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Abstract

Most anticancer drugs entering clinical trials fail to achieve approval from the US FDA. 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 kidney of mice without additives or disaggregation. Tumors from
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35 patients formed tumorgrafts, and 16 stable lines were established. Samples from metastatic

sites engrafted at high frequency, and stable engraftment of primary tumors in mice correlated

with decreased patient survival suggesting that tumor growth in mice may reveal the acquisition

by the tumor of an ability to thrive at distant sites and metastasize. Tumorgrafts retained the

histology, gene expression, DNA copy number alterations, and over 90% of the protein-coding

gene mutations of the corresponding tumors. As determined by the induction of hypercalcemia in

tumorgraft-bearing mice, tumorgrafts were able to act on the host causing paraneoplastic

syndromes. In studies simulating drug exposures in patients, RCC tumorgraft growth was

inhibited by sunitinib and sirolimus (into which temsirolimus is converted 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.
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INTRODUCTION

More than 80% of anticancer drugs administered to patients in clinical trials fail to reach

FDA approval (1-3), twice the failure rate of drugs in other categories (1). Better paradigms

and preclinical models are needed to reduce the toll on patient lives and resources.

Most preclinical studies evaluate drugs in tumor cell lines that have been passaged in culture

for many years (i.e. NCI-60 panel) (4, 5). Although substantial contributions have been

made with these cell lines, their value is diminished by new mutations acquired during the

process of adaptation to growth in culture and subsequent expansion (6, 7). In addition,

tumors formed by cell lines in mice tend to be poorly differentiated and likely dissimilar

from the tumor from which the cell line was originally derived (6-9). These factors probably

explain their limited utility in predicting drug responsiveness in patients.

Renal cell carcinoma (RCC) is especially well suited for the development of a tumorgraft

model in which tumors derived from patients are implanted in mice. First, RCCs are

typically large, providing access 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 prior exposure to DNA damaging 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), and the site for orthotopic

implantation of RCC, under the kidney capsule, is a privileged site for tumor growth (4).

Finally, since RCC is largely treated with molecularly targeted medicines, a RCC tumorgraft

model would permit testing the model against this most relevant class of drugs.

Advances in our understanding of the molecular genetics and biology of RCC have led to

therapeutic developments and today, 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 (21) and is

characterized by inactivation of the tumor suppressor gene von Hippel-Lindau (VHL) (22).

VHL inactivation results in constitutive activation of hypoxia-inducible factor (HIF) and

consequent induction of vascular endothelial growth factor (VEGF) and platelet-derived

growth factor β (PDGFβ) (23, 24). VEGF acts on VEGF receptor 2 (VEGFR2) on

endothelial cells (25) and PDGFβ acts on PDGF receptor β (PDGFRβ) on pericytes, thereby
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promoting angiogenesis (26). These findings paved the way for the development of a VEGF

neutralizing antibody, bevacizumab (27-30), and of several inhibitors targeting both

VEGFR2 and PDGFRβ - 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 TSC1 and TSC2, led us to hypothesize that mTORC1,

which is regulated by the TSC1 and TSC2 proteins, may be implicated in renal cancer (35).

mTORC1 regulates cell growth and is constitutively activated in the majority of ccRCCs

(36-39). It is negatively regulated by a complex formed by TSC1 and TSC2, and somatically

acquired TSC1mutations occur in ~5% of sporadic ccRCCs (40). How mTORC1 is activated

in most ccRCC remains unknown, but mTORC1 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 tumorgraft model for the

evaluation of molecularly targeted therapies.

RESULTS

Establishment of tumorgrafts

Between September 2009 and January 2011, 94 tumors were implanted in mice. Eligibility

criteria were based on preoperative imaging studies and included tumors at least 5 cm in

diameter, multifocal, bilateral or recurrent tumors, suspicion of invasion, and regional or

distant metastasis. In a few instances, samples were implanted from metastatic sites (Table

1). Over 90% of the tumors were renal cell carcinomas and 75% were of clear-cell type.

VHL mutations were detected in 87% of ccRCCs examined (Table 1). Over fifty percent of

the RCC were of high grade, and sarcomatoid elements were found in approximately 10%.

Tumor fragments (2-3 mm in diameter) were implanted orthotopically, under the renal

capsule, into 5 NOD/SCID mice (Fig. 1A). To preserve tumor architecture and minimize

confounding factors, samples were implanted without disaggregation or additives.

Tumorgrafts could be visualized by 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 approximately 4 to >10 mm (Fig. 1D). As determined

histologically by examining recipient mice (tumorgraft cohort 0, TGc0), 37% of grafts

formed viable tumors in mice (Table 1). The average latency period from the day of

implantation in mice until passage into the first cohort (TGc1) was highly variable, ranging

from 1 to 8 months. The time was generally shorter for tumors with high nuclear grade or

sarcomatoid elements and became shorter with sequential passage. At each passage, samples

were fixed for histological analyses and, when sufficient material was available, samples

were frozen for permanent storage (in 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 histology, but also fine histological features of

the corresponding tumors in patients. Even within a specific histological type, architectural

and cytological characteristics were preserved in the respective tumorgrafts (Fig. 1E).

Overall, tumorgrafts maintained the architectural growth pattern, as well as cystic

components, the presence of areas of necrosis and hemorrhage, sarcomatoid differentiation,

cytological and nuclear features, Fuhrman nuclear grade, and the presence of some
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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 maintained despite serial passaging (Fig. 1E and Table S1).

Predictors of stable tumor engraftment in mice

From 16 different patients, tumorgraft lines were passaged at least twice in mice (TGc≥2),

and these are referred to as stable lines. Sequential tumor growth in mice correlated with

implantation 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 that of

primary tumors (80% vs. 14%; p=0.0028). Higher rates of engraftment were also observed

with samples implanted from primary tumors of patients with distant metastases (60% vs.

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

may unveil the acquisition of metastatic potential by the primary tumor. Due to short follow-

up times and relatively small numbers, the study was not powered to definitively address

this question. Nevertheless, we asked whether a correlation existed between engraftment in

mice and outcomes in patients presenting with localized disease. Patients whose tumors

engrafted in mice had a shorter survival, likely secondary to the development of metastases

(Fig. 2). Similar results were observed when the analysis was limited to ccRCC (Fig. 2).

Thus, stable engraftment in mice seems to predict for poor outcomes in patients.

Tumorgrafts retain the gene expression pattern of the original tumor

To ascertain the extent to which RCC tumorgrafts maintained the characteristics of the

tumor from which they were derived, we performed gene expression analyses. Because

recipient mice are immunodeficient, contributions to the global gene expression signature in

tumors from infiltrating lymphocytes would be absent in tumorgrafts. In addition, as the

stroma in the tumor is largely replaced by murine cells (43), human stromal transcripts may

also be underrepresented in tumorgrafts. To account for these differences, transcripts

upregulated in tumors by comparison to tumorgrafts (q<0.05 and fold change >1.5 fold)

were subtracted (Fig. 3A). Pathway analyses on the subtracted probes showed that, as

expected, they belonged largely to pathways implicated in immune-mediated processes such

as antigen presentation, dendritic cell maturation, and NK signaling (Fig. 3A; Table S2).

To determine whether tumorgrafts retained the gene expression pattern of the original tumor,

we performed unsupervised hierarchical clustering analyses. 21 out of 29 (72%) tumorgrafts

clustered together with the corresponding tumor (Fig. 3B). In addition, clustering was

maintained for cohort 7 and 8 tumorgrafts (Fig. 3B). Thus, the degree of similarity between

most tumorgrafts and the corresponding patient tumors was greater than across tumors from

different patients.

The approach we undertook also provides a means to separate gene expression signatures of

tumor cells from those arising from non-neoplastic cells (Fig. 3C; Tables S3 and S4). Not

unexpectedly, reducing the influence from non-neoplastic cells significantly affected the

ranking of pathways deregulated in renal cancer and implicated some novel pathways, such

as RAN signaling (Table S4).
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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 chromosome 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,

unsupervised hierarchical clustering analyses were performed. 20 out of 27 (74%)

tumorgrafts clustered with the corresponding tumor (Fig. 4B).

In one case, samples were available from both a primary tumor as well as a metastasis that

was used to generate a tumorgraft line. The metastasis had acquired some alterations that

were not found in the primary tumor, including losses in chromosome 1 and 8 (Fig. 4C). The

presence of unique alterations in the metastasis allowed us to evaluate the degree of

tumorgraft resemblance. CNAs in the tumorgrafts were indistinguishable from those in the

metastasis and differed from the primary tumor (Fig. 4C). Thus, even within a patient,

tumorgrafts appear to retain the specific signature of the tumor or metastasis from which

they were generated.

Point mutations and indels are preserved in tumorgrafts

We performed whole genome (or exome) sequencing in 7 tumors (47) and examined the

preservation of mutations in tumorgrafts. A total of 134 somatically-acquired point

mutations or indels in protein-coding genes were examined across several tumorgraft

cohorts (for specific mutations refer to ref 47). Ninety-two percent of mutations detected

were retained in the tumorgrafts and the number did not significantly change in later

passages (Table 3). VHL mutations were uniformly retained in tumorgrafts across different

cohorts (Table 4), which was expected, as VHL mutations occur early during ccRCC

development (48).

Bidirectional Sanger sequencing in tumorgrafts was performed for 618 amplicons and we

estimate that 247,200 bp of tumorgraft DNA was 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 TSC1 gene, which we recently reported to be somatically

inactivated in ccRCCs (40), and the corresponding patient’s tumor had a different TSC1

mutation. Very deep sequencing of two independent samples (~2 million reads/sample)

showed that the mutation pre-existed 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 tumorgrafts grew, the mice

became progressively less active and more hunched over, started losing weight, and

eventually became moribund. The illness occurred only with specific tumorgraft lines (e.g.

TG144 and TG166), suggesting that the tumor was directly responsible. The symptoms were

somewhat reminiscent of untreated hypercalcemia in humans, so we considered whether

tumorgrafts may be inducing paraneoplastic hypercalcemia in mice. A review of the medical

records of the corresponding patients showed that they had presented with elevated calcium

(Ca) levels and that hypercalcemia resolved after tumor resection. To determine whether

TG144 and TG166 tumorgraft-bearing mice similarly developed paraneoplastic

hypercalcemia, we measured Ca levels. Whereas in control tumorgraft-bearing mice serum

Ca levels were within the normal range (8.5-10.5 mg/dL), Ca levels reached >15 mg/dL in
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both TG144 and TG166 mice (Fig. 5). Thus, as evidenced by hypercalcemia, paraneoplastic

syndromes may develop in tumorgraft-bearing mice.

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

Arguably, the most critical aspect in the evaluation of a tumor model is whether it

reproduces the drug responsiveness 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 mTORC1 inhibitor, sirolimus. We used sirolimus

instead of temsirolimus, because temsirolimus is largely a sirolimus prodrug; after

temsirolimus administration 75% of circulating drug in humans is sirolimus (50, 51). In fact,

we previously reported the treatment of a RCC patient with sirolimus (before temsirolimus

became commercially available) (52). As a control, we sought to identify a small molecule

kinase inhibitor that had been tested against RCC and was inactive. We settled on the EGFR

kinase inhibitor, erlotinib, which is approved for non-small cell lung cancer (NSCLC)

treatment. A randomized phase II trial of erlotinib in combination with bevacizumab failed

to show improved outcomes by 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), pharmacokinetic (PK) studies were performed in mice to identify a regimen that

mimicked human exposures. We sought to identify drug regimens balancing sustained

therapeutic levels (above the Cmin in humans) without excessive peak (Cmax) and total

exposures (AUClast). As differences may exist in drug metabolism across mouse strains,

NOD/SCID mice were used.

Sirolimus, at 0.5 mg/kg intraperitoneally every 48 h resulted in trough levels within the

therapeutic range in humans (5–15 ng/mL) (54, 55). However, this resulted in peak and

overall exposures that were 2-3 fold 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 circulating drug in humans, it made up 38% in mice (Table 6).

The half-life of sunitinib was much shorter in mice, and mice were dosed every 12 h. The

administration of sunitinib 10 mg/kg by gavage every 12 h resulted in peak exposures that

were slightly higher than in humans and overall exposures (parent compound + metabolite)

that were within the range of exposures between D1-28 in humans (Table 6). While sunitinib

levels in humans build up over time, troughs in mice are likely to be lower than in humans.

Nevertheless, given the every 12 h dosing, and the overall drug exposures, this was

considered 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 humans is 24 h (56), it was 3 h in mice, and we dosed mice every 12

h. As erlotinib was used as a negative control, it was preferable to err on the side of

overdosing. Erlotinib at 12.5 mg/kg by gavage every 12 h resulted in trough levels 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

frequent imaging to monitor tumor growth during drug trials. Because measurements would

be significantly easier for subcutaneous (s.c.) tumors, we evaluated the growth of

orthotopically growing tumorgrafts in the subcutaneous space. Only ~65% of the tumorgraft
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lines growing orthotopically grew subcutaneously within a manageable timeframe. Despite

the heterotopic location, RCC sometimes metastasizes to the subcutaneous space in humans

and the histological characteristics of the tumorgrafts were preserved when grown

subcutaneously (Fig. 6A). In addition, as determined in one tumorgraft line (TG164), drug

effects did not differ whether the tumor was implanted subcutaneously or orthotopically, and

similar anti-tumor responses were observed in earlier and later passage tumors (Fig. S1).

Eight ccRCC tumorgraft lines that grew subcutaneously were evaluated in drug trials (Fig.

6A). For each trial, ~20 mice were implanted with ~64 mm3 tumor fragments, and 2-4

weeks after implantation, tumor volume measurements begun. Tumor growth rates varied

considerably among the 8 tumorgraft lines, and drug administration started when average

tumor size reached approximately 250-300 mm3. To avoid biases from excessively

weighting any particular dimension, tumor volumes were calculated according to the

formula l × w × h, where l is maximal length, w is maximal width perpendicular to l, and h

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, 3-5 mice of each tumorgraft line were allocated to one of four treatment

groups: sirolimus, sunitinib, erlotinib, and vehicle. Drug trials were carried out for ~28 days.

During the trial, tumor measurements were taken twice weekly. Mice were weighted

weekly, and drug administration was adjusted accordingly.

A total of 122 mice, from 8 different tumorgraft lines, were evaluated 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 regimen had a profound effect 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. 6B and D). Likewise, sirolimus inhibited

tumorgraft growth (p<0.0001) (Fig. 6B and D).

Taken together, these data show that tumorgrafts reproduce the sensitivity to sunitinib and

(tem)sirolimus of RCC observed 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-S6240/244 (p-

S6240/244), a faithful marker of mTORC1 activity (58). p-S6240/244 immunohistochemistry

was evaluated by a clinical pathologist (P.K.) who was masked to the treatment allocation.

Scores were given based on both signal intensity and the percentage of positive cells. A

decrease in p-S6240/244 was observed in sirolimus-treated tumorgrafts (p<0.0001; see also

Fig. 6E). A more modest, but significant, reduction in p-S6240/244 was also observed after

sunitinib treatment (p=0.021). By contrast, erlotinib had no effect on p-S6240/244 (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 VEGFR1-3, PDGFRβ and FGFR1-3 (59) that is being evaluated in

clinical trials, but its effectiveness against RCC is presently unknown. Pharmacokinetic

studies indicated that 30 mg/kg daily by gavage resulted in peak and overall exposures in

mice within the range reported in humans (Table 6).
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Clinical trials were conducted comparing dovitinib to sunitinib and sirolimus in 4 ccRCC

tumorgraft lines, including a ccRCC tumorgraft line that we had not previously evaluated

(TG206). Dovitinib profoundly suppressed ccRCC tumorgraft growth (Fig. 7A, B and Fig.

S3), resulting in a greater inhibition of tumor growth than both sunitinib and sirolimus (Fig.

7A-C). We also evaluated a papillary RCC tumorgraft line (TG121), in which dovitinib was

also very active (Fig. S3). In addition, dovitinib inhibited the development of paraneoplastic

hypercalcemia in mice (Fig. 7D). Finally, as indicated by changes in body weight, dovitinib

was not particularly detrimental in most mice (Fig. S4). Overall, these results show that

dovitinib was more effective against RCC tumorgrafts than sunitinib or sirolimus and that it

is reasonably well tolerated.

DISCUSSION

RCC tumorgrafts in the mouse kidney reproduced the histology, gene expression, molecular

genetics, and treatment responsiveness of RCC in patients. Our results with FDA approved

drugs establish a proof-of-principle for the evaluation of molecularly targeted therapies for

renal cancer in mice. We used this platform to evaluate an agent in clinical development,

dovitinib, which shows remarkable activity against RCC.

Tumorgrafts reproduced not only the histology of the patient tumor, but also finer

characteristics such as tumor architecture as well as cytological and nuclear features. In

unsupervised hierarchical clustering analyses of gene expression and DNA copy number

alterations, approximately 70% of tumorgrafts clustered together with the corresponding

tumors from patients. Thus, there were greater similarities between tumorgrafts and their

corresponding tumors than across tumors from different patients. Even within a patient,

DNA copy number analyses showed that a metastasis-derived tumorgraft was more similar

to the metastasis than the metastasis was to the primary tumor. Significantly, tumorgrafts

preserved 92% of the somatically-acquired protein-coding gene mutations of patient tumors.

In addition, these studies failed to reveal any confident point mutations or indels in the

tumorgraft that could not be found in the original patient tumor. Overall, these results show

that tumorgrafts in mice are faithful models of the corresponding tumors in humans.

RCC tumorgrafts retained the drug sensitivity of RCC in the clinic. We performed large,

controlled experiments with clinically relevant drug regimens, giving exposures comparable

to those in humans. The tumorgrafts retained the sensitivities to sunitinib and (tem)sirolimus

observed in the clinic, and failed to respond to erlotinib, used as a control. These data

establish the validity of tumorgrafts as a model for the evaluation of targeted therapies for

this cancer and others potentially.

Two studies reported similar results (60, 61). They evaluated two ccRCC tumorgraft lines

and, in one study, a single mouse from each line was treated per condition (61). In the other

study, tumorgraft growth was inhibited by sorafenib (60), although it is not clear whether the

sorafenib regimen was clinically relevant, and the specificity of the response could not be

ascertained due to a lack of a control drug. In addition, the admixing of tumorgraft tissue

with matrigel raises the possibility that sorafenib inhibition may have resulted, at least in

part, from inhibition of the effects of ectopic growth factors in the extract. Nevertheless,

these results are consistent with our data.

Dovitinib, an investigational agent in clinical development, more potently inhibited RCC

tumorgraft growth than did sunitinib and sirolimus. Our results in a validated tumorgraft

model lead us to predict that dovitinib will similarly be effective against renal cancer in

humans. These data support the evaluation of dovitinib in randomized clinical trials of RCC

patients by comparison to sunitinib and temsirolimus.
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Tumorgraft engraftment may reflect metastatic potential. We found a correlation between

stable engraftment in mice and poor survival. We hypothesize that tumorgraft growth in

mice reflects the acquisition by the tumor of a capability to thrive at other sites, which is

characteristic of metastases. Consistent with this notion, samples implanted from metastatic

sites engrafted at higher frequencies than those from primary tumors. Thus, tumorgrafts may

help dissect biological determinants of metastases.

Tumorgraft features were preserved despite serial passage in mice. In addition, while

divergence is expected with passage in mice over time, late passage tumorgrafts did not

appear to accumulate mutations. Finally, neither passage nor subcutaneous implantation

seemingly affected tumorgraft responsiveness to drugs. Whereas the engraftment frequency

in mice was 37%, stable tumorgraft lines were obtained in approximately half (17%).

Several factors may account for the low rate of stable engraftment including residual NK

function in NOD/SCID mice and tumorgraft loss due to infiltration by lymphoma cells

arising spontaneously in aged NOD/SCID mice.

Inasmuch as the only cellular compartment that regenerates itself in tumorgrafts long-term is

the neoplastic compartment (43), tumorgrafts may represent nearly pure populations of

human tumor cells and this may have great utility. Tumorgrafts are instrumental, in fact, to

accurately determine mutant allele frequencies in tumors (47) and, given the mutation

heterogeneity in RCC (48, 62), they may aid in the identification of driver mutations. In

addition, tumorgrafts provide a means to separate gene expression signatures arising from

the tumor from those contributed by non-malignant immune and stromal cells. This could

have great utility in parsing out immune cell signatures in RCCs and begin to shed light into

an important but very difficult clinical problem, the elucidation of determinants of tumor

responsiveness to high-dose IL-2.

Tumorgrafts have many other applications. Inasmuch as tumorgrafts retain the mutations

found in patient tumors and preserve their drug responsiveness, they can be used to

determine whether targeting a specific pathway disrupted by mutation results in anti-tumor

effects. In exploring new targeted agents, tumorgrafts are instrumental to determine whether

the target was successfully inhibited in the tumor, which is a challenge in patients.

Tumorgrafts can also be used to prioritize drug combinations and to dissect difficult

problems such as how resistance to anti-angiogenic agents develops. In addition, they

provide an experimental system in which to investigate poorly understood aspects of tumor

biology such as some paraneoplastic syndromes and cancer-induced cachexia. The

exploitation of differences across species may render tumorgraft-bearing mice useful for the

identification of tumor markers. In addition, tumorgrafts can be used to study unusual forms

of RCC and recently, we derived a tumorgraft line from a papillary RCC of a patient with a

de novo germline mutation in fumarate hydratase (63). Finally, tumorgrafts may be useful in

the evaluation of new imaging modalities and to assess, for instance, the effects of HIF on

metabolism (64).

In summary, this study establishes a proof-of-concept for the development and application

of RCC tumorgrafts for the evaluation of molecularly targeted therapies. We propose that

the routine incorporation of such models into the development of molecularly targeted drugs

could advance preclinical drug evaluation programs and improve oncology drug

development.
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MATERIALS AND METHODS

Regulatory

Patients enrolled in the study provided written consent allowing the use of discarded surgical

samples for research purposes and genetic studies on an Institutional Review Board

approved protocol. Tumorgraft studies were based on a protocol approved by the University

of Texas Southwestern Medical Center Institutional Animal Care and Use Committee.

Nomenclature and annotation

Patient tumor samples were designated as T, followed by the ID. Tumors growing in mice

are referred to as tumorgrafts (designated as TG, followed by the ID). Tumorgrafts arising in

the recipient mouse are designated as TGc0 (TG cohort 0). Subsequent tumorgraft passages

are designated by TG followed by the cohort number (e.g. TGc1, TGc2, etc.). TG followed

by a roman numeral in brackets indicates a specific sequence of tumorgrafts without

specifying the cohort, e.g. TG(I), TG(II), TG(III), where (I) precedes (II) and so on. T22,

T26, T79, T84 (and the respective TGs) correspond to ccRCCs obtained prior to the series

described in Table 1.

Tumor samples (pT) were annotated based on the AJCC TNM classification and the edition

corresponding to the date of surgery. However, based on the 7th edition, all lymph node

metastases are referred to as pN1.

Tumorgraft sample processing and implantation

Eligibility criteria were based on preoperative imaging studies and included renal tumor

samples greater than 5 cm, multiple, bilateral or recurrent tumors, suspicion of invasion,

lymphadenopathy and distant metastasis. Any of these criteria were sufficient for inclusion.

Patients were excluded if they were known to be positive for HBV, HCV or HIV. Samples

were collected, placed on ice, and typically processed within 3 h. They were transferred to a

sterile dish with PBS and cut into 8-27 mm3 fragments.

Typically, 4-6 week old male or female NOD/SCID mice were used for implantation. Mice

were anesthetized by inhalation with an isofluorane vaporizer and 0.0015 mg buprenorphine

was administered by intraperitoneal (IP) injection immediately after surgery, while the mice

were still anesthetized, and within 24 hours after surgery. Mice were placed on a warming

pad, fur was shaved, and area was sterilized using Betadine. A transverse incision was made

posteriorly over the mid lumbar spine and the skin was bluntly dissected. A smaller ~1cm

incision in the same direction was made of the body wall over the left flank and the kidney

was exteriorized by gently applying pressure. A 2 mm longitudinal incision was made in the

dorsal aspect of the kidney using spring-loaded scissors. A pocket was carefully created

underneath avoiding damage to the parenchyma which would otherwise bleed and 2-3

samples were gently pushed inside. The kidney was eased back into the retroperitoneum, the

body wall was sutured and the skin stapled.

Additional fragments were frozen at -80°C or placed in 10% DMSO in Hank’s buffered salt

solution (HBSS), frozen at -80°C, and subsequently transferred within 7 days to liquid

nitrogen. In addition, a sample was fixed in 10% buffered formalin acetate, paraffin-

embedded, and stained with hematoxylin and eosin. Light microscopic evaluation of tissue

sections was performed by a urological pathologist (W.K. or P.K.). Images were obtained

using a Nikon Eclipse 80i microscope and NIS-Elements D 3.10 camera.

Mice were evaluated for tumor growth by physical exam typically twice weekly. When

tumors reached ~10 mm in diameter, or mice became ill, they were anesthetized with
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isofluorane, exsanguinated by cardiac puncture, and tumors were processed as above and

serially transplanted into subsequent cohorts of NOD/SCID mice.

Serum calcium was measured at the UT Southwestern Mouse Metabolic Phenotyping Core

using a Vitros 250 Chemistry System (Johnson and Johnson).

Tissue processing for genomic studies

Flash-frozen samples preserved at -80°C were processed while on dry ice. Tumor content

was inferred through pathological analyses of flanking sections oriented using pathology

dyes (StatLab Medical Products). Tumor and tumorgraft samples were carefully selected to

ensure >70% tumor cellularity and the absence of necrosis or hemorrhage. Normal benign

renal cortex or peripheral blood was used as reference. DNA and RNA were simultaneously

extracted from the same sample using AllPrep (Qiagen) and mirVana (Ambion) kits after

homogenizing the tissues with an RNase-free pestle (VWR) and a QIAshredder column

(Qiagen) as detailed in (47). RNA quality was inspected using an Agilent 2100 Bioanalyzer.

Gene expression analyses

RNA samples were labeled with biotin and hybridized to Affymetrix Human Genome U133

Plus 2.0 arrays by the UTSW Microarray Core using standard procedures. CEL intensity

files were analyzed as previously described (65). Probesets with non-specific hybridization

(10,588, 19%) were discarded. Differences in gene expression between tumors and

tumorgrafts were assessed using t tests and a Benjamini and Hochberg false discovery rate

(FDR) correction (66). Probesets with an FDR q<0.05 and upregulated at least 1.5 fold in

tumors vs. tumorgrafts were subtracted (2,443 probesets, 4%). These probesets were

analyzed using Ingenuity Pathways Analysis (IPA). Probesets were also analyzed using

principal components and unsupervised hierarchical clustering with Euclidean dissimilarity

and an average linkage method in Partek Genomics Suite.

Copy number analyses

DNA samples were hybridized to Affymetrix SNP Arrays 6.0 by the Genome Science

Resource (Vanderbilt University) using standard procedures. The CEL intensity files were

quartile normalized with Partek Genomics Suite adjusting for fragment length and probe

sequence without background correction as detailed in (47). Briefly, paired copy numbers

were calculated from intensities for all samples except for TG143, for which a reference

copy number baseline from Partek was used, as paired normal was unavailable.

Unsupervised hierarchical clustering for 1.8 million markers was computed using Euclidean

dissimilarity and an average linkage method. Copy numbers were adjusted for local GC

content and were segmented with the circular binary segmentation (CBS) algorithm (67)

using the DNAcopy package of R/Bioconductor. Segmented copy numbers were displayed

with the Integrative Genomics Viewer (Broad Institute). Genotypes were obtained from

Affymetrix Genotyping Console 4.0 and used for calculating the allele-specific copy number

of each sample in Partek Genomics Suite.

Mutation analyses

Bidirectional Sanger DNA sequencing was performed on genomic DNA from tumors and

tumorgrafts by Beckman Coulter Genomics using proprietary primers. Point mutations and

indels were identified in chromatograms with Mutation Surveyor v3.30 and v3.98.

Mutations within seven nucleotides before or after an exon were considered to affect

splicing sites. Mutations are fully detailed in (47). Deep sequencing of the TSC1 mutation

was carried out on the Illumina platform by direct amplicon sequencing. TSC1 sequences

were amplified using TSC1 primers (forward, 5′ CACATCATTGCTGTCTTTATTT;
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reverse, 5′ CCAACTCTGGACAACATTCTAT) and including common adaptor sequences

(forward, 5′-ACACGACGCTCTTCCGATCT-TSC1; reverse, 5′-
GACGTGTGCTCTTCCGATCT-TSC1). Adaptor sequences were utilized as priming sites

in a second PCR reaction, where oligo sequences converted PCR products into ‘sequencer

ready’ templates by the addition of sequences required for clustering, sequencing and

indexing.

Pharmacokinetic analyses

PK analyses were performed using 6-8 week old male NOD/SCID mice. PK parameters

were calculated in sparse sampling mode using the noncompartmental analysis tool of

WinNonlin (Pharsight Corporation). Sirolimus (LC Laboratories) was dosed at 0.5 mg/kg

IP. The compound was dissolved in 5% EtOH, 5% PEG400, 5% Tween 80 and 85% of a 5%

dextrose [D5W] solution. Mice were sacrificed at varying times post dose by CO2

inhalation, whole blood was drawn using an EDTA coated syringe, 100 μl of whole blood

were mixed with 50 μl of 0.2 M Zinc Sulfate and the mixture was precipitated with 150 μl

of 10 mM ammonium acetate in methanol + 0.1% formic acid containing 60 ng/sample of

N-benzylbenzamide internal standard (IS). After mixing and a 10 min incubation at RT,

samples were cleared twice by centrifugation and subsequently evaluated by LC/MS/MS

using an Applied Biosystems/MDS Sciex 3200-QTRAP coupled to a Shimadzu Prominence

LC. Standards, prepared by spiking fresh whole blood from uninjected NOD/SCID mice

with varying concentrations of sirolimus, were processed following the same procedure.

Chromatography conditions were as follows. Buffer A consisted of 10 mM ammonium

acetate in water + 0.1% formic acid and Buffer B consisted of 10 mM ammonium acetate in

methanol + 0.1% formic acid. The column flow rate was 1.5 ml/min using an Agilent C18

XDB, 5 micron packing 50 × 4.6 mm size column. The gradient conditions were 0.01 – 1.0

min 100% A, 1.0 - 1.5 min gradient to 100% B, 1.5 - 3.0 min 100% B, 3.0 - 3.1 min gradient

to 0% B, 3.1 - 4.1 100% A. Sirolimus was detected in MRM mode by following the

precursor to fragment ion transition 931.3 to 864.4. N-benzylbenzamide (transition 212.1 to

91.1) was used as an internal standard. Instrument settings for sirolimus were: Dwell time

150 ms, DP 31 volts, EP 6.5 volts, CEP 40 volts, CE 29 volts, CXP 10 volts, CUR 30, CAD

med, IS 4500 volts, TEM 400°C, GS1 60 psi, GS2 40 psi. A value 3-times above the signal

obtained from blank whole blood was designated as the limit of detection (LOD). The limit

of quantitation (LOQ) was defined as the lowest concentration at which back calculation

yielded a concentration within 20% of theoretical and which was above the LOD. The LOQ

for sirolimus was 1 ng/ml. In general, back calculation of points yielded values within 15%

of theoretical over five orders of magnitude (1 ng/ml to 10000 ng/ml).

Sunitinib malate (Pfizer) was administered at 10 mg/kg by oral gavage in 0.2 ml. The

compound was resuspended in 0.5% W/V carboxymethylcellulose (CMC) in D5W, pH 7.2.

Various times post dose, animals were sacrificed by CO2 inhalation, blood was collected

using an acid-citrate-dextrose coated syringe by cardiac puncture, and plasma was isolated

by centrifugation. 100 μl of plasma was precipitated with 400 μl of acetonitrile containing

40 ng/sample N-benzylbenzamide internal standard (IS). After clearing by centrifugation,

450 μl supernatant was lyophilized and resuspended in 180 μl of 50:50 acetonitrile:water

with 0.1% formic acid. Standards, prepared by spiking blank mouse plasma

(Bioreclamation, Inc.) with varying concentrations of sunitinib malate and its active

metabolite N-desethyl sunitinib, were processed following the same procedure used for

samples. Chromatography conditions were as follows. Buffer A consisted of water + 0.1%

formic acid and Buffer B consisted of acetonitrile + 0.1% formic acid. The column flow rate

was 1.5 ml/min using an Agilent C18 XDB, 5 micron packing, 50 × 4.6 mm size column.

The gradient conditions were 0.01- 1.5 min 100% A, 1.5 - 2.0 min gradient to 100% B, 2.0 -

3.5 min 100% B, 3.5 - 3.6 min gradient to 0% B, 3.6 - 5.0 min 100% A. Sunitinib was
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detected in MRM (multiple reaction monitoring) mode by following the precursor to

fragment ion transition 399.1 to 283.2. Instrument settings for sunitinib were: Dwell time

150 ms, DP 41 volts, EP 4.5 volts, CEP 24 volts, CE 33 volts, CXP 4 volts, CUR 45, CAD

med, IS 4500 volts, TEM 650°C, GS1 60 psi, GS2 45 psi. Desethyl sunitinib was detected in

MRM (multiple reaction monitoring) mode by following the precursor to fragment ion

transition 371.0 to 326.2. Instrument settings for N-desethyl sunitinib were: Dwell time 150

ms, DP 31 volts, EP 5 volts, CEP 16 volts, CE 21 volts, CXP 4 volts, CUR 45, CAD med, IS

4500 volts, TEM 650°C, GS1 60 psi, GS2 45 psi. A value 3x above the signal obtained from

blank plasma was designated as LOD. The LOQ was defined as the lowest concentration at

which back calculation yielded a concentration within 20% of theoretical and which was

above the LOD. The LOQ for both sunitinib and desethyl sunitinib was 1 ng/ml. In general

back calculation of points yielded values within 15% of theoretical over four orders of

magnitude (1 ng/ml to 1000 ng/ml).

Erlotinib (LC Laboratories) was administered at 12.5 mg/kg by oral gavage in 0.2 ml. The

compound was dissolved in 5% ethanol, 0.5% Tween 80, 94.5% of a 0.3% w/v CMC in

0.174 M sodium acetate/acetic acid, pH 4.0. Various times post dose, animals were

sacrificed by CO2 inhalation, blood was collected using an acid-citrate-dextrose coated

syringe by cardiac puncture, and plasma was isolated by centrifugation. 100 μl of plasma

was precipitated with 200 μl of methanol containing 30 ng/sample of N-benzylbenzamide

internal standard and 0.1% formic acid. After clearing by centrifugation, samples were

analyzed by LC/MS/MS using an Applied Biosystems/MDS Sciex 3200-QTRAP coupled to

a Shimadzu Prominence LC. Standards prepared by spiking blank mouse plasma

(Bioreclamation, Inc.) with varying concentrations of erlotinib and O-desmethyl-erlotinib

were processed following the same procedure used for samples. Chromatography conditions

were as follows. Buffer A consisted of water + 0.1% formic acid and Buffer B consisted of

methanol + 0.1% formic acid. The column flow rate was 1.5 ml/min using an Agilent C18

XDB, 5 micron packing, 50 × 4.6 mm size column. The gradient conditions were 0.01- 1.2

min 100% A, 1.2 - 2.5 min gradient to 100% B, 2.5 - 3.5 min 100% B, 3.5 - 3.6 min gradient

to 0% B, 3.6 - 5.0 min 100% A. Erlotinib was detected in MRM (multiple reaction

monitoring) mode by following the precursor to fragment ion transition 394.2 to 278.2. O-

desmethyl-erlotinib was detected as the 380.1 to 278.1 transition. N-benzylbenzamide

(transition 212.1 to 91.1) was used as an internal standard (IS). Instrument settings for

erlotinib were: Dwell time 150 ms, DP 56 volts, EP 5 volts, CEP 18 volts, CE 45 volts, CXP

4 volts, CUR 45, CAD med, IS 4500 volts, TEM 650°C, GS1 60 psi, GS2 45 psi. Settings

for desmethyl erlotinib were: Dwell time 150 ms, DP 56 volts, EP 5 volts, CEP 18 volts, CE

45 volts, CXP 4 volts, CUR 45, CAD med, IS 4500 volts, TEM 650°C, GS1 60 psi, GS2 45

psi. A value 3x above the signal obtained from blank plasma was designated as LOD. The

LOQ was defined as the lowest concentration at which back calculation yielded a

concentration within 20% of theoretical and which was above the LOD. The LOQ for both

erlotinib and O-desmethyl-erlotinib was 0.5 ng/ml. In general back calculation of points

yielded values within 15% of theoretical over four orders of magnitude (0.5 ng/ml to 1000

ng/ml).

Dovitinib (LC Laboratories) was administered at 30 mg/kg by oral gavage in 0.2 ml. The

compound was dissolved in 20 mM lactic acid in D5W. Various times post dose, animals

were sacrificed by CO2 inhalation, blood was collected using an acid-citrate-dextrose coated

syringe by cardiac puncture, and plasma was isolated by centrifugation. 100 μl of plasma

was precipitated with 200 μl of acetonitrile containing 80 ng/sample of N-benzylbenzamide

internal standard. After clearing by centrifugation, 250 μl of supernatant was mixed with

250 μl dH20 containing 0.2% formic acid. Samples were analyzed by LC/MS/MS using an

Applied Biosystems/MDS Sciex 3200-QTRAP coupled to a Shimadzu Prominence LC.

Standards prepared by spiking blank mouse plasma (Bioreclamation, Inc.) with varying
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concentrations of dovitinib were processed following the same procedure used for samples.

Chromatography conditions were as follows. Buffer A consisted of water + 0.1% formic

acid and Buffer B consisted of methanol + 0.1% formic acid. The column flow rate was 1.5

ml/min using an Agilent C18 XDB, 5 micron packing, 50 × 4.6 mm size column. The

gradient conditions were 0.01- 1.5 min 100% A, 1.5 – 2.0 min gradient to 100% B, 2.0 - 3.5

min 100% B, 3.5 - 3.6 min gradient to 0% B, 3.6 - 5.0 min 100% A. Dovitinib was detected

in MRM (multiple reaction monitoring) mode by following the precursor to fragment ion

transition 393.1 to 336.2. N-benzylbenzamide (transition 212.1 to 91.1) was used as an

internal standard (IS). Instrument settings for dovitinib were: Dwell time 150 ms, DP 71

volts, EP 9 volts, CEP 18 volts, CE 39 volts, CXP 4 volts, CUR 45, CAD med, IS 4500

volts, TEM 650°C, GS1 60 psi, GS2 45 psi. A value 3x above the signal obtained from

blank plasma was designated as LOD. The LOQ was defined as the lowest concentration at

which back calculation yielded a concentration within 20% of theoretical and which was

above the LOD. The LOQ for dovitinib was 5 ng/ml. In general back calculation of points

yielded values within 15% of theoretical over four orders of magnitude (5 ng/ml to 5000 ng/

ml).

Drug trials

Approximately 64 mm3 fragments of tissue from stably growing orthotopic tumorgrafts

were implanted subcutaneously in 4-6 week old mice. When tumor volumes reached

250-300 mm3, mice were segregated into appropriate treatment groups (3-5 mice/group)

based on (i) tumor volume, (ii) growth rate, and (iii) mouse weight. Erlotinib (LC

Laboratories) was administered by oral gavage every 12 h at 12.5 mg/kg in 5% ethanol,

0.5% Tween 80, 94.5% of a 0.3% w/v CMC in 0.174M sodium acetate/acetic acid, pH 4.0.

Sirolimus (LC Laboratories) was administered by IP injection every 48 h at 0.5 mg/kg in 5%

ethanol, 5% PEG400, 5% Tween 80 and 85% D5W. Vehicle (5% ethanol, 5% PEG400, 5%

Tween 80, 85% D5W) was administered by IP injection every 48 h. Sunitinib (LC

Laboratories) was administered by oral gavage every 12 h at 10 mg/kg in 0.5% CMC in

D5W. Dovitinib (LC Laboratories) was administered at 30 mg/kg by oral gavage in 20 mM

lactic acid in D5W. Tumor dimensions were measured twice a week using a digital caliper

and tumor volume was calculated by the formula: tumor volume = l x w x h, where l is the

largest dimension of the tumor, w is the largest diameter perpendicular to l, and h is

maximal height of the tumor. Weekly weights were taken and treatment dose was modified

accordingly. Mice were typically sacrificed after 4 weeks of treatment, or earlier if they

became sick (e.g. hypercalcemia), or if tumors became too large.

Immunohistochemistry

Paraffin-embedded sections were cut and stained with phospho-S6 antibody S240/244

(1:100) (Cell Signaling) as described (40). Immunostained slides were evaluated

independently by two investigators (S.S. and P.K.) who were blinded to clinicopathologic

data. Quantitation was performed by P.K. according to the following scale: 1+ (weak), 2+

(moderate), 3+ (strong), and 4+ (very strong) and percentage of tumor cells with

cytoplasmic (p-S6) staining: no staining (0), 1-24% (1), 25-49% (2), 50-74% (3), and >75%

(4). The product of staining intensity and the percentage of positive cells was used for

statistical analysis.

Statistical Analyses

The association of specific pathological characteristics and tumor engraftment was evaluated

using a Fisher exact test for categorical variables and a Student t test for continuous

variables. Outcome analyses excluded the liposarcoma (TG147). Treatment effects on tumor

growth were evaluated using a linear mixed model assuming a AR(1) covariance structure.

For time-to-event outcome, a Log-Rank test was used. For deceased patients, when the date
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of demise was not available, the date of the last encounter was used. Reported p-values are

two-sided and not adjusted for multiple comparisons unless otherwise indicated. Statistical

analyses were performed using SAS 9.2 for Windows (SAS Institute Inc.) and SPSS

Statistics 17.0. For statistical analyses of microarray data, please see the corresponding

sections.

Supplementary Material

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

Establishment of tumorgrafts. (A) Schema illustrating overall disposition of patient tumor

samples: fragments are implanted orthotopically into 5 cohort 0 mice (TGc0), frozen without

(F) and with DMSO (D), and fixed in formalin and paraffin embedded (FFPE). When

tumorgrafts reach ~ 10 mm in diameter, they are passaged into cohort 1 mice (TGc1).

Following 1-2 passages, tumorgrafts are implanted for subcutaneous (s.c.) growth evaluation

and subsequently for drug trials. Tumors from mice not passaged are processed and

preserved. (B) MRI of orthotopic tumorgraft-bearing kidney in a mouse. (C) 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(I), TG(II) and TG(III)]. Scale bar: 100μm.
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Fig. 2.

Evaluation of patient outcomes according to stable engraftment of primary tumors from

patients with localized disease. (A) Kaplan-Meier analysis of disease-free survival according

to stable engraftment for all histologies or ccRCC. (B) Kaplan-Meier analysis of overall

survival according to engraftment status for all histologies or ccRCC. Cross indicates

censored data.
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Fig. 3.

Gene expression analyses of tumors and tumorgrafts. (A) Principal component analysis of

tumor, paired normal renal cortex (for a subset of tumors), and tumorgraft samples before

and after subtraction of probes upregulated in tumors vs. tumorgrafts. List of top Ingenuity

Pathways corresponding to transcripts upregulated in tumors over tumorgrafts with a FDR

q<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 probesets in tumors compared to adjacent normal parenchyma (ranked by q value).

N, normal; T, tumor; TG, tumorgraft; FDR q, false discovery rate-corrected p value; FC,

fold change.
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Fig. 4.

DNA copy number alterations in tumors and tumorgrafts. (A) Representation of DNA copy

number alterations in patient tumors (T) and corresponding tumorgrafts from the indicated

cohorts. Red and blue denote amplifications and deletions, respectively. (B) Unsupervised

hierarchical clustering of samples according to paired DNA copy number analyses. Each

tumor/tumorgraft clade is color-coded and includes patient tumors (T) or metastasis (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 1 (mTGc1).

Sivanand et al. Page 23

Sci Transl Med. Author manuscript; available in PMC 2013 February 13.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Fig. 5.

Calcium levels in tumorgraft-bearing mice. Serum calcium levels in mice implanted with

tumors from patients with paraneoplastic hypercalcemia, TG144 (n=3) and TG166 (n=3),

compared to tumorgraft-bearing mice from a patient without paraneoplastic hypercalcemia

(TG26; n=5). Data are means + SE; ***, p<0.001.
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Fig. 6.

Effect of sunitinib, sirolimus, and erlotinib on ccRCC tumorgrafts. (A) H&E sections

comparing orthotopic tumorgrafts (ortho) vs. tumorgrafts implanted subcutaneously (s.c..)

for the 8 ccRCC tumorgraft lines evaluated for drug responsiveness. (B) Tumorgraft

volumes from 8 tumorgraft lines treated, starting at day 0, with vehicle (n=32), erlotinib

(n=25), sunitinib (n=32), and sirolimus (n=33). Graph includes 1,482 volume measurements

(vehicle, n=385; erlotinib, n=304, sunitinib, n=380, and sirolimus, n=413). Trend lines were

generated using a second order polynomial quadratic regression analysis. p values by

comparison to vehicle control were determined using a linear mixed model. (C) Tumor

volumes of lung adenocarcinoma cell line-derived xenografts from mice treated with

erlotinib (n=3) or vehicle (n=3). Data are means + SE. (D) Representative macroscopic

tumorgraft images from several tumors from different lines at the end of trial. (E)

Immunohistochemistry of tumorgrafts from mice treated as indicated and evaluated for the

mTORC1 pathway effector marker phospho-S6. Scale bar: 100 μm.
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Fig. 7.

Effect of dovitinib on RCC tumorgrafts. (A) Tumorgraft volumes of mice treated with

vehicle (n=17), sunitinib (n=16), sirolimus (n=15), and dovitinib (n=15). A second order

polynomial quadratic regression analysis was used to generate trend lines and a linear mixed

model was used for the calculation of p values respect to vehicle control. (B) Macroscopic

tumorgraft images from several tumors at the end of trial. (C) Tumorgraft volumes at the

end of drug trial. (D) Serum calcium levels of TG144 at the end of the trial (n=3-4 per

treatment arm). Data are means + SE. *, p<0.05; **, p<0.01.
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Table 2

Predictors of stable tumor engraftment

All histologies clear-cell RCC

Engrafted/Total (p) Engrafted/Total (p)

RCC histology 0.15

 clear cell 11/65

 papillary 3/14

 chromophobe 0/4

 oncocytoma 0/5

 unclassified 2/3

VHL mutation (germline or somatic) 0.59

 Mutant 8/42

 Wild type 2/6

Tumor implanted from metastases 4/5 0.0028 3/4 0.014

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

Pathologic tumor stage 0.0014 0.0026

 T1 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

 N0 1/21 0/17

 N1 4/7 2/3

Metastasis at presentation 6/10 0.0014 4/7 0.013
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Table 3

Mutations retained in tumorgraft cohorts

Retained Mutations

ID # Mut Evaluated TG(I) TG(II) TG(III)

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 11 11 n/a

TG142 11 8 8 n/a

TG127 7 5 5 n/a

Total 134 123 (92%) 78 (91%) 40 (93%)

Overall 241/263 (92%)

n/a, not assessed; TG, tumorgrafts of increasing passages.
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Table 4

VHL mutations in patient tumors and tumorgrafts

Retained mutations

ID VHL mutation (Tumor) TG(I) TG(II) TG(III)

TG22 c.472C>G,p.L158V + n/a n/a

TG127 c.232_233delAA + + n/a

TG142 c.525_533delCAGGAGACT + + n/a

TG144 c.506T>C,p.L169P + + +

TG166 c.224_226delTCT + + +

TG183 c.414_421delATCTCTCA + + n/a

n/a, not assessed; TG, tumorgrafts of increasing passages.
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Table 5

Point mutations or indels in tumorgrafts but not patient tumors

Total amplicons sequenced in tumorgrafts 618

Average number of bp per amplicon 400

Approximate number of bp 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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