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VHL-Associated Tumors



von Hippel-Lindau Disease

• Affects ~1/35,000 people
• Caused by loss of function germline 

mutations of the VHL tumor suppressor 
gene at 3p25

• CNS and retinal hemangioblastomas, clear 
cell renal cell carcinomas, 
pheochromocytomas (+ a few others)



VHL GENETICS

* *
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Science (1993)



Non-Hereditary Clear Cell Renal 
Cell Carcinoma

Status at Birth ‘Hit’ #2

* *

‘Hit’ # 1
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Altered VHL Gene



The Johns Hopkins Hospital ca 1987



VHL Disease Tumors Are Very Angiogenic

Kidney CancerRetinal Hemangioblastoma



…And Sometimes Stimulate Red Blood 
Cell Production

+/+      ∆/∆

Normal Hematocrit Elevated Hematocrit



Golde and Hocking, Ann Intern Med 1981

Causes of Excessive  Red Blood Cell Production



Induce Blood Vessel Formation Increase Red Blood Cell Production

(Produce VEGF) (Produce EPO)

Link Between VHL and Oxygen Sensing?

VHL-Associated Tumors



VHL Status:        - +           +          +        +         -

Hypoxia-
Inducible
mRNAs



Hypoxia (Low O2)-Inducible mRNA 
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SCF-Like Ubiquitin Ligases
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Kibel et al Science 1995
Lonergan et al MCB 1998
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HIFβ
HIFα

Glucose Uptake (e.g. GLUT1)

Anaerobic Glycolysis (e.g. PFK, LDH)

Invasion/Homing (e.g. MMP2, MMP9, c-MET, CXCR4)

Mitogenesis (e.g. TGFα, Cyclin D1*)

The HIF Transcription Factor

Angiogenesis (e.g. VEGF, PDGF, IL-8, TGFβ)

Erthropoiesis (e.g. EPO*)

* Tissue specific



VHL-/- Cells Don’t Degrade HIFα Under 
Normoxic Conditions
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Maxwell et al (Ratcliffe Laboratory) Nature 1999
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ts20 (VHL +/+) mouse fibroblasts (TS E1 Mutant) Haifeng Yang

pVHL

NC Filter

YαVHL Ab

HIF1α Undergoes an Oxygen-Dependent Modification that 
Regulates its Direct Binding to pVHL
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Ivan et al Science 2001
Jaakkola et al Science 2001



Purification of the HIF Prolyl Hydroxylase 
EglN1 I

Ivan et al, PNAS 2002
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EglN Family Members

• EglN1 (= PHD2)
– EglN1-/- embryonic lethal

• EglN2 (= PHD1)
– EglN2-/- mice viable; grossly normal

• EglN3 (= PHD3)
– EglN3-/- mice viable; grossly normal



Conditional Inactivation of EglN1 (= 
PHD2) in Mice

+/+      ∆/∆
M Minamishima et al Blood 08



Human Familial Polycythemia and HIF

• Homozygous (or compound 
heterozygous), hypomorphic, VHL
Mutations (Chuvash Polycythemia)

• Heterozygous, hypomorphic, EglN1
Mutations

• Heterozgous, hypermorphic, HIF2α
Mutations



Conditional Inactivation of EglN1 (= 
PHD2) in Mice

+/+      ∆/∆
M Minamishima et al Blood 08



EPO Production

Fetal Life Adult

~ 20 million Americans with Chronic Renal Failure
2-4 million of these are Anemic



Reactivation of Hepatic EPO Production after Loss of all 3 
EglN Members

Minamishima and Kaelin, Science, 2010



Pharmacologic Stabilization of HIF

FG-4497
(mg/kg)

50 1000

HIF-Luc
Reporter
Mice

e.g. Ivan et al PNAS 2002
Safran et al PNAS 2006

ROSA26 HIF1α Luciferase



Treatment of Anemia with Oral EglN Inhibitor: 
Predialysis Chronic Kidney Failure



Treatment of Anemia with Oral EglN Inhibitor: 
Predialysis Chronic Kidney Failure



July 24, 2019



Protection
Against Low O2

Treatment for Ischemic Diseases?

O2

EglNDrug

HIF

HIF

Unstable
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e.g. Olenchock et al Cell 2016



T

VHL (+/-)  Kidney VHL (-/-) Renal Cysts VHL (-/-) Tumor

Loss of Remaining 
Wild-type VHL Allele

Mutation (s) at 
non-VHL Loci

Kidney Cancer Arising in VHL Patients

Inactivation of VHL is not Sufficient for Renal Carcinogenesis



VHL Loss is the Initiating Event in Most Sporadic 
Clear Cell Renal Cell Carcinomas- One Example

Gerlinger M et al. N Engl J Med 2012;366:883-892.



Inhibition of HIF2 is Necessary and
Sufficient for Kidney Tumor Suppression by 

pVHL

VHL  (-/-) RCC TUMORS

VHL  (-/-) RCC + pVHL NO TUMORS

VHL  (-/-) RCC + pVHL + HIF2α P -> A TUMORS

Iliopoulos et al Nat Med 1995
Kondo et al Cancer Cell 2002
Kondo et al PLOS Biology 2003

VHL  (-/-) RCC + HIF2α shRNA NO TUMORS



HIFβ
HIFα

Glucose Uptake (e.g. GLUT1)

Anaerobic Glycolysis (e.g. PFK, LDH)

Invasion/Homing (e.g. MMP2, MMP9, c-MET, CXCR4)

Mitogenesis (e.g. TGFα, Cyclin D1*)

The HIF Transcription Factor

Angiogenesis (e.g. VEGF, PDGF, IL-8, TGFβ)

Erthropoiesis (e.g. EPO*)

* Tissue specific



Normal

Invasive Cancers
Diseased

Expression of VEGF-A in Human Tissues – GeneLogic / Affymetrix®

~ 6,500 Tissue Specimens



FDA Approved VEGF Inhibitors for 
Treating Kidney Cancer

• Bevacizumab
• Sunitinib
• Sorafinib
• Axitinib
• Pazopanib
• Cabozantib
• Levantinib



HIFβ
HIFα

Glucose Uptake (e.g. GLUT1)

Anaerobic Glycolysis (e.g. PFK, LDH)

Invasion/Homing (e.g. MMP2, MMP9, c-MET, CXCR4)

Mitogenesis (e.g. TGFα, Cyclin D1*)

The HIF Transcription Factor

Angiogenesis (e.g. VEGF, PDGF, IL-8, TGFβ)

Erthropoiesis (e.g. EPO*)

* Tissue specific



First Generation HIF2α Inhibitors

Rick Bruick and Kevin Gardner-UTSW



HIF2α Inhibitor

PT2399

John Josey, Eli Wallace, et al





53

HIF2 Inhibitor in Patients with Advanced Kidney 
Cancer (Phase 2)
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Ongoing treatment
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As of  January 1, 2019 

Response All Patients (n=55)

PR 12 (22%)

SD 31 (56%)

DCR 43 (78%)



Trans. Ophthal. Soc. U.K. 14: 141-149, 1894
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Carolyn M. Kaelin M.D. (April 4, 1961– July 28, 2015)



Neuroprotection in Rodent Stroke Model

• FG-4539 administered i.v. at time of MCAO 
(60 mg/kg shown)

• Significant reduction in infarct volume

Vehicle FG-4539



Inhibition of HIF2 is Necessary and
Sufficient for Kidney Tumor Suppression by 

pVHL

VHL  (-/-) RCC TUMORS

VHL  (-/-) RCC + pVHL NO TUMORS

VHL  (-/-) RCC + pVHL + HIF2α P -> A TUMORS

Iliopoulos et al Nat Med 1995
Kondo et al Cancer Cell 2002
Kondo et al PLOS Biology 2003

VHL  (-/-) RCC + HIF2α shRNA NO TUMORS
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