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Abstract

Background: Cabozantinib is active in advanced prostate cancer with improvement on bone 

scans in men on phase II trials. This trial evaluated the efficacy and changes in bone lesions in men 

with metastatic castration–resistant prostate cancer (mCRPC) treated with cabozantinib.

Methods: Eligible patients with mCRPC involving bone underwent biopsy of a bone lesion 

followed by cabozantinib starting at 60 milligrams daily and continuing until progression or 

intolerable toxicity. The primary study end point was progression free survival (PFS) at 12 weeks. 

The bone lesion was rebiopsied at 6 weeks. Expression of CMET, phospho-CMET, and VEGFR2 

was assayed by immunohistochemistry. Serum was obtained at baseline, and at 3, 6, and 12 weeks 

and assayed for bone remodeling markers.

Results: 25 patients were enrolled: 22 were evaluable, and 3 were excluded before receiving 

cabozantinib. At 12 weeks 17/22 (77%) had stable disease or better. Median time on treatment 

was 24 weeks (range 3–112). Overall median PFS was 43.7 weeks (95% CI 23.7–97.0). 8 of 22 

(36%) had markedly reduced uptake on bone scan. Patients with significant response on bone scan 

had higher BMP–2 levels at baseline, stable NTx levels, increased VEGFR2 expression, and a 
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trend towards increased phosphor-CMET while on cabozantinib compared to patients with stable 

disease.

Conclusions: Cabozantinib is active in men with mCRPC, inducing significant changes on 

bone scan in one third of patients with changes in markers of bone formation and the tumor 

microenvironment.

Introduction

Bone metastases are a significant cause of morbidity and mortality in men with mCRPC.(1–

3) Multiple signaling pathways have been implicated in osseous metastases and evidence 

suggests that the receptor tyrosine kinase MET and its ligand hepatocyte growth factor 

(HGF) play key roles.(4) Over-expression of MET independently predicts invasion and 

metastasis in prostate cancer and expression is more common in bone metastases.(4, 5) 

Moreover, increased serum levels of HGF are an independent prognostic marker in patients 

with advanced disease.(6, 7) Up-regulation of HGF and MET are associated with the 

transition to androgen-independent growth of prostate cancer.(8, 9) Androgen suppression 

activates MET in human prostate cancer cell lines transitioning them from paracrine to 

autocrine signaling, resulting in androgen-independent growth. MET expression is inversely 

correlated with androgen receptor expression in these cell lines. (9)

Cabozantinib is a small molecule which inhibits multiple receptor tyrosine kinases including 

MET, VEGFR2 and RET which play critical roles in angiogenesis and tumor cell 

proliferation, invasion, and metastasis.(10, 11) In a xenograft model of castration-resistant 

prostate cancer (CRPC), cabozantinib blocks the progression of osteolytic and osteoblastic 

lesions.(12, 13) A phase 2 randomized discontinuation trial with a large expansion cohort 

demonstrated that cabozantinib has significant activity with stabilization of disease in 

75% of 171 of the patients enrolled.(14) In the population with bone metastases, 68% 

had improvement on bone scans including complete resolution of all uptake in 12%. A 

confirmatory phase 2 trial in men with mCRPC post-docetaxel demonstrated a similar rate 

of bone scan response (63%) with an additional 19% of patients having stable disease.(15)

Despite the activity on bone scan, there was no survival benefit in a phase 3 trial in men 

with heavily pretreated disease.(16) While men with advanced prostate cancer appear to 

have some clinical benefit from cabozantinib, it is possible that the bone scan changes 

do not reflect any anti-neoplastic effect. To explore this question, this phase 2 trial of 

cabozantinib used serum markers and bone biopsy to longitudinally investigate the effects 

of cabozantinib on bone metastases in men with mCRPC who had not yet received 

chemotherapy, abiraterone, or enzalutamide.

Patients and Methods

Standard eligibility and exclusion criteria for phase 2 trials in mCRPC were used with the 

modification that patients were required to have one bone lesion amenable to biopsy and no 

prior chemotherapy. The study protocol and informed consent document were reviewed 

and approved by the University of Michigan Institutional Review Board (IRBMed). 

Informed consent was obtained from all patients before any study-specified procedures 
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were performed. The study was conducted under an investigator-IND held by the principal 

investigator (DCS) granted by the US Food and Drug Administration. The study was 

registered at ClinicalTrials.gov (NCT01428219).

Study Design

The primary study objective was to assess the efficacy of cabozantinib in patients with 

CRPC metastatic to bone. Secondary objectives included assessment of the toxicity, 

progression free survival, response proportion in soft tissue and bone disease, duration of 

response, PSA response, and time to progression. Correlative studies assessed the effect of 

cabozantinib on bone lesions measured as changes in markers of bone metabolism, changes 

in MET, AKT and VEGFR2 expression and phosphorylation, and changes in perfusion and 

diffusion magnetic resonance (MR) and computed tomography (CT) images in bone lesions 

during therapy. (Results of the MR studies are reported elsewhere).(17)

Baseline evaluation consisted of CT of the chest, abdomen, pelvis, bone scan, serum markers 

of bone metabolism, and diffusion/perfusion MRI with biopsy of a metastatic lesion. The 

initial 7 patients received doxycycline 100 mg daily 12–14 days and again 2–4 days prior to 

bone biopsy to assess bone histomorphometry. Patients then received cabozantinib 60 mg as 

a daily oral dose. At 6 weeks MRI and biopsy of the metastatic bone lesion were repeated. 

CT and bone scan were performed at 6 and 12 weeks and then every 12 weeks. Standard 

laboratories and physical examination were performed every 21 days during the initial 6 

weeks and every 28 days thereafter. Sera for markers were obtained at 3, 6, and 12 weeks 

and then every 12 weeks while on study.

Correlative Studies

Bone Biopsy Immunohistochemistry: Bone biopsy cores were immediately placed 

in buffered 10% formalin (Fisher Scientific, Waltham, MA) overnight at 4°C, rinsed 

with PBS then transferred to Immunocal (Decal Chemical Corporation, Tallman, NY) to 

decalcify for 1 to 2 hours. Samples were paraffin embedded, sectioned and stained with 

hematoxylin and eosin for immunohistochemistry. Antibodies used were: anti-cytokeratin 

CAM5.2 (BD349205; Becton-Dickinson. Franklin Lakes, NJ); anti-CMET (Cat# 51067; 

Abcam, Cambridge, MA), anti-pCMET (Cat# 44–888G; Invitrogen, Carlsbad, CA) and anti-

VEGFR2/Flk-1 (SC-504; Santa Cruz Biotechnologies, Santa Cruz, CA) at 1:20, 1:200, 1:50, 

and 1:150 respectively. Antigen retrieval was performed with Diva Decloaker (DV2004, 

Biocare Medical, Concord, CA) for CMET and pCMET, and with Reveal (RV1000, Biocare 

Medical) for VEGFR2. Antibodies were optimized by titration using prostate cancer tissues. 

Results are presented as the expression index (EI) which is the product of the staining 

intensity x the percent positive cells.

ELISA for Bone Metabolic Markers: Serum samples were collected and stored at 

−80°C. ELISA assays were performed as recommended by the manufacturer for: Bone 

Alkaline Phosphatase (BAP) (Quidel, San Diego, CA), bone morphogenic protein–2 

(BMP-2) (DBP200, R&D Systems, Minneapolis, MN), tartrate–resistant acid phosphatase 

type 5b (TRAcP) (SB-TR201R, IDS, Tyne & Wear, United Kingdom), type I C-terminal 

collagen propeptide (CICP) (Quidel), N-telopeptides (NTx) (Osteomark serum kit X9021, 
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Alere, Waltham, MA ), Intact Osteocalcin (Quidel), and sclerostin (SOST)(R&D). All assays 

were performed at room temperature and results were read using a fluorescent microplate 

reader.

Statistical Considerations

This study was designed as a two-stage Simon’s Mini-max trial permitting the early 

termination of patient entry after the first 27 evaluable patients if results were unfavorable, 

with a total accrual of 46 evaluable patients planned. This treatment would not be considered 

of interest if the progression-free proportion at 12 weeks was < 0.45, and it would be of 

definite clinical interest if this proportion was > 0.65. The 2-stage design had a 5% type I 

error and 85% power at these levels of interest. Progression was defined using a composite 

end point of PSA along with evidence of progression on bone scan and/or CT scans of soft 

tissue lesions consistent with the Prostate Cancer Working Group 2 criteria.(18) In the case 

of progression on bone scan or CT scan the date of progression was defined as the date of 

the first scan that showed progression. Although PSA was assessed, it was not sufficient to 

determine progression in the absence of bone scan, CT or other clinical criteria.

The count and proportion of patients who were progression-free at 12 weeks was reported. 

Progression-free survival and time to PSA progression were reported with Kaplan-Meier 

estimates. Serum markers and IHC markers were summarized at each time point of 

collection with means and standard deviations. Difference in markers between treatment 

response groups were tested using t-tests or signed rank tests if the distribution warranted. 

Multiple comparisons were not used in these hypotheses-generating correlative analyses.

Results:

Patients

Twenty-five patients with mCRPC were enrolled. Two were excluded for rapid disease 

progression prior to start of therapy, one had a comorbidity arise between enrollment and 

the start of treatment rendering him ineligible, leaving 22 evaluable men who took at least 

one dose of cabozantinib. Baseline characteristics are listed in Supplemental Table 1. All 

patients had bone involvement with the majority having diffuse skeletal disease (13/22 with 

>10 lesions). Seven patients had measureable soft tissue disease; 4 liver, 2 pelvic soft tissue 

masses, and one nodal disease.

Efficacy

The primary efficacy endpoint was progression–free survival (PFS) at 12 weeks; 17/22 

(77%, 95% confidence interval (CI) 54–92%) remained on study with stable disease or 

better at 12 weeks. The Kaplan-Meier estimate of PFS at 12 weeks (patients censored 

at time of drug discontinuation if stopped because of toxicity) was 90% (95% CI 64% 

– 97%) (Supplemental Figure 1), with a median overall PFS of 43.7 weeks (95% CI 

23.7–97.0). One patient stopped therapy at week 3 due to a grade 4 event (trans-ischemic 

attack) and 4 stopped at 9 weeks (1 with progression and 3 with adverse events (AE)). 

Of the 3 who stopped at week 9 for AE, 2 had stable disease at 12 weeks imaging and 

one was unevaluable. None had evidence of progression on bone scan at 12 weeks and 
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8/22 (36%) had significant improvement with markedly decreased uptake, all on their first 

follow-up scan at 6 weeks. (Figure 1) The PSA progression-free rate at 12 weeks was 36% 

with a partial response rate of 18%. Four patients had a decline in PSA ≥50%, but most 

remained stable or had rising PSA while on cabozantinib. Therapy was discontinued due to 

progression (41%), adverse events (50%) or patient/physician discretion (9%). The median 

time on treatment was 24 weeks (range 3–112 weeks). At the time of analysis, all patients 

had completed therapy.

Safety

All 22 patients who received cabozantinib were evaluable for toxicity. All patients had 

at least one treatment-associated AE. Treatment-related AEs of any grade in over 10% 

of patients are summarized in Table 1. The most common all-grade AE were anorexia, 

diarrhea, liver function test abnormalities, dysgeusia, fatigue, and weight loss. The most 

common grade 3 AE were thromboembolic events, diarrhea or lipase elevation. No grade 

4/5 toxicities were observed. These AE typically resolved rapidly with dose reduction or 

discontinuation. Only 50% (11/22) at 6 weeks and 4/22 patients (18%) at 12 weeks remained 

on the 60 mg daily dose. There were no significant toxicities associated with doxycycline 

used for bone labelling.

Correlative Studies

Results of serum markers of bone metabolism obtained at baseline, and 3, 6, and 12 

weeks are in Table 2. These assays included markers of bone formation (osteocalcin, 

CICP, BAP), bone resorption (NTx, TRAcP), osteoblastogenesis (BMP-2) and inhibition 

of osteoblastogenesis (SOST). Across the entire population, the markers indicate a decrease 

in both bone formation and resorption. Two markers of bone formation (osteocalcin and 

CICP) were initially significantly decreased when compared to baseline. BAP initially rose 

then fell back to baseline, while SOST levels displayed an inverse pattern. NTx levels 

were significantly decreased indicating inhibition of bone resorption. TRAcP levels also 

decreased although this was not significant. BMP-2 levels were significantly increased at 

all three time points suggesting an increase in osteoblastogenesis. In all markers, the initial 

effects decreased over time corresponding to the decreasing dose of cabozantinib as the 

patients progressed on study. Comparing patients who had significant response on bone 

scan to those with minimal improvement/stable disease, two markers showed appreciable 

differences. Baseline BMP-2 was higher in those who had a significant bone scan response, 

while the patients with minimal response/stable disease had greater increases in this marker 

over time (Figure 2A). NTx levels were decreased and remained suppressed in those with 

a significant response, but decreased transiently then returned to baseline in those with 

minimal response/stable disease (Figure 2B).

Bone biopsies were obtained at baseline (N=22) and after 6 weeks of treatment (N=20). In 

the first 7 patients, these were processed for histomorphometry, but crush artifact prohibited 

assessment and no further attempts for this analysis were made. After processing, prostate 

cancer was identified in 31 of 42 (74%) biopsy specimens. Of these, 30 had sufficient tumor 

for IHC with 24 paired specimens for comparison of pre- and post-treatment biopsies in 12 

patients. Results are shown in Table 3 and Supplemental Figure 2. There was no significant 
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change in mean levels of CMET, pCMET, or VEGFR2 after 6 weeks of therapy, although 

individual patients did have substantial changes. Comparing significant responders on bone 

scan to minimal and nonresponders there are statistically significant higher VEGFR2 levels 

(p=0.009) and a trend toward increased levels of pCMET in the responders while on 

cabozantinib in this small sample.

Discussion

As in prior phase II trials, this trial demonstrated that cabozantinib has a high level of 

activity, with three quarters of the men having stable disease or better at 12 weeks and 8 of 

the 22 evaluable patients had evidence of significant improvement in bone scan. The median 

progression free survival was 43.7 weeks. This compares favorably with the prior studies 

reflecting the population enrolled which had not received prior docetaxel or newer agents 

targeting the androgen signaling pathway. Also similar to prior studies, toxicities limited 

drug dosing and resulted in discontinuation of therapy in 50% of men.

In vitro and in vivo studies of cabozantinib show inhibition of prostate cancer growth 

in bone and changes in bone remodeling although the mechanism is not clear.(12, 13, 

19) Alterations in the tumor microenvironment result in a reduction in osteoclasts and 

increase in osteoblasts mediated, in part, through a reduction in rank ligand (RANKL) 

expression. (19–21) A patient–derived xenograft (PDX) model showed consistent inhibition 

of bone formation with cabozantinib associated with inhibition of osteoblast proliferation 

and induction of differentiation.(22) A conflicting study suggested that cabozantinib induced 

osteoblast differentiation and secretion of proteins promoting prostate cancer survival and 

migration in bone.(23)

Clinical assays for markers of bone metabolism have shown mixed results. One study 

showed decreased alkaline phosphatase and urinary NTx, while a second showed an increase 

in BAP with a decrease in TRAcP.(22, 24) BAP was variable in our patients with an initial 

rise followed by a fall back to baseline, possibly due to the decreasing doses of cabozantanib 

while on treatment. Overall, the serum markers suggest that cabozantinib inhibits both bone 

resorption and bone formation while promoting osteoblastogenesis. Subjects with lower 

levels of BMP–2 appeared to have less response to cabozantinib suggesting that ongoing 

bone remodeling may be a prerequisite to response. Alternatively, in the context of bone 

metastasis, BMP–2 may be a more general indicator of disease activity as lower BMP–2 

mRNA expression is associated with worse overall survival after radical nephrectomy for 

renal cell carcinoma.(25)

We attempted to assay ratios of CMET, pCMET, and VEGFR2 in sequential bone biopsies 

using immunohistochemistry to assess changes in tumor microenvironment. Overall, we 

were successful in obtaining sequential biopsies although the amount of viable tumor 

and variability of protein assays impacted the results. No clear signal emerged suggesting 

correlation with the target inhibition and response, although bone responders did have 

significantly increased levels of VEGFR2 expression. The explanation for this is not clear 

as it is inconsistent with plasma assays showing inhibition of VEGFR2 levels(24) and the 
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PDX model which showed a marked drop in VEGFR2 immunofluorescence with exposure 

to cabozantinib.(22)

Despite the substantial activity demonstrated in men with prostate cancer cabozantinib failed 

to show a survival advantage in a phase 3 trial.(16) The study population (advanced disease 

post–chemotherapy), dose, and schedule may have played a role. While lower doses have 

shown activity there was increased activity with higher doses in the phase 2 nonrandomized 

extension study. (15, 26) Despite increased toxicity at the higher dose, virtually every 

measure of efficacy favored 100 mg compared to 40 mg daily. At the 60 mg daily dose the 

majority of men (88%) on the phase 3 trial required dose reduction or interruption,(16) and 

few men enrolled on this trial were able to maintain the 60 mg daily dose for the initial 

evaluation period due to toxicity, despite the fact that they were presumably healthier than 

the phase 3 population. Although the data from the PDX model suggests that continuous 

dosing is required for maximal tumor control,(22) a potential clinical strategy to match 

efficacy and tolerance would be to provide high doses on an intermittent schedule as is done 

with sunitinib in kidney cancer where there is no difference in efficacy with continuous 

versus intermittent dosing on a variety of schedules with reduced toxicity with intermittent 

dosing.(27–29)

This single-institution study has a number of limitations including small sample size, 

nonrandomized population, moderate success with tumor retrieval on bone biopsies, 

inter-assay variability on immunohistochemistry, and possible batch effects on serum 

assays. The challenge of sequential bone biopsies and the suspension of the cabozantinib 

development program limited accrual. Nevertheless, the results from these assays serve to 

generate hypotheses which can be tested in additional studies and may be generalizable 

to bone lesions in other bone-tropic malignancies (kidney and thyroid cancer) for which 

cabozantinib is approved.

This study confirms the clinical activity and substantial toxicities of cabozantinib in men 

with mCRPC, demonstrating that bone remodeling is altered, and suggests that responders 

may be identified by elevated baseline levels of BMP–2 and with a subsequent increase 

in VEGR2 expression in tumor specimens. Although further development of cabozantinib 

in prostate cancer is currently on hold, this level of activity warrants further evaluation to 

determine optimal doses and schedules with exploration of predictive biomarkers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Bone scan response. Signficant improvement vs stable disease
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Figure 2. 
A: BMP-2 levels. Significant responders vs Improved/Stable/Progressing

B: NTx levels. Significant responders vs Improved/Stable/Progressing
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Table 1:

Treatment Related Adverse Events Occurring in > 10% of Patients

Adverse Event All grades: N (%) Grade 3: N (%)

Diarrhea 16 (73) 3 (14)

Increased alanine aminotransferase (ALT) 15 (68) 0

Increased aspartate aminotransferase (AST) 15 (68) 0

Weight loss 11 (50) 1 (5)

Palmar plantar erythrodysesthesia 10 (45) 1 (5)

Nausea 10 (45) 0

Anemia 10 (45) 0

Proteinuria 9 (40) 0

Thrombocytopenia 7 (32) 0

Vomiting 7 (32) 0

Constipation 6 (27) 0

Mouth pain/mucositis 6 (27) 0

Decreased white blood cells 5 (23) 0

Hypertension 5 (23) 0

Venous thromboembolism 5 (23) 5 (23)

Gastroesophageal reflux 4 (18) 0

Dry mouth 4 (18) 0

Fatigue 4 (18) 0

Increased alkaline phosphatase 4 (18) 0

Muscle weakness 4 (18) 0

Hematuria 4 (18) 0

Hypothyroidism 3 (14) 0

Abdominal pain 3 (14) 0

Increased amylase 3 (14) 1 (5)

Post nasal drip 3 (14) 0

Sore throat 3 (14) 0
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Table 3:

Immunohistochemistry Markers

IHC Marker Time point Sig Improvement On Bone Scan Mean (Std) Imp/Stable/Prog On Bone Scan Mean (Std) p-value

cMet

Baseline 132.0 (113.9) N=5 99.3 (98.9) N=7 0.61

Week 6 110.0 (104.3) N=6 91.3 (89.2) N=8 0.71

Difference −2.0 (114.5) N=5 5 (98.0) N=7 0.91

pcMet

Baseline 125.0 (95.7) N=5 156.7 (102.9) N=6 0.29

Week 6 156.7 (102.9) N=6 136.3 (68.2) N=8 0.66

Difference 31.0 (109.3) N=5 −35.7 (85.0) N=7 0.26

pcMet/cMet

Baseline 5.3 (8.9) N=5 42.3 (88.9) N=7 0.32

Week 6 4.7 (6.1) N=6 13.1 (24.0) N=8 0.37

Difference −2.9 (6.1) N=5 −37.4 (82.0) N=7 0.31

VEGFR2

Baseline 104.0 (65.4) N=5 86.7 (65.3) N=6 0.67

Week 6 146.7 (56.1) N=6 51.3 (56.7) N=8 0.0009

Difference 32.0 (95.5) N=5 −30.0 (80.0) N=6 0.27

N=number of patients with tumor in specimen at given timepoint with staining by IHC
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