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Driving advances with kidney cancer 

mouse models
BIOLOGY:

Vignettes 1-7: Tumor suppressor gene cooperativity
▪ VHL sufficiency for ccRCC development

▪ BAP1 and PBRM1 drive tumor grade

▪ BAP1 and PBRM1 as determinants of metastatic latency and tropism

▪ BAP1 and PBRM1 shape the TME
▪ Transformation of PBRM1-deficient tumors (TSC1 & SETD2)

Vignette 8: Cell of origin 

TRANSLATION:

Vignette 9: Targeting HIF-2
▪ Predictive biomarkers (HIF-2α PET tracer, paraneoplastic syndromes)

▪ Resistance mechanisms 

▪ Second generation tumor targeted siRNA therapeutic

Vignette 10: Rapalogs
▪ Resistance mechanisms 



Germline mutations in VHL predispose 

to ccRCC and other tumors

https://nci-media.cancer.gov/pdq/media/images/793775.jpg

Hemangioblastomas

Pancreatic neuroendocrine tumors

Renal cell carcinoma (ccRCC)



Vignette 1. Unlike most 2-hit TSG, VHL is insufficient for tumorigenesis

Pena-Llopis et a l., Can Res 2013 Pena-Llopis et al, Nat Genet (2012)

Wang et al, PNAS (2014)

(Haase et al, PNAS 2001)



Six2-Cre;VhlF/F;Bap1F/+Six2-Cre;VhlF/F

Co-inactivation of Vhl & Bap1 in murine nephron 

progenitor cells causes ccRCC

Wang et al, PNAS (2014)



Vignette 2. BAP1 and PBRM1 are not simply indicators 

but drivers of tumor grade and aggressiveness 

Pena-Llopis et al, Nat Genet (2012)

Kapur et al, Lancet Oncology (2013)

Pena-Llopis et al, Cancer Res (2013)

Wang et al, PNAS (2014)

Joseph et al, J Urol (2016)

Gu et al, Cancer Discovery (2017)

Wang et al, Cancer Discovery (2018)

Singla et al, JCI Insight (2020)
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Gu et al, Cancer Discovery (2017)
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Vignette 3. BAP1 and PBRM1 differentially account for 

early (≤1 yr) and late (>3 yrs) metastasizing tumors

Kapur et al., JCI Insight (2024)
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Vignette 4. PBRM1 loss likely contributes to improved survival of tumors 

with pancreatic tropism and response to anti-angiogenic drugs 

Cai Q et al., EBioMedicine (2020)

Singla et al., JCI Insight (2020)

Kapur et al., Kidney Cancer Journal (2020)

Duarte et al., EClinicalMedicine (2023)

Xu and Kapur et al., submitted
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Gu et al., Cancer Discovery 2017

CD31phospho-S6 ?

Pax8-Cre; VhlF/F; Pbrm1F/F  Pax8-Cre; VhlF/F; Bap1F/F 

Ki-67

H&E

Vignette 5. mTORC1 activation drives progression 

of Vhl/Pbrm1 tumors
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TSC1 mutations in ccRCC 4/77 (5%) 

Vignette 5. mTORC1 activation drives progression 

of Vhl/Pbrm1 tumors



Pena-Llopis et al., Can Res 2013

Ho et al., Mod Path 2016

Vignette 6. Another route to increasing PBRM1- tumor 

aggressiveness: loss of SETD2 
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(Turajilic et al., Cell 2018)



Vignette 7. BAP1 loss induces inflamation with systemic manifestations 

(thrombocytosis & neutrophilia), which likely accounts for their prognostic value

Sivanand et al., Sci Transl Med 2012; Elias et al., Cell Reports 2021

eTME

Inflammed (IS)     Non-inflammed (NIS)

(p = 7.7 × 10−5)
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As shown in GEM, differences in TME 

are associated with genotype in humans

Gu et al., Cancer Discovery 2017



Vignette 8. While ccRCC is thought to arise from PCTs, PCT 

S1/S2 cells give rise to tRCC, but not ccRCC

Prakasam et al., JCI 2024



Pathological studies support PEC as source of ccRCC

A, Human preneoplastic cyst 

constituted of atypical clear 
cells lining Bowman’s 
capsule 

B, Pax8-Cre;VhlF/F;Pbrm1F/F 

model (Gu YF et al., Cancer 

Discov. 2017)
C, Ksp1.3-CreERT2; 
VhlF/F;Trp53F/F;Rb1F/F model

Gu et al., Cancer Discov 2017

(Harlander et al., Nat Med. 2017)
Kapur et al., Unpublished



Vignette 9. HIF2 targeting and biomarker identification 

in mouse models

➢ Development of a first-in-class HIF2 inhibitor

➢ The quest for biomarkers (HIF2α, paraneoplastic syndromes)

➢ Identification of resistance mutations

➢ Development of a second-generation tumor targeted siRNA drug



Scheuermann et al. 

PNAS 2009
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Scheuermann et al. 

Nat Chem Biol  2013

UTSW high-throughput

library screen

HIF2-I

Development of a HIF2 inhibitor at UTSW

UT Southwestern BioCenter

PT2385                            PT2399                            PT2977
Belzutifan

Peloton Therapeutics (PT) HIF2 inhibitors

Tian et al.

Genes & Dev 1997



PT2399 is active against 

human ccRCC transplants in mice
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Chen et al., Nature 2016



PT2399 has greater activity than 

sunitinib and is better tolerated

Chen et al., Nature 2016

267 mice from 22 independently derived TG lines (18 ccRCC)



Courtney et al., JCO 2018
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How are resistant and sensitive tumors different? 

HIF2α levels
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Testing for HIF2α levels in patients:

Turning PT2385 into a PET tracer

GE PETtrace 880 cyclotron

(11 US FDA INDs, 2 ANDAs, 1 RDRC for clinical trials 

>30 investigational/novel radiotracers)

PT2385 [18F]PT2385
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[18F]PT2385 PET identifies HIF2α expressing 

ccRCC tumorgrafts in mice

Dual Tumor study 

Principal Investigator: James Brugarolas, M.D., Ph.D.



Hypercalcemia of malignancy (HCM): 

A biomarker of HIF-2 dependency?

PT2399 downregulates PTHrP (PTHLH) expression and 

HIF-2 binding to promoter sequences

Unpublished, please do not post



PT2399 (belzutifan analogue) 

suppresses PTHrP and hypercalcemia

(n=9)

Unpublished, please do not post



HCM as a biomarker of HIF-2 

dependency

Unpublished, please do not post



HCM tumors express high levels of HIF-2α 

& are frequently sarcomatoid

Sarc/rhab

Epithelial

Missing

Normocalcemia   Hypercalcemia

     (n=2215)               (n=26)

H
u

m
a
n
s
  

  
  
  

  
  
  

  
  
  

  
  
  

  
  
  

  
M

ic
e

Unpublished, please do not post



Prospective Patient Case

ccRCC (sarc)

Unpublished, please do not post



Resistance development to HIF2 

antagonists

Kidney

-12 37 100 225 350 Days

Pelvis

Liver

PT2385

Chen et al., Nature 2016
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Resistance mutations were previously 

identified in TGs
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Towards 2nd generation HIF2 inhibitors with 

activity against resistant mutant HIF2

Ma et al., Clin Cancer Res 2022
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Brugarolas et al., Clin Cancer Res 2024

Phase 1 trial offers proof-of-principle for 

HIF2α targeting by siRNA



Waterfall Plot of Best Percent Change for 

Target Lesions 
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Case Study: Patient A
Washout (2 wks)

H&E

HIF2α

Baseline +16 Days

Ma et al., Clin Cancer Res 

2022
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TG generated from patient A trial biopsy 

shows response to siRNA drug



Vignette 10. Probing resistance 

mechanisms to rapalogs

➢ Rapalogs (temsirolimus, a sirolimus/rapamycin prodrug, and everolimus), 
were first approved for mRCC by the FDA in 2007 (Hudes et al., NEJM 2007 
and Motzer et al., Lancet 2008).

➢ Today, most often used in combination with lenvatinib (everolimus) in the 
refractory setting (and for nccRCC).

➢ Resistance uniformly arises, but how it develops has been a mystery since 
they were approved more than a decade ago.

➢ While rapalogs specifically bind mTORC1 and there are known mutations in 
mTOR that prevent rapalog binding, these mutations have not been 
identified in ccRCC (Hamieh et al., PLOS Genet 2018).



We were somewhat surprised that we did not identify any 

secondary mutations in MTOR (…) in any of these six 

patients, nor were MTOR mutations associated with 

resistance development in even a single case.

“
”

We conclude that mechanisms of resistance to rapalog 

therapy in RCC are not easily explained by mutations in most 

cases, and likely depend on more subtle transcriptional and/or 

epigenetic changes.

“
”



Unexpected resistance mechanisms to rapalogs

+Tumor 

transplantation

Rapamycin (sirolimus) accounts for 70% 

of circulating drug after temsirolimus and is
an everolimus analog

Image generated with BioRender



As for PT drugs, TGs develop resistance to 

rapamycin with prolonged treatment
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Resistance development correlates with mTORC1 

reactivation in stromal (but not tumor) cells 

suggesting that the stroma plays key role
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Engineering a mutation in NOD/SCID 

recipient mice to block rapamycin binding

mTOR S2035T substitution (mTORST) induces a steric clash and alters 

polarity precluding rapamycin binding

Ser2035 VDW Radius Thr2035 VDW Radius

mTOR FKBP12mTOR FKBP12

Courtesy of Lisa Kinch

From 2fap (PubMed: 10089303)



Engineering an mTOR resistance mutation in the NOD/SCID mouse 

genome is sufficient to induce resistance in transplanted tumors
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