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A Validated Tumorgraft Model Reveals Activity
of Dovitinib Against Renal Cell Carcinoma
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Most anticancer drugs entering clinical trials fail to achieve approval from the U.S. Food and Drug Administra-
tion. Drug development is hampered by the lack of preclinical models with therapeutic predictive value. Herein,
we report the development and validation of a tumorgraft model of renal cell carcinoma (RCC) and its
application to the evaluation of an experimental drug. Tumor samples from 94 patients were implanted in
the kidneys of mice without additives or disaggregation. Tumors from 35 of these patients formed tumorgrafts,
and 16 stable lines were established. Samples from metastatic sites engrafted at higher frequency than those
from primary tumors, and stable engraftment of primary tumors in mice correlated with decreased patient
survival. Tumorgrafts retained the histology, gene expression, DNA copy number alterations, and more than
90% of the protein-coding gene mutations of the corresponding tumors. As determined by the induction of
hypercalcemia in tumorgraft-bearing mice, tumorgrafts retained the ability to induce paraneoplastic syn-
dromes. In studies simulating drug exposures in patients, RCC tumorgraft growth was inhibited by sunitinib
and sirolimus (the active metabolite of temsirolimus in humans), but not by erlotinib, which was used as a
control. Dovitinib, a drug in clinical development, showed greater activity than sunitinib and sirolimus. The
routine incorporation of models recapitulating the molecular genetics and drug sensitivities of human tumors

into preclinical programs has the potential to improve oncology drug development.

INTRODUCTION

More than 80% of anticancer drugs administered to patients in clinical
trials fail to reach U.S. Food and Drug Administration (FDA) approv-
al (1-3), twice the failure rate of drugs in other categories (1). Better
paradigms and preclinical models are needed to reduce the toll on pa-
tient lives and resources.

Most preclinical studies evaluate drugs by testing them in tumor cell
lines that have been passaged in culture for many years (for example,
the NCI-60 panel) (4, 5). Although these cell lines have been very use-
ful, their value is diminished by new mutations acquired during
adaptation to growth in culture and subsequent expansion (6, 7). In
addition, tumors formed by cell lines in mice tend to be poorly differ-
entiated and likely dissimilar from the tumor from which the cell line
was originally derived (6-9). These factors probably explain their
limited use in predicting drug responsiveness in patients.

Renal cell carcinoma (RCC) is especially well suited for the devel-
opment of a tumorgraft model in which tumors derived from patients
are implanted in mice. First, RCCs are typically large, providing access
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to abundant tumor material. Second, RCC is seldom treated with
chemotherapy, and thus, the molecular genetics and behavior of the
tumor is unlikely to be affected by previous exposure to DNA damag-
ing agents. Third, RCCs implanted in mice preserve the histology
and karyotype of patient tumors (10-16). Fourth, the implantation of
tumors heterotopically in mice may affect tumor biology (17-19), but
the site for orthotopic implantation of RCC, under the kidney capsule,
is a privileged site for tumor growth (4). Finally, because RCC is usually
treated with molecularly targeted medicines, an RCC tumorgraft model
would permit testing the model with this emerging class of drugs.

Most patients with unresectable RCC are treated with angiogenesis
inhibitors and inhibitors of mammalian target of rapamycin complex
1 (mTORC1) (20). RCC of clear-cell type (ccRCC) accounts for 70%
of all RCC (2I) and is characterized by inactivation of the tumor sup-
pressor gene von Hippel-Lindau (VHL) (22). VHL inactivation results
in constitutive activation of hypoxia-inducible factor (HIF) and con-
sequent induction of vascular endothelial growth factor (VEGF) and
platelet-derived growth factor B (PDGEB) (23, 24). VEGF acts on VEGF
receptor 2 (VEGFR2) on endothelial cells (25) and PDGF acts on
PDGF receptor B (PDGFRP) on pericytes, thereby promoting angio-
genesis (26). These findings paved the way for the development of a
VEGF-neutralizing antibody, bevacizumab (27-30), and of several in-
hibitors targeting both VEGFR2 and PDGFRB—sorafenib (31), sunitinib
(32), pazopanib (33), and axitinib (34).

Similarities between two otherwise unrelated familial syndromes,
von Hippel-Lindau, resulting from mutations in VHL, and tuberous
sclerosis complex (TSC), resulting from mutations in the eponymic
genes TSCI and TSC2, led us to hypothesize that mTORCI, which
is regulated by the TSC1 and TSC2 proteins, may be implicated in renal
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Table 1. Patient demographics and characteristics of tumors implanted.
Data in bold indicate tumorgraft lines giving rise to stable lines (TG > 2).
TG, tumorgraft; Mut, mutation (germline and somatic); wt, wild type; Sarc.,
sarcomatoid differentiation; Grade, Fuhrman nuclear grade; pT, pathologic

T stage; pN, pathologic N stage; TG-0, histologically confirmed tumor in
recipient mouse cohort; TG > 2, histologically confirmed tumor passaged
more than twice in mice; n/a, not applicable or assessed; Uni, unifocal; Multi,
multifocal; M, male; F, female; Y, yes; N, no.

T (ID) Age (years) Sex VHL Source Histology Sarc. Grade Focality Size(cm) pT pN TG0 TG=2
1 114 69 M Mut Primary Clear cell Y 4 Uni 10.0 3 0 Y N
2 115 65 F Mut Primary Clear cell N 4 Uni 8.0 2 X Y Y
3 116 66 M Mut Primary Clear cell Y n/a Uni 17.0 4 0 N N
4 117 61 M n/a Primary Papillary N 3 Uni 4.0 1 X N N
5 118 65 F Mut Primary Clear cell N 2 Uni 25 1 X N N
6 119 79 F n/a Primary Clear cell N 3 Uni 57 1 X N N
7 120 62 M n/a Primary Clear cell N 1 Uni 29 1 X N N
8 121 78 F n/a Primary Papillary N 2 Uni 3.0 1 X Y Y
9 122 68 F n/a Primary Chromophobe N 3 Uni 25.0 3 0 N N
10 123 56 M n/a Primary Papillary N 3 Multi 3.1 1 X N N
11 124 63 M n/a Primary Clear cell N 2 Uni 3.2 1 X N N
12 125 62 F Mut Primary Clear cell N 2 Uni 45 1 X Y N
13 126 53 M Mut Primary Clear cell N 2 Uni 4.5 1 X N N
14 127 35 M Mut Primary Clear cell N 3 Uni 6.2 3 X Y Y
15 128 71 M Mut Primary Clear cell N 3 Uni 4.0 1 X N N
16 129 67 M n/a Metastasis Clear cell N n/a n/a 4.0 n/a n/a N N
17 130 61 F Mut Primary Clear cell N 2 Uni 6.0 3 X N N
18 131 49 F Mut Primary Clear cell N 2 Uni 3.0 1 0 Y N
19 132 57 M n/a Primary Papillary N 3 Uni 7.9 2 0 N N
20 133 58 F Mut Primary Clear cell N 2 Uni 7.2 3 0 N N
21 134 59 F n/a Primary Clear cell N 2 Uni 1.1 1 X N N
22 135 63 M n/a Primary Clear cell N 1 Uni 29 1 X N N
23 136 73 F wt Primary Clear cell N 2 Uni 8.5 2 X N N
24 137 77 M n/a Primary Papillary N 3 Uni 22 1 X Y N
25 138 68 F n/a Primary Chromophobe N 2 Uni 54 1 X N N
26 139 66 M n/a Primary Papillary N 2 Uni 85 2 X Y N
27 140 52 M n/a Primary Papillary N 3 Multi 6.2 1 X N N
28 141 51 M n/a Primary Chromophobe N 3 Uni 5.7 1 X N N
29 142 56 F Mut Primary Clear cell N 3 Uni 8.6 3 X Y Y
30 143 74 F wt Primary Clear cell Y 4 Uni 11.0 4 X Y Y
31 144 7 M Mut Primary Clear cell N 4 Uni 7.5 2 1 Y Y*
32 145 55 F Mut Primary Clear cell N 2 Uni 7.0 1 X Y N
33 146 60 F Mut Primary Clear cell N 2 Uni 4.0 1 X N N
34 147 59 M n/a Primary Liposarcoma n/a n/a n/a 14.0 n/a n/a N N
35 148 64 M n/a Primary Papillary N 2 Uni 6.5 1 X N N
36 149 56 M wt Primary Clear cell Y 4 Uni 1.5 3 0 N N
37 150 50 F Mut Primary Clear cell N 3 Uni 6.7 3 Y N
38 151 74 M Mut Primary Clear cell N 2 Uni 77 2 X Y N
39 152 25 F n/a  Metastasis Papillary N n/a n/a 4.5 n/a n/a Y Y
40 153 62 M Mut Primary Clear cell N 2 Uni 35 1 X Y N
41 154 62 M n/a Primary Oncocytoma N n/a n/a 40 n/a n/a N N
42 155 64 M Mut Primary Clear cell Y 4 Uni 10.0 3 0 N N
43 156 65 F n/a Primary Papillary N 3 Uni 115 2 0 Y Y
44 157 72 F Mut Primary Clear cell N 2 Uni 5.2 1 X N N
45 158 82 F Mut Primary Clear cell Y 3 Multi 12.7 3 X Y Y

continued on next page
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T (ID) Age (years) Sex VHL Source Histology Sarc. Grade Focality Size(cm) pT PpN TG0 TG=2
46 159 24 M n/a Primary Clear cell N 2 Multi 3.0 1 X N N
47 160 62 M Mut Primary Clear cell N 2 Uni 4.2 1 X N N
48 161 36 M Mut Primary Clear cell N 2 Uni 8.4 2 X Y N
49 162 56 M Mut Primary Clear cell N 3 Uni 7.2 3 X Y N
50 163 52 M Mut Primary Clear cell Y 4 Uni 45 1 0 N N
51 164 75 M wt Primary Clear cell Y 4 Uni 1.3 4 X Y Y
52 165 42 M Mut  Metastasis Clear cell N 3 n/a 1.3 n/a nf/a Y Y
53 166 56 M Mut Primary Clear cell Y 4 Uni 9.0 3 1 Y Y*
54 167 74 M n/a Primary Clear cell N 3 Uni 4.0 1 X N N
55 168 53 M n/a Primary Unclassified Y 4 Uni 8.0 3 1 Y Y
56 169 52 M n/a Primary Unclassified N 4 Uni 5.5 4 1 Y Y
57 170 62 F Mut Primary Clear cell N 4 Uni 8.0 3 0 N N
58 171 62 F Mut Primary Clear cell N 2 Uni 42 1 X N N
59 172 61 F n/a Primary Cystic nephroma N n/a n/a 10.7 n/a n/a N N
60 173 50 M Mut Primary Clear cell N 3 Multi 12.0 3 X Y N
61 174 70 F n/a Primary Oncocytoma N n/a n/a 35 n/a n/a N N
62 175 62 F Mut Primary Clear cell N 4 Uni 1.5 2 0 N N
63 176 71 M n/a Primary Papillary N 3 Uni 11.5 3 1 N N
64 177 56 F n/a Primary Clear cell N 2 Uni 3.2 1 X Y N
65 178 51 M n/a Primary Papillary N 2 Uni 55 1 X Y N
66 179 60 M n/a Primary Clear cell N 3 Uni 7.5 2 X N N
67 180 56 M Mut  Metastasis Clear cell N n/a n/a 35 n/a n/a Y Y
68 181 71 M n/a Primary Clear cell N 3 Uni 12.0 3 0 N N
69 182 65 M n/a Primary Clear cell N 3 Uni 6.0 3 1 N N
70 183 56 M Mut Primary Clear cell N 2 Uni 43 1 X N N
71 184 49 M Mut Primary Clear cell N 3 Uni 10.0 3 0 N N
72 185 78 F n/a Primary Oncocytoma N n/a n/a 6.0 n/a n/a Y N
73 186 51 M n/a Primary Papillary N 3 Uni 9.0 2 X N N
74 187 45 M n/a Primary Unclassified N 3 Multi 18.0 3 1 N N
75 188 54 F n/a Primary Clear cell N 2 Uni 2.6 1 X N N
76 189 76 M n/a Primary Oncocytoma N n/a n/a 40 n/a n/a N N
77 190 63 M n/a Primary Papillary N 3 Uni 7.5 2 X N N
78 191 83 M Mut Primary Clear cell N 3 Uni 9.6 3 X Y N
79 192 63 F Mut Primary Clear cell N 2 Uni 6.8 1 0 Y N
80 193 70 M Mut Primary Clear cell N 3 Uni 12.0 2 0 N N
81 194 56 F Mut Primary Clear cell N 3 Uni 4.5 3 X N N
82 195 71 F Mut Primary Clear cell N 3 Uni 53 3 X N N
83 196 57 F n/a Primary Chromophobe N 2 Uni 1.5 2 0 N N
84 197 60 M Mut Primary Clear cell N 3 Uni 8.5 2 X N N
85 198 51 F n/a Primary Clear cell N 2 Uni 4.5 1 0 N N
86 199 50 M wt Primary Clear cell N 3 Uni 13.0 3 0 Y N
87 200 59 F n/a Primary Oncocytoma N n/a n/a 35 n/a n/a N N
88 201 60 M n/a Primary Clear cell N 2 Multi 57 1 0 N N
89 202 66 M Mut Primary Clear cell N 3 Uni 133 3 0 N N
90 203 65 F n/a Primary Clear cell N 2 Uni 35 1 X Y N
91 204 61 F wt Primary Clear cell N 2 Uni 35 1 X N N
92 205 47 F Mut Primary Clear cell N 3 Uni 5.1 1 X N N
93 206 72 M n/a  Metastasis Clear cell N n/a n/a 1.1 n/a n/a Y Y
94 207 49 F n/a Primary Angiomyolipoma N n/a n/a 4.5 n/a n/a N N

*Tumor noted to induce hypercalcemia in tumorgraft.
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cancer (35). mTORCI regulates cell growth and is constitutively acti-
vated in most ccRCCs (36-39). It is negatively regulated by a complex
formed by TSCI and TSC2, and somatically acquired TSCI mutations
occur in ~5% of sporadic ccRCCs (40). How mTORCI is activated in
most ccRCC remains unknown, but mTORCI is allosterically inhibited
by rapamycin (sirolimus), and two sirolimus analogs, temsirolimus (41)
and everolimus (42), have been approved by the FDA.

Herein, we report the development and validation of an RCC tu-
morgraft model for the evaluation of molecularly targeted therapies.

histological analyses and, when sufficient material was available, samples
were frozen for permanent storage [in dimethyl sulfoxide (DMSO)] and
separately for molecular studies (Fig. 1A).

Orthotopic tumorgrafts resemble patient tumors histologically
Detailed analyses by a clinical pathologist specialized in genitourinary
tumors (P.K.) showed that tumorgrafts retained not only the general
morphology but also fine histological features of the corresponding
tumors in patients. Even within a specific histological type, architectural

RESULTS A —TGet ‘Eggg
—TGe1 [1GC2 4 FrpE

Establishment of tumorgrafts | 1Get J-TGe2 EID

Between September 2009 and January 2011, TGcO 4—Frpg [1GC2

94 tumors obtained from patients with kid- TGeo LFD [ E;:DP E

ney cancer were implanted in mice. Eligi- Patient 4—TGc0

bility criteria were based on preoperative TGe0 —TGel —TGe2-Drug trial

imaging studies and included tumors at least TG0 4=TGo1 4-TGe2

5 c¢m in diameter, multifocal, bilateral or FFPE _:szP E FFPE

recurrent tumors, suspicion of invas.ion be- F/ID :Growth ;':V/eD (s.c.)

yond the renal parenchyma, and regional or (Frozen/DMSO)

distant metastasis. In a few instances, sam-
ples were implanted from metastatic sites
(Table 1). More than 90% of the tumors were
RCCs and 75% were of clear-cell type. VHL
mutations were detected in 87% of ccRCCs
examined (Table 1). More than 50% of the
RCCs were of high grade, and sarcomatoid
elements were found in about 10%.
Tumor fragments from each site (2 to
3 mm in diameter) were implanted ortho-
topically, under the renal capsule, into five
nonobese diabetic/severe combined immu-
nodeficient (NOD/SCID) mice (Fig. 1A).
To preserve tumor architecture and mini-
mize confounding factors, we implanted
samples without disaggregation or addi-
tives. Tumorgrafts were evident by mag-
netic resonance imaging (MRI) (Fig. 1B)
and ultrasound (Fig. 1C), but palpation
was typically sufficient for follow-up. When
tumors reached ~10 mm in diameter, they
were passaged. Passage occurred earlier if
the mouse became sick or was getting old.
At initial passage, tumor diameters ranged
from about 4 to >10 mm (Fig. 1D). As de-
termined histologically by examining recip-
ient mice [tumorgraft cohort 0 (TGc0)],
37% of grafts formed viable tumors in mice
(Table 1). The average latency period from
the day of implantation until passage into
the first cohort (TGcl) was highly variable,
ranging from 1 to 8 months. The time was
generally shorter for tumors with high nu-
clear grade or sarcomatoid elements and
became shorter with sequential passage.
At each passage, samples were fixed for

Fig. 1. Establishment of
tumorgrafts. (A) Schema
illustrating overall dispo-
sition of patient tumor
samples. Fragments are
implanted orthotopically
into five cohort 0 mice
(TGcO0), frozen without
(F) and with DMSO (D),
and fixed in formalin and

Scale bars, 100 um.

Unclassified

Tumorgraft

(I

Patient TG (1IN

TG (1)

TG127 |

Clear cell

TG142 |

Papillary

paraffin-embedded (FFPE). When tumorgrafts reach ~10 mm in diameter, they are passaged into cohort
1 mice (TGc1). After one or two passages, tumorgrafts are implanted for subcutaneous (s.c.) growth eval-
uation and, subsequently, for drug trials. Tumors from mice not passaged are processed and preserved.
(B) MRI of orthotopic tumorgraft-bearing kidney in a mouse. (€) Renal ultrasound of tumorgraft. (D)
Macroscopic images of engrafted tumor and contralateral kidney. (E) Representative H&E sections
of patient tumor and corresponding tumorgrafts of increasing passages [TG(l), TG(Il), and TG(ll)].
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and cytological characteristics were preserved in the respective tumor-
grafts (Fig. 1E). Overall, tumorgrafts maintained the growth pattern, as
well as cystic components, the development of areas of necrosis and
hemorrhage, sarcomatoid differentiation, cytological and nuclear fea-
tures, Fuhrman nuclear grade, and the presence of inflammatory
cells (table S1). In contrast, lymphocytic infiltrates were not preserved,
which was expected because lymphocyte development is disrupted in
NOD/SCID mice. Histological features were consistent despite serial
passaging (Fig. 1E and table S1).

Predictors of stable tumor engraftment in mice

From 16 different patients, we were able to passage tumorgraft lines
at least twice in mice (TGc = 2), and these are referred to as stable
lines. This sequential tumor growth in mice correlated with implanta-
tion from a metastatic site, sarcomatoid differentiation, high Fuhrman
grade, pathologic tumor stage (a function of size and invasiveness), and
the presence of regional lymph node or distant metastasis (Table 2).
The same factors predicted engraftment when the analysis was limited
to ccRCC (Table 2). The following did not predict for tumorgraft
development in mice: histology, VHL mutation, focality, and tumor size.
Notably, the engraftment rate of tumors implanted from metastases was
considerably higher than those from primary tumors (80% versus 14%; P =
0.0028). Higher rates of engraftment were also observed with samples
implanted from primary tumors of patients with distant metastases
(60% versus 8%; P = 0.0014). These data suggested that the ability
of tumors to grow serially in mice correlated with their ability to seed
distant sites and metastasize.

Stable engraftment in mice is associated with poor
survival in patients

Because stable engraftment correlated with metastases, we hypothesized
that engraftment in mice may reflect the acquisition of metastatic
potential by the primary tumor. As a result of short follow-up times
and relatively small numbers of animals, the study was not powered
to definitively address this question. Nevertheless, we asked whether a
correlation existed between engraftment in mice and outcomes in pa-
tients presenting with localized disease. Patients whose tumors engrafted
in mice had shorter survival times, possibly secondary to the develop-
ment of metastases (Fig. 2). Similar results were observed when the anal-
ysis was limited to ccRCC (Fig. 2). Thus, stable engraftment in mice may
predict poor outcomes in patients.

Tumorgrafts retain the gene expression pattern

of the original tumor

To ascertain the extent to which RCC tumorgrafts maintained the char-
acteristics of the tumor from which they were derived, we performed
gene expression analyses. Because the recipient mice were immuno-
deficient, contributions from infiltrating lymphocytes to the global gene
expression signature in tumors would be absent in tumorgrafts. In ad-
dition, because the stroma in the tumor is largely replaced by murine
stroma (43), human stromal transcripts were likely underrepresented
in tumorgrafts. To account for these differences, we subtracted tran-
scripts up-regulated in tumors in comparison to tumorgrafts (q < 0.05
and fold change > 1.5-fold) (Fig. 3A). Pathway analyses on the sub-
tracted probes showed that, as expected, they belonged largely to path-
ways implicated in immune-mediated processes such as antigen
presentation, dendritic cell maturation, and natural killer (NK) signal-
ing (Fig. 3A and table S2).

To determine whether tumorgrafts retained the gene expres-
sion pattern of the original tumor, we performed unsupervised
hierarchical clustering analyses. Twenty-one of 29 (72%) tumor-
grafts clustered together with the corresponding tumor (Fig. 3B).
Clustering was maintained for cohort 7 and 8 tumorgrafts (Fig.
3B). Thus, the degree of similarity between most tumorgrafts and

Table 2. Predictors of stable tumor engraftment

All histologies ccRCC
Engrafted/ Engrafted/ p
total total
RCC histology 0.15
Clear cell 11/65
Papillary 3/14
Chromophobe 0/4
Oncocytoma 0/5
Unclassified 2/3
VHL mutation (germline 0.59
or somatic)
Mutant 8/42
Wild type 2/6
Tumor implanted from 4/5 0.0028 3/4 0.014
metastatic site
Sarcomatoid differentiation 5/10 0.012 4/9 0.038
Fuhrman nuclear grade 0.0008 0.002
1 0/2 0/2
2 1/32 0/26
3 5/34 4/22
4 7/13 5/11
Focality 1.000 0.52
Unifocal 11/74 7/57
Multifocal 1/7 1/4
Size (cm) 0.58 0.30
<4 4/27 3/19
>4-7 3/28 1/19
>7-10 5/21 4/16
>10 4/18 3/11
0.0014 0.0026
Pathologic tumor stage 0.0014 0.0026
T 1/37 0/28
T2 3/15 2/9
T3 5/25 4/21
T4 3/4 2/3
Pathologic lymph node stage 0.0077 0.016
NO 1/21 0/17
N1 4/7 2/3
Metastasis at presentation 6/10 0.0014 4/7 0.013
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Point mutations and indels are
preserved in tumorgrafts

We performed whole-genome (or exome)
sequencing in seven tumors (47) and
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examined the preservation of mutations
in tumorgrafts. A total of 134 somati-
cally acquired point mutations or indels
in protein-coding genes were examined
in several tumorgraft cohorts [for spe-
cific mutations, refer to (47)]. Ninety-two
percent of the mutations detected were
retained in the tumorgrafts, and the num-
ber did not change significantly in later

}
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0 200

Fig. 2. Evaluation of patient outcomes as a function of stable engraftment of localized, primary tu-
mors. (A) Kaplan-Meier analysis of disease-free survival for groups with and without stable engraft-
ment for all histologies (left) or ccRCC (right). (B) Kaplan-Meier analysis of overall survival for groups
with or without stable engraftment for all histologies (left) or ccRCC (right). Cross indicates censored

data. Cl, confidence interval.

the corresponding patient tumor was greater than between tumors
from two different patients.

The approach we undertook also provided a means to separate
gene expression signatures of tumor cells from those arising from
nonneoplastic cells (Fig. 3C and tables S3 and S4). Not unexpected-
ly, reducing the contribution from nonneoplastic cells significant-
ly affected the ranking of pathways deregulated in renal cancer and
implicated some unexpected pathways, such as RAN signaling
(table S4).

Tumorgrafts preserve the DNA copy number alterations

of tumors

We evaluated DNA copy number alterations (CNAs) in tumorgrafts
ranging from primary tumors in recipient mice (TGc0) to cohort 8
(TGc8). CNAs in tumorgrafts were characteristic of RCC, including chro-
mosome 3p loss and less frequent deletions of chromosome 14 and 9p
(44-46). Tumorgrafts largely retained the pattern of CNAs of the
corresponding tumor irrespective of passage (Fig. 4A). To evaluate the
extent to which CNAs in tumorgrafts resembled those in the tumor
from which they were derived, we performed unsupervised hierarchical
clustering analyses. Twenty of 27 (74%) tumorgrafts clustered with the
corresponding tumor (Fig. 4B).

400 600

Days

passages (Table 3). VHL mutations were
uniformly retained in tumorgrafts in differ-
ent cohorts [(47) and Table 4], which was
expected, because VHL mutations occur
early during ccRCC development (48).

Bidirectional Sanger sequencing of
tumorgrafts was performed for 618 am-
plicons; we estimate that 247,200 base
pairs of tumorgraft DNA were sequenced.
Only one point mutation was confidently identified in a tumorgraft
that was not detected in the primary tumor (Table 5). This mutation
was in the TSCI gene, which we recently reported to be somatically
inactivated in ccRCCs (40), and the corresponding patient’s tumor
had a different TSCI mutation. Very deep sequencing of two inde-
pendent samples (~2 million reads per sample) showed that the mu-
tation preexisted in the patient tumor at a frequency of 0.3% (table S5).
Consistent with genome-wide studies in other tumor types (49), these
data suggest that the acquisition of new mutations by RCC tumorgrafts
is a rare event.

Development of paraneoplastic hypercalcemia

in tumorgraft-bearing mice

We observed that some tumorgraft-bearing mice became ill. As tu-
morgrafts grew, the mice became progressively less active and more
hunched, started losing weight, and eventually became moribund.
The illness occurred only with specific tumorgraft lines (for example,
TG144 and TG166), suggesting that the tumor was directly respon-
sible. The symptoms were somewhat reminiscent of untreated hyper-
calcemia in humans, so we considered whether the tumorgrafts were
inducing paraneoplastic hypercalcemia in mice. A review of the medical
records of the corresponding patients showed that they had presented
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- Role of NFAT in regulation of the immune response
- Systemic lupus erythematosus signaling

- Antigen presentation pathway

- Dendritic cell maturation

- iCOS-ICOSL signaling in T helper cells

- PKCO signaling in T lymphocytes

- CTLA4 signaling in cytotoxic T lymphocytes

- CD28 signaling in T helper cells

~T Helper cell differentiation

- Communication between innate and adaptive immune cells
- Natural killer cell signaling

- Hepatic fibrosis/hepatic stellate cell activation

- Type | diabetes mellitus signaling

- Crosstalk between dendritic and natural killer cells —
- Graft-versus-host disease signaling . *nn
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Gene symbol N T TG P FDRg FC Gene
HK2 T 3E-14 5E-11 19.4 Hexokinase 2
SCD T 14.7 Stearoyl-CoA desaturase (delta-9-desaturase)
SCD 11.7 Stearoyl-CoA desaturase (delta-9-desaturase)
EXOSC5 1.9 Exosome component 5
ALDOA 1.8 Aldolase A, fructose-bisphosphate
CAV1 10.4 Caveolin 1, caveolae protein, 22kDa
NARF 2.2 Nuclear prelamin A recognition factor
TNFAIP6 33.7 Tumor necrosis factor, alpha-induced protein 6
ALDOA 1.8 Aldolase A, fructose-bisphosphate
PVT1 6.3 Pyt oncogene (non-protein coding)
CDCA7L 7.4 Cell division cycle associated 7-like
TNFAIP6 25.3 Tumor necrosis factor, alpha-induced protein 6
CRNDE 5.8 Colorectal neoplasia differentially expressed (non-protein coding)
SLC16A3 8.8 Solute carrier family 16, member 3 (monocarboxylic acid transporter 4)
SLC16A3 12.0 Solute carrier family 16, member 3 (monocarboxylic acid transporter 4)
CAV1 [ 9.2 Caveolin 1, caveolae protein, 22kDa
SIRPA L 3.0 Signal-regulatory protein alpha
SAP30 i1 5.7 Sin3A-associated protein, 30kDa
PFKP| Il 4.4 Phosphofructokinase, platelet
PHLDA3 3.3 Pleckstrin homology-like domain, family A, member 3
ASAP1 : 2.3 ArfGAP with SH3 domain, ankyrin repeat and PH domain 1
SIRPA 2.1 Signal-regulatory protein alpha
RNASET2 6.0 Ribonuclease T2
NOL3 5.8 Nucleolar protein 3 (apoptosis repressor with CARD domain)
SLFN13 6.1 Schlafen family member 13
TMEM213 =77 Transmembrane protein 213
KCNJ1 -98 Potassium inwardly-rectifying channel, subfamily J, member 1
SLC12A1 6E-18 9E-14 188 Solute carrier family 12 member 1
LPPR1 1E17 1E13 -37 Lipid phosphate phosphatase-related protein type 1
KNG1 1E16 1E-12 -194 Kininogen 1
NPHS2 2E16 2E-12 -84 Nephrosis 2, idiopathic, steroid-resistant (podocin)
DMRT2 4E-16 2E-12 -54 Doublesex and mab-3 related transcription factor 2
SLC26A7 6E-16 3E-12 -49 Solute carrier family 26, member 7
CWH43 1E15 5E12 -6.3 Cell wall biogenesis 43 C-terminal homolog (S. cerevisiae)
PLCXD3 1E15 5E12 -43 P i itol-specific pl i , X domain containing 3
ATP6VOD2 1E15 5E12 -17 ATPase, H+ transporting, lysosomal 38kDa, VO subunit d2
PLCXD3 3E15 1E11 11 F itol-specific p! i C, X domain containing 3
TMPRSS2 4E15 1E11 -12 Transmembrane protease, serine 2
MYLK3 5E-15 1E-11 —-2.6 Myosin light chain kinase 3
ATP6VOD2 7E-15 2E-11 -36 ATPase, H+ transporting, lysosomal 38kDa, VO subunit d2
ATP6VOD2 7615 2E-11 -20 ATPase, H+ transporting, lysosomal 38kDa, VO subunit d2
FGF1 9E15 2E-11 -7.1 Fibroblast growth factor 1 (acidic)
FXYD4 9E-15 2E-11 -36 FXYD domain containing ion transport regulator 4
ATP6V0A4 1614 2E11 -28 ATPase, H+ transporting, lysosomal VO subunit a4
CRHBP 1E14 3E11 —25 Corticotropin releasing hormone binding protein
SFRP1 2E14 4E11 -16 Secreted frizzled-related protein 1
CWH43 2E14 4E11 -6.2 Cell wall biogenesis 43 C-terminal homolog (S. cerevisiae)
ZNF44 3E14 5E-11 -8.2 Zinc finger protein 44
FGF1 6E-14 1E-10 -18 Fibroblast growth factor 1 (acidic)
RAB25 [T 1E13 2E10 -12 RAB25, member RAS oncogene family

L T
Normalized expression

Fig. 3. Gene expression analyses of tumors and tumorgrafts. (A) Principal components analysis
of tumor, paired normal renal cortex (for a subset of tumors), and tumorgraft samples before and
after subtraction of genes differentially up-regulated in tumors (compared to tumorgrafts). List of
top Ingenuity Pathways corresponding to transcripts up-regulated in tumors over tumorgrafts
with a FDR g < 0.05 and a fold change greater than 1.5. (B) Unsupervised hierarchical clustering
of samples according to gene expression pattern after subtraction. Each tumor/tumorgraft clade
is color-coded and includes patient tumor sample (T) and the corresponding tumorgrafts
(numbers reflect mouse tumorgraft cohort). (C) Heatmap of tumor-specific gene expression
changes after subtraction of immune/stromal signature, including the top 25 up- and down-
regulated genes in tumors compared to adjacent normal parenchyma (ranked by g value). N,
normal; T, tumor; TG, tumorgraft; FDR g, false discovery rate—corrected P value; FC, fold change.

with elevated calcium concentrations and that the hypercalcemia re-
solved after tumor resection. To determine whether TG144 and TG166
tumorgraft-bearing mice similarly developed paraneoplastic hypercal-

cemia, we measured calcium levels. Whereas in con-
trol tumorgraft-bearing mice serum calcium levels
were within the normal range (8.5 to 10.5 mg/dl), cal-
cium levels reached >15 mg/dl in both TG144 and
TG166 mice (Fig. 5). Thus, as indicated by their hyper-
calcemia, paraneoplastic syndrome may develop in
tumorgraft-bearing mice.

Mimicking sunitinib and sirolimus exposures
of RCC patients in NOD/SCID mice

The most critical aspect of the evaluation of a tumor
model is whether it reproduces the drug responsive-
ness of tumors in patients. To determine whether
RCC tumorgrafts retained the sensitivity of RCC in
the clinic, we tested their sensitivity to an inhibitor of
angiogenesis, sunitinib, and an mTORC]1 inhibitor,
sirolimus. We used sirolimus instead of temsirolimus,
because temsirolimus is largely a sirolimus prodrug;
in humans, after temsirolimus administration, 75% of
circulating drug is sirolimus (50, 5I). We also previ-
ously reported the treatment of an RCC patient with
sirolimus (before temsirolimus became commercially
available) (52). As a control, we used a small-molecule
kinase inhibitor that had been tested against RCC
and was inactive, the epidermal growth factor receptor
(EGFR) kinase inhibitor erlotinib, which is approved
for non-small cell lung cancer (NSCLC) treatment. A
randomized phase 2 trial of erlotinib in combination
with bevacizumab failed to show improved outcomes
in comparison to bevacizumab alone in patients with
ccRCC (53).

Because the results of drug trials can be affected
by differences in drug metabolism across species (7),
we performed pharmacokinetic (PK) sudies in mice
to identify a regimen that mimicked human expo-
sures. We sought to balance sustained therapeutic
levels (above the Cy,;,, in humans) without excessive peak
(Cmax) and total exposures (AUC,). Because differ-
ences may exist in drug metabolism across mouse
strains, NOD/SCID mice were used.

Sirolimus, at 0.5 mg/kg given intraperitoneally every
48 hours, resulted in trough levels within the therapeu-
tic range in humans (5 to 15 ng/ml) (54, 55). However,
peak and overall exposures were two- to threefold higher
than in humans (Table 6).

Sunitinib is metabolized to desethyl sunitinib, which
is active, and PK studies were performed to evaluate
both sunitinib and its metabolite. Whereas on day
1 the metabolite represented 13% of the total circulat-
ing drug in humans, it made up 38% in mice (Table 6).
The half-life of sunitinib was much shorter in mice,
and mice were treated every 12 hours. The administra-
tion of sunitinib (10 mg/kg) by gavage every 12 hours
resulted in peak exposures that were slightly higher
than in humans and overall exposures of the parent

compound and metabolite that were within the range of exposures
between day 1 and day 28 in humans (Table 6). Although sunitinib
builds up in humans over time, troughs in mice are likely to be lower
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Fig. 4. DNA CNAs in tumors and tumorgrafts. (A) Representation of DNA copy numbers in patient
tumors (T) and corresponding tumorgrafts from the indicated cohorts. Red, amplifications; blue,
deletions. (B) Unsupervised hierarchical clustering of samples according to paired DNA copy num-
ber analyses. Each tumor/tumorgraft clade is color-coded and includes patient tumors (T) or me-
tastasis (M) and corresponding tumorgrafts (numbers, which reflect cohort). (C) Paired copy
number and allele-specific copy number analyses of a patient tumor (T), metastasis (M), and
metastasis-derived tumorgrafts in the recipient mouse (mTGc0) and cohort 1T (mTGc1).

12 hours. Because erlotinib was used as a nega-
tive control, it was preferable to err on the side
of overdosing. Erlotinib at 12.5 mg/kg by gavage
every 12 hours resulted in trough concentrations
within the human range (56, 57), although this
resulted in higher peak and overall exposures
(Table 6).

Tumorgrafts reproduce the drug
responsiveness of RCC

The use of orthotopic tumorgrafts to study drug
responsiveness is hampered by the need for fre-
quent imaging to monitor tumor growth during
drug trials. Because measurements were signifi-
cantly easier for subcutaneous tumors, we evaluated
the growth of orthotopically growing tumorgrafts
in the subcutaneous space. Only ~65% of the
tumorgraft lines growing orthotopically grew
subcutaneously within a manageable timeframe.
Despite the heterotopic location, RCC in humans
sometimes metastasizes to the subcutaneous space
and the histological characteristics were pre-
served (Fig. 6A). In addition, as determined in
one tumorgraft line (TG164), drug effects did not
differ whether the tumor was implanted sub-
cutaneously or orthotopically, and we saw similar
antitumor responses in earlier- and later-passage
tumors (fig. S1).

Eight ccRCC tumorgraft lines that grew sub-
cutaneously were evaluated in drug trials (Fig.
6A). For each trial, ~20 mice were implanted
with ~64 mm?® tumor fragments, and 2 to 4 weeks
after implantation, tumor volume measure-
ments begun. Tumor growth rates varied con-
siderably among the eight tumorgraft lines,
and drug administration started when average
tumor size reached about 250 to 300 mm”. To
avoid biases from excessively weighting any par-
ticular dimension, we calculated tumor volumes
according to the formula [ x w x h, where [ is
maximal length, w is maximal width perpendic-
ular to [, and  is maximal height. Tumorgraft-
bearing mice of similar characteristics (tumor
volume, tumor growth rate, and mouse weight)
were distributed evenly across treatment arms.
Arms were kept balanced, and statistical analyses
at the completion of drug trials showed no biases
at the start.

For each drug trial, three to five mice were al-
located to one of four treatment groups: sirolimus,
sunitinib, erlotinib, and vehicle. Drug trials were
carried out for ~28 days. During the trial, tumor

than in humans. Nevertheless, given the every 12-hour dosing, and the
overall drug exposures, we considered this acceptable.

In humans, erlotinib is metabolized to O-desmethyl-erlotinib, which
is active. The ratios of parent compound to metabolite were similar in
humans and mice (Table 6). Whereas the half-life of erlotinib in hu-
mans is 24 hours (56), it was 3 hours in mice, and we treated mice every

measurements were taken twice weekly. Mice were weighed weekly,
and drug administration was adjusted accordingly.

A total of 122 mice, from eight different tumorgraft lines, were eval-
uated in drug trials (Fig. 6B; see also fig. S2). Using ccRCC vehicle-treated
mice as a reference, erlotinib treatment had no statistically significant
effect on tumorgraft growth (Fig. 6B). However, the same erlotinib
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Table 3. Mutations retained in tumorgraft cohorts. n/a, not assessed; TG,
tumorgrafts of increasing passages.

No. of mutations Retained mutations

ID

evaluated TG(I) TG(Il) TG(IN)

TG22 48 45 n/a n/a
TG144 22 20 20 19
TG166 21 21 21 21
TG180 13 13 13 n/a
TG164 12 1 n n/a
G142 1 8 8 n/a
G127 7 5 5 n/a
Total 134 123 (02%) 78 (91%) 40 (93%)
Overall 241/263 (92%)

Table 4. VHL mutations in patient tumors and tumorgrafts. n/a, not
assessed; TG, tumorgrafts of increasing passages.

VHL mutation Retained mutations

D (tumor)
TG(I) TG(ll) TG(ll)

TG22 c472C>G,p.L158V + n/a n/a
TG127 c.232_233delAA + + n/a
TG142 ¢.525_533delCAGGAGACT + + n/a
TG144 c.506T>C,p.L169P + + +
TG166 c.224_226delTCT + + +
TG183 c.414_421delATCTCTCA + + n/a

regimen had profound effects on a NSCLC cell line-derived xenograft
used as a control (Fig. 6C). In contrast, ccRCC tumorgraft growth was
substantially inhibited by treatment with sunitinib (P < 0.0001) (Fig. 6,
B and D). Likewise, sirolimus inhibited tumorgraft growth (P < 0.0001)
(Fig. 6, B and D).

Together, these data show that tumorgraft responses to drugs re-
produce the sensitivity to sunitinib and (tem)sirolimus of RCC ob-
served in the clinic.

Pharmacodynamic studies in tumorgrafts show

mTORC1 pathway inhibition

Next we evaluated the effects of sirolimus and sunitinib on mTORC1
pathway activity in tumor cells. For this analysis, we used an antibody
that recognizes phospho-$6*”*** (p-56*”***), a faithful marker of
mTORCI activity (58). p-S6>*”*** immunohistochemistry was evalu-
ated by a clinical pathologist (P.K.) who was blinded to the treatment
allocation. Scores were determined by both signal intensity and the
percentage of positive cells. A decrease in p-S6>***** was observed
in sirolimus-treated tumorgrafts (P < 0.0001; see also Fig. 6E). A more
modest, but significant, reduction in p-S6>*”*** was also observed af-

Table 5. Point mutations or indels in tumorgrafts but not in patient tumors.

Total amplicons sequenced in tumorgrafts 618
Average number of base pairs per amplicon 400
Approximate number of base pairs sequenced 247,200
Mutations in tumorgrafts but not in patient tumors 1*

*Mutation detected in corresponding tumor by very deep sequencing.
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Fig. 5. Calcium levels in tumorgraft-bearing mice. Serum calcium con-
centrations in mice implanted with tumors from patients with para-
neoplastic hypercalcemia, TG144 (n = 3) and TG166 (n = 3), compared to
tumorgraft-bearing mice from a patient without paraneoplastic hyper-
calcemia (TG26; n = 5). Data are means + SE; ***P < 0.001.

ter sunitinib treatment (P = 0.021). By contrast, erlotinib had no effect
on p-S6>*** (P = 0.62).

Dovitinib inhibits tumorgraft growth

Finally, we used our model to evaluate an investigational agent, dovitinib.
Dovitinib is a highly potent inhibitor of VEGFR1, VEGFR2, VEGFR3,
PDGFRB, and FGFR1, FGFR2, and FGFR3 (fibroblast growth factor
receptors 1, 2, and 3) (59) that is being evaluated in clinical trials, but its
effectiveness against RCC is presently unknown. PK studies indicated
that 30 mg/kg daily by gavage resulted in peak and overall e