC3 xenograft developed four times more
abundant EFs than that from WTS cells (Fig. 3B,C). Unexpect-
edly, WT8 HIF-2a P531A to cells failed to augment the num-
ber of EFs (Fig. 3C), although xenografts from these cells
produced an almost comparable level of VEGF to those from
pRC3 (Fig. 3D).

As for the sensitivity to VEGF inhibition, bevacizumab
treatment significantly inhibited the tumor growth of xeno-
grafts from VHL ™'~ pRC3 but not wt-VHL expressing WTS,
WT8 mock, nor WT8 HIF-2a P531A cells (Fig. 4A). Signifi-
cant reduction of EFs was observed in pRC3 tumors but not
others in accordance with its effect on MVD (Fig. 4B,C). The
TEM images revealed that capillaries from pRC3 after bev-
acizumab treatment showed less fenestration with thick endo-
thelium, the characteristics of WT8 HIF-2o0 P531A, pVHL-
expressing subclones (Fig. 4C).

Collectively, these results indicated that microvasculature
with abundant EFs were sensitive to VEGF inhibition, how-
ever, other factors also played significant roles in the develop-
ment of endothelium with distinctive phenotype.

Series of angiogenesis-related genes regulated by VHL in a HIF-
independent manner. To explore the mechanisms by which
EFs are regulated in VHL null CC-RCCs, we compared the
expression profile of a series of angiogenesis-related genes in
pRC3 and WT8 HIF-2a P531A cells using PCR arrays. Those
of WT8 and WT8 mock cells were also examined as a control.
Although WT8 HIF-2a0 P531A cells successfully upregulated
VEGFA and VEGFC to almost comparable levels to pRC3
cells, the former cells failed to induce several genes such as
CCL2 (Table 2). Quantitative PCR analysis with another set of
primers confirmed the significant increase of CCL2 in pRC3
cells and xenografts from those cells showed abundant signals
of this chemokine in immunohistochemical analysis (Fig. 5A,
B). Similarly, CCL2 is also regulated by VHL in UMRC?2 cells
(Fig. 5C). We next examined the effect of HIF-la on the
expression of this chemokine using shRNA-mediated knock-
down. As shown in Figure 5(D), this procedure did not signifi-
cantly affect the abundance of CCL2 (P = 0.185), although the
HIF-1 target gene BNIP3 was effectively downregulated
(P < 0.001).
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Fig. 1. Phenotypes of tumor capillaries and VHL status in sporadic clear cell renal cell carcinomas (CC-RCCs). (A) Electron micrographs of tumor
capillaries in VHL wild-type CC-RCC (a,b) and VHL mutated CC-RCC (c,d). Representative data are shown. Capillaries from tumors with wild-type
VHL show thick endothelium with few endothelial fenestrations (EFS); in contrast, those with mutant VHL show attenuated endothelium with
abundant EFs (arrows). Inset shows a high magnification view (x50 000). L, capillary lumen; M, interstitial matrix; N, endothelial cell nucleus;
R, red blood cell; SEM, scanning electron microscopy; T, tumor cell; TEM, transmission electron microscopy. (B) Quantitation of EFs in tumor capil-
laries with or without VHL mutation. Numbers of EFs were calculated per square micrometer. Columns, mean; bars, SE. (C) Amount of vascular
endothelial growth factor (VEGF) in tumors with or without VHL mutation. Whole protein was extracted from tumors and analyzed by ELISA.
Data are presented as pg VEGF protein/1 mg total protein. Columns, mean; bars, SE. (D) Microvessel density in tumors with or without VHL
mutation. Columns, mean; bars, SE. HPF, high power field; NS, not significant.

Previously, we and others reported that VHL regulated the
expression of CCL2 in a HIF-independent manner through
JunB or inhibitory ghosphorylation of CARD9Y, the nuclear
factor-kB agonist.**?” Importantly, the inhibition of CCL2
activity with a neutralizing antibody repressed xenograft tumor
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growth of VHL ™'~ CC-RCC cells accompanied with decreased
MVD.?® As shown in Figure 6(A), SEM images revealed that the
remaining endothelium after treatment showed significantly less
fenestration compared to controls, indicating that microvasculature
with abundant EFs were also sensitive to CCL2 inhibition.
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Fig. 2. Effects of the bevacizumab treatment on
ccRCC xenograft tumors. (A) Antitumor effects of
bevacizumab in xenograft tumors from NC65 and
Caki-1 (wt VHL cells) or UMRC2, 786-O, and A498 CTR
(VHL null cells). Each time point represents the
mean = SE of tumor volume in each group. The
difference in tumor size between the treatment
mice and controls was statistically significant in Bevaci
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treatment on microvessel density. CD31 staining of
xenograft tumors with bevacizumab treatment
showed significant reduction of microvessel density

in UMRC2, 786-O, and A498 xenografts. Columns,
mean; bars, SE. HPF, high power field.

Importantly, this chemokine is significantly highly expressed in
tumor specimens with mutant VHL (Fig. 6B). Thus, these results
strongly suggested that CCL2 is also involved in the development
of fenestrated capillaries of VHL ™'~ CC-RCC specimens.

In addition to CCL2, quantitative PCR analysis using 786-O
subclones confirmed that PGF, MMP2, and MMP9 were also
regulated by VHL, mainly in a HIF-independent manner (Fig.
S4). Although the exact roles of each gene in the development
of EFs should be further clarified, results in the present study
suggest that VHL regulates the development of characteristic
microvasculature through the regulation of angiogenesis-
related genes and determine the sensitivity to anti-angiogenic
therapy.

Yamasaki et al.

Discussion

It has been shown that VEGF-targeted therapy had a signifi-
cant clinical benefit for patients with metastatic RCC.'” How-
ever, some patients are inherently resistant to these therapies
and most patients acquire resistance."? Therefore, the precise
mechanisms of the antitumor effects of this therapy need to be
clarified.

Previously, we and others showed that capillaries with
abundant EFs disappeared after the inhibition of VEGF sig-
nals in mice normal tissue or tumor microvasculature."'*'¥ In
the present study, we revealed that abundant EFs were
observed in capillaries from human CC-RCCs harboring VHL

Cancer Sci | November 2012 | vol. 103 | no. 11 | 2031
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Fig. 3.

Characterization of xenografts from 786-O subclones with different statuses of VHL and hypoxia-inducible factor (HIF) activity. 786-O

VHL™~ human renal cell carcinoma cells stably transfected with plasmid encoding HA-tagged wild-type pVHL (WT8) or empty vector (pRC3) were
used. WT8 cells transfected to produce HIF2a P531A (WT8/ H IF2a P531A) or empty vector (WT8/mock) were also examined. (A) Regulation of HIF
target proteins by pVHL and HIF2a variant in the subclones. Immunoblot assays with the indicated antibodies. Glut1, glucose transporter 1. (B)
Electron micrographs of tumor capillaries in xenografts from each cell line. Representative data are shown. Capillaries from VHL™'~ pRC3 xeno-
grafts developed abundant EFs (arrows). L, capillary lumen; M, interstitial matrix; R, red blood cell. Scale bars = 1 um (scanning electron micros-
copy [SEM], x15 000) and 500 nm (transmission electron microscopy, x25 000). (C) Quantitation of endothelial fenestrations in tumor capillaries
from indicated xenografts. Columns, mean; bars, SE. (D) Amount of vascular endothelial growth factor (VEGF) in each xenograft. Whole protein

was extracted from tumors and analyzed by ELISA. Data are presented as pg VEGF protein/1 mg total protein. Columns, mean; bars, SE.

mutation and this finding was recapitulated in mice xenograft
models. Importantly, VHL™'~ CC-RCC xenografts did show
significantly better response to bevacizumab, irrespective
of HIH2 or H2 phenotype. It was also revealed that the
remaining capillaries after treatment showed significantly less
fenestration.

In terms of the clinical implications of this study, Flaherty
et al. examined the relationship between the tumor vascular
permeability of RCC and clinical outcomes of sorafenib using
dynamic contrast-enhanced MRI. They reported that decreased
tumor vascular permeability by the treatment was associated
with improved clinical outcome.®” As EFs are related to
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increased vascular permeability,®" it will be assumed that
decreased permeability in affected tumors was caused by
reduction of fenestrations in the tumor microvasculature.
Additionally, retrospective analyses of VEGF-targeted ther-
apy for CC-RCC indicated that patients with loss of functional
VHL had a higher response rate or prolonged time to tumor
progression compared to those with wt-VHL.®**® Choueiri
et al. reported that no responses (0 of 21) were seen in patients
with wt VHL treated with bevacizumab or sorafenib, whereas
six of 19 patients with mutated VHL responded to them.®?
When the results in the present study were also concerned, it
would be suggested that bevacizumab and sorafenib exhibit
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Fig. 4. Effects of bevacizumab treatment in renal cell carcinoma xenografts from 786-O subclones with different statuses of VHL and hypoxia-
inducible factor (HIF) activity. (A) Antitumor effects of bevacizumab in renal cell carcinoma tumors in nude mice. Each time point represents the
mean = SE of fold of tumor volume in each group. The difference in tumor size between the treatment mice and controls was statistically signif-
icant in pVHL-defective pRC3 xenografts (P = 0.05, using two-way repeated anova). (B) Effects of bevacizumab treatment on microvessel density.
Left, CD31 staining of xenograft tumors treated with bevacizumab (bottom) or vehicle (top). Scale bars = 100 um (x200). Right, significant
reduction of microvessel density was observed only in pRC3 xenografts. Columns, mean; bars, SE. (C) Effects of bevacizumab treatment on endo-
thelial fenestrations. Left, Scanning electron micrographs (SEM) and transmission electron micrographs (TEM) of tumor capillaries with bev-
acizumab treatment (bottom) or vehicle (top). Scale bars = 1 um (SEM, x 15 000; TEM, x20 000). Right, reduction in the number of endothelial
fenestrations in capillaries was detected only in pRC3 xenograft treated with bevacizumab. Columns, mean; bars, SE.

their anti-tumor effects preferentially against CC-RCCs with

RCC cells.”” Unexpectedly, WT8 HIF2 o P531A cells failed to
VHL mutation, at least in part, through the regression of

increase the comparable number of EFs or elicit a comparable

microvasculature with abundant fenestrations.

As for the mechanistic insights into the development of EFs, it
is well known that VEGF induces fenestrations.3* 3% However,
the precise roles of VEGF in inducing EFs are still undefined.®”
We first evaluated whether HIF target proteins, including VEGF,
play major roles in the development of EFs, as HIF escapes
destruction and is free to activate its target genes in VHL ™'~ CC-

Yamasaki et al.

response to bevacizumab to that of VHL ™'~ CC-RCC cells. Pre-
viously, it had been reported that activation of HIF could not
lead to increased MVD of VHL '~ tumor microvascula-
ture.?**® Recently, Verheul er al.®” reported that higher
VEGEF expression was not associated with higher MVD in clini-
cal CC-RCC samples. Indeed, no significant correlation was
observed between the levels of VEGF expression and VHL gene
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Fig. 5. Regulation of CCL2 by VHL in a hypoxia-inducible factor (HIF)-independent manner. (A) Regulation of CCL2 by pVHL and HIF2a variant
in the subclones. The expression of CCL2 was evaluated by real-time PCR with a set of primers different from that of PCR arrays. Columns, mean;
bars, SE. (B) Representative pictures of tumors from 786-O subclones with CCL2 immunostaining. Scale bars = 100 um. (C) Regulation of CCL2 by
pVHL in HIF1o/HIF2a accumulated UMRC2 cells. UMRC2 cells stably transfected with plasmid encoding HA-tagged wild-type pVHL (VHL) or empty
vector (HA) were used. Top, immunoblot assays with the indicated antibodies. Bottom, CCL2 expression in each cell type. Columns, mean; bars,
SE. (D) HIF1a-independent regulation of CCL2 in UMRC2 cells. UMRC2 cells transfected with lentivirus shRNA to knockdown HIF1a (shHIF1a) or
non-silencing shRNA (Scr) were examined. Top left, immunoblot assays with the indicated antibodies. Top right, CCL2 expression in each cell
type. Bottom, BNIP3 and HK2 expression in each cell type. Columns, mean; bars, SE.

Table 2. mRNA changes between pRC3 versus WT8/HIF2aP531A

Unigene symbol Description Fold change (pRC3/WT8) Fold change (HIF2aP531A/mock) Ratio
A B A/B

Genes upregulated
Hs.303649 CcCL2 Chemokine (C-C motif) ligand 2 88.91 0.60 149.19
Hs.252820 PGF Placental growth factor 30.75 2.82 10.91
Hs.513617 MMP2 Matrix metallopeptidase 2 15.91 8.67 1.84
Hs.297413 MMP9 Matrix metallopeptidase 9 8.05 3.19 2.52
Hs.471200 NRP2 Neuropilin 2 7.60 1.12 6.76
Hs.149239 EFNB2 Ephrin-B2 4.00 1.26 3.17
Hs.164226 THBS1 Thrombospondin 1 3.57 0.65 5.49
Hs.371147 THBS2 Thrombospondin 2 3.42 0.41 8.32
Hs.435215 VEGFC Vascular endothelial growth factor C 3.38 2.35 1.44
Hs.437008 EPHB4 EPH receptor B4 2.71 1.32 2.06
Hs.133379 TGFB2 Transforming growth factor, beta 2 2.69 0.55 4.89
Hs.76884 ID3 Inhibitor of DNA binding 3 2.64 1.23 2.14
Hs.517356 COL18AT1 Collagen, type XVIII, alpha 1 2.24 0.68 3.28
Hs.73793 VEGFA Vascular endothelial growth factor A 2.12 2.05 1.03

The RT2 Profiler human angiogenesis PCR Arrays (SA Biosciences) were carried out according to the manufacturer’s protocols. Expression levels
of genes involved in angiogenesis were compared between WT8 and pRC3, WT8/HIF2a P531A, and WT8/mock cells. Five housekeeping genes
were used as controls for each gene expression calculation, and the extent of change in expression of each gene was calculated using the DCt
method. Only genes whose expression was upregulated or downregulated at least 2-fold are shown in Table 2. When DCt was over 12, and
therefore the expression was thought to be extremely low, the gene was omitted from the analysis.
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Fig. 6. Involvement of CCL2 in the development of fenestrated capillaries of VHL™~ clear cell renal cell carcinomas. (A) Effects of CCL2 neutral-

izing antibody (CCL2 Ab) treatment on microvasculature. Representative data are shown. CD31, scale bars = 100 um; scanning electron micro-
graphs (SEM), scale bars = 1 um. Bottom left, 786-O xenograft tumors in CCL2 Ab treatment group showed significant reduction in microvessel
density compared to those in vehicle treatment group (CTR). Bottom right, quantitation of endothelial fenestrations in capillaries after treat-
ment with CCL2 Ab. Columns, mean; bars, SE. (B) Expression of CCL2 in tumors with or without VHL mutation. Top, representative pictures of
immunohistochemistry sections of tumors showing none, weak, or strong staining for CCL2. Bottom, ratio of CCL2 expression pattern and corre-

lation of VHL status.

status in tumor specimens in our analysis. These findings sug-
gested that VEGF was not sufficient for the development of
characteristic microvasculature in VHL™~ CC-RCC cells, and
that other factors regulated by VHL enhanced the induction of
EFs. In fact, leptin has been shown to act synergistically with
VEGF to induce fenestrations.*”

In the present study, we showed the possibility that CCL2
augmented the formation of EFs in pVHL-defective CC-RCC.
It was revealed that CCL2 was regulated by VHL, and HIF-1a
and HIF-2a scarcely affected its expression. This chemokine
was significantly abundant in tumor specimens with mutant
VHL compared to those without, and treatment with CCL2
neutrahzmg antibody decreased the number of fenestrations in
the VHL ™'~ CC-RCC xenograft model.

In addition to CCL2, it was shown that a number of angio-
genesis-related genes were regulated by VHL. Intriguingly,
gene expression data on the Oncomine website indicated that
CC-RCC specimens showed significantly higher expression of
PGF, MMP2, MMP9, NRP2, EFNB2, THBSI, THBS2, VEG-
FC, and ID3 compared to those from normal kidney (Fig. S5).
Of these, we reported that MMP2 and MMP9 were regulated
by VHL mainly through JunB. 9 1t is still unclear how VHL
regulates the remaining genes, but it is assumed that these
genes, including CCL2, act synerglstlcally with VEGF to
induce fenestrations in VHL ™'~ CC-RCC.

Yamasaki et al.

In addition to RCC, rectal tumors also showed partial regres-
sion with bevacizumab monotherapy.“"” When we think of the
clinical implications of the present study, we need to evaluate
whether EFs could be observed in other types of tumor and
whether EFs could act as biomarkers to predict the clinical
efficacy of bevacizumab in cancer.“*?

In conclusion, we have identified capillaries with abundant
fenestrated endothelium in clinical samples from VHL '~
CC-RCC. It was revealed that those characteristic capillaries
recapitulated by xenograft models were sensitive to the inhi-
bition of CCL2 as well as VEGF. Collectively, these results
strongly indicated that capillaries with distinctive phenotype
developed in VHL null CC-RCCs are potent targets for anti-
angiogenic therapy. At present, it is still unclear why micro-
vasculature with endothelial fenestrations can be inhibited by
bevacizumab and this question must be clarified in future
studies.
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Fig. S1. Characterization of 786-O subclones with different status of VHL and hypoxia-inducible factor (HIF) reactivity.
Fig. S2. Xenograft formation of 786-O subclones.

Fig. S3. Effect of bevacizumab treatment on the cell proliferation of 786-O subclones in vitro.

Fig. S4. Quantitative PCR analysis of several angiogenesis-related genes in 786-O subclones with different statuses of VHL and hypoxia-inducible
factor (HIF) reactivity.

Fig. S5. Oncomine database analysis of a series of angiogenesis-related genes regulated by VHL in normal kidney versus clear cell renal cell carci-
nomas.
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