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Abstract
Renal cell carcinoma (RCC) is an aggressive malignancy with limited responsiveness to existing
treatments. In vivo models of human cancer, including RCC, are critical for developing more
effective therapies. Unfortunately, current RCC models do not accurately represent relevant
properties of the human disease.

The goal of this study was to develop clinically relevant animal models of RCC for preclinical
investigations. We transplanted intact human tumor tissue fragments orthotopically in
immunodeficient mice. The xenografts were validated by comparing the morphologic, phenotypic,
and genetic characteristics of the kidney tumor tissues before and after implantation.

Twenty kidney tumors were transplanted into mice. Successful tumor growth was detected in 19
cases (95%). The histopathologic and immunophenotypic features of the xenografts and those of
the original tumors largely overlapped in all the cases. Evaluation of genetic alterations in a subset
of 10 cases demonstrated that the grafts largely retained the genetic features of the pre-
implantation RCC tissues. Indeed, primary tumors and corresponding grafts displayed identical
VHL mutations. Moreover, an identical pattern of DNA copy amplification or loss was observed
in 6 of 10 cases (60%).

In summary, orthotopic engrafting of RCC tissue fragments can be successfully used to generate
animal models that closely resemble RCC in patients. These models will be invaluable for in vivo
preclinical drug testing, and for deeper understanding of kidney carcinogenesis.
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Introduction
Renal Cell Carcinoma (RCC) is a very aggressive disease that accounts for about 2% of all
malignancies (1), with approximately 57,000 new cases and 13,000 deaths in United States
in 2009 (2). Unfortunately, the incidence and mortality rate of RCC have increased
substantially over previous decades (3–6). While significant advances have been made in the
management of RCC over the past few years, systemic treatment for patients with locally
advanced or metastatic disease remains suboptimal (7–14). Indeed, VEGF-targeted anti-
angiogenic therapies (sunitinib, sorafenib, pazopanib, and bevacizumab) have recently been
approved and all produce tumor shrinkage in the majority of patients and significantly
prolong median progression free survival. Other treatments targeting the m-TOR pathway
(Temsirolimus, Everolimus) offer some benefit although the mechanism of this effect is still
being debated (8, 12–14). Unfortunately, responses to these therapies are transient and
incomplete, with the vast majority of patients still dying of disease at a median of < 2 years
(1, 7, 11). Therefore, there is a great need for novel, more effective treatments.

RCC is a heterogeneous neoplasm that consists of several histological subtypes including
clear cell (～75%), papillary (～12%), chromophobe (～4%), collecting duct (～1%), and
unclassified (～4%) carcinoma (1, 15–17). Mouse models of cancer are critical for
improving the understanding of tumor biology, developing biomarkers for early detection
and accelerating the identification of novel therapeutic targets. Unfortunately, there are still
few animal models that can mimic human RCC (18–21). Despite their invaluable
significance to study the genetic mechanisms at the basis of RCC development, these
models represent types of kidney tumors (chromophobe RCC and oncocytoma) that account
for only a limited number of cases in humans. Currently available models of RCC are
mostly based on the orthotopic or subcutaneous implantation of human RCC cell lines in
immunodeficient recipient mice (22–25). One main disadvantage of developing cancer
models by implanting cell lines is that cancer cells continuously cultured in vitro are known
to acquire many genetic alterations not found in the original tumor (26). Moreover, due to
the limited number of RCC lines, cell line-based models lack the heterogeneity that
characterizes kidney cancer in the human population. Studies performed in other organs
support the hypothesis that the implantation of intact cancer tissues more accurately
represents the human disease (27–30). Specifically, this strategy allows maintaining the
critical interactions between cancer cells and their surrounding microenvironment and favors
metastasis formation. Of note, recent studies seem to indicate that intact human RCC
fragments implanted in mice can successfully grow (27, 31, 32).

Here we describe the development of a panel of well-characterized xenografts of RCC,
obtained by implanting intact human cancer tissues orthotopically in immunodeficient
recipient mice. To clarify the extent to which these xenografts resemble the corresponding
RCCs in the patients, we conducted histological, immunohistochemical and genetic
evaluations of the original tumor samples and the matched first passage xenografts. Results
show that our mouse models closely mimic human RCC, thus providing valuable
opportunities for deeper understanding of kidney carcinogenesis and for preclinical and
translational applications.
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Materials and Methods
Ethics Statement

De-identified human kidney tumor samples were obtained from radical or partial
nephrectomies performed at the Brigham and Women’s Hospital and the Beth Israel
Deaconess Medical Center (Boston, MA, USA). All patients provided written informed
consent according to a protocol approved by the Institutional Review Boards of the Dana-
Farber Cancer Institute (DFCI Legacy # 01-130). This study was also specifically approved
by the IRB of the Dana-Farber Cancer Institute (DFCI Legacy # 06-039) (Table 1). Animal
care and experiments were performed in accordance with the guidelines of the Harvard
Medical Area Standing Committee on Animals and this Committee specifically approved
this study (protocol # 04211).

Primary Kidney Tumor Tissue Samples
Viable tumor tissue was harvested from a single tumor area within 60 minutes from surgical
removal and preserved in Dulbecco's Modified Eagle Medium (Invitrogen) containing 10%
fetal bovine serum, penicillin and streptomycin (100mg/ml each; Invitrogen) on ice. Each
tissue sample was divided into two parts. One part was frozen and evaluated to confirm
histological features and rule out the presence of significant hemorrhagic/necrotic areas, not
suitable for experimentation. The remaining part was cut into multiple fragments (～1mm3)
and used for implantation.

Transplantation experiments
Recipient immunodeficient mice (NOD/SCID, Jackson Laboratories, Bar Harbor, Maine and
Nu/Nu, Charles River, Wilmington, MA) were anesthetized with ketamine (100 mg/kg i.p.)
and xylazine (10 mg/kg i.p.). Using sterile surgical techniques, tissue fragments from 20
renal tumors were selected as described above and engrafted under the kidney capsule of
forty-seven recipient mice (total volume ～ 3–20 mm3 per kidney) (Supplementary Table 1).
Tissue fragments from a subset of 8 tumors were also implanted subcutaneously in eight
mice.

Two to twelve months after implantation, mice were euthanized and xenografts were fixed
in 10% formalin and embedded in paraffin. For a subset of 10 cases, xenograft tissues were
also embedded in optimal cutting temperature (OCT) medium and frozen at −80°C for
genetic studies. Since the shape of the xenografts approximated that of a half cylinder,
xenograft volumes were estimated using the equation for the volume of a half cylinder
(πr2h/2) (33).

Immunohistochemical staining
Immunohistochemical analysis was performed in one randomly selected xenograft per case.
Five µm-thick tissue sections of primary tumor samples and matched grafts were
immunostained using the EnVision™+ System horseradish peroxidase detection kit (Dako).
Briefly, sections were deparaffinized and rehydrated in water, and antigen retrieval was
done by heating slides in citrate buffer (pH 6.0) for CAIX, CD34 and CD45 or EDTA buffer
(pH 8.0) for Ki67, CD10, and VEGF in a pressure cooker for 2 minutes. Sections were
blocked with Peroxide Block (Dako) for 5 minutes and incubated with mouse-anti-human
CAIX (1:15000, clone M75), mouse-anti-human Ki67 (1:100, Dako), rat-anti-mouse CD34
(1:100, Abcam), mouse-anti-human CD34 (ready to use, Immunotech), mouse-anti-human
CD45 (1:25, Dako), rat anti-mouse CD45 (1:25, BD Pharmigen), mouse-anti-human CD10
(1:10, Leica/Novocastra) or rabbit-anti-human VEGF (C-term) (1:100, Epitomics) antibody
for 1 hour at room temperature. Sections were washed for 5 minutes in PBS and incubated
with the anti-mouse HRP-conjugated antibody for 30 minutes. Sections were incubated with
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the DAB chromogen (Dako) for 5 minutes and lightly counterstained with hematoxilin. For
human CD34 and human CD45 staining, tissue sections were incubated with the Mouse on
Mouse Blocking Reagent (Vector Laboratories) for 1 hour prior to incubation with the
primary antibody. Substitution of the primary antibody with phosphate buffered saline
(PBS) served as negative staining control.

Histopathological evaluation and immunohistochemical scoring
Light microscopy evaluation of H&E-stained sections and immunostained slides was
performed by two independent pathologists (SS and ADN). For CD34 and CD45 stains, the
presence of human-derived and/or mouse-derived CD34-positive or CD-45-positive cells
was recorded. Ki67 stain was scored by determining the percentage of tumor cells
displaying nuclear staining in 10 randomly selected high-power fields (40X). Semi-
quantitative analysis of CAIX, CD10, and VEGF stains was performed by estimating the
percentage of tumor cells displaying membrane (CAIX and CD10) or cytoplasmic (VEGF)
staining. For all biomarkers, the intensity of expression was classified as weak (1+),
moderate (2+), or strong (3+). In cases characterized by heterogeneous expression levels, the
two predominant expression intensities were reported.

Expression levels of the markers were considered to be concordant in the original tumor and
matched xenograft if results of the immunohistochemical scoring in the two samples showed
a difference within +/− 10%.

Genetic analyses
To ensure at least 70% contribution from tumor cells, enriched tumor areas were isolated
from 7 µm-thick tissue frozen sections using a fine needle with the aid of an optical
microscope. DNA was then extracted using phenol chloroform (26).

Von Hippel-Lindau gene (VHL) mutational analysis was performed by direct sequencing. as
previously described (26). For DNA copy number analysis, the Sty I (250K) SNP array of
the 500K Human Mapping Array (Affymetrix) was used. Arrays were scanned by GeneChip
Scanner 3000 7G. Probe-level signal intensities were normalized to a baseline array with
median intensity using invariant set normalization and SNP-level signal intensities were
obtained using a model-based (PM/MM) method, as previously described (26). All SNP
array data are available through the Gene Expression Omnibus database.

Results
Orthotopic RCC grafts are recovered at high efficiency

Fresh tumor tissue from 20 kidney tumors, including 17 clear cell RCC (cRCC), 2 papillary
RCC (pRCC), and 1 oncocytoma, was obtained from patients who underwent either partial
or radical nephrectomy. Five cRCCs had Fuhrman’s nuclear grade (FNG) 2, 8 cRCCs and 2
pRCC s had FNG 3, and 3 cRCCs had FNG 4. Most patients were males (65%) and their
ages ranged between 18 and 83 years (Table 1).

For all but one of the 20 transplanted cases (95%), we observed successful tumor growth in
at least one transplantation site. The one tumor that completely failed to grow was a
transplanted cRCC. Overall, tumor growth was detected in 40 of 47 (85%) of engrafted sites
and the volume of the grafts ranged from 2.4 to 29,452.5 mm3 (Figure 1A and
Supplementary Table 1). In most cases the tumor presented a circumscribed growth pattern
and did not invade the renal parenchyma of the mouse host. However, in two cRCC cases
(cases # 3 and 6) the tumor grossly infiltrated both the renal parenchyma and neighboring
organs (e.g. liver and spleen) (not shown).
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We chose to implant tumor tissue under the renal capsule because this site is highly
vascularized, and, importantly, closely mimics the original microenvironment (27, 29, 34–
36). However, monitoring of graft growth at the orthotopic site (i.e. kidney) requires
imaging techniques, which are not readily available. Therefore, in the attempt to develop
tumor models that can be more easily monitored, 8 of the 20 RCC cases were also grafted
subcutaneously. We found that the recovery rate of the subcutaneous grafts was relatively
low (2/8 grafts, i.e. 25%).

Orthotopic RCC grafts have morphologic and phenotypic features comparable to those of
the original human tumors

We first analyzed the pre- and post-implantation tumor tissues by light microscopy.
Specifically, pathologic features including histologic subtype, FNG, pattern of growth (i.e.
alveolar, papillary, solid, tubular alveolar) and cytological characteristics (i.e. clear or
granular) were evaluated and compared in the primary tumors and corresponding xenografts
at the primary passage.

All tumors that successfully grew in the animal host exhibited the same pathological
characteristics of the original human tumors (Table 1; Figure 1B). Two cRCC cases were
characterized by the presence of extensive hemorrhagic areas in the pre-implantation tissue.
Of note, similar hemorrhagic features were also found in the corresponding grafts (not
shown).

The proliferation index of the neoplastic cells was also concordant in all the pre and post-
transplantation tissues (Figure 2A and Supplementary Table 2). This proliferation index was
assessed by Ki67 immunohistochemistry (37). Nuclear positivity for Ki67 varied between
3% and 70%. Of note, all grafts were characterized by the presence of proliferating tumor
cells, indicating actual tumor growth in the host.

The immunophenotypical characteristics of the xenografts were also similar to those of the
original tumors. We evaluated molecular markers expressed by RCC and utilized in
pathological evaluation of renal tumors, including Carbonic Anhydrase IX (CAIX), and
CD10 (38–41). In addition, VEGF levels were also investigated. Results are summarized in
Supplementary Table 2 and representative immunostains of primary tumors and
corresponding grafts are shown in Figure 2A. The original tumors exhibited expression of
CAIX, a molecular marker of cRCC (42, 43), in 16 cases (84.2%), including 15 of 16 clear
cell carcinoma cases. The percentage of positive cells ranged from 50 to 100%. CD10
immunoreactivity, was observed in 18 primary tumors (94.7%), with a percentage of
positive cells that ranged between 2 to 90%. VEGF expression was detected in all primary
tumors, with a percentage of positive cells that ranged from 1 to 95%. Of note, in almost all
cases (18 of 19) concordant levels of CAIX were observed in the original human tumors and
the corresponding grafts. CD10 expression was found to be concordant in 13 of 19 cases
(68.4%), and VEGF levels were concordant in 10 of 19 cases (52.6%). For all molecular
markers, the majority of cases with concordant proportions of positive cells in the tumors
and matching grafts also displayed concordant staining intensity (Supplementary Table 2).

Orthotopic RCC grafts retain the genetic characteristics of the original human tumors
We further investigated whether genetic alterations were similar in the human RCC samples
and the corresponding grafts at the primary passage. Since 60–80% of sporadic cRCCs
harbor mutations in VHL (1, 44), we performed VHL mutational analysis in a subset of 10
cases for which frozen tissue was available (9 cRCC and 1 pRCC). Importantly, a genome-
wide analysis of copy number changes was also conducted on the same subset of cases. By
direct sequencing, we detected VHL mutations of in 7/9 (78%) cRCC cases analyzed. As
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expected, no VHL mutations were observed in the pRCC case. Of note, for all cases,
identical mutations were found in the original RCC tissues and the corresponding grafts
(Table 2). Since it has been suggested that VHL mutations might have prognostic value in
patients with cRCC (45), we investigated the relation between VHL mutations and tumor
growth. There was no significant association between VHL mutational status and the
average graft volume (exact Wilcoxon-Mann-Whitney test, p = 1)

Genome-wide analysis of copy number changes in pre- and post-implantation tissues was
performed using high-density single nucleotide polymorphism (SNP) arrays. Several genetic
abnormalities have been previously described in RCC and a systematic genomic analysis of
cRCC from our group recently identified 14 regions of nonrandom copy-number change,
including 7 regions of amplification (1q, 2q, 5q, 7q, 8q, 12p, and 20q) and 7 regions of
deletion (1p, 3p, 4q, 6q, 8p, 9p, and 14q) (26, 46–48).

We first assessed the presence of such non-random alterations in the original human tumors.
As expected, all 14 non-random alterations were detected in our data set (Figure 3 and
Supplementary Table 3). In line with our previously published data, we found that the most
frequent copy number events were chromosome (chr) 3p deletion (90%) and chromosome
5q amplification (60%).

We then compared the copy number profiles of the original tumors to those of the
corresponding xenografts (Figure 3). In 6 of 10 cases (60%), the grafts displayed a profile of
copy number changes identical to those of the pre-implantation tissues. In two cases, the
grafts showed the presence of several chromosomal abnormalities not detected in the
original tumors. These abnormalities included amplification at chromosome 3q, 4p, 8q, and
16p and deletion of chromosomes 4q, 8p, 9, 11q, 14, 16q, and 18 in one case (#6), and
amplification of chromosome 19 and 20 and deletion of chromosomes 4q, 6q, 9, 10 and 15p
in the other case (#12). In the remaining two cases, the grafts did not a single genetic
alteration observed in the original tumors. Such alteration consisted of chromosome 1q
amplification in one case (#3) and amplification of portion of chromosome 5p in the other
case (#19). Of note, we found a positive association between the number of non-random
genetic changes in the grafts and the average graft volume (exact Spearman's correlation
test, p = 0.033).

Orthotopic RCC grafts develop metastases
We observed that two orthotopically implantated cRCC tumors consistently invaded the
kidney parenchyma and spread to the neighboring organs. One of these two xenografts (case
#3) also caused distant metastatic disease in the recipient animals (Figure 4), which were
sacrificed only 2 months after transplantation because of shallow breathing. Pathological
examination indicated extensive infiltration of abdominal organs (Figure 4B) as well as the
presence of multiple metastatic nodules in the lungs (Figure 4A). Remarkably, review of
clinical data revealed that the patient had rapidly developed widespread metastatic disease
and had died a few months after surgery. The other engrafted RCC case (# 1) known to have
caused metastases in the patient (Table 1), however, did not grow in the mouse host.

There was no significant association between the grade of the human RCC and the
aggressiveness (i.e. local invasion and/or metastases) of the corresponding xenografts
(Fisher's exact test, p = 0.38).

A subset of orthotopic RCC grafts contain blood vessels lined by human endothelial cells
Since xenografts were developed by implanting intact human tumor tissue fragments, we
investigated whether the endothelial cell component of the vasculature had been replaced
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over time by murine cells by assessing the expression of species-specific CD34, a well-
known marker of endothelial cells (49).

Ten cases (9 cRCC and 1 pRCC) were characterized by absence of human vasculature and
presence of solely murine endothelial cells lining the blood vessel. In the remaining 9 cases
(7 cRCC, 1 oncocytoma and 1 pRCC), however, blood vessels of human origin were
detected in addition to blood vessels lined by murine endothelial cells. In these cases, the
newly generated murine vasculature progressively infiltrated the graft starting from the
periphery, enclosing a central area containing the human vasculature (Supplementary Table
2 and Figure 2B). We found a significant association between the persistence of human
vessels and the xenograft volume. Indeed, residual human vasculature was observed in 9 of
13 cases (69%) with tumor volume below 200 mm3, but in none of the six cases with tumor
volume higher than 200 mm3 (Fisher's exact test; p = 0.01). The presence of human-derived
endothelial cells was also positively associated with the percentage of VEGF-positive
tumors cells in the grafts (exact Wilcoxon-Mann-Whitney test, p = 0.005), but it was not
significantly associated with VEGF staining intensity (exact Wilcoxon-Mann-Whitney test,
p = 0.30). There was no significant association between the persistence of human vessels
and proliferation index (Fisher's exact test, p = 0.1), Fuhrman nuclear grade (Fisher's exact
test, p = 0.6), or time of growth in the host (Fisher's exact test, p = 0.2).

We also investigated the presence of cells of hematopoietic origin in the xenografts by
assessing the expression of species-specific CD45 (leukocyte common antigen). We
observed rare murine CD45-positive cells, mostly within blood vessels. Sparse human-
derived CD45-positive cells infiltrating tumor nests were detected in 4/14 (29%) xenografts
(Supplementary Figure 1).

Discussion
With this study we propose a method for developing clinically significant animal models of
RCC, which could be very useful for clarifying numerous aspects of RCC tumorigenesis and
for accelerating the development of novel targeted treatments.

Compared with RCC xenograft models based on the implantation of tumor cell suspensions,
our study introduces a means to more closely mimic the biological characteristics of the
human disease. Indeed, the orthotopic implantation of the intact fragments of human RCC
allows at all times the preservation of cell-to-cell and cell-to-matrix interactions present in
the original tumor, which are known to play a key role in tumor growth (27, 29, 34–36). Our
high rate of graft success (i.e. 95%) strongly supports this concept. As opposed to the
orthotopic implantation, however, and in line with reports from other groups (30, 31, 36, 50,
51), we observed that the recovery rate of the subcutaneously grafted RCCs was relatively
low (25%). These findings can be partially explained by the significantly higher levels of
vascularization of this site relative to the subcutaneous compartment. Furthermore, it is
likely that by more closely mimicking the complex molecular milieu in which the tumor
originated, the kidney microenvironment facilitates the survival and proliferation of the
cancer cells in the mouse host.

We detected a considerable variability of the xenografts growth rate, with a few of them
growing very little or regressing. Of note, such variability was observed even among
xenografts generated from the same tumor. It is well recognized that human kidney tumors
are very heterogeneous in their composition and that even adjacent regions of the same
neoplastic lesion contain highly variable proportions of tumor, stromal, and inflammatory
cells as well as variable amounts of necrosis. Although, we performed histopathological
analysis to try and identify tumor areas optimal for transplantation, and transplanted similar
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amounts of tissue (minimally for each case), it is likely that the amount of viable tumor cells
implanted in each kidney was highly variable. It is, therefore, reasonable to hypothesize that
engrafted tissues with a small number (or absence) of viable tumor cells grew very little or
regressed. However, additional factors including technical issues and differential ability of
tumor cell subsets to survive in the mouse microenvironment might have also played a role.

The development of more effective therapies for RCC would greatly benefit from the
availability of animal models that represent the phenotypic and genetic heterogeneity of
RCC tumors in the human population. Cancer xenograft models have been extensively
utilized in preclinical studies of anti-cancer drug activity with variable success (52, 53).
While xenografts derived from human cell lines are often of limited use for predicting
responses to anti-cancer therapy in humans (52, 54), it has been suggested that orthotopic
xenografts derived from primary tumors might be of value for this purpose (52, 55, 56).
However, the extent to which orthotopic xenograft models actually resemble human primary
tumors has been rarely investigated (31, 57) and extensive validation studies are required
before orthotopic RCC models are widely implemented in the preclinical setting.

Our study demonstrates high levels of histological, immunophenotypical and genetic
concordance between our orthotopic RCC xenografts and the corresponding primary tumors.
Remarkably, overlapping histopathologic features and identical VHL mutations were
observed in the pre-implantation tumors and the corresponding xenografts at the first
passage. Moreover, by genome-wide DNA copy number analysis, six of ten cases displayed
the same genetic alterations. In two cases, a single genetic abnormality was observed in the
primary tumor but not in the matched xenograft. In the two remaining cases, the copy
number profiles of the pre- and post-implantation tissues were considerably discordant with
several genetic alterations detected in xenografts but not in the original tumors. The
acquisition of new genetic changes leading to growth advantage of selected cell
subpopulation(s) within the graft could account for some of these findings. However,
heterogeneity of genetic alterations in different regions of the primary tumors might also
play a key role, especially in explaining genetic abnormalities present in the original tumor
but not in the matched graft (58–60). Indeed, the genetic heterogeneity of the neoplastic
cells implanted in the murine host might have led to selection of tumor cell subclone(s) that
more rapidly adapted to survive and/or grow in the host environment. In alternative, it is also
possible that the dissection of genetically heterogeneous tumors could have caused random
selection of subclone(s) of tumor cells prior to implantation in the host. Further genomic
analyses of larger series of pre-and post-implantation tumor tissues as well as functional
studies are needed to clarify whether any of the genetic alterations detected in the xenografts
but not in the corresponding primary tumors play a functional role in tumor growth and
progression in RCC.

The survival of patients with kidney cancer is unfortunately still limited by the development
of metastases, which occur in a significant proportion of cases (i.e. ～ 30%) (1, 4, 61). For
this reason, major effort has been placed in generating tumor models to study human renal
cancer growth and progression in vivo, especially metastasis development. Of note, two of
our xenograft tumors invaded contiguous organs. In addition, one of two RCC cases known
to have caused metastases in patients also produced multiple lung metastases.in the murine
hosts. These data indicates that at least a subset of our orthotopic RCC xenograft models has
the potential to reproduce metastatic patterns of human cancer in vivo and could be useful to
investigate genetic and epigenetic events that dictate RCC cell dissemination, and to
potentially develop novel therapeutic treatments.

In conclusion, we demonstrate the orthotopic engrafting of RCC tissue fragments can be
successfully used to generate animal models that closely resemble RCC in patients. Future
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studies are needed to determine whether xenografts serially transplanted in the mouse host
continue to retain features of the primary human tumors. The development of stable models
that can be successfully passaged in mice and are readily available for pre-clinical studies
would certainly represent a further improvement over the first passage xenografts described
in this paper.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Macroscopic and histological features of RCC grafts
A. Representative gross images of orthotopic RCC grafts (X200 magnification). Examples
of three cRCC cases (a, case # 5; c, case # 6; d, case # 3) and one pRCC case (b, case # 11)
are shown. Blue arrows indicate the engrafted tumor; yellow arrowheads indicate murine
kidney; black arrowheads indicate murine adrenal gland; and the black arrow indicates the
uterus of the mouse host. B. Representative histological images of H&E stained slides of
primary tumors (upper panels, X200 magnification) and corresponding grafts (lower panels,
X200 magnification) are shown: (e, i) FNG 2 cRCC (case # 2); (f, j) FNG 3 cRCC (case #
6); (g, k) FNG 3 pRCC (case # 11); (h, l) FNG 4 cRCC (case # 3). Black arrows indicate the
mouse kidney.
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Figure 2. Immunophenotypic characteristics of RCC grafts
A. Representative microscopic images of primary cRCC (a, b, c, d) and matched orthotopic
xenograft (e, f, g, h) tissues immunostained for various markers (X600 magnification). Ki67
(a and e, case # 2), CAIX (b and f, case # 2), CD10 (c and g, case # 12), and VEGF (d and h,
case # 6) stains are shown. B. Examples of species specific labeling of CD34-positive
endothelial cells in two representative xenograft cases (X200 magnification). Murine (i) but
not residual human (j) endothelial cells are detected in a FNG 4 cRCC graft grown in the
host for 2 months (case # 19). Both murine (k) and human (l) endothelial cells are present in
a FNG 3 cRCC graft grown in the host for 8 months (case # 9). Black arrows indicate the
kidney of the mouse host.
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Figure 3. Copy-number profiles of primary RCCs and corresponding xenografts
Amplifications (red) and deletions (blue), determined by normalized signal intensities from
250K SNP arrays are displayed across the genome (chromosomes are indicated along the y
axis) for 10 primary RCC cases (T) and the matched xenografts (X). All cases, with the
exception of a papillary RCC case (T11/X11), display low signal intensities at chromosome
3p, reflecting copy loss in that region.
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Figure 4. Metastatic spread of ccRCC graft to the host lungs
Microscopic image of metastatic nodules detected in the lung (a) and liver (b) of a mouse
that had been carrying an orthotopic cRCC graft (case # 3) for a period of 2.5 months
(magnification X200 in the right and left panel, and X400 in the insets). The back arrow
indicates the collapsed lung parenchyma surrounding the neoplastic nodule, and yellow
arrow indicates the mouse liver.
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