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Abstract

About one-third of patients with advanced renal cell carcinoma (RCC) have bone metastases. The
incidence of RCC is increasing and bone metastatic RCC merits greater focus. Realistic preclinical
bone metastasis models of RCC are lacking, hampering the development of effective therapies.
We developed a realistic in vivo bone metastasis model of human RCC by implanting precision-
cut tissue slices under the renal capsule of immunodeficient mice. The presence of disseminated
cells in bone marrow of tissue slice graft (TSG)-bearing mice was screened by human-specific
polymerase chain reaction and confirmed by immunohistology using human-specific antibody.
Disseminated tumor cells in bone marrow of TSG-bearing mice derived from three of seven RCC
patients were detected as early as 1 month after tissue implantation at a high frequency with close
resemblance to parent tumors (e.g., CAIX expression and high vascularity). The metastatic
patterns of TSGs correlated with disease progression in patients. In addition, TSGs retained
capacity to metastasize to bone at high frequency after serial passaging and cryopreservation.
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Moreover, bone metastases in mice responded to Temsirolimus treatment. Intratibial injections of
single cells generated from TSGs showed 100 % engraftment and produced X-ray-visible tumors
as early as 3 weeks after cancer cell inoculation. Micro-computed tomography (uCT) and
histological analysis revealed osteolytic characteristics of these lesions. Our results demonstrated
that orthotopic RCC TSGs have potential to develop bone metastases that respond to standard
therapy. This first reported primary RCC bone metastasis model provides a realistic setting to test
therapeutics to prevent or treat bone metastases in RCC.
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Introduction

Bone is a common site of metastasis in patients with renal cell carcinoma (RCC), affecting
one-third of patients with metastatic disease [1, 2]. RCC bone metastases are predominantly
osteolytic, cause significant morbidity and are associated with one of the highest rates of
skeletal complications of solid tumors [2]. There is growing evidence that the presence of
bone metastases in individuals with metastatic RCC is associated with an adverse effect on
outcome [3-6]. Bone-targeted treatments using bisphosphonate and denosumab reduce
skeletal complications of bone metastatic RCC [7-9] but do not cure the disease or have
significant effects on survival. Additionally, a high incidence of osteonecrosis of the jaw
limits the therapeutic application of bisphosphonate and denosumab [10]. More effective
and less toxic treatments are urgently needed for RCC patients with bone metastases.
However, investigations of the impact of therapies on RCC bone metastases are rare because
patients with bone-only metastases are often excluded from clinical trials due to the lack of
measurable disease by RECIST response criteria. Therefore, it is imperative to develop
realistic preclinical models to better understand the biology of RCC bone metastasis and
discover effective treatments, especially since the incidence of RCC is increasing [11].

Currently, few preclinical animal models for bone metastatic RCC are available. The
published models include intracardiac [12-14], intratibial [13, 15, 16] or tail vein injections
[17] of either human 786-0 [12], RBM1 [15,16], SNC12C [13], ACHN [17] cell lines or rat
ACI-RCC cells [14] that produced osteolytic or mixed osteoblastic [13] lesions in bones of
mice. Of these only 786-0 is purely a clear cell carcinoma of origin, while the others are
metastatic (RBML1), less common papillary carcinoma (ACHN), insufficiently defined
mixed clear cell and granular cell (SN12C), and moderately differentiated basophilic cell
type rat carcinoma (ACI-RCC). Although these models have provided valuable insights into
development of RCC bone metastases [13] [15, 16] [18], the value of using cell lines is
diminished by long term culture, which allows accumulation of changes during adaptation to
growth in vitro and subsequent expansion in the absence of critical components of the tissue
microenvironment [19]. Tumors formed by cell lines in mice are often poorly differentiated
and likely without resemblance to the tumor from which the cell line was originally derived
[20]. In addition, RCC cell lines inoculated orthotopically into mice do not metastasize to
bone [14].

Clin Exp Metastasis. Author manuscript; available in PMC 2015 March 06.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Valta et al.

Page 3

The lack of realistic preclinical models, which contributes to the high failure rate of
anticancer drug development [21], may be overcome by the use of tumorgrafts derived from
fresh specimens of solid tumors, so called “mouse avatars” [22], because of their high
predictive power for both patient prognosis and drug response [23-26]. Herein, we report the
development and validation of a primary human RCC bone metastasis model using a
patient-derived tissue slice graft (TSG) technique recently developed in our lab [27]. This
grafting method utilizes precision-cut thin slices of tumor tissue, which allows the
generation of large, uniformly sized tumorgraft cohorts from a single tissue core and
adequate diffusion of oxygen and nutrients, ensuring a high rate of engraftment. The
maintenance of the tumor microenvironment, typically including the survival of human
stromal cells, contributes to the authenticity of the model and provides a realistic preclinical
setting for therapeutics targeting the microenvironment. This is especially important for
RCC as many targeted therapies primarily act on tumor vasculature [28].

We previously showed that TSGs derived from primary RCC tissues maintained appropriate
histology, immunophenotype, gene expression, and genetic mutations, and responded to
established as well as experimental drug treatments for RCC [27]. In this study, we analyzed
and characterized the capacity of primary human RCC cells in TSGs to disseminate and
metastasize to bone in mice. We detected bone metastases in TSG-bearing mice by
quantitative real-time polymerase chain reaction (QRT-PCR) using human-specific primers
and by immunohistochemistry using human-specific antibody. In addition, we examined the
capacity of TSGs to metastasize to bone after serial passaging and cryopreservation and
determined response of bone metastases to a standard therapy for advanced RCC. Finally,
we generated bone tumors in mice by intratibial injection of single cells derived from TSGs.

Materials and methods

Ethics statement

All animal studies were approved by the Stanford Administrative Panel on Laboratory
Animal Care (APLAC) and done in compliance with the regulations for animal studies at
Stanford University. Primary RCC tissues were obtained immediately after surgery under a
protocol approved by the Stanford Institutional Review Board. The participants provided
written informed consent to participate in this study.

Tissue acquisition, TSG generation and drug administration

Fresh RCC tissues were obtained from seven patients undergoing radical or partial
nephrectomy (clinicopathological features of these cases are summarized in Table 1). A
Krumdieck tissue slicer (Alabama Research and Development, Munford, AL) was used to
prepare precision-cut tissue slices as previously described [27, 29, 30], with the exception
that cores were not embedded in agarose prior to slicing. Briefly, each 8-mm diameter tissue
core was sliced at 300-um. Tissue slices were then implanted under the renal capsules of
immunodeficient RAG2~yC~/~ mice as previously described [27, 29]. One month after
implantation, placebo or Temsirolimus (Sigma-Aldrich, St. Louis, MO) was administered by
intra-peritoneal injection, once a week, 10 mg/kg/week, as previously described [31].
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Cryopreservation of tissue slices

Each fresh tissue slice was submerged in 1 ml of freezing solution [95 % fetal bovine serum
(FBS) (Hyclone, Logan, UT) and 5 % DMSOY], which has been shown to preserve viability
of breast cancer tissues [23], in a 2 ml sterile cryotube. The tubes were then placed in a
Nalge Nunc Cryo 1 °C Mr. Frosty Freezing Container (Nalge Nunc International, Rochester,
NY) at =70 °C overnight. The tubes were transferred to a liquid nitrogen freezer the next
day for long-term storage. Tissues were thawed quickly by agitating the tubes in a 37 °C
water bath and rinsed 2x with HEPES-buffered saline (HBS) before implantation into mice.

Immunohistochemistry and TRAP-staining

Immunohistochemistry was performed as previously described [29], except that tibia and
femur were fixed in 10 % formalin for 2 days, incubated in 14 % EDTA for 15 days,
paraffin-embedded and sectioned at 5-m throughout. The sources and dilutions of antibodies
used in this study are listed in Supplementary Table 1. Tartrate-resistant acid phosphatase
(TRAP) staining for detecting osteoclasts was performed as previously described [32].

Preparation of single cell population

Mice bearing TSGs were sacrificed and TSGs were dissected free of surrounding mouse
kidney. TSGs were placed in the Krumdieck tissue slicer and cut at 300-um. Sequential
sections were collected and alternating sections were frozen for histological analysis. Only
tissue sections adjacent to frozen sections free of necrosis or cystic structures were used to
generate single cells. Tissue slices were minced with scissors and then digested in
DMEM/F12 + GlutaMAX-1™ (Invitrogen, Carlsbad, CA) supplemented with 10 % FBS and
200 U/ml Collagenase type I (Sigma-Aldrich), 1 U/ml DNase | (Invitrogen), 2 uM Y 27632
(Sigma-Aldrich), and antibiotics for a total of 30 min at 37° C. The mixture was pipetted up
and down every 10 min. The digested tissue was passed through a 40-um cell filter (BD
Biosciences, Bedford, MA) and the cells that passed through the filter were collected. At this
point, cells were either immediately inoculated intratibially into mice or cryopreserved in
DMEM/F12 + GlutaMAX-1™ supplemented with 10 % FBS and 5 pug/ml holo-transferrin
(Sigma-Aldrich), 10 % DMSO and antibiotics. Prior to inoculation into mice, the cells were
suspended at a concentration of 5 x 10° live cells/20 pl of HBS and kept on ice until
inoculation.

Intratibial injections

Twelve-week-old RAG2~/~yC™~ mice were used for the intratibial injection of single RCC
cells generated from TSGs, as previously described [33]. Briefly, 20 pl of cell suspension or
HBS were inoculated into the right or left tibiae, respectively. A 28-gauge needle was
inserted ~5-mm deep into the proximal end of the tibia using a drilling motion. To verify the
correct position of the needle inside the tibial cavity, the tibia and the needle were then X-
rayed with Progeny Dental VetVision DC Model 30-A1027 X-ray (65 kV, 0.032 s, Midmark
Corp, Versailles, OH). If the position was correct, the needle was removed, and another
needle was inserted and 20 pl of cell suspension or HBS were slowly inoculated into tibia.
The tibiae were X-rayed weekly for signs of tumor growth. Bones were also analysed with
micro-computed tomography (LCT) and immunohistochemistry.
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Extraction of RNA from bone marrow and quantitative real-time PCR (qQRT-PCR)

Bones were rinsed in sterile HBS, placed on a sterile culture dish in a ventilated hood and
cut open with a surgical knife along the longitudinal axis. Using sterile instruments, marrow
was extracted and immersed in 100 pl of RNA-Later (Qiagen, Germantown, MD).
Equipment was changed between samples to avoid contamination. RNA extraction was
performed using an AllPrep DNA/RNA/Protein Mini Kit (Qiagen). The quality of RNA was
determined by spectrophotometry and on 1 % agarose gels. qRT-PCR was performed as
previously described [34]. Primer sequences for human-specific and universal GAPDH are
listed in Supplementary Table 2. To determine the sensitivity of the assay, 100 pul of mouse
blood was spiked with 10, 100 or 1,000 human prostate cancer LNCaP cells and gRT-PCR
was performed using RNA samples isolated from the mixtures. The Ct values for the
samples containing 10, 100, and 1,000 LNCaP cells were on average 37, 30, and 25,
respectively. No signal was detected in mouse blood in which no LNCaP cells were spiked.
A Ct value of 37 was used to define the limit of detection.

MCT analysis

UCT was performed in vivo on a Siemens ImTek Micro-CAT Il microtomograph (Siemens,
Munich, Germany) at Stanford Center for Innovation in In-Vivo Imaging. Image analysis
and 3D representations were conducted with GEHC Micro View Version MicroView
Analysis +2.2 (GE Healthcare, Wauwatosa, WI).

Statistical analysis

Student’s t test was used for two-arm experiments (Excel Stats). A p < 0.05 was considered
significant.

Results

Primary RCC has potential to metastasize to bone in TSG model

Fresh primary RCC specimens were obtained from 7 patients (Table 1) after nephrectomy,
precision-cut and implanted under the renal capsule of immunodeficient mice. Six of the 7
cases were clear cell RCC (ccRCC) and one case was diagnosed as chromophobe RCC.
Only one patient (case 6) had undergone therapy prior to nephrectomy. The engraftment
rate, time after implantation and average TSG weight at sacrifice for each case are listed in
Supplementary Table S3. Only mice with engrafted TSGs were used in this study. Bone
marrow from left hind limbs was collected at sacrifice for qRT-PCR analysis, taking high
precautions against contamination by human cells. Human GAPDH transcripts were
detected in marrow of mice bearing TSGs from 3 of the 7 RCC cases by qRT-PCR using
human-specific GAPDH primers. The level of human-specific GAPDH was normalized to
the total GAPDH detected by a universal primer pair that recognizes both human and mouse
GAPDH in each sample. The limit of detection was determined by spiking mouse blood
with human cells (see Methods). The frequency of detection of human GAPDH was 74 %
for case 1 (23 of 31 mice), 75 % for case 4 (3 of 4 mice) and 14 % for case 7 (1 of 7 mice)
(Table 1). No human GAPDH transcripts were detected in bone marrows from the rest of
TSG-bearing mice or mice not implanted with TSGs (n = 6, results not shown).
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We next analysed left hind limb bones for metastases by histological methods. Specifically,
we determined expression of Ku70 by immunohistochemistry using a human-specific
antibody [35]. As shown in Fig. 1, bone metastases from case 1 TSG-bearing mice showed a
ccRCC-like histology (Fig. 1a). Eight of 14 (57 %) mice bearing TSGs from case 1 that
carried human GAPDH transcripts in the bone marrow also had Ku70- positive cells in the
bone (Fig. 1b; Table 1), while no Ku70-positive cells were detected in the control bone (Fig.
1c). We did not analyze histological bone metastases from case 4 due to lack of samples.
Bone samples of two mice for case 7 were negative for Ku70, including the one in which
human GAPDH transcript was detected in the bone marrow by qRT-PCR. This may be
explained by a low number of RCC cells in the bone marrow that is below the detection
limit of immunohistochemistry, rather than a false positive gRT-PCR assay, because bone
marrow samples from 6 mice not implanted with TSGs were all negative for human
GAPDH by qRT-PCR. Altogether, these results demonstrated that TSGs derived from
primary RCCs have the potential to metastasize to the bone in mice.

Mice bearing primary RCC from cases 1 and 2 also developed soft tissue metastases (Table
1). Interestingly, clinical follow-up of these patients revealed that patients 1, 2 and 4 had
subsequently relapsed with metastatic disease at 6 months after nephrectomy (Table 1). Case
1 had soft tissue metastases in both patient and TSG-bearing mice, while bone metastases
were observed in mice but not the patient at the time of follow-up. Case 2 had soft tissue
metastases but not bone metastases in both TSG-bearing mice and the patient. Case 4 had
bone metastases but not soft tissue metastases in both TSG-bearing mice and the patient.
Case 6 had soft tissue metastases before surgery and no gross metastases were detected in
TSG-bearing mice, possibly because the pre-operative treatment eliminated tumor cells most
likely to metastasize. However, human GAPDH transcripts were detected by gRT-PCR in
liver tissues of TSG-bearing mice, indicating dissemination of RCC cells from TSGs to the
liver (data not shown). We did not observe distant metastases in case 5 TSG-bearing mice
although patient 5 presented with ipsilateral adrenal metastasis. Perhaps the latency of
metastasis for this case is longer than the time period examined in this study. Alternatively,
metastases may be present in the adrenal glands of the TSG-bearing mice, which were not
examined in this study. Nonetheless, these results demonstrated that the metastatic patterns
in TSG-bearing mice largely correlated with those in patients.

Immunophenotype of RCC bone metastases in TSG model

Bone metastases from case 1 TSG-bearing mice showed strong staining for CAIX, a typical
ccRCC marker (Fig. 1d), while no CAIX-positive cells were detected in control bone (Fig.
1e). Analysis of tumor-bone interface revealed strong activity of osteoclasts as shown by
TRAP-staining (Fig. 1f). Endothelial cell-specific CD31 staining revealed a rich
vascularization of the metastases (Fig. 1g). Finally, strong Ki67 staining was observed in a
majority of cells in the bone metastases, indicating highly proliferating tumor cells (Fig. 1h).
These results suggest that RCC bone metastases in the TSG model are osteolytic, i.e., able to
activate osteoclasts, and highly proliferative.
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TSGs retain capacity to metastasize to bone at high frequency after serial passaging

TSGs derived from case 1 primary RCC were maintained in mice by serial passaging up to
10 times, the highest passage examined. All passaged TSGs retained metastatic capacity to
bone at a frequency of 30-100 % as determined by gRT-PCR of human-specific GADPH
(Fig. 2a). The ratio of human-specific GAPDH to universal GAPDH was used as a readout
of tumor burden in the bone. Mice that were found to have histological bone metastases on
the contralateral side had higher tumor burden in the bone by qRT-PCR than those without
histological bone metastases (Fig. 2b); however, the difference did not reach statistical
significance (p = 0.30). These results demonstrated that TSGs retain capacity to metastasize
to bone at high frequency after serial passaging.

TSGs retain viability and capacity to metastasize to bone after cryopreservation

TSGs at passages 8-10 from case 1 were either precision-cut or minced, then cryopreserved
for several weeks. After thawing, tissues were immediately implanted under the renal
capsules of immunodeficient mice. Average engraftment rate from 3 different experiments
was 84 % (Table 2), slightly lower than the engraftment rate of TSGs derived from fresh
tissues (90-100 %) (Supplementary Table S3). When precision-cut slices were used, TSGs
derived from cryopreserved tissues reached similar sizes in the same growth period as TSGs
derived from fresh tissues (Tables 2, S3). Cryopreserved minced tissues formed smaller
tumors (Table 2); however, the difference was not statistically significant. TSGs derived
from cryopreserved tissues displayed similar immunophenotypes including Ku70 and CAIX
expression (Fig. 3a-f). Finally, human-specific GAPDH transcripts were detected in the
bones of mice bearing TSGs derived from cryopreserved tissues (Table 2).
Immunohistochemistry revealed Ku70-expressing cells in the bone and soft tissues of mice
bearing TSGs derived from cryopreserved tissues at all passages (Table 2; Fig. 3g-I). These
results demonstrated that TSGs retained viability and capacity to metastasize to bone and
soft tissues after cryopreservation.

Bone metastases in TSG model responded to standard anti-cancer therapy

To determine whether bone metastases in our TSG model respond to anti-cancer therapy, we
randomized mice bearing case 1 TSGs at passage 6 into control and treated groups. The
treated group received Temsirolimus, an FDA-approved mTOR inhibitor for treatment of
advanced RCC, via intraperitoneal injection, and the placebo group received only vehicle for
the same time periods. Treatment started 4 weeks after TSG implantation and continued
until sacrifice at 5.5 or 8.5 weeks, and tumor burden in bone was assessed using the ratio of
human-specific GAPDH to total GAPDH level in the bone marrow. Bone micrometastasis
burden increased from week 5.5 to 8.5 in both the control and treated groups (Fig. 4).
Temsirolimus significantly reduced bone micrometastasis after 4.5 but not 1.5 weeks of
treatment (p = 0.025) (Fig. 4). These results demonstrated that bone metastases in our TSG
model responded to a standard therapy for advanced RCC.
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RCC cells derived from TSGs induce bone osteolysis in mice similar to human primary

RCC

Bone metastatic RCC in human is typically osteolytic, causing a high rate of skeletal-related
events [36]. We examined the osteoclastic potential of RCC cells derived from case 1 TSGs
at passage 6 in mice. Precision-cut slices of case 1 TSGs were mostly composed of human
RCC cells as shown by histology and Ku70 expression (Fig. 5a-c). TSGs were digested into
single cells and injected into tibiae of mice, as confirmed by X-ray (Fig. 5i). For
comparison, HBS was injected into contralateral tibiae as a control. We found evident
osteolysis in cortical bone at week 4 (Fig. 5d—e) and week 6 (Fig. 5f—g) by UCT imaging in
all RCC cell-injected tibiae. Quantitation of bone volume at proximal tibial epiphyseal
regions showed an overall reduction in bone volume of primary RCC cell-injected tibiae
compared to control tibiae 6 weeks after injection (Fig. 5h). Consecutive X-ray images
revealed an advancing osteolytic reaction at week 3 (Fig. 5k) and week 5 (Fig. 5I), which
was not present before injection (Fig. 5j). Histological cross-sections of RCC cell-injected
tibiae confirmed nearly complete destruction of trabecular bone (Fig. 5m) compared to the
contralateral HBS-injected side (Fig. 5n). Finally, single cells derived from case 1 TSGs that
had been cryopreserved for several weeks engrafted at a rate of 100 % after intratibial
injection (Table 3) as demonstrated by strong Ku70 and Ki67 immunohistochemical staining
(data not shown). In addition, strong osteolytic reactions induced by the injected cells,
similar to non-cryopreserved fresh cells, were revealed by uCT imaging compared to
contralateral tibiae (Table 3), confirming the engraftment of the cells.

TRAP staining showed high osteoclastic activity at sites where injected RCC cells formed
intratibial tumors that invaded outside cortical bone (Fig. 6a). The intratibial tumors
demonstrated similar histology to TSGs (H&E, Fig. 6b) and consisted of Ku70-positive (Fig.
6¢) and CAIX-positive (Fig. 6d) human cells. Many areas showed highly proliferating cells
(Ki67 immunohistochemical staining, Fig. 6e) with rich neovasculature (Fig. 6f). These
results demonstrated that single cells derived from RCC TSGs induced bone osteolysis in
mice similar to human primary RCC.

Discussion

We developed a novel preclinical model of bone metastasis for primary RCC that resembles
the human disease. Three of seven TSG cohorts derived from fresh primary RCC specimens
developed metastases to bone and/or soft tissues at clinically relevant sites (lung, liver) in
mice. The metastatic patterns were largely correlated with those observed in patients from
whom the TSGs were derived. Moreover, we observed close resemblance of bone
metastases derived from TSGs to parent tumors in immunophenotypic characteristics.
Finally, these bone metastases responded to a standard therapy for advanced RCC and
induced bone osteolysis in mice similar to human metastatic RCC. To our knowledge, these
are the first reported models of primary RCC metastasis to bone, which will serve as a
powerful tool in understanding the biology of bone metastases and the discovery of effective
therapies for bone metastatic RCC.

Bone metastases are rare in animal models of solid tumors, including those with high
incidence of bone metastases in patients such as breast and prostate cancer. In RCC, bone is
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the second most common metastatic site after lung [1], yet, in a recent study investigating
metastatic capacity of orthotopic RCC xenografts, only spontaneous metastases to soft
tissues, but not to bone, were observed [37]. This is in part due to the difficulty of achieving
gross metastases in animal models with the primary tumor in place, because mice have to be
sacrificed when primary tumors attain a certain volume. One strategy to overcome this
problem is to resect primary tumors to allow the growth of metastatic cells. Using this
strategy, DeRose et al. [23] observed metastases of breast cancers to multiple sites including
the bone after removing the primary tumors in the fat pad. We have attempted cytoreductive
nephrectomy in our TSG models, however, it is technically challenging.

We detected bone metastases in TSG-bearing mice using two methods: gRT-PCR
quantification of human-specific GAPDH, and immunohistochemistry using human-specific
Ku70 antibody and CAIX, specific for RCC. No signals were observed from mice without
TSGs, lessening the possibility that human cell contamination occurred in the procedures.
We observed high frequency of bone metastases in some RCC cases. Tumor cells from
approximately 75 % of TSGs derived from case 1 and case 4 spread to bones in mice based
on gRT-PCR of human GAPDH, and 57 % of animals with positive qRT-PCR from case 1
were found to have immunohistochemically confirmed bone metastases on the contralateral
hind limb. It is expected that the sensitivity of qRT-PCR will be higher compared to
immunohistochemistry. We predict that mice that are negative for bone metastases by
immunohistochemistry but positive by gRT-PCR would eventually develop microscopic
bone lesions. The relatively high frequency of bone metastases that we observed may be
attributed to the use of RAG2™~)C~/~ mice as the host of TSGs in our study. These mice
lack active B and T cells as well as NK cells [38] and permit superior engraftment of human
tissues/cells compared to other strains of mice [39]. In addition, use of precision-cut tissue
slices which leads to high engraftment rate of TSGs may also contribute to the high
frequency of bone metastases [27]. Finally, the presence of stromal elements in TSGs may
be vital for bone metastatic dissemination. An et al. demonstrated that tissue architecture of
the implanted tumor tissue in an orthotopic RCC model played an important role in the
initiation of primary tumor growth, invasion, and distant metastasis [40]. A more recent
study by Zhang et al. [41] illustrated that primary breast tumor stroma may dictate the bone
metastasis phenotype, both supporting a critical role of tumor stroma in metastasis.

Interestingly, follow-up at 6 months after resection of primary patient tumors revealed
similar metastatic patterns in patients compared to derivative TSGs in mice. For example,
tumors in patient 2 and patient 4 showed the same metastatic patterns as corresponding
TSGs in mice, indicating that TSGs are predictive of metastatic disease and may provide
prognostic information for RCC management. Chromophobe RCC (patient 4) typically has a
more favorable prognosis but metastasizes to bone with similar frequency compared to other
subtypes [42]. A growing inventory of new agents has been discovered that may improve the
clinical outcome of advanced RCC including compounds targeting the vascular endothelial
growth factor (VEGF) axis and those targeting mTOR [43-46]. However, clinical trials
evaluating such candidate compounds require a large number of patients, are expensive and
time-consuming, and expose patients to certain risks. Moreover, bone metastases are not
considered to be measurable by RECIST criteria and in fact are difficult lesions to assess by
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imaging, as they tend to change in radiological appearance rather than in size. Accordingly,
little is known about the response of bone metastases to these new targeted therapies. The
TSG model of RCC bone metastasis provides a much-needed pre-clinical screening platform
that can be used to rapidly narrow down the number of agents or regimens for further
investigation. The authenticity of the model in recapitulating the features of the parent
tumors increases confidence in the likelihood of similar drug responses in humans. In
addition, our study demonstrates the feasibility of generating a relatively large number of
bone metastases from the same RCC specimen with similar cell composition and histology
among control and experimental samples in an in vivo setting. These advantages of our
model ensure its potential as a novel platform to better understand the mechanisms of bone
metastases in RCC and greatly accelerate the discovery of effective therapies.

As proof-of-principle, we tested the effects of Temsirolimus, an FDA-approved mTOR
inhibitor for treatment-naive, poor prognosis metastatic RCC [47], on bone metastases in
mice carrying case 1 TSGs. Temsirolimus significantly reduced human GAPDH levels in
bone marrow of TSG-bearing mice (p = 0.025), suggesting a decrease in bone metastasis.
Our studies were not designed to distinguish whether the decrease was due to reduced
seeding of disseminated cells from the primary tumor, and hence, the main effect being on
the primary tumor, or to inhibition of growth of the cells in the bone. Previous studies have
shown that Temsirolimus suppresses osteoclast formation and osteolytic bone destruction
associated with invasion of oral squamous cell carcinoma in vivo [48]. In addition,
Rapamycin, an analog of Temsirolimus, has been shown to reduce osteolytic bone
metastasis in a breast cancer mouse model [49]. Our results are in concordance with these
findings and the first to show an effect of an mTOR inhibitor on RCC bone metastasis.
Further studies are necessary to confirm these findings in a large number of RCC cases.

Our TSG bone metastasis model for RCC is versatile in two ways. First, TSGs retained
viability and capacity to metastasize to bone after cryopreservation. This will allow
biobanking of primary RCC tissues, which can be used to generate TSGs that still
metastasize to the bone and permit testing of therapeutic agents in case of later metastatic
relapse in patients. The knowledge of drug efficacies in the individualized TSG bone
metastasis model can then guide the selection of the optimal treatment for a particular
patient. Such personalized treatment could greatly improve patient outcome and quality of
life. Second, bone tumors can be generated from RCC cells derived from TSGs, which
induce bone osteolysis in mice similar to human primary RCC. This will allow rapid
generation of bone lesions for high-throughput drug testing, which is particularly important
for patients with metastatic disease who are in need of treatment decisions in a timely
manner. Altogether, this model offers a unique opportunity to advance our knowledge of not
only the biology but also the treatment strategy of RCC bone metastasis.

Supplementary Material

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

In?munophenotype of TSG bone metastases. Bone metastasis in femur of a mouse bearing
case 1 TSG at passage 6. Photomicrographs (magnification x20) showing H&E staining of
bone marrow (&), immunohistochemistry for Ku70 (b) and CAIX (d), specific activity of
TRAP, indicative of osteoclastic resorption capacity (f), and immunohistochemistry for
CD31 (g), Ki67 (h), and negative control (i). Control bone stained with Ku70 (c) and CAIX
(e) was negative. Insert in (f) shows a x40 magnification of the area indicated by the black
arrow
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Fig. 2.

Ef?‘ect of TSG passaging on bone metastasis. a Case 1 TSGs were passaged and bone
marrows were analyzed by gRT-PCR for human-specific GAPDH, indicative of metastasis.
Bone metastasis showed the number of mice that had bone metastasis/number of mice
studied. b Bone metastasis (BM) burden (expression level of human-specific GAPDH/
universal GAPDH) was higher if bone metastasis could be confirmed by histology

Clin Exp Metastasis. Author manuscript; available in PMC 2015 March 06.



1duosnuely Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Valta et al.

Page 17

Fig. 3.

E19fect of cryopreservation on immunophenotype of TSGs and bone metastasis. TSGs from
case 1 at passage 6 were cryopreserved for several weeks and then implanted into mice. a
H&E-staining of parent tumor of case 1 RCC. b, ¢ Human-specific Ku70 and CAIX
immunohistological stainings of a, respectively. d H&E-stained passage 6 TSG after
cryopreservation showed similar phenotype to parent tumor. e, f Ku70 and CAIX
immunohistological stainings of d, respectively. g H&E-stained TSG that metastasized to
bone after cryopreservation. h, i Ku70 and CAIX immunohistological stainings of g,
respectively. j H&E-stained TSG that metastasized to lung after cryopreservation. k, | Ku70
and CAIX immunohistological stainings of j, respectively. Magnification is x20
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Fig. 4.
Effect of Temsirolimus on bone metastases derived from TSGs. Mice were implanted with

passage six TSGs from case 1 and treated with placebo or Temsirolimus at 4 weeks. Bone
marrow was analyzed at sacrifice (1.5 and 4.5 weeks after treatment started) for bone
metastasis burden. Temsirolimus decreased bone metastasis burden significantly after 4.5-
weeks of treatment
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Fig. 5.
Intratibial injection of primary RCC cells results in bone osteolysis in mice. Precision-cut

300 Im thick tissue slices from case 1 TSG at passage six were digested into single cells with
collagenase. Histology of frozen sections of precision-cut TSGs confirmed cancer. a H&E-
staining. b Immunohistochemical staining for Ku70. ¢ Negative control. The magnification
for a-c is x20. The correct position of the needle was confirmed with X-ray and single cells
were injected into tibiae of mice (i). uCT analysis confirmed the advancing lytic appearance
of the lesions: tumor-bearing right tibia 4- (d) and 6-(f) weeks after injection of primary
cancer cells; e and g, corresponding left tibia with no tumor. h Volumetric bone analysis
with pCT showed reduction in bone volume of the tumor-bearing tibiae at 6 weeks after
cancer cell inoculation compared to control injected side (n = 3). Consecutive X-ray images
(i, day 0, i.e., before injection, and k and I, 3- and 5-weeks after injection, respectively)
revealed development of advancing lytic lesions (arrows in k and I). m H&E-staining of
cross-section of tumor cell-injected tibia revealed destruction of trabecular bone and
thinning of cortical bone compared to HBS-injected control tibia (n). Magnification for m
and n is x4
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Fig. 6.
Immunophenotype of intratibial tumors derived from single cells. a Specific activity of

TRAP indicating osteoclastic activity on bone/tumor interface. H&E-staining (b),
immunohistochemistry for Ku70 (c), CAIX (d), Ki67 (e) and CD31 (f) of primary RCC cell-
derived intratibial tumors from case 1. Magnification is 20x
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Table 2

Effect of cryopreservation on TSG engraftment and metastasis

Page 22

Experiment  Cryopreserved Average graft Engraftment rate  Bone Histological Soft tissue Liver
TSG ?ri'rzé) +so (engrafted/total) micro-metastasis® ggrg(f)irc]stion metastasisC Lung
metastasisb
1 Case 1 passage 8 1,573 + 350 9/9 2/2 11 9/9 1/9
2 Case 1 passage 9d 676.33 + 517 4/5 ns 172 1/3 1/3
3 Case 1 passage 10 1,426 + 357 3/5 ns 1/2 2/3 2/3

ns not studied

aBone micrometastasis shows the number of TSG-bearing mice that had bone metastasis/number of mice studied, detected by human-specific gRT-

PCR

Histological verification of bone metastasis shows number of mice with histologically confirmed metastasis/mice studied, detected by H&E and

human-specific IHC

Soft tissue metastasis shows the number of mice that had soft tissue metastasis/number of mice studied at sacrifice. For experiment 2 and 3, the

same mice had both liver and lung metastases

d . . . . .
In experiment 2, minced tissue (smaller than 1 mm3) was used instead of slices
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Intratibial bone metastasis model

Table 3

Experiment TSG Engraftment Osteolysis rate
rate (engrafted/  (osteolysis confirmed by
total) UCT/total)
1 Case 1 5/5 5/5
passage
6
2 Case 1 5/5 5/5
passage
8@

a_. . . . T .
Single cells derived from TSG were cryopreserved and thawed prior to inoculation into tibiae of mice
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