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Abstract

Bone is the most common site of prostate cancer (PCa) progression to a therapy-resistant, lethal
phenotype. We found that blockade of fibroblast growth factor receptors (FGFRSs) with the
receptor tyrosine kinase inhibitor dovitinib has clinical activity in a subset of men with castration-
resistant PCa and bone metastases. Our integrated analyses suggest that FGF signaling mediates a
positive feedback loop between PCa cells and bone cells and that blockade of FGFR1 in
osteoblasts partially mediates the antitumor activity of dovitinib by improving bone quality and by
blocking PCa cell-bone cell interaction. These findings account for clinical observations such as
reductions in lesion size and intensity on bone scans, lymph node size, and tumor-specific
symptoms without proportional declines in prostate-specific antigen concentration. Our findings
suggest that targeting FGFR has therapeutic activity in advanced PCa and provide direction for the
development of therapies with FGFR inhibitors.

INTRODUCTION

Bone-forming metastases dominate the clinical picture of men with advanced prostate
cancer (PCa), and progression of metastatic lesions in bone is often the initial manifestation
of castration-resistant PCa (CRPC) (1, 2). The fibroblast growth factor (FGF)/FGF receptor
(FGFR) complex, a signaling axis that typically mediates epithelial-stromal cell
interactions, is central to prostate development, is commonly altered during PCa
progression, and is integral to normal bone development and function (3, 4).
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FGFs are 18 receptor-binding polypeptides that control a broad spectrum of cellular
processes via activation of FGFRs in partnership with heparin sulfate (5, 6). FGFR kinase
activation is followed by phosphorylation (and therefore activation) of FGFR substrate 2
(FRS2) and recruitment of phospholipase Cy. FRS2, a single-membrane—anchored adaptor
(which has two isoforms, FRS2a and FRS2), largely mediates FGFR signaling to
downstream cascades and networks (such as mitogen-activated protein kinase [MAPK] and
protein kinase B [AKT]) (7). Four highly conserved genes (FGFR1, FGFR2, FGFR3, and
FGFR4) encode alternatively spliced variants of FGFRs that vary in the extracellular ligand-
binding and intracellular kinase domains (5, 8). Cell-specific expression of FGFR isoforms
and FGF ligands in combination with heparin sulfate motifs confer specificity to
intercompartment signaling.

FGFR1- and FGF-mediated epithelial-stromal interactions were implicated in the
pathogenesis of PCa in experiments with genetically engineered mouse models (9-11).
Correlative observations in clinical specimens have indicated that FGFs or FGFR isoforms
are abnormally expressed in human PCa during disease progression (3, 4). Most of these
correlative studies were done with tissue samples from primary tumors of men with
localized or metastatic disease. Recent studies by our group and others have implicated the
FGF axis (in particular FGF9 and FGF8) in the pathogenesis of PCa progression in bone
(12, 13) and identified the FGF axis as a candidate target for therapy. To test this, we
conducted parallel clinical and preclinical studies of dovitinib (TK1258), a receptor tyrosine
kinase inhibitor with potent activity against FGFR and vascular endothelial growth factor
receptor (VEGFR), at clinically achievable doses. The results from these studies show that
dovitinib is an active therapeutic agent in some men with CRPC and bone metastases and
that blockade of FGFR-mediated stromal—epithelial interactions in the bone
microenvironment (rather than a direct cytotoxic effect on epithelial cells) has an important
role in the antitumor effect. The integration of mouse and human results provides insights
into FGF/FGFR biology and into the mechanism underlying the clinical activity that would
not have been evident had either model been used in isolation.

Human PCa cells induce mouse Fgf2 and Fgfrl expression in bone

With the goal of modeling the stromal-neoplastic epithelial interactions in bone, we used a
human cell line (MDA PCa 2b (14)) and patient-derived xenografts (PDXs) (MDA PCa
118b (13) and MDA PCa 183 (15)) that reflect the biology of PCa progression in bone. The
radiographs in Fig. 1A reveal increased density in the femurs injected with PCa cells relative
to the hips, indicating that these PCa cells induced a bone reaction. We analyzed tumor-
bearing and contralateral sham-injected bones with real-time, reverse-transcription
polymerase chain reaction (RT-PCR) using mouse- and human-specific primers (Table S1)
to distinguish gene expression in stromal and neoplastic epithelial cells (Table S2). We
found that the tumor-bearing femurs had significantly increased expression of mouse Fgfrl
(P<0.001) and Fgf2 (P<0.05) and reduced expression of mouse Fgfr4 relative to the
contralateral femurs in all tumor models tested (Fig. 1B and Table S3). Changes in the
expression of other FGF signaling components were inconsistent between models (Fig. 1B
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and Table S3). FGFR1 expression in tumor-associated osteoblasts was confirmed by
immunohistochemical (IHC) analysis (Fig. 1C). These results indicate that either human
PCa cells induce bone cells to express FGFR1 and Fgf2 or PCa cells recruit bone cells that
express FGFR1. We subsequently discovered that in tumor-bearing bones, MDA PCa 118b
cells expressed more of the FGFRL1 transcript than MDA PCa 2b and MDA PCa 183 cells
(Fig. S1A and Tables S3 and S4).

The specificity of FGFRs for different FGFs is determined by alternative exon usage of the
immunoglobulin-like motif of the extracellular domain (4). FGFR1 encodes two versions of
immunoglobulin-like domains in mutually exclusive exons (l11b and Illc). Following the
same approach as described for Fig. 1B, we used species-specific primers (Tables S1 and
S2) and found that the tumor-bearing femurs had significantly increased expression of
mouse Fgfrl-111c compared with the contralateral femurs in all tumor models tested
(P<0.005) (Fig. 2A and Table S4). Mouse Fgfr1-111b transcript levels were undetectable by
RT-PCR. Analysis of human FGFR1-111b and -111c demonstrated that the FGFR1-1l1c
isoform was expressed at levels between 50 to 100 times higher than the FGFR1-I11b
isoform in every PDX examined (Fig. 2B and Table S5). This suggests that FGFR1-llIc, a
high-affinity receptor for FGF1, FGF2 and FGF4, is the prevalent isoform in PCa.
Furthermore, FGFR1-I1Ic transcript levels varied between tumors and correlated with tumor
burden (Fig. 2B and C). We subsequently found that MDA PCa 118b cells grown in co-
culture with primary mouse osteoblasts (PMOs) (13) expressed more p-FRS2a than when
grown alone (Fig. 2D). Together, these results suggest that the FGF axis mediates a positive
feedback loop between PCa and bone cells in the tumor microenvironment to promote PCa
growth.

FGFRL1 is overexpressed in PCa cells and tumor-associated osteoblasts in human PCa
bone metastases

We next subjected 183 samples of prostate tissue (28 PCa cell lines and xenograft samples
and 155 clinical non-bone samples) to RNA sequencing. We found that the mean expression
of FGFR1 was the highest of all the FGFRs studied (Fig. 3A), with the MDA PCa 118b
PDX expressing the most FGFR1 (z-score 9.26, P=1.03e~20, Fig. 3B). FGFR1 gene
expression varied among the 136 PCa tissue specimens: it ranged from 100 to 200 reads per
kilobase per million (RPKMS) in seven samples (5%), 50 to 100 RPKMs in 32 (23%), 20 to
50 RPKM in 63 (46%), and <20 RPKM in 34 specimens (26%). The distribution of FGFR1
gene expression in the 17 PDXs, 10 PCa cell lines, and 19 tissues samples derived from
benign prostate adjacent to PCa was similar to that found in the 136 PCa tissue specimens
derived from primary and metastatic non-bone sites (Table S6).

We did not detect FGFR1 mutations in MDA PCa 118b cells. Copy number analysis from
exome sequencing demonstrated high-level focal amplification on chromosome 6, but we
found no evidence of focal amplification around the FGFR1 gene located in a 17.4-Mb
region with 2.8 inferred copy number (chr8:21900552-39142362 in Table S7). Finally, split-
probe analyses of FGFR1 assessed by fluorescence in situ hybridization (FISH) identified
the presence of two or three copies per cell without any rearrangement or focal amplification
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(Fig. 3C). Thus, the high expression of FGFRL in MDA PCa 118b cells was not due to
genomic rearrangement, copy number aberration, or mutation.

We subsequently assessed FGFR1 expression and cellular localization in human PCa bone
metastases (17 specimens from men with CRPC containing >5% tumor cells in each tissue
specimen) by IHC analysis. We observed concomitant expression of FGFR1 in both PCa
cells and tumor-associated osteoblasts in 2 of 17 cases (12%) (Fig. 3D, left). Of the
remaining cases, only 8 (53%) had evaluable osteoblasts (the bone tissue had detached in 7
cases as a result of histologic slide preparation); 6 of these 8 (75%) had detectable FGFR1
expression in osteoblasts but not in the tumor cells (Fig. 3D, middle). No FGFR1 expression
was detected in the remaining 2 cases (Fig. 3D, right).

Taken together, these findings support our hypothesis that FGFR1 in PCa cells, osteoblasts,
or both participates in a paracrine loop that favors PCa growth in bone and that FGFR1
blockade may represent a rational therapy strategy for men with FGFR1-driven tumors.

Dovitinib has antitumor activity in preclinical models of PCa bone metastases

We selected MDA PCa 118b PDX for further study because it had the highest FGFR1
expression of the 16 PCa PDXs developed at MD Anderson Cancer Center (Fig. S1A,B).
We previously reported that MDA PCa 118b cells and PMOs grow more rapidly in co-
culture than alone (13). In this co-culture system, dovitinib reduced the proliferation of PMO
and MDA PCa 118b cells, inhibited the FGF9-induced expression of p-FRS2a in PMOs,
and reduced endogenous p-FRS2a expression in MDA PCa 118b cells, suggesting that
dovitinib specifically blocks FGF signaling in PCa cells and PMOs (Fig. S1C,D).

We next treated mice bearing MDA PCa 118b bone tumors for 3 weeks with low or high
dovitinib doses (40 or 60 mg/kg body weight daily) or vehicle. We found that tumor volume
(assessed by magnetic resonance imaging [MRI]) was significantly reduced by dovitinib (P
< 0.05) (Fig. S2A). Micro-computed tomography (CT) analysis of tumor-bearing femurs
demonstrated a slight increase in bone mass of the tumor-bearing femur and a reduction in
the cortical bone area in the dovitinib-treated mice versus the controls (Fig. S2B).

Dovitinib modulates the FGF axis and induces apoptosis

To investigate how dovitinib modulates FGF signaling, we studied mice bearing MDA PCa
118b bone tumors (Fig. 4A, top). Within 7 days of daily treatment with high doses of
dovitinib, bone tumors displayed morphologic evidence of cell damage by hematoxylin-and-
eosin staining, as well as positive staining for cleaved caspase 3, indicating apoptosis (Fig.
4A, middle and bottom). Cell damage was centrally located in the tumor, suggesting that
cell death was due to a reduction in trophic support from the surrounding microenvironment
(Fig. 4A, middle and bottom). Similar findings were observed at earlier time points (Fig.
S3). These findings support our hypothesis that the antitumor activity of dovitinib is related
at least in part to its modulation of the tumor microenvironment. In line with these findings,
no changes in PCa cell expression of FGFR1, p-FRS2, or members of signaling cascades
regulated by the FGF axis (p-MAPK and p-AKT) were induced by dovitinib (Fig. S4).
However, dovitinib treatment reduced both mouse and human FGFR1 expression in MDA
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PCa 118b bone tumors (Fig. 4B and Table S8), but did not affect mouse Fgfr2-11ic or Fgf2
nor human FGFR4 or FGF9 (Fig. 4B and Fig. S5A).

In an independent 7-day high-dose study, we found that the growth plate and primary and
secondary spongiosa were larger in the femurs of dovitinib-treated mice than in controls
(Fig. 4C, Table S9). This apparent improvement in bone quality could be a cause or
consequence of reduced tumor growth.

Dovitinib blocks FGFR signaling in bone and improves bone quality

We next sought to assess whether dovitinib blocks FGFR signaling in bone. FGF23, an
endocrine FGF, is a downstream target of FGFR1 signaling in osteocytes (16). Preclinical
and clinical studies of FGFR inhibitors have demonstrated that plasma FGF23 levels
initially drop and later increase above basal levels (17-19); elevation of FGF23 plasma
levels has been used as a pharmacodynamic biomarker of FGFR inhibition during dovitinib
therapy (18, 19). In the current study, FGF23 plasma levels were significantly higher in mice
that received 7 days of high dovitinib dose treatment than in vehicle-treated mice
(P=0.0058) (Fig. 5A, left and Table S10). This treatment also resulted in a significant
reduction of p-FRS2a (but not p-MAPK) expression in the contralateral non-tumorous bone
of tumor-bearing mice (P=0.0011) (Fig. 5A, center and Table S11, Fig S5). Together these
results indicate that dovitinib blocks FGFR signaling in bone cells.

Bone histomorphometric analysis in an independent 7-day dovitinib study revealed a
reduced ratio of bone surface to bone volume (P=0.0152) and increased trabecular thickness
(P=0.045) in the non-tumorous bone of dovitinib-treated mice compared with control mice
(Fig. 5A, right and Table S12). These results were confirmed by micro-CT of femurs of
non-tumor-bearing male nude mice treated with same dovitinib doses for 4 weeks (Fig. 5B
and Table S13).

Dovitinib has antiangiogenic activity

We next examined whether dovitinib’s inhibition of VEGFR affects the vasculature, another
critical stromal-derived element involved in PCa progression (20, 21). We evaluated tumor
volume with T2-weighted fat-saturated (T2-FS) MRI and assessed the vasculature with
dynamic contrast-enhanced (DCE)-MRI, which is normally used to assess antiangiogenic
therapies in patients and animal models (22). After 7 days of dovitinib treatment, tumor
volumes had decreased relative to baseline. T2-FS MRI revealed significant differences
between dovitinib-treated and vehicle-treated controls (P<0.05) (Fig. 6A left and Table
S14). In addition, tumor contrast enhancement (where dark indicates less angiogenesis and
bright means more angiogenesis) was significantly lower in mice treated with dovitinib than
in controls (P<0.001) (Fig. 6B right and Table S15). These results indicate that the
antitumor effect of dovitinib may be partially explained by antiangiogenic activity.

Dovitinib antitumor activity is associated with FGFR expression in PCa PDXs

To test whether dovitinib antitumor activity was the same regardless of FGFR1 expression
in PCa cells, we used MDA PCa 118b and MDA PCa 183 PDXs, which reflect the variety of
high and low FGFR1 expression found in men with PCa (Fig 3A and B). MDA PCa 118b
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expresses 428 RPKM FGFR1, 3 FGFR2, 8 FGFR3, and 0.8 FGFR4. MDA PCa 183
expresses 32 FGFR1, 0.4 FGFR2, 0.7 FGFR3, and 0.7 FGFR4.

After 3 weeks’ treatment with low-dose dovitinib, tumor volume in mice bearing MDA PCa
118b bone tumors was significantly smaller than that in vehicle-treated mice (P=0.0004),
but tumor volume was not significantly different in mice bearing MDA PCa 183 bone
tumors relative to controls (Fig. 7 and Table S16). These results, together with our findings
that PMOs induce PCa cells to express p-FRS2a (Fig. 2D), suggest that the effect of
dovitinib in the tumor microenvironment alone is not sufficient to mediate its antitumor
activity and that activation of FGFR-mediated signaling in PCa cells is an important
determinant of dovitinib antitumor activity.

Dovitinib has clinical activity in patients with advanced metastatic CRPC and bone

metastases

Given this preclinical evidence of dovitinib’s antitumor activity, we conducted a proof-of-
principle study of dovitinib in men with CRPC and bone metastases (Table S17). Thirty-four
patients have been enrolled to date, and 23 were evaluable for response (completed =1 cycle
of therapy). Six men (26%) experienced improvements in bone scans (1 with resolution of
visible bone metastases and 3 with partial responses on conventional bone scans) or soft-
tissue metastases (2 partial responses) at 8 weeks, with a median treatment duration of 19.9
weeks (range 10-35 weeks); 13 patients (57%) experienced stable disease at 8 weeks, with a
median treatment duration of 11.7 weeks (range, 6—-31 weeks). Four patients (17%)
experienced disease progression as best response (Table 1 and Fig. 8A,B). Responding
patients generally achieved meaningful reduction of skeletal-associated pain. Most toxicities
were grade 1 or 2, and no grade 4 toxicities were noted (Table S18).

Dovitinib targets the tumor microenvironment in CRPC and bone metastases

We analyzed circulating biomarkers reflecting the activity of cancer cells (prostate-specific
antigen [PSA]) and bone cells including osteoblasts (bone-specific alkaline phosphatase
[BAP]) and osteoclasts (urinary N-terminal telopeptides [uUNTX]). Reductions in PSA
occurred in 9 of 20 patients (45%) (median change —28%, range —11% to —100%), BAP in 8
of 18 (44%) (median change —21%, range —3% to —54%), and uNTx in 12 of 19 (63%)
(median change —18%, range —5% to —69%) (Fig. 8C-E). Of these biomarkers, only the
reduction in BAP correlated with longer median duration of treatment (23.6 vs. 10.6 weeks,
P=0.056 by Wilcoxon rank-sum test). (Fig. 8E). Duration of treatment is considered a good
indication of treatment efficacy because in this study dovitinib treatment was continued until
disease progression, unacceptable toxicity, or withdrawal of consent. Thus, reduction of
BAP could be associated with treatment efficacy. Consistent with our preclinical studies,
these findings demonstrate that dovitinib can modulate both the epithelial and stromal
compartments in PCa bone metastases.

We also found an increase in soluble VEGF in 8 of 16 patients (50%) (median change 31%,
range 10% to 97%), whereas reductions in soluble VEGFR2 occurred in 12 of 16 (75%)
(median change —20%, range —5% to —85%) (Fig. 8F). These results are consistent with
dovitinib targeting the VEGF signaling pathway (23).
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Finally, pretreatment bone marrow biopsies had >5% PCa tumor infiltration in 16 of 31
patients (52%). FGFR1 expression was observed by IHC analysis in PCa cells from 4 of 16
samples (25%), and 11 of 16 specimens (69%) also contained tumor-associated osteoblasts
(Fig. S6). Of the 11 samples that had evaluable tumor-associated osteoblasts, 4 had FGFR1
expression in osteoblasts but not in PCa cells, 2 had FGFR1 in both PCa cells and
osteoblasts, and in 4 samples no FGFR1 expression was found in either cell type. Of the 16
patients with tumor infiltration before treatment, 7 (43%) had tumor-infiltrated biopsies after
8 weeks of dovitinib treatment, and 3 expressed FGFR1 in PCa cells before treatment. All 3
of these patients demonstrated relative reductions in FGFR1 expression after dovitinib
treatment, but we did not detect changes in p-FRS2a, p-MAPK, or p-S6K expression on
IHC analysis (Table S19).

DISCUSSION

Our integrated analysis of clinical and preclinical studies supports the existence of a
signaling loop between PCa and stromal cells, mediated by FGFs and FGFRs, that promotes
PCa growth in bone. Our analysis also indicates that pharmacologic blockade of FGFR
signaling with dovitinib disrupts this paracrine interaction to mediate an antitumor effect in
preclinical models and in some men with metastatic CRPC. The effect of dovitinib on the
cross-talk between PCa and bone and on the tumor microenvironment may explain why
dovitinib treatment led to improvements in bone scans, lymphadenopathy, and tumor-
specific symptoms without a proportional decline in PSA in some men with metastatic
CRPC.

Our studies also indicate that FGFR1 is the prevalent FGFR in PCa and that dovitinib has
selective antitumor activity in PDXs in which the PCa cells express high FGFR1 (MDA PCa
118b). However, even though FGFR1 was detected by IHC analysis in only 12% of PCa
bone metastasis samples, approximately 26% of patients enrolled in the dovitinib trial
experienced improvements in bone scans. We hypothesize that some minimum level of the
FGFR transcript is needed in PCa cells to mediate the paracrine interaction between PCa
cells and bone cells. This minimum level of FGFR transcript (which may not be detectable
by IHC analysis) may constitute a threshold for antitumor activity of dovitinib.

Our finding that FGFR signaling blockade was associated with increased bone quality is in
line with reports that adult mice lacking Fgfr1 (in progenitor cells or in differentiated
osteoblasts) have increased bone mass relative to wild-type mice (24). Cancer metastases to
bone induce bone remodeling, which includes both bone formation and bone resorption
processes. In PCa, bone formation predominates, resulting in a bone architecture that
includes new (woven) bone in close interaction with PCa cells. It has been hypothesized that
the process of bone formation prompts the generation of bone-derived factors that favor PCa
growth in bone. Thus, improvements in bone quality (such as that induced by dovitinib) may
counteract the bone-remodeling signals from PCa cells and inhibit tumor growth.

FGFR signals also have important roles in endothelial cells, which express high FGFR1
levels. The observed modulation of soluble VEGF and VEGFR2 by dovitinib in patients in
this study is consistent with VEGFR targeting. FGFR signaling has also been reported to
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mediate resistance to VEGFR targeting (25, 26), suggesting that the potent antitumor
activity of dovitinib results from an enhanced antiangiogenic effect (unlike other tyrosine
kinase inhibitors that target VEGFRs but do not target FGFRS) in addition to other tumor
and stromal consequences of FGFR blockade (27).

Our studies, although suggesting new therapy options for men with PCa bone metastases,
also have limitations. Specifically, we did not identify predictive markers of response with
which to identify men who may benefit from this therapy. The identification of such markers
must be a high priority project in the future. Another limitation relates to the specific
mechanism of antitumor activity of dovitinib. In this regard, although our studies indicate
that dovitinib blocks FGFR1 signaling, we did not identify signaling pathways downstream
of FGFR1 that could be modulated by this therapy.

Our results point to a complex role of FGF signaling in PCa and suggest that variations in
the biology of FGFR1-driven tumors may account for the different responses observed in
our clinical trial. Clearly, a subset of patients benefits the most from dovitinib treatment, and
new predictive biomarkers of response are needed. Our current model of dovitinib efficacy
via FGFR blockade in bone may explain our clinical observations and could be used to
guide the use of FGFR inhibition as a therapeutic option in PCa and other tumors that rely
on this pathway to progress.

In summary, our clinical and preclinical studies represent a strategy for helping to elucidate
the mechanism of antitumor activity in targeted drug development. Further, by using this
strategy we have identified dovitinib as a clinically active drug in men with PCa bone
metastases. Because responses to currently available therapies for men with PCa are usually
brief, our findings address the need for additional treatment modalities or new drugs for the
treatment of men with PCa metastatic to bone.

MATERIALS AND METHODS
Study design

The objective of this study was to test the effect of FGFRs blockade in PCa bone metastases.
We used PCa PDXs growing in the bone of immunodeficient mice to perform in vivo
studies. We assessed human and mouse FGFRs isoform expression in tumor bearing bones
by RT-PCR with species-specific primers. We studied FGFRs expression in human PCa by
RNA sequencing and FGFR1 expression and cellular localization in PCa bone metastases by
IHC analyses. Antitumor activity of FGFRs blockade was tested by dovitinib, a receptor
tyrosine kinase inhibitor with potent activity against FGFR and VEGFR. Treatment duration
in preclinical studies was 3 weeks and 1 week. At the end of treatment we evaluated tumor
volume by MRI and antiangiogenic activity by DCE-MRI. Tumor bearing bones and
contralateral bones were subsequently collected and processed for histological,
immunohistochemical, bone histomorphometric, RT-PCR and western blot analyses. We
tested the effect of treatment on cell morphology, apoptosis, bone parameters, and
expression of FGFR1, p-FRS2, or members of signaling cascades regulated by the FGF axis.
We also assessed FGF23 blood levels as a pharmacodynamic biomarker of FGFR inhibition
in bone during dovitinib therapy.
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We also performed a Phase 2 clinical study with dovitinib in men with castrate-resistant PCa
and bone metastases. Men enrolled in this trial were treated in cycles of 4 weeks. Bone
marrow biopsies specimens were obtained before and after 8 weeks of treatment. Urine,
serum and plasma samples were collected before and during treatment. We assessed FGFR1,
p-FRS2, or members of signaling cascades regulated by the FGF axis in bone marrow
biopsy specimens by IHC. We measured soluble factors in blood and urine. Treatment
continued until the occurrence of clinical disease progression, toxic effects, or withdrawal of
their consent to participate.

and osteoblast cultures

MDA PCa 2b PCa cells and MDA PCa 118b and MDA PCa 183 PCa PDXs were developed
in our laboratory (13, 15, 28) and propagated as subcutaneous xenografts in 6- to 8-week-old
male CB17 SCID mice (Charles River Laboratories). PC3 cells were purchased from the
American Type Culture Collection. PMOs were prepared as described elsewhere (14). The
PDXs were developed as described elsewhere (13, 28) with the support of the Prostate
Cancer Foundation and the David H. Koch Center for Applied Research in Genitourinary
Cancers at MD Anderson. All animal experiments were conducted in accordance with
accepted standards of animal care and were approved by the Institutional Animal Care and
Use Committee of MD Anderson.

Histologic and immunohistochemical analyses

For subcutaneous PCa PDXs, tumor samples were prepared as previously described (13).
IHC analysis was done at described elsewhere (29), using antibodies against FGFR1
(Epitomics, rabbit monoclonal clone ID EPR806Y), FGFR1 (Cell Signaling, rabbit
monoclonal), FRS2a (Santa Cruz Biotechnology, rabbit polyclonal sc83138), p-FRS2a
(Cell Signaling, rabbit polyclonal (Tyr196)), p-p44/42 MAPK (Erk1/2) (Cell Signaling,
rabbit monoclonal (Thr202/Tyr204)), p-AKT (Dako, rabbit monoclonal), p-S6K (p-S434)
(AbCam, ab47379), androgen receptor (Dako, rabbit polyclonal) and cleaved caspase 3 (Cell
Signaling, rabbit polyclonal [Asp175]).

PCa bone model preparation and processing

Cell preparation and bone injection were performed as previously described (13). At the end
of each experiment, mice were euthanized and the dissected bones processed for histologic,
micro-CT, or histomorphometric analysis or were flash-frozen and processed for RNA or
protein extraction.

Real-time RT-PCR

RNA extraction and cDNA preparation were done as reported elsewhere (13). Real-time
RT-PCR with SYBR-Green dye (Applied Biosystems Life Technologies) and gene-specific
primers (Supplementary Table 1) were used for cDNA amplification. RT-PCR results using
species-specific primers are in Supplementary Table 2
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Co-culture studies, mitogenic assay, and western blot analysis

MDA PCa 118b cells were co-cultured with PMOs in a two-compartment system as
previously reported (14). After 48 h of co-culture, PMO and PCa cell numbers were
estimated by [3H]-thymidine incorporation assay (13). Western blotting was done by
standard procedures with antibodies against p-FRS2a (Cell Signaling, rabbit polyclonal
[Tyr196]) or with PathScan Multiplex Western Cocktail | against p-p90RSK, p-Akt, p-
p44/42 MAPK (Erk1/2), and p-S6 ribosomal protein (Cell Signaling). For western blot
analysis, dissected tumor bearing bones or bone tissues were frozen in liquid nitrogen and
then pulverized with stainless-steel mortar and pestle. Tissue powder was then suspended in
lysis buffer containing Protease Inhibitor Cocktail (Roche Applied Science) and, if
phosphorylated proteins will be investigated, also Phosphatase inhibitor Cocktail
(PhosSTOP EASYpack Roche). The suspension was vortexed and then homogenized by
sonication. Supernatant fraction of lysates was then used for western blot analysis. Band
densities on western blots were assessed with Image J software (National Institutes of
Health).

FGFR expression and copy humber analysis

MDA PCa PDXs (n=17) were sequenced with an Illumina HiSeq 2000 system. Ten PCa cell
lines, 19 human prostate samples derived from benign tissue adjacent to PCa, and 136
human PCa tissue specimens derived from primary and metastatic (non-bone) sites were
sequenced with an lllumina Genome Analyzer 1l or an lllumina HiSeq 2000 system. Data
from another 15 primary tumor samples were downloaded from Database of Genotypes and
Phenotypes study phs000310.v1.p1 and analyzed along with the other samples.

RNA sequencing for all libraries was done according to standard Illumina protocols.
Sequencing reads were mapped with TopHat version 2.0.7 software, and gene expression
was quantified across genes from Ensembl version 69 using Cufflinks version 2.0.2
software. Gene expression values for the FGFR family of genes were extracted from the
Cufflinks “genes.fpkm_tracking” files. All plots were created with standard R software.

Copy number analysis from exome sequencing data was performed by using an algorithm
(30) with GC content correction (31). Additional details are provided in the supplementary
materials.

FISH analysis

We used a FISH-based split-probe strategy to investigate the presence of genomic
rearrangement in FGFRL (32). Bacterial artificial chromosome clones located at
chromosomes 8p12-p11.23 (RP11-675F6-green) and 8p12 (RP11-513D5-red) were used to
generate the dual-color break-apart FISH probes. FISH was done with bacterial artificial
chromosomes with the corresponding fluorescent label on formalin-fixed, paraffin-
embedded tissue sections. At least 200 nuclei were evaluated in all assays.
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Treating MDA PCa 118b tumor-bearing mice with dovitinib and monitoring tumor volume
and bone response

MRI

Mice with PCa cells injected into their femurs were treated daily by oral gavage with 40 or
60 mg/kg/body weight dovitinib (Novartis Pharma AG), or water used as vehicle. For the 3-
week treatment protocol, drug administration started 10 days after cell injection, when we
identified tumor cells in the marrow cavity by MRI. For the 7-day treatment protocol, drug
administration started when changes in bone morphology were evident on X-rays, at
approximately 4 weeks after cell injection. At the end of the treatment, X-ray or MRI (or
both) was performed, mice were sacrificed, and tumor-bearing femurs or contralateral
femurs were processed for protein or RNA extraction or were subjected to specimen micro-
CT, IHC, or histomorphometric analysis of undecalcified bone. Micro-CT analysis was
performed at the Small Animal Imaging Facility at MD Anderson (13). Histomorphometric
analysis was performed at the Bone Histomorphometry Core Laboratory, The Bone Disease
Program of Texas.

MRI was performed with a 4.7-T Biospec small-animal imaging system (Bruker Biospin).
For anatomic tumor imaging, we used sagittal and axial T2-weighted fast spin-echo
sequences with and without fat suppression (echo time 78 ms, repetition time 4000 ms, echo
train length 12 mm, flip angle 180 mm, slice thickness 1 mm, matrix 256 x 192, 3
excitations) to delineate the tumors, and tumors were subsequently measured with Image J
software (National Institutes of Health) (33). For functional imaging, we acquired a series of
images of the femur in the sagittal plane with dynamic contrast-enhanced MRI before,
during, and after injection of the contrast agent gadopentetate dimeglumine (Magnevist;
Bayer HealthCare Pharmaceuticals) through a tail-vein catheter. We used an interleaved fast
spoiled gradient echo sequence (echo time 1.4 ms, repetition time 40 ms, in-plane resolution
312 mm x 234 mm, 1-mm slice thickness, update rate approximately 3.5 s per slice package)
to monitor contrast accumulation in blood vessels and tumor. Enhancement during the total
time (approximately 160 s) and the initial area underneath the curve (approximately 40 s)
were evaluated. The region of interest encompassing a central slice of the enhancing portion
of the tumor was subtracted from the mean signal intensity before contrast injection, and the
difference was divided by the number of pixels in the region of interest.

Clinical Trial (NCT00831792)

In this phase 1l study, chemotherapy-naive and chemotherapy-treated men with progressive
metastatic CRPC received 400-500 mg of dovitinib orally every day for 5 days, followed by
a 2-day rest period. This dose and schedule was selected based on early phase I/1l data
demonstrating tolerability, efficacy, and inhibition of FGF signaling in patients with
advanced solid tumors, including kidney cancer and melanoma (18, 19, 34). Each cycle
lastsed 28 days, and radiographic response was assessed every 2 cycles. Dovitinib treatment
continued until disease progression, unacceptable toxicity, or withdrawal of consent.
Because clinical benefit may not be linked with changes in PSA level, disease progression
was defined as any new skeletal-related event (bone scan progression, fracture, requirement
for radiation), radiographic progression according to the Response Evaluation Criteria In
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Solid Tumors (RECIST) system, or clinical progression as determined by the treating
clinician.

Transiliac bone marrow biopsies were obtained before and after 8 weeks of treatment
according to established procedures (35, 36). Written informed consent was obtained from
patients before sample acquisition, and all samples were processed according to a protocol
approved by the Institutional Review Board of MD Anderson.

Assessment of soluble factors after dovitinib treatment

Patients provided written institutional review board—approved informed consent for the
collection of blood samples for biomarker analysis. Specimens were obtained at baseline
(before treatment) and after approximately 4 or 8 weeks (or both) of treatment. Serum was
prepared as described (37) and stored at —80°C until use. For analysis, VEGFR1, VEGFR2,
VEGF, and VEGFC expression was measured in duplicate by using Searchlight multiplex
immunoassays (Aushon Biosystems). PSA, BAP, and uNTX were measured at MD
Anderson’s Department of Laboratory Medicine.

FGF23 levels in the blood of mice were measured with a mouse FGF23 enzyme-linked
immunosorbent assay kit (EMD Millipore Corporation).

Statistical analysis

The Wilcoxon rank-sum test was applied to compare treatment durations between groups
with reduced or non-reduced levels of PSA, BAP, and uNTX. Spearman correlation
coefficients were computed to evaluate the association between percentage reductions in
BAP and uNTX as continuous variables and days on study. For all other analyses, two-
sample t tests were used. P values less than 0.05 were considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Expression of FGF and FGFR in human PCa cells and host bones. (A) H&E-stained tissue

sections (left) and immunohistochemical stains for androgen receptor (AR; middle) in MDA
PCa 2b (2b), MDA PCa 118b (118b), and MDA PCa 183 (183) cells grown subcutaneously
in SCID mice. Scale bar 100 microns. Radiographs of mouse hemi-pelvises and rear limbs
injected intrafemorally with PCa cells (right). (B) mRNA expression of Fgf2, Fgfrl (r1),
Fgfr2-1l1c (r2llic), Fgfr3 (r3), and Fgfr4 (r4) in mouse femurs with or without tumors using
mouse-specific primers. Femurs with tumors expressed significantly more Fgf2 and Fgfrl
than femurs without tumors for all PCa PDXs tested. *P<0.05, **P<0.005, two-tailed paired
t test. Error bars indicate standard error of the mean (SEM). (n=6 mice per PDX line for 2b
and 118b and n=5 mice for 183 PDX line) (C) IHC staining for FGFRL1 in the bones of mice.
Scale bar 100 um (left panels) and 50 um (right panels). T, tumor; B, bone; arrows indicate
osteoblasts. FGFR1 was detected by IHC analysis in tumor-associated osteoblasts in all
three PCa PDXs, but in PCa cells only in the 118b PDX.
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Fig 2.

FGFR1-Ilic expression in human PCa bone tumors and host bones. (A) Relative Fgfr1-1lic
mMRNA expression in mouse femurs with or without MDA PCa 2b (2b), MDA PCa 118b
(118b), and MDA PCa 183 (183) tumors using mouse-specific primers. Femurs with tumors
expressed significantly more Fgfr1-111c than femurs without tumors for all PCa PDXs tested.
P values are from two-tailed paired t tests; error bars indicate standard error of the mean
(SEM). (n=6 mice per PDX line for 2b and 118b and n=3 mice for 183 PDX line). (B)
Relative mMRNA expression of FGFR1-111b (R1-111b) and FGFR1-1llc (R1-11Ic) in tumor-
bearing femurs from three mice per PDX group (2b, 118b, and 183 cells). Error bars indicate
standard error of the mean (SEM). All PCa PDXs tested expressed between 50 and 100
times more FGFR1-I11c than FGFR1-111b. (C) Radiographs of mouse hemi-pelvises and rear
limbs injected intrafemorally with PCa cells illustrate that tumor burden (indicated by
increased bone density and bulky areas at the site of bone injection of PCa cells) correlates
with FGFR1-l1lc levels as shown in (2B). (D) Western blot analysis of MDA PCa 118b cells
grown alone or in co-culture with primary mouse osteoblasts (PMOs). Phosphorylated (p-)
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FRS2a expression was higher in MDA PCa 118b cells grown in co-culture than in cells
grown alone. elF4E was used as a loading control.
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F(%FR gene family expression in 183 prostate tissues, including PDXs, cell lines, and
clinical tissue samples. (A) Boxplots showing RNA sequencing gene expression values (in
reads per kilobase per million [RPKM]) for FGFR family genes in 17 PDXs, 10 PCa cell
lines, 19 prostate tissues derived from benign tissue adjacent to PCa, and 136 PCa tissue
specimens derived from primary and metastatic (non-bone) sites. The outlier expression of
FGFR1 in PDX sample MDA PCa 118b is shown as a red dot. (B) Bar graph of FGFR1
expression in the 183 samples presented in (A). The rightmost bar represents MDA PCa
118b. (C) Fluorescence in situ hybridization (FISH) split-signal assay of FGFRL1 in
formalin-fixed, paraffin-embedded tissue sections of the MDA PCa 118b PDX was
performed with bacterial artificial chromosome probes RP11-675F6 (for the 5' portion;
green) and RP11-513D5 (for the 3' portion; red). At least 200 nuclei were evaluated. (D)
FGFR1 expression in human PCa bone metastases was assayed with FGFR1 antibody
(Epitomics). Representative microphotographs of H&E staining and IHC staining with anti-
FGFR1 antibody in tissue sections of human PCa bone metastases. Left, positive FGFR1
staining in PCa cells and osteoblasts (2 of 17); scale bars, upper panel 200 pm, lower panel
50 um. Middle, FGFRL1 staining in osteoblasts only (6 of 8); scale bars, upper panel 100 pum,
lower panel 50 um. Right, negative FGFR1 staining (2 of 8); scale bars, upper panel 100 pum,
lower panel 50 pm.
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Fig. 4.
Effects of dovitinib treatment on mice with MDA PCa 118b tumor-bearing bones. (A) Mice

treated without dovitinib (vehicle; left) or with dovitinib for 7 days (right). Top:
Representative radiographs of pelvis and rear limbs. Blue arrows indicate MDA PCa 118b—
bearing femurs illustrated in H&E-stained sections (middle). In the treated mouse, central
areas of the tumor were empty or exhibited necrotic-like cells. Scale bars 200 um (left in
vehicle and dovitinib panels) and 50 pm (right in control and dovitinib panels). Bottom:
Activated (cleaved) caspase 3 was not detected by IHC staining (left) or western blotting
(center) in the tumors of vehicle-treated mice, but it was detected by IHC staining (right)
and western blotting (center) in the tumors of dovitinib-treated mice. Scale bar 100 microns.
(B) Relative expression of Fgfr1 in mouse femur (with and without tumors) (left) and
FGFR1 in tumor-bearing femurs (right) using mouse- and human-specific primers. RNA
was isolated from the contralateral (sham-injected) femurs and the MDA PCa 118b-bearing
femurs of control and dovitinib-treated mice. Human FGFRL mRNA expression in MDA
PCa 118b bone tumors was lower in dovitinib-treated mice than in the controls. Error bars
indicate SEM; P values are from two-tailed t tests (n=4 mice per PDX). (C) Representative
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cross-sectional images of undecalcified bone stained with von Kossa (black). The growth
plate, primary and secondary spongiosa in the femur of the dovitinib-treated mouse were
larger than in the controls. Scale bar 500 um. *growth plate; E, primary and secondary
spongiosa.
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Fig. 5.

F(gFR activity in bone and bone quality in dovitinib-treated mice. (A) Left: FGF23 levels in
blood of mice with MDA PCa 118b bone tumors were higher in dovitinib-treated mice (n=7)
than in controls (n=8). Center: Mean ratio of p-FRS2a/total-FRS2a (T-FRS2a) western blot
band densities of contralateral (non-tumorous) femurs of mice with MDA PCa 118b bone
tumors (4 vehicle- and 4 dovitinib-treated mice) and representative western blot image of the
femur of 1 vehicle- and 1 dovitinib-treated mice. These results illustrate that dovitinib led to
a reduction in p-FRS2a expression. Right: findings from bone histomorphometry of femurs
of contralateral (non-tumorous) femurs of mice with MDA PCa 118b bone tumors (n=8
vehicle- and 8 dovitinib-treated mice), and representative photomicrographs of undecalcified
bone stained with von Kossa. Bone histomorphometry indicated that dovitinib reduced the
ratio of bone surface to bone volume (BS/BV) and increased trabecular thickness (Th.Th.) in
treated mice, suggesting improved bone quality. Scale bar, 500 um. (B) Micro-CT analysis
of the femur of non-tumor bearing mice treated with dovitinib for 4 weeks. Left: Two-
dimensional slices. Right: bone parameters were similar to bone histomorphometric analysis
outlined in Fig. 5A right (n=8 vehicle and 8 dovitinib treated mice). P values are from two-
tailed t tests; error bars indicate SEM.
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Effect of dovitinib on tumor angiogenesis in mice. (A) Representative sagittal MR images of
MDA PCa 118b-bearing femurs in control and dovitinib-treated mice acquired with a 4.7-T
scanner using a To-weighted fast spin (T»-FS) echo sequence with fat suppression (left) or
dynamic contrast-enhanced (DCE) MRI (right) at 7 days after treatment with vehicle (top),
low-dose (middle), or high-dose dovitinib (bottom). Arrows indicate tumor, which appears
as areas of increased signal on To-weighted images; on the contrast-enhanced sequence, less
enhancement suggests less tumor vascularity and more enhancement more tumor
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vascularity. (B) After 7 days of treatment with low or high dovitinib doses, tumor volume
(left panel) and contrast enhancement (right panel) decreased compared with vehicle. P
values in left panel are for each treatment compared with vehicle. P values are from one-
tailed t tests; n=12 for control and high dovitinib and n=13 for low dovitinib. P values in the
right panel are for each treatment compared with vehicle in two-tailed t tests n=6 per group.
Error bars indicate SEM.
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Effect of dovitinib in PCa PDXs with high and low FGFR1 gene expression. (A)
Representative sagittal MR images of MDA PCa 118b- and MDA PCa 183-bearing femurs
in control and dovitinib-treated mice. The images were acquired with a 4.7-T scanner using
a T2-weighted fast-spin echo sequence with fat suppression 3 weeks after treatment with
vehicle (left) or dovitinib (right). Arrows indicate tumor. (B) After 3 weeks of treatment
with dovitinib, tumor volume measured by MRI was smaller than in vehicle-treated mice,
but only for mice bearing MDA PCa 118b tumors and not for MDA PCa 183 tumors. P
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values are versus treatment with vehicle. Error bars indicate SEM. (C) Longitudinal sections
of MDA PCa 118b- and MDA PCa 183-bearing femurs stained with H&E. The large tumor
area in the vehicle-treated MDA PCa 118b—bearing mouse occupies most of the region
captured by the 5x lens. The tumor area is much smaller in the dovitinib-treated MDA PCa
118b-bearing mouse, which supports the antitumor effect of dovitinib in this PDX. By
contrast, tumor areas in vehicle- and dovitinib-treated MDA PCa 183-bearing mice are
similar and reflect the lack of antitumor activity in the MDA PCa 183 PDX. All images were
taken with the growth plate used as reference (white arrows). T, tumor. Scale bar, 500 um; P
values are from two-tailed t tests. n=8 for each PDX line and each group. Error bars indicate
SEM.
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Effect of dovitinib in men with castration resistant prostate cancer and bone metastases

A
Al
u
> . p < 3 L 4
. p 3
v %
%, > & v (528
A e =5
c 800
]
e
€ 600
S
s 400
anterior posterior anterior posterior g 200
g o
Baseline 8 weeks on dovitinib =
-200
D Bone specific alkaline phosphatase E
o 20 o 100
& 200 € - BAP increase <3
& 5100 BAP decrease & 50
£ 150 <
[3) 3 o
2 100 .: 50 E
® 50 S ®
£ @ E
3 0 5 3 50
s 04
= 50 = o 100 200 300 -
100 Days -100
VEGFR2 VEGF
Feg 4 eg
gé 20 . E ‘g 90
0 "cmw (1] o 60
<
e "I"I HE |||||
oo -40 &= 3 ul
2% 50 &g O | LLLLM
© ® -30
g -80 g
R® 5-100 rg W

Fig. 8.

Baseline

o

8 weeks on dovitinib

SA

€100 - PSAincrease

g PSA decrease

®

£

e 50

(<]

= 04

& o 100 200 300
Days

Urinary N-telopeptides

—

- uNTX increase

=

§ uNTX decrease
«

g

§

o

E

® 200 300

Days

Effect of dovitinib on men with CRPC and bone metastases. (A) Bone scans of a patient
before and after dovitinib treatment. Anterior and posterior views are shown before
treatment and at 8 weeks. (B) CT scans of the abdomen and pelvis of another patient before
(left) and at 8 weeks (right) of dovitinib treatment. Note interval improvement in lesions in
both patients. (C-E) Waterfall plots (showing maximum % change from baseline) and
median duration of treatment based on change in plasma PSA (C), BAP (D), and uNTx (E)
after 8 weeks of dovitinib therapy. (F) Waterfall plot of human VEGFR2 and VEGF plasma
concentrations. Values reflect % changes of VEGFR2 and VEGF plasma concentrations
after 8 weeks of dovitinib treatment compared to baseline.
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