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Abstract

Purpose New research findings have revealed a key
role for vascular endothelial growth factor (VEGF) in
the stimulation of angiogenesis in clear cell renal
carcinoma (RCC) which is a highly vascularized and
treatment-resistant tumor. Sorafenib (BAY 43-9006,
Nexavar®) is a multi-kinase inhibitor which targets
receptor tyrosine and serine/threonine kinases
involved in tumor progression and tumor angiogenesis.
The effect of sorafenib on tumor growth and tumor his-
tology was assessed in both ectopic and orthotopic
mouse models of RCC.

Methods Sorafenib was administered orally to mice
bearing subcutaneous (SC, ectopic) or sub-renal cap-
sule (SRC, orthotopic) tumors of murine (Renca) or
human (786-O) RCC. Treatment efficacy was deter-
mined by measurements of tumor volume and tumor
growth delay. In mechanism of action studies, using the
786-O and Renca RCC tumor models, the effect of
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sorafenib was assessed after dosing for 3 or 5 days in
the SC models and 21 days in the SRC models. Inhibi-
tion of tumor angiogenesis was assessed by measuring
level of CD31 and a-smooth muscle actin (aSMA)
staining by immunohistochemistry (IHC). The effect of
sorafenib on MAPK signaling, cell cycle progression
and cell proliferation was also assessed by IHC by mea-
suring levels of phospho-ERK, phospho-histone H3
and Ki-67 staining, respectively. The extent of tumor
apoptosis was measured by terminal deoxynucleotidyl
transferase-mediated nick-end labeling (TUNEL)
assays. Finally, the effects of sorafenib on tumor
hypoxia was assessed in 786-O SC model by injecting
mice intravenously with pimonidazole hydrochloride
1 h before tumor collection and tumor sections were
stained with a FITC-conjugated Hypoxyprobe anti-
body.

Results  Sorafenib produced significant tumor growth
inhibition (TGI) and a reduction in tumor vasculature
of both ectopic and orthotopic Renca and 786-O
tumors, at a dose as low as 15 mg/kg when adminis-
tered daily. Inhibition of tumor vasculature was
observed as early as 3 days post-treatment, and this
inhibition of angiogenesis correlated with increased
level of tumor apoptosis (TUNEL-positive) and cen-
tral necrosis. Consistent with these results, a significant
increase in tumor hypoxia was also observed 3 days
post-treatment in 786-O SC model. However, no sig-
nificant effect of sorafenib on phospho-ERK, phospho-
histone H3 or Ki-67 levels in either RCC tumor model
was observed.

Conclusion Our results show the ability of sorafenib
to potently inhibit the growth of both ectopically- and
orthotopically-implanted Renca and 786-O tumors.
The observed tumor growth inhibition and tumor stasis
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or stabilization correlated strongly with decreased
tumor angiogenesis, which was due, at least in part, to
inhibition of VEGF and PDGF-mediated endothelial
cell and pericyte survival. Finally, sorafenib-mediated
inhibition of tumor growth and angiogenesis occurred
at concentrations equivalent to those achieved in
patients in the clinic.

Keywords Sorafenib - Multi-kinase inhibitor -
Renal cell carcinoma - VEGF - Angiogenesis

Introduction

The median survival of renal cell carcinoma (RCC)
patients with metastatic disease is approximately
8 months with a 5-year survival rate of below 10% [2,
10]. Traditional chemotherapy or hormonal therapy
has been relatively ineffective, with only 10% of the
patients showing response to these treatments [9, 28].
Cytokine therapy involving high-dose interleukin-2
(IL-2) or interferon-a (IFN-o) has also yielded limited
benefit, with objective response rates of only 15% for
both [27]. Thus, there is a high medical need for new
effective therapies for RCC. A hallmark of RCC is the
frequent loss of the von Hippel-Lindau (VHL) tumor
suppressor gene, which is a key regulator of hypoxia
inducible factor-1oe (HIF-1a) [10, 13, 15] and vascular
endothelial growth factor (VEGF) production [29].
Loss of VHL results in the upregulation of VEGF pro-
duction and induction of tumor angiogenesis [24].

A number of new agents, designed to block tumor
signaling pathways and inhibit tumor angiogenesis,
have shown promise in clinical trials in RCC [2, 27, 31].
The first of these agents approved for the treatment of
advanced RCC is sorafenib (BAY 43-9006, Nexavar®),
a small molecule kinase inhibitor of the vascular endo-
thelial growth factor receptor (VEGFR). More
recently, sunitinib (SU11248, Sutent®), also a small
molecule kinase inhibitor with activity against the
VEGFR, was approved for the treatment of advanced
RCC. Sorafenib is an orally active, multi-kinase inhibi-
tor that targets the serine/threonine kinases RAF
(RAF-1 and B-RAF) and as well as receptor tyrosine
kinases (VEGFR-1, -2 & -3 and platelet derived
growth factor receptor-§ (PDGFR-f)), which play key
roles in tumor growth and angiogenesis. Sorafenib has
been tested in patients with advanced RCC in a large
multi-center placebo-controlled phase III trial [11, 16].
Interim results of this trial showed that patients receiv-
ing sorafenib had a 39% increase in overall survival, as
compared to placebo. The median survival for the pla-
cebo group was 14.7 months while the median survival
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for patients receiving sorafenib had not yet been
reached [11]. Thus, there is hope that these new agents
will significantly improve the clinical outcome for RCC
patients and, to maximize their clinical benefit we need
to have a thorough understanding of their mechanism
of action.

We and the others have previously shown that
sorafenib exhibits a broad spectrum activity against
human xenograft models of multiple histological types
including, breast, colon, thyroid, melanoma and lung
[7, 32, 35]. Inhibition of RAF/MEK/ERK pathway cor-
related with tumor growth inhibition in some, but not
all, tumor models. Indeed, in some xenograft models,
sorafenib mediated potent anti-tumor effects without
affecting MAPK signaling. Therefore, depending on
the tumor type, sorafenib’s mechanism of action may
be mediated through either its effect on angiogenesis or
tumor proliferation or a combination of both.

In the present study, the anti-tumor activity and the
mechanism of action of sorafenib in subcutaneous (SC)
and sub-renal capsule (SRC) models of a human (786-
O) and murine (Renca) RCC was investigated.

Materials and methods
Compound and vehicle

BAY 54-9085 (MW 637), a tosylate salt of BAY 43-
9006 (MW 464.7), was used in all studies. The com-
pound was synthesized at Bayer HealthCare, Pharma-
ceuticals (West Haven, CT, USA). The equivalent
dose of the free base BAY 43-9006 used in these stud-
ies is reported. BAY 54-9085 was formulated at 4-fold
(4x) of the highest dose in a Cremophor EL/Ethanol
(50:50) solution. This 4x stock solution was prepared
fresh daily. Final dosing solutions were prepared on
the day of use by dilution to 1x with endotoxin-free
distilled water (GIBCO, Grand Island, NY, USA) and
mixed by vortexing immediately prior to dosing. Lower
doses were prepared by dilution of the 1x solution
with Cremophor EL/Ethanol/water (12.5:12.5:75).

Tumor cell lines

The Renca murine (wild type VHL; [26]) was obtained
from the NCI. The human RCC cell line, 786-O
(VHL™~; [3]) was obtained from American type cul-
ture collection (ATCC). All cell lines were maintained
and propagated in RPMI 1640 media (GIBCO) supple-
mented with 10% heat-inactivated fetal bovine serum
(JRH Biosciences, Lenexa, KS, USA) at 37°C and 5%
CO,.
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In vivo experiments with subcutaneous tumors

Female athymic NCr nu/nu mice (Taconic Farms, Ger-
mantown, NY, USA) were implanted subcutaneously
with 5 x 10° Renca cells or with 1 mm? 786-O tumor
fragments. Mice were housed at Bayer Corporation in
accordance with Bayer IACUC, State, and Federal
guidelines for the humane treatment and care of labo-
ratory animals. Mice received food and water ad libi-
tum. Treatment began when tumors reached a volume
of 100 mm?. Sorafenib or vehicle control was adminis-
tered orally, once a day, for 9 or 21 days in Renca and
786-O models, respectively, at dose levels of 90, 60, 30,
or 15 mg/kg/dose. Tumor size was calculated using the
equation (I x w?)/2, where [ and w refer to the larger
and smaller dimensions collected at each measure-
ment. Efficacy was measured as percent tumor growth
inhibition (TGI) relative to vehicle-treated group. TGI
is calculated by the equation [1 — (7/C)] x 100, where
T and C represent the mean tumor mass on the last day
of therapy in the sorafenib-treated (T) and vehicle con-
trol (C) groups, respectively. A TGI of >50% is consid-
ered efficacious. Error bars were calculated as the
standard error of the means. The general health of
mice was monitored daily. Tumor dimensions and
body weights were recorded two to three times a week
starting with the first day of treatment.

To determine the mechanism of action of sorafenib
in these RCC models, a separate experiment was
designed in which drug treatment was initiated when
tumors averaged 200—-400 mm?. Sorafenib and control
vehicle were administered orally, once a day, for 3 or
5 days at dose levels of 60 and 30 mg/kg in 786-O tumor
model and 90, 60, 30, and 15 mg/kg/dose in Renca
tumor model. Three hours after the last dose, tumors
were removed and fixed in 10% formalin and
embedded in paraffin for immunohistochemical (IHC)
analysis.

In vivo experiments with sub-renal capsule
(SRC)-implanted tumors

One mm® tumor fragments of Renca or 786-O tumors
were implanted in the SRC of individual male athymic
nude mice (NCr-nu/nu; Taconic Farms) by making an
incision in the renal capsule and placing the donor
tumor fragment underneath the capsule sheath.
Sorafenib and control vehicle were administered
orally, once a day, for 10 or 21 days in Renca and 786-
O models, respectively, at dose levels of 60 and 30 mg/
kg in 786-O tumor model and 90, 60, 30, and 15 mg/kg/
dose in Renca tumor model. At the end of treatment,
the mouse kidneys were removed and surface photomi-

crographs were taken using a Spot Jr. camera (Diag-
nostic Instruments, USA) attached to a Nikon
stereomicroscope. Tumors were then fixed in 10% for-
malin and embedded in paraffin for IHC analysis.

Immunohistochemistry

Immunostaining of paraffin-embedded tumor sections
(n=3 tumors) was performed with an anti-CD31
mouse antibody (PECAM-1 (M-20), Santa Cruz Bio-
technology, Santa Cruz, CA, USA) diluted 1:750 or, as
a negative control, with a goat IgG antibody (Jackson
ImmunoResearch Laboratories, Inc., West Grove,
PA, USA). Detection of aSmooth Muscle Actin
(aSMA), was performed with an anti-aSMA mouse
antibody (DAKO Cytomation) diluted 1:100. The
level of phospho-ERK1/2 was determined using an
anti-pERK1/2 antibody (phospho-p44/42; Cell Signal-
ing Technology, Inc. Danvers, MA, USA) diluted
1:100. The proliferation index in Renca tumors was
determined by staining tumor sections with an anti-
phospho histone H3 antibody (Phospho-histone H3
(Ser10), Cell Signaling Technology) diluted 1:100.
Similarly, the proliferation index in 786-O tumor was
determined by staining tumor sections with an anti-Ki-
67 antibody (Zymed Laboratories) diluted 1:50. The
extent of apoptosis in the tumors was measured by
TUNEL using the TdT-Fragel DNA Fragmentation
detection Kit (Calbiochem), following the manufac-
turer’s protocol. The slides were counterstained with
Mayer’s hematoxylin.

Tumor hypoxia was determined using Hypoxyp-
robe-1 Plus Kit in which, 1 h before tumor collection,
mice were injected intravenously with Hypoxyprobe
TM-1 [pimonidazole hydrochloride, 60 mg/kg; (Chem-
icon International, Temecula, CA, USA)]. Tumors
were harvested 4 and 24 h after the last dose of sorafe-
nib, which was dosed once-a-day for 3 days at 15 and
30 mg/kg. For UV visualization, formalin-fixed, paraffin-
embedded tumor sections cut at 5 pm were incubated
for 1 h with the FITC-conjugated Hypoxyprobe-1 pri-
mary antibody supplied with the kit (Hypoxyprobe-1
Plus Kit; Chemicon International). Sections were also
incubated with a goat anti-CD31 Ab (Santa Cruz
Biotechnology).

Fluorescent dual staining of endothelial cells and
pericytes was carried out using a rat monoclonal anti-
CD34 antibody at a dilution of 1:50 (Abcam) and a
murine anti-SMA antibody at a dilution of 1:100
(Dako). Slides were then incubated with a goat anti-rat
AlexaFluor 488 (CD34) and with a donkey anti-mouse
AlexaFluor 555 (aSMA) and detected using FITC and
Texas Red filters, respectively.
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Quantification of microvessels with CD31 and aSMA

Tissue sections from three different tumors were
viewed using an x10 objective magnification
(0.644 mm? per field). Greater than ten fields per sec-
tion were randomly analyzed, excluding peripheral sur-
rounding connective tissue and central necrotic tissue.
The slides were coded before analysis. CD31- and
aSMA-positive areas were quantified using the soft-
ware ImagePro Plus version 3.0 (Media Cybernetics,
Silver Spring, MD, USA) and SIS image analysis soft-
ware (Soft Imaging Systems, GmbH, Germany),
respectively. The data is presented as percentage of
microvessel area (MVA, %). Data were analyzed sta-
tistically with one-way ANOVA (GraphPad PRISM,
version 3.03; GraphPad Softwares, Inc., San Diego,
CA, USA) or with two-tail student’s ¢ test. A value of
P < 0.05 was considered significant.

Results

Anti-tumor efficacy and mechanism of action
of sorafenib in human 786-O and murine
Renca renal sub-cutaneous tumor models

Athymic mice were implanted subcutaneously with
786-O (VHL™'7; [3]) tumor fragments and treatment
with sorafenib or vehicle control was initiated on
day 13 when tumors averaged 100 mm® in size. As
shown in Fig. 1a, daily treatment with sorafenib pro-
duced dose-dependent inhibition of 786-O tumor
growth. At a dose of 15 mg/kg, 28% tumor growth inhi-
bition was observed, while treatment with 30, 60 or
90 mg/kg doses resulted in a greater inhibition of
tumor growth (80%) with tumor stabilization at the 60
and 90 mg/kg doses (Fig. 1a). Similar to 786-O model,
sorafenib produced dose-dependent inhibition of
tumor growth in the Renca tumor model (Fig. 1b). Ata
dose of 15 mg/kg, 53% tumor growth inhibition was
observed, while treatment with 60 and 90 mg/kg doses
produced 82 % inhibition of tumor growth and resulted
in tumor stabilization during treatment. These results
show that sorafenib is highly efficacious and induced
tumor stasis or stabilization in two RCC models (786-O
and Renca) when implanted subcutaneously.

To better understand the mechanism of action of
sorafenib in vivo, mice bearing SC 786-O tumors
(~200 mm?) were treated for 3 or 5 days with vehicle
control or sorafenib at dose levels of 30 or 60 mg/kg.
Tumors were excised 3 h after the last treatment and
analyzed in multiple assays. To determine the effect of
sorafenib on MAPK signaling pathway and tumor
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Fig. 1 Sorafenib inhibits the growth of subcutaneously implant-
ed human 786-O and murine Renca RCC tumors. Female athy-
mic NCr nu/nu mice were implanted subcutaneously with 1 mm?
786-O tumor fragments (a) or 5 x 10° Renca cells (b). Treatment
began when tumors reached a volume of 100 mm?. Sorafenib or
vehicle control was administered orally, once a day, for 21 days
(786-0) or 9 days (Renca) at the indicated dose. Percent tumor
growth inhibition was calculated relative to vehicle control group.
In both 786-O and Renca models, sorafenib exhibited significant
tumor growth inhibition. N = 10 per group. fp<0.001

proliferation, 786-O tumor sections were analyzed for
phospho-ERK (pERK) and Ki-67 by immunohisto-
chemistry (IHC). Representative photomicrographs of
pERK and Ki-67 staining are illustrated in Fig. 2a and
b, which show no detectable changes in these markers
in response to sorafenib. Similar results were obtained
in the Renca (VHL"*; [26]) tumor model, in that no
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Fig. 2 Sorafenib did not alter A

the level of phospho-ERK or
Ki-67 in 786-O tumors.
Female athymic NCr nu/nu
mice were implanted
subcutaneously with 1 mm?3
786-0O tumor fragments.
Treatment began when tu-

mors reached a volume of
200-400 mm?>. Sorafenib
and vehicle control were
administered orally, once a
day, for 3 or 5 days at the
indicated dose. Three hours
after the last dose, tumors
were removed and processed
for immunohistochemical
analysis, as described

in Materials and methods.
Tumors were stained for a
phospho-ERK (pERK)or b

Ki-67 using DAB chromagen
and representative photo-
graphs were taken using
bright-field microscopy B

Vehicle

b s

60 mg/kg

Ki-67 (786-O tumors)
(x10). There was no signifi- — -

cant change in pERK or i e
Ki-67 in sorafenib-treated
tumors compared to those
treated with vehicle

Day 3

Day 5

Vehicle

effect of sorafenib on pERK or phospho-histone-H3, a
marker of cell proliferation, was observed (data not
shown). Thus, in both RCC models, there was no cor-
relation between tumor growth inhibition and inhibi-
tion of MAPK signaling or tumor cell proliferation.
The lack of effect on Ki-67 and phospho-histone-H3,
proliferation markers suggests that sorafenib-mediated
tumor growth inhibition is unlikely to be due to inhibi-
tion of cancer cell proliferation. Alternative mecha-
nisms, such as inhibition of angiogenesis and induction
of apoptosis, appear to be responsible for the anti-
tumor efficacy observed with sorafenib. Similarly, the
lack of effect on tumor cell MAPK signaling in situ in
786-0O sorafenib-treated tumors is consistent with the
modest inhibition observed when 786-O cells are

30 mg/kg 60 mg/kg

treated in vitro with sorafenib with ICy, = 15-20 pM in
MAPK signaling (as measured by phospho-ERK and
phospho-MEK) (data not shown).

Since no detectable changes in pERK and tumor cell
proliferation markers (Ki-67 and phospho-histone-H3)
were observed, we analyzed the effect of sorafenib
treatment on inhibition of tumor vasculature markers
by staining the 786-O tumor sections with an anti-
CD31 (Fig. 3a) and anti-aSMA (Fig. 3b) antibodies. In
the vehicle-treated tumors, the expression level of
CD31 and aSMA angiogenic markers was remarkably
high, as compared to other tumor xenograft models we
have previously used. In this 786-O model, both VHL
and HIF-1o are absent. However, it has been shown by
Shinojima et al. [33] that renal cancer cells lacking
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Fig. 3 Sorafenib inhibits the vascularization of VHL™"~786-O tu-
mors. Female athymic NCr nu/nu mice were implanted subcuta-
neously with 1 mm? 786-O tumor fragments. Treatment began
when tumors reached a volume of 200-400 mm?. Sorafenib and
vehicle control were administered orally, once a day, for 3 or
5 days at the indicated dose. Three hours after the last dose, tu-
mors were removed and processed for immunohistochemical
analysis, as described in Materials and methods. Tumors were
stained for CD31 (a) or aSMA (b) using DAB chromagen and
representative photographs were taken using bright-field micros-
copy (x10). ¢ Dual staining of tumors for CD34 (green, FITC)

HIF-1a expression maintain VEGF expression through
HIF-2a. In HIF-1o defective RCC cell lines, the knock-
down of the HIF-2a gene completely abolished VEGF
production, irrespective of the VHL gene mutation sta-
tus.

As shown in Fig. 3a and b, a significant reduction in
786-O tumor vasculature was evident within 3 days of
sorafenib treatment at 15, 30 and 60 mg/kg. Moreover,
tumor sections were co-stained for both anti-CD31
(endothelial cell marker) and anti-aSMA (pericyte
marker) (Fig.3c). Consistent with results obtained
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(endothelial cells) and aSMA (red, Texas Red) (pericytes) using
fluorescent microscopy (x40). A significant decrease of the
angiogenic markers (CD34 and aSMA) occurred within the tu-
mor, with endothelial cells showing greater sensitivity than peri-
cytes to sorafenib treatment. The level of CD34 and «SMA in the
786-0 tumors (d) and Renca tumors (e) was evaluated on images
captured using bright-field microscopy (x 10 magnification). Re-
sults shown are average of over ten random tumor sections taken
from three different tumor samples. Significant inhibition of tu-
mor vasculature occurred in response to sorafenib treatment.
*P <0.05, TP <0.01, and ¥P <0.001

using bright-field microscopy (Fig. 3a, b), fluorescent
microscopy results highlight the efficacy of sorafenib in
decreasing the level of CD31 and aSMA vascular
markers. Interestingly, compared to smooth muscle
cells, endothelial cells seem to be more sensitive to
sorafenib treatment, as demonstrated by the strong
decrease of CD34 staining at a dose as low as 15 mg/kg.
The extensive degree of vascularization of 786-O
tumors was demonstrated by quantifying the level of
CD31 and aSMA in tumor sections, which produced a
mean vessel area (MVA) of approximately 8-10% of



Cancer Chemother Pharmacol (2007) 59:561-574

567

Fig. 3 contiuned C
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tumors
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15 mg/kg

30 mg/kg

60 mg/kg

the total tumor area (Fig. 3d). The MV A, as measured
by the level of CD31 staining, was decreased by 70%
(P <0.05) at 15 mg/kg dose and 90% (P <0.01) at 30
and 60 mg/kg dose and thus, representing less than 1%
of the total tumor area in response to three doses of
sorafenib. Similarly, treatment with sorafenib for
5days at 30 and 60 mg/kg resulted in a decrease of
MVA by 75 and 88% (P <0.01), respectively. The
effect of sorafenib on aSMA was less dramatic, as com-
pared to CD31 but, nevertheless, was significant
(P < 0.05). Indeed, on day 3, sorafenib treatment at 30
and 60 mg/kg resulted in a decrease of aSMA level by
48% (P < 0.05) and 64% (P < 0.01), respectively. How-
ever, when treatment was extended to 5 days, a greater
decrease of aSMA level was observed, 68% (P < 0.05)
and 88% (P < 0.01) at 30 and 60 mg/kg, respectively.
As shown in Fig. 3e, similar results were obtained in
the Renca murine model. Significant inhibition of
MVA (P <0.001), as measured by either anti-CD31 or
anti-aSMA, was seen at all doses tested. For instance, a
dose of 15 mg/kg produced an 81% reduction in MV A,
while higher doses of 30, 60 and 90 mg/kg produced
89% inhibition (P < 0.001). A more pronounced dose-

100pm

response was seen when MV A was assessed via aSMA.
Indeed, doses of 15, 30, 60 and 90 mg/kg decreased the
MVA by 58, 79, 92 and 90%, respectively (P < 0.001).
Next, the effect of sorafenib on tumor hypoxia levels
in 786-O SC model was measured using pimonidazole
hydrochloride, as described in Materials and methods.
Tumor samples were collected at 4- and 24-h time-
points after 3 days of treatment at doses of 15 and
30 mg/kg. As shown in Fig. 4, tumor areas with no
detectable CD31 (red) stained positively for hypoxia
(green). The reduction in tumor vasculature (decrease
of CD31 and aSMA staining) (Fig. 3a—e) and increase
of tumor hypoxia (increase of Hypoxyprobe staining)
(Fig. 4) correlated with a significant increase in apopto-
sis and necrosis, as evidenced by the extensive area
staining positive for TUNEL (Fig. 5a, b). Significant
increase in TUNEL-positive area was observed at all
doses examined (P < 0.05). Indeed, a 3-day treatment
at a dose of 30 or 60 mg/kg resulted in an increase of
TUNEL-positive area by 17.7 and 28.9% (P <0.05),
respectively, and, a prolonged treatment of 5 days
resulted in 31.3 and 40.8% (P <0.01), respectively
(Fig. 5b). Thus, the degree of tumor apoptosis appears
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to be both dose- and time-dependent. This increase in
TUNEL positive staining is most likely a secondary
effect of inhibiting tumor angiogenesis as sorafenib did
not induce apoptosis in vitro in this cell line (data not
shown).

Anti-tumor efficacy and mechanism of action of
sorafenib in Renca and 786-O RCC orthotopic models

We sought to determine whether the site of tumor
implantation would alter the sensitivity to sorafenib or
its mechanism of action in Renca and 786-O models
(Fig. 6). To this end, fragments of 786-O and Renca
tumors, which were propagated serially as SC tumors
in mice, were implanted orthotopically under the SRC.
As in Renca and 786-O SC models, sorafenib was
highly effective in inhibiting the growth of both 786-O
(Fig. 6a) and Renca renal tumor orthotopic models
(Fig. 6¢). Representative kidney photomicrographs of
the 786-O and Renca SRC model are shown in Fig. 6a
and c. Sorafenib-treated tumors were noticeably smaller
and opaque, displaying weak vasculature, relative to
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control tumors, which were large, virtually overwhelm-
ing the kidney, vibrant in color and highly vascularized.
IHC analysis of CD31 and aSMA staining in sorafenib-
treated tumors confirmed the apparent decrease in vas-
culature. As shown in Fig. 6b, significant reduction in
the levels of CD31 and aSMA angiogenic markers was
observed. Noteworthy, sorafenib had no effect on the
vasculature, as measured by CD31 staining, of adjacent
normal kidney tissue (Fig. 6b). Similar to 786-O model,
the Renca RSC model showed a significant decrease of
CD31 and aSMA angiogenic markers in response to
sorafenib (Fig. 6d). As shown in Fig. 6d, quantification
of the microvessel area in the tumor tissue, using the
CD31 marker, showed a significant inhibition of angio-
genesis (69%, P < 0.001) at doses as low as 15 mg/kg. A
more pronounced decrease of CD31 level (87%,
P <0.001) was observed at the 30 mg/kg dose. Increas-
ing the treatment dose to 60 or 90 mg/kg did not
achieve a higher inhibition than the one seen at the
30 mg/kg dose. Similar to results obtained with CD31,
sorafenib significantly decreased the level of aSMA
(Fig. 6d). Treatment at doses of 60 and 90 mg/kg
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Fig. 4 Sorafenib strongly in-
duced tumor hypoxia. Follow-
ing 3 days of treatment with
sorafenib at the indicated
dose, mice were injected with
HypoxyprobeTM-1 (pimoni-
dazole hydrochloride, 60 mg/
kg), as described in Materials
and methods. Tumor sections
were stained with FITC-con-
jugated Hypoxyprobe-1 anti-
body to detect hypoxic tissue.
Sections were also stained for
CD31 (Red) and DAPI 786-0O tumors
(Blue). Tumor hypoxia is evi- 3 .
dent at both 15 and 30 mg/kg :
dose regimens

786-0 tumors

Vehicle

fagy

Vehicle

CD31=red

resulted in 74 and 60% decrease of aSMA (P < 0.001),
respectively.

Next the effect of sorafenib on MAPK signaling
pathway and tumor proliferation in SRC tumors, phos-
pho-ERK and Ki-67 levels were evaluated. Similar to
results obtained in 786-O sub-cutaneous model, no
detectable change in phospho-ERK or Ki-67 levels
were observed in 786-O SRC tumors (Fig. 7). This in
situ result is consistent with the modest effects
observed with sorafenib in vitro for 786-O cells. Taken
together, our results show that tumor growth inhibition
mediated by sorafenib in SC and SRC models of RCC
is due to inhibition of tumor angiogenesis rather than
inhibition of the MAPK signaling in RCC tumors.

Discussion

RCC is characterized by the loss of VHL tumor sup-
pressor protein resulting in dysregulation of growth
factor signaling including, VEGF, PDGF-f, and TGF-
a, as well as dysregulation of Raf pathways, which play
key roles in angiogenesis, lymphangiogenesis, tumor
growth and survival [10, 13, 15, 29, 34]. Results
described in this report show the ability of sorafenib to
potently inhibit tumor growth and tumor angiogenesis
of RCC tumors in both ectopic and orthotopic tumor
models at dose levels that produced plasma drug con-
centrations within the range observed in patients
receiving the standard dose of 400 mg/b.i.d. The mean

Hypoxia

4 hr

15 mg/kg

Hypoxia

§ 24 hr

15 mg/kg

30 mg/kg

Hypoxyprobe= green DAPI= blue

AUC in patients receiving sorafenib at 400 mg/b.i.d.
continuously for 7 days is 121.7 uM h [8] which is
within the range of the observed mouse plasma AUC
seen at doses of 10 mg/kg (62 uMh) and 30 mg/kg
(210 uyM h) (data not shown). The robust efficacy
observed in RCC models is consistent with previously
reported results, showing the high efficacy of sorafenib
in multiple human tumor xenograft models [35].
Sorafenib is a multi-kinase inhibitor that targets sev-
eral receptor tyrosine kinases including, VEGFR-1, -2
&-3 and PDGFR-B, and serine threonine Kkinases
including, Raf-1 and B-Raf, all shown to be involved in
neovascularization and tumor progression. We and
others have shown the ability of sorafenib to inhibit the
MAPK pathway in situ in tumor models of multiple
tumor types [7, 25, 30, 32, 35]. However, not all tumor
models showed an inhibition of MAPK pathway, even
though sorafenib was very efficacious in inhibiting
tumor growth, suggesting that sorafenib-mediated
tumor growth inhibition can occur in a MAPK-inde-
pendent manner [35]. In the RCC models, we did not
observe a change in ERK phosphorylation in response
to sorafenib in neither Renca nor 786-O RCC tumors
whether they were implanted ectopically nor orthotop-
ically. Furthermore, proliferation markers, such as
phospho-histone H3 and Ki-67, remained essentially
unchanged following sorafenib treatment. Therefore,
inhibiting tumor proliferative signals is not the primary
mechanism of action of sorafenib in these renal tumor
models. In contrast, a strong reduction in tumor angio-
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Fig. 5 Sorafenib induces tumor apoptosis and necrosis in the 786-
O xenograft model. Female athymic NCr nu/nu mice were im-
planted subcutaneously with 1 mm® 786-O tumor fragments.
Treatment began when tumors reached a volume of 200-
400 mm?, Sorafenib and vehicle control were administered orally,
once a day, for 3 or 5 days at the indicated dose. Three hours after
the last dose, tumors were removed and processed for immuno-
histochemical analysis, as described in Materials and methods.

genesis was observed in both the ectopic and ortho-
topic models of 786-O and Renca RCC, resulting in
tumor stabilization. Thus, inhibition of tumor angio-
genesis seems to be a predominant mechanism of
action of sorafenib in these highly vascularized RCC
models, leading to tumor growth inhibition.

The high sensitivity of Renca VHL"*[26] and 786-O
VHL™~ [3] tumors to a multi-kinase and anti-angio-
genesis inhibitor, such as sorafenib, confirms the key
role of angiogenesis in supporting RCC tumor growth.
Angiogenesis involves the interaction of multiple
growth factors, including VEGF, angiopoietin-1 (Ang-
1), basic fibroblast growth factor (bFGF), and PDGF
[12]. During the initial phase of angiogenesis, or
sprouting, endothelial cells are highly dependent on
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a Representative photographs of the 786-O tumors are shown
(x4). b The extent TUNEL-positive area in the 786-O tumors
was evaluated on images captured using bright-field microscopy
(x4 magnification). Results shown are average of over ten ran-
dom tumor sections taken from three different tumor samples.
Significant induction of apoptosis is observed at day 3 at all doses
examined and getting more pronounced at day 5. "P < 0.05 and
TP <0.01

Fig. 6 Sorafenib inhibits tumor growth and vascularization in the
786-0 and Renca orthotopic tumor model. a Representative pho-
tomicrographs of kidneys harboring 786-O tumors are shown. So-
rafenib-treated tumors, which were implanted in the sub-renal
capsule, are noticeably smaller and opaque, displaying little vas-
culature relative to vehicle control tumors. b Representative pho-
tographs of the 786-O orthotopic tumors are shown (x10
magnification). Sorafenib decreased the level of both CD31 and
aSMA angiogenic markers in the tumors. Note that sorafenib did
not alter the adjacent vasculature of the normal kidney tissue. ¢
Representative photomicrographs of kidneys harboring Renca
tumors are shown. Sorafenib-treated tumors, which were im-
planted in the sub-renal capsule, are noticeably smaller and
opaque, displaying little vasculature relative to vehicle control tu-
mors. d Analysis of CD31 and aSMA levels in Renca orthotopic
tumors after treatment with sorafenib. Results shown are average
of over ten random tumor sections taken from three different tu-
mor samples. Significant inhibition of tumor vasculature was ob-
served in response to treatment. TP < 0.01, and P <0.001
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growth factors such as VEGF for survival. As the pro-
cess continues, newly formed vessels begin to stabilize
and recruit pericytes, and subsequently become less
dependent on growth factors for survival. Stabilization
and maturation of newly formed blood vessels are
thought to be mainly mediated by angiopoietin-1 (ang-
1) and PDGEF [5, 17, 21]. In hypoxic tumors, because
there is continuous production of hypoxia-induced
angiogenic factors, newly formed vessels do not fully
mature and are under constant transition between sta-
bilized and de-stabilized states. As demonstrated by
Benjamin et al. [4] using the tetracycline-off-VEGF C6
glioma xenograft system, the removal of VEGF results
in selective ablation of only immature vessels leaving
mature vessels intact. Recently, Bergers etal. [6]
demonstrated the advantage of targeting both endothe-
lial cells and pericytes. Using the RIP1Tag2 transgenic
mice, they were able to demonstrate that the combina-
tions of SU5416 (VEGFR-2 inhibitor) with either
SU6668 or imatinib, which both have potent PDGFR
activity, showed greater anti-tumor activity than either
single agent alone at all stages of islet cell carcinogene-
sis. This is consistent with reported findings involving
VEGEF in the initiation and promotion of endothelial
cell proliferation and survival while PDGF mainly acts

to stabilize vessels by promoting pericyte recruitment
and maturation [5, 6]. Sorafenib possesses a potent
activity against both VEGFR-2 (IC5,=20nM) and
PDGFR- (ICs,=53nM) [35]. By combining both
VEGFR-2 and PDGFR-J inhibitory activity into one
single molecule, sorafenib provides one avenue to
improve anti-angiogenesis therapy by targeting both
endothelial cells as well as their supporting pericytes.
In this report, we show that sorafenib mediates the
inhibition of both immature and mature tumor vessels,
as measured by CD31 (endothelial cells) and aSMA
(pericytes) staining, respectively. It is important to
note that sorafenib did not alter CD31 and aSMA
staining in the normal kidney tissue, showing the resis-
tance of well-established and stable vessels to sorafe-
nib. Thus, it appears that inhibiting multiple signaling
pathways (VEGFR and PDGFR) supporting tumor
angiogenesis is more advantageous than inhibiting a
single target or signaling pathway. As previously
reported by Wilhelm et al. [35], sorafenib was initially
discovered as a potent Raf kinase inhibitor and, several
lines of evidence point to a role of RAF1 in the regula-
tion of endothelial cell survival [1, 18]. We were unable
to demonstrate any induction of endothelial cell apop-
tosis in CD31 positive cells in the 786-O treated tumors

A Ki-67 (786-O orthotopic tumors)

TR

Vehicle

Fig. 7 Sorafenib did not alter the level of Ki-67 or phospho-ERK
in 786-0O orthotopic tumors. Mice bearing 786-O tumors implant-
ed in the sub-renal capsule were treated for 5 days with 30 or
60 mg/kg of sorafenib or vehicle control. Three hours after the
last dose, tumors were removed and processed for immunohisto-
chemical analysis, as described in Materials and methods. Tumor
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30 mg/kg

60 mg/kg

sections were stained for a Ki-67 or b phospho-ERK (pERK) us-
ing DAB chromagen and representative photographs were taken
using bright-field microscopy (x10). There was no significant
change in pERK or Ki-67 in sorafenib-treated tumors compared
to those treated with vehicle
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in situ (data not shown). However, we cannot rule out
effects of sorafenib on inhibition of RAF/MEK/ERK
signaling linked to inhibition of endothelial cell sur-
vival. It would be interesting to determine to what
extent RAF inhibition in endothelial cells and peri-
cytes contributed to the potent inhibition of angiogene-
sis observed with sorafenib. The use of a selective RAF
kinase inhibitor will help answer this question.

On the clinical front, recently, Jain et al. [23] high-
lighted some of the clinical findings of phase III trials
with therapeutic agents targeting VEGF. Based on
clinical trials conducted thus far, selective inhibitors of
VEGF have not shown significant survival benefit as
single agents. However, significant synergies have been
observed when given in combination with other thera-
peutic agents, leading to a substantial clinical benefit.
Indeed, bevacizumab, an anti-VEGF monoclonal anti-
body, when administered as monotherapy, did not
increase patient survival, when compared to current
standard of care. However, when given in combination
with standard chemotherapy, a significant survival ben-
efit was observed [19, 20, 23]. Given that most solid
tumors harbor multiple genetic and epigenetic altera-
tions leading to dysregulation of multiple pathways and
cellular processes, it seems logical that a multi-target
therapy would be more efficacious. Indeed, multi-
kinase inhibitors, such as sorafenib and sunitinib,
which target multiple signaling pathways upregulated
in tumor proliferation and tumor angiogenesis, showed
an increase in progression-free survival (PFS) when
administered as monotherapy in RCC patients [1123].
While the results from the initial trials are encouraging,
further clinical trials will have to be undertaken to fully
understand the clinical benefits of multi-kinase inhibi-
tors as single agents and in combination with chemo-
therapy and radiation.

It has been proposed that one of the mechanisms by
which anti-vascular agents mediate their effect is to
transiently “normalize” tumor vasculature, resulting in
enhanced delivery of oxygen, nutrients, and chemo-
therapeutic agents [22]. The results of our studies how-
ever, show that administration of sorafenib results in a
decrease of vasculature, leading to elevated level of
tumor hypoxia within 3 days of treatment. The
enhanced tumor hypoxia appears to be due to the col-
lapse of the neo-vasculature after the loss of endothe-
lial cells and pericytes. Consistent with our results, a
recent study by Franco et al. [14] reported a significant
elevation of tumor hypoxia following administration of
an anti-VEGFR-2 antibody, DC101, observed within
5days of treatment and persisting throughout the
course of treatment. Clearly, further studies aimed to
better understand the tumor microenvironment in

response to anti-vascular agents are needed. The
knowledge gained from these studies will have signifi-
cant implications on selecting the right chemothera-
peutic agent(s) for possible combination and best
sequencing regiments in order to maximize the benefit
of these new anti-angiogenic therapies.

To summarize, our results show a potent in vivo
anti-tumor activity and tumor stabilization when
sorafenib is administered orally in either ectopic or
orthotopic RCC tumor models that were VHL ™'~ (768-
O) or VHL** (Renca). Analysis of sorafenib-treated
tumors revealed that inhibition of VEGF and PDGF-
mediated survival of endothelial cells and pericytes
represents the predominant mechanism of action lead-
ing to the observed tumor growth inhibition. The next
step will be to examine tumor biopsies to determine
whether similar mechanism of action is observed in
RCC patients responding to sorafenib therapy.
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