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VHL Ser65 mutations enhance HIF2α 
signaling and promote epithelial-mesenchymal 
transition of renal cancer cells
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Gong‑Hong Wei3,6* and Zhihua Wang1* 

Abstract 

Background: Von Hippel‑Lindau (VHL) disease is an autosomal dominant genetic neoplastic disorder caused by 
germline mutation or deletion of the VHL gene, characterized by the tendency to develop multisystem benign or 
malignant tumors. The mechanism of VHL mutants in pathogenicity is poorly understand.

Results: Here we identified heterozygous missense mutations c.193T > C and c.194C > G in VHL in several patients 
from two Chinese families. These mutations are predicted to cause Serine (c.193T > C) to Proline and Tryptophan 
(c.194C > G) substitution at residue 65 of VHL protein (p.Ser65Pro and Ser65Trp). Ser65 residue, located within the 
β‑domain and nearby the interaction sites with hypoxia‑inducing factor α (HIFα), is highly conserved among different 
species. We observed gain of functions in VHL mutations, thereby stabilizing HIF2α protein and reprograming HIF2α 
genome‑wide target gene transcriptional programs. Further analysis of independent cohorts of patients with renal 
carcinoma revealed specific HIF2α gene expression signatures in the context of VHL Ser65Pro or Ser65Trp mutation, 
showing high correlations with hypoxia and epithelial‑mesenchymal transition signaling activities and strong associa‑
tions with poor prognosis.

Conclusions: Together, our findings highlight the crucial role of pVHL‑HIF dysregulation in VHL disease and 
strengthen the clinical relevance and significance of the missense mutations of Ser65 residue in pVHL in the familial 
VHL disease.
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Background
The von Hippel-Lindau (VHL) disease is a hereditary, 
autosomal dominant, neoplastic disease that affects 
approximately 1/36000–45,500 live births [1, 2]. VHL 
disease encompasses various types of tumors, includ-
ing retinal or central nervous system hemangioblastoma 
(RH or CNSH), clear cell renal cell carcinoma (RCC), 
pheochromocytoma (PHE), multiple pancreatic cysts or 
tumors (PCT), epididymal or broad ligament cystadeno-
mas and endolymphatic sac tumor. The leading causes of 
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death are RCC and CNSH [3]. Clinical diagnosis of VHL 
disease often relies on the presence of classical manifes-
tations and family history. However, in present familial 
cases, up to 50% of patients have only one manifesta-
tion of the disease [4]. Moreover, approximately 20% of 
patients result from a de novo mutation and do not have 
a family history [5, 6], which makes genetic diagnosis an 
irreplaceable supplement to clinical diagnostic criteria, 
particularly for the early diagnosis of VHL disease. Early 
identification affected individuals with asymptomatic 
VHL disease-associated tumors and mutation carriers via 
genetic recognition and rational medical interventions 
would improve patients’ survival rates and quality of life. 
Thus, confirming “Pathogenic” probability of the respon-
sible mutation is particularly essential.

Germline heterozygous mutation of the VHL tumor 
suppressor gene, located on 3p25.3, encoding VHL 
tumor suppressor protein (pVHL), has been identified 
as the leading cause of VHL disease. Mutations leading 
to VHL loss cause a number of diseases with divergent 
features, including VHL disease, sporadic tumors (all 
tumors associated with VHL disease), familial erythrocy-
tosis type 2, and breast cancer [7, 8]. pVHL is best known 
as the substrate-binding subunit of an E3 ubiquitin ligase, 
which binds the transcription elongation factors C and 
B (elongin C/B) forms the VCB complex, then interacts 
with Cullin-2 (CUL2) and the RING finger protein RBX1 
forming the VCB-CR complex(3). VCB-CR complex 
targets hypoxia-inducible factor (HIF1α or HIF2α, also 
known as EPAS1) for polyubiquitylation and subsequent 
proteolytic degradation in normal physiological condi-
tions [9]. pVHL consists of α-domain and β-domain. The 
β-domain comprises several β-sheets and binds HIFα via 
residues 65–117 [10, 11]. VHL germ-line mutations lead-
ing pVHL dysfunction and accumulation of HIFα will 
activate the hypoxic gene response and enhance expres-
sion of genes involved in angiogenesis (VEGF), erythro-
poiesis (erythropoietin, EPO) and glycolysis and glucose 
transport (GLUT1) [12, 13]. HIF1α and HIF2α play 
crucial roles in VHL disease, particularly with respect 
to ccRCC and hemangioblastoma. Increasing evidence 
showed that HIF2α is the key driver of RCC progression 
[14]. Since the VHL gene was identified by positional 
cloning in 1993 [15], over 650 different VHL gene muta-
tions have been documented in the Human Gene Muta-
tion Database (HGMD) from reporters around the world. 
However, the functional study of these VHL mutants in 
pathogenicity is very limited.

In this study, we present the clinical, histological and 
genetic discoveries of several Chinese families affected 
with VHL disease and identify heterozygous missense 
mutations including c.193T > C (alteration of amino 
acid of VHL protein, p.Ser65Pro or VHL-S65P) and 

c.194C > G (alteration of amino acid of VHL protein, 
p.Ser65Trp or VHL-S65W) in VHL gene. Furthermore, 
we have performed intensive functional and mechanistic 
study of pathogenicity of these VHL mutants and reveal 
gain of function for the crucial tumor suppressive VHL 
protein (pVHL). We show how these VHL mutants sta-
bilize HIF2α, and thereby influence HIF2α-target gene 
transcriptional program as the major mechanism on 
signaling pathway activation of hypoxia, glycolysis and 
epithelial-mesenchymal transition in renal carcinoma 
cells. We thus provide a representative genomic insight 
into the value of individual amino acid changes for 
pVHL structural and functional alterations in disease 
progression.

Results
Phenotype and Histopathologic Analysis
The pedigrees and clinical information of the fam-
ily members are presented in Fig. 1 and Table 1. For the 
Family 1 c.193  T > C (p.Ser65Pro or VHL-S65P), the 
proband (Patient III-1, Fig.  1A) was diagnosed as VHL 
disease at 29  years of age in 2017. The young man has 
before been diagnosed with hemangioblastoma of the 
cerebellar vermis and right lateral ventricle (CNSH) at 
age of 16 years, with epilepsy at age of 23 years and with 
spinal hemangioblastoma (CNSH) at age of 25 years, with 
renal cell cancer (RCC) and multiple pancreatic cysts 
(PCT) at age of 29 years (Table 1). Abdominal magnetic 
resonance imaging (MRI) of the proband revealed multi-
ple occupying lesions in the kidney (Fig. 1C, D) and mul-
tiple cysts in the pancreas (Fig. 1E). MRI of the brain and 
spine revealed two enhancing lesions in the left cerebel-
lar vermis (Fig. 1G) and at the thoracic and lumbar cord 
T12-L1 level (Fig.  1H, I), indicating a radiological diag-
nosis of hemangioblastoma. There was no evidences for 
diagnosis of RH nor PHE. The renal tumors and spinal 
T12-L1 tumor were surgically resected. And the postop-
erative pathological evaluation comfirmed the diagnosis 
of clear cell renal cell carcinoma (ccRCC) (Fig.  1F) and 
hemangioblastoma (Fig. 1J).

The proband’s grandparents (I-1 and I-2, Fig. 1A) were 
deceased before enrollment. His 57-year-old father (II-
1) underwent the operation for cerebellar hemangio-
blastoma (CNSH) at 25 years of age. The tumors did not 
relapse. His mother (II-2) was healthy, and her physical 
examination did not reveal related lesions. Without PHE, 
the proband and his father were classified as type 1 VHL 
disease.

For the Family 2 c.194C > G (p.Ser65Trp or VHL-
S65W), the proband (Patient III-4, Fig. 1B) was diagnosed 
as VHL disease at age of 48  years in 2013. He was first 
diagnosed with multiple RCC and PCT at age of 33 years 
(Table  1). Abdominal computerized tomography (CT) 
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scan identified multiple occupying lesions in the kidney 
(Fig. 1K–M) and multiple cysts in the pancreas (Fig. 1N). 
There was no evidences for diagnosis of CNSH, RH nor 

PHE. The proband’s grandparents were deceased before 
enrollment. His mother (II-1) was diagnosed with CNSH. 
His brother (III-6) was diagnosed with CNSH at age of 

Fig. 1 Family pedigree and clinical information. A The family pedigree of family 1, c.193T > C (p.Ser65Pro). B The family pedigree of family 2, 
c.194C > G (p.Ser65Trp). An arrow indicates the proband. Squares signify men, and circles women. The filled symbols represent affected individuals. 
A diagonal line across a symbol indicates a deceased person. CNSH, central nervous system hemangioblastoma; RCC, renal cell carcinoma; 
PCT, multiple pancreatic cysts or tumors; Pheo, pheochromocytoma. C–J Imaging and pathological findings of the patient III‑1 of family 1. C, D: 
abdominal MRI showed multiple occupying lesions in the kidney; E multiple pancreatic cysts; F: renal tumor sections from the proband were 
stained with H&E; G hemangioblastomas in the left cerebellar vermis; H,I: Spinal hemangioblastomas at the T12‑L1 level; J: Spinal tumor sections 
from the proband were stained with H&E. K–N Imaging of the patient III‑4 of family 2. K‑M, abdominal CT showed multiple occupying lesions in the 
kidney; N, multiple pancreatic cysts
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32 years. His son (IV-6) was diagnosed with CNSH at age 
of 22  years, with multiple RCC and PCT at 23  years of 
age. Without PHE, the Family 2 was classified as type 1 
VHL disease.

In comparison, Family-1 (c.193T > C) and Family-2 
(c.194C > G) have a certain similarity in phenotype. From 
the clinic, all patients of these two families presented with 
Clinical Type 1 disease, including CNSH, RCC, PCT, but 
not PHE. However, there are several subtle phenotypic 
differences between S65P and S65W. There are a total of 
sixteen patients with S65P mutation and seven patients 
with S65W mutation in our database. The penetrance 
of RCC was 43.57% (7/16) in S65P, and 57.10% (4/7) in 
S65W. The average onset age of RCC was 36  years for 
S65P and 39 years for S65W (Additional file 6: Table S1). 
However, the reference value of these comparisons is lim-
ited due to the relatively small number of cases of rare 
diseases.

Detection of VHL c.193 T > C and c.194C > G mutations 
in the families
DNA sequence analysis revealed that patients who were 
clinically diagnosed with VHL disease carried heterozy-
gous missense mutation c.193 T > C and c.194C > G in the 
VHL gene for Family 1 and Family 2, respectively, which 
was not detected in unaffected family members (Table 1; 
Fig. 2A). No additional insertion, deletion or non-synon-
ymous point mutations of the VHL gene were detected.

The nucleotide transversions (c.193T > C) in VHL exon 
1 was predicted to result in an amino acid alteration at 
residue 65, replacing Serine with Proline (p.Ser65Pro 
or S65P) in pVHL, and c.194C > G causing replace-
ment of Serine with Tryptophan (p.Ser65Trp or S65W) 
(Fig.  2B). Ser65 and its nearby residues are highly con-
served among different species (Fig. 2C), suggesting that 
this residue is important for maintaining the protein’s 

structure and function. The two mutations were pre-
dicted to be “disease causing” by MutationTaster [16] and 
classified as “pathogenic” variation according to ClinVar 
[17] of NCBI.

Previous studies demonstrated that pVHL is crucial for 
the degradation of hypoxia-inducible factor alpha (HIFα) 
subunits. Moreover, constitutive HIF activation may 
underlie the angiogenic phenotype of VHL disease-asso-
ciated tumors, including RCC and hemangioblastoma 
[18, 19]. We evaluated the expression levels of pVHL, 
HIF1α and HIF2α in the tissue sections of RCC and 
hemangioblastoma from the proband (III-1) of Family 1. 
Immunohistochemical (IHC) staining analysis revealed 
that both RCC and hemangioblastoma tissues exhibited 
apparent elevated levels of HIF1α and HIF2α, compared 
to the para-tumor renal tissue, and also observed that 
Epithelial-to-mesenchymal transition (EMT) markers 
Vimentin upregulated and E-Cadherin downregulated 
in the tumor specimens (Fig.  2D). These data indicate 
that the VHL-S65P mutation could potentially lead to 
enhanced HIFα expression, which may play a critical role 
in VHL disease-associated RCC and hemangioblastoma.

VHL mutations increase HIF2α protein stability and are 
sensitive to the ubiquitin proteasome‑mediated protein 
degradation
We next sought to explore whether the VHL missense 
mutation VHL-S65P and VHL-S65W show any effects 
on HIF2α stability. Thus, we generated the stable cell 
lines, 786-O with ectopic expression of wide type VHL 
or its mutants, VHL-S65P and VHL-S65W, respectively. 
Because renal carcinoma is a leading cause of death for 
patients with VHL disease, we chose to characterize the 
roles of VHL mutants in the VHL-defective cell model 
786-O in subsequent analyses. Western blotting showed 
protein products of VHL and HIF2α, confirming that 

Table 1 Genotypes and phenotypes in 2 Chinese Von Hippel‑Lindau disease pedigrees

* Death before enrollment, age of death is 63y

CNSH central nervous system hemangioblastoma, RH retinal hemangioblastoma; RCC  renal cell carcinoma, PCT pancreatic cysts or tumors, PHE pheochromocytoma, 
UN unknown

Patient Family
History

Exon Nucleotide Change and
Consequence

Clinical
Type

Age at Diagnosis (y)

CNSH RH RCC PCT PHE

Family 1  + 1 c.193 T > C (p.Ser65Pro) 1

 III‑1 Heterozygous 16 – 29 29 –

 II‑1 Heterozygous 25 – – – –

Family 2  + 1 c.194C > G (p.Ser65Trp) 1

 III‑4 Heterozygous ‑ – 33 33 –

 II‑1* UN UN – – – –

 III‑6 Heterozygous 32 – – – –

 IV‑6 Heterozygous 22 – 23 23 –
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the VHL-S65P has a positive impact on HIF2α stability 
(Fig.  3A and Additional File 1: Fig. S1A). Similarly, the 
VHL-S65W also indicates a positive effect on stabilizing 
HIF2α (Fig.  3B and Additional File 1: Fig. S1A). Given 
that VHL mutations may abolish HIFα binding ability, 

thereby stabilizing HIFα [20]. To this end, we performed 
co-immunoprecipitation (Co-IP) assays and found 
that indeed the interaction between HIF2α and VHL 
was reduced in the S65P and S65W mutant cells com-
pared with VHL-WT cells, and thus stabilizing HIF2α. 

Fig. 2 Detection of VHL c.193T > C mutation in the family. A DNA sequence traces of a representative wild‑type allele, a representative 
heterozygous c.193T > C mutation from the family 1 and c.194C > G mutation from the family2. B The mutations were predicted to alter Ser to Pro 
or Trp at residue 65. C Alignment of pVHL sequence from various species indicated the Ser65 residue is highly conserved in VHL proteins across 
different species. D Representative immunostaining results of expression of pVHL, HIF‑1α, HIF‑2α, Vimentin and E‑cadherin in the para‑tumor renal 
tissue (Normal), renal cell carcinoma (RCC, well‑differentiated and poorly‑differentiated), and hemangioblastoma (CNSH), respectively



Page 6 of 20Ma et al. Cell & Bioscience           (2022) 12:52 

Fig. 3 Gain of function of VHL mutations impact genome‑wide HIF2α chromatin binding sites in 786‑O cells. A, B Western blot determination 
of protein expression levels in 786‑O cells stably expressing VHL WT and mutants, with or without treatment of the proteasome inhibitor MG132. 
C Genomic annotation of HIF2α ChIP‑seq peaks from VHL WT mutant expressing cells. Genomic features of binding peaks were visualized in pie 
charts, where the demonstrated genomic features, including promoter regions within 1 kb, 1–2 kb and 2–3 kb; gene body (5′UTR, 3′UTR, exons, 
and introns); downstream elements, and distal intergenic regions. UTR, untranslated region. D Visualization of a HIF2α binding site at the promoter 
of a known hypoxia‑regulated gene, VEGFA. E The top enriched motifs in the HIF2α ChIP‑seq peaks determined by HOMER software. F, G Heatmap 
indication of HIF2α chromatin binding intensity based on ChIP‑seq reads in 786‑O cells expressing VHL WT vs. S65P mutant (F) or VHL WT vs. S65W 
mutant (G). Signals within 3 kb around ChIP‑seq peak center are demonstrated in a descending order for each clustered HIF2α binding event 
(common or unique). Plots in the right panels of F or G display average signal of HIF2α binding at the indicated clustered regions
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(Additional File 1: Fig. S1B). In addition, we used hypoxia 
mimetics  CoCl2 and DMOG to treat the 786-O cells. In 
our experiment,  CoCl2 treatment induced HIF2α protein 
level moderately in VHL-WT expressing cells but not in 
mutant VHL expressing cells, and HIF2α was induced 
by DMOG treatment in each cell type (Additional File 1: 
Fig. S1C). To some extent, this is consistent with previ-
ous reports showing that  CoCl2 induces hypoxia through 
inhibiting the interaction between HIF-α and VHL by 
direct binding to HIF-α [21] and DMOG directly inhibits 
PHD leading to HIF-α stability [22].

Of note, either the VHL-S65P or VHL-S65W muta-
tion yields a less stable VHL protein in 786-O, implying 
that the ubiquitin–proteasome pathway may be involved, 
which in turn results in VHL protein degradation and 
thus HIF2α stabilization. To prove this, we added the 
proteasome inhibitor MG132 in cell culture and found 
that protein levels of VHL mutants and HIF2α are highly 
increased as measured by both Western blotting and 
immunofluorescence assays (Fig.  3A, B and Additional 
File 1: Fig. S1D). In contrast, MG132 additions show no 
obvious effects on the protein levels of wild type VHL 
(Fig. 3A, B and Additional File 1: Fig. S1D), further prov-
ing that the VHL mutations are sensitive to the ubiqui-
tin–proteasome system mediated degradation.

Genome‑wide identification of HIF2α target genes 
and pathways in renal cancer cells expressing VHL variants
To determine how genome-wide chromatin location of 
HIF2α evolves upon VHL mutation, we next performed 
ChIP sequencing assays on 786-O cells with ectopic 
expression of normal or mutated VHL. We identified 
2,625 peaks and a less amount (2,174) for HIF2α in VHL-
WT or VHL-S65P expressing cells, respectively. In con-
trast, we identified more peaks (10,889) for HIF2α in the 
VHL-S65W expressing 786-O cells (Fig.  3C). Compari-
sons across the data showed that HIF2α binding sites in 
VHL-S65P cells indicate a slightly increase in the distal 
intergenic regions while in VHL-S65W cells, HIF2α chro-
matin occupancies are dramatically enriched in the gene 
proximal promoter regions (Fig.  3C), suggesting a dis-
tinct global shift of HIF2α genomic binding profile. An 
example of HIF2α ChIP-seq profile at the well-known 
HIF2α target gene VEGFA [12] is shown in Fig. 3D. Motif 
analysis of ChIP-seq peaks showed that HIF2α motifs 
are consistently top enriched in the data from VHL-WT 
and VHL-S65P cells, respectively (Fig.  3E). In contrast, 
HIF2α motifs are runner up after FOS/AP-1 motifs in 
HIF2α peaks derived from VHL-S65W cells (Fig.  3E), 
demonstrating that the mutations in VHL influence not 
only HIF2α genome-wide chromatin binding profile but 
also its transcriptional complex recruitments. We next 
compared HIF2α binding intensity and found an overall 

slightly decreased chromatin intensity for HIF2α in VHL-
S65P cells (Fig.  3F), and strongly increased intensity in 
VHL-S65W cells (Fig. 3G). In parallel, we ruled out that 
this is not due to the amount of ChIP-seq reads, where 
there are less amount of ChIP-seq reads of 10,209,757 for 
VHL-S65W HIF2α versus VHL-WT, 14,193,704 or VHL-
S65P, 14,998,548 (2 × 150 bp paired-end sequencing; see 
Methods).

To better delineate the roles of VHL mutants from 
wild type and investigate whether the impacts on HIF2α 
genomic binding differences are also reflected in gene 
expression profiles, we performed RNA sequencing 
(RNA-seq) analysis of functional target genes of HIF2α in 
the context of VHL genetic status. We observed a simi-
lar number of upregulated (n = 1981) and downregulated 
(n = 1867) by ectopic VHL-S65P expression (Fig. 4A), as 
well as 2,205 upregulated and 2,470 downregulated genes 
by ectopic VHL-S65W expression (Fig.  4B) in a default 
parameter (DEseq; FDR < 0.05) for differential expres-
sion (DE) analysis. While having stringent DE analy-
sis (DEseq; FDR < 0.05, fold change > 2), we revealed a 
higher number of upregulated (n = 148) compared with 
downregulated genes (n = 46) under the expression of 
VHL-S65P, and upregulated (n = 248) compared with 
downregulated genes (n = 142) under the expression of 
VHL-S65W, suggestive of gain of function mutations in 
VHL stabilizing HIF2α. Among the most altered genes, 
it has been shown that renal cancer progression can be 
promoted by upregulation of CXCL8 [23], ADAM9 [24], 
NDRG1 [25], SOD2 [26], SREBF1 and SREBF2 genes [27]. 
The genes NDRG1 [25] and SREBF2 [27] have also been 
reported as potential prognostic biomarkers for RCC, 
and SREBF1/2 were found to play roles in regulating lipid 
metabolism and have effects on ccRCC growth and sur-
vival. To unravel the biological processes associated with 
these VHL mutant-regulated genes, we performed gene 
set enrichment analysis (GSEA). This bioinformatics 
analysis showed that hypoxia, glycolysis and EMT path-
ways were top enriched, in which genes upregulated by 
VHL mutations (Figs. 4C, D, 5A, B; Additional File 2: Fig. 
S2). In agreement with HIF2α ChIP-seq data as described 
above (Fig. 3F and G), compared to VHL-S65P express-
ing cells (Fig. 5A; Additional File 2: Fig. S2), HIF2α chro-
matin binding intensities are obviously stronger at these 
pathway genes in the ectopic VHL-S65W expression cells 
(Figs. 4C, D, 5B). Of the hypoxia signaling, known HIFα-
regulated genes include ADM [28], VEGFA [12, 29], 
PDK3 [30], LOX [31], MXI1 [32], PDK1 [33], XPNPEP1 
[34], SLC2A1 [34], IRS2 [35], and PFKFB3 [36], which 
have been shown to promote tumor growth and progres-
sion in various types of cancers. Previous reports showed 
that tumorigenesis is promoted via upregulation of glyco-
lysis by ENO2 [37], PGK1 [38], ERO1A [39], P4HA1 [40], 
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and IRS2 [41]. TGFBI is an extracellular matrix related 
oncogene that can lead to a significant enhancement of 
glycolysis for invasive tumor phenotype [42].

RCC is a leading cause of death for VHL disease-suf-
fering patients and considered an epithelial malignancy 
[43, 44]. EMT has been reported to be important for 

Fig. 4 Gain of function of VHL mutations enhance hypoxia signaling and glycolysis pathways. A, B Volcano plots of differentially expressed genes 
in 786‑O cells expressing VHL mutations, S65P (A) or S65W (B), compared with VHL WT control. Significantly altered genes (adjusted p value < 0.05; 
fold change >  ± 2) are indicated in green (upregulated) or dark blue (downregulated). Top ranked VHL mutation‑influenced genes are selectively 
labeled. C, D GSEA‑determined hypoxia (C) or glycolysis (D) pathways with S65W‑influenced gene signature. Genes are ranked by their expression 
levels in 786‑O cells expressing VHL mutation S65W. Plots in the right of C or D show HIF2α ChIP‑seq signals of 5 kb around the transcriptional start 
sites (TSS) of altered genes in hypoxia (C) or glycolysis (D) pathways
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Fig. 5 Gain of function of VHL mutation promotes epithelial‑mesenchymal transition (EMT). A, B GSEA‑determined EMT pathways with VHL 
S65P (A) or S65W‑influenced gene signature (B). Genes are ranked by their transcriptional levels in S65P (A) or S65W (B) expressed 786‑O cells. 
Right panels of A or B indicate HIF2α ChIP‑seq signals of 5 kb around TSS of EMT pathway genes influenced by VHL S65P (A) or VHL S65W (B). C 
Western blot of the EMT marker VIMENTIN protein levels across 786‑O cell lines expressing empty vector (EV), VHL WT or mutants. D Left panel: 
representative images of invasion assays for control 786‑O cells or the 786‑O cell lines with VHL or VHL mutant expression. Right panel: quantitation 
of relative invasion for 786‑O cells. E Left panel: representative images of migration assays for control 786‑O cells or the 786‑O cell lines expressing 
VHL or VHL mutants. Right panel: quantitation of relative migration for 786‑O cells. In D,E, error bars s.d. n = 3 technical replicates. P values were 
assessed via the two‑tailed Student’s t test
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RCC tumor progression and proposed as a potential 
mechanism of therapeutic resistance [45]. Remarkably, 
the EMT pathways are consistently found to be highly 
enriched in the 786-O cells expressing VHL-S65P or 
VHL-S65W mutations (Fig. 5A, B). Consistent with this, 
we observed an apparent upregulation of the mesenchy-
mal marker, Vimentin (Fig.  5C), which is also increased 
in the RCC and CNSH specimens (Fig. 2D). In addition, 
we checked that expression levels of the EMT markers, 
VIM and CDH1, and found that VIM is markedly upreg-
ulated while CDH1 is downregulated in KIRC tumors 
compared to normal kidney tissues (Additional file  2: 
Fig. S2C). We next performed cancer cell invasion and 
migration assays, and found that both the invasion and 
migration of 786-O cells stably expressing wild type VHL 
were significantly decreased compared to control cells 
with empty vector (Fig. 5D, E), consistent with accumu-
lating evidence that VHL is a metastasis tumor suppres-
sor of renal cancers [3]. By contrast, the 786-O cells with 
VHL-S65P or VHL-S65W expression exhibited apparent 
enhancement of invasion and migration compared to 
786-O cells stably expressing normal VHL (Fig.  5D, E). 
Of the EMT pathway, the genes IL-6 [46], SFRP4 [47], 
FZD8 [48, 49], ADAM12 [50], and CCN2 [51] are known 
to promote cancer cell invasion and migration in multiple 
types of cancers. In addition, IGFBP3 in EMT pathway is 
a hypoxia-inducible gene and regulates EMT cellular pro-
cesses while other genes indirectly promote EMT [52], 
e.g. CXCL8 inducing EMT through the PI3K/Akt/NF-κB 
signaling pathway [53]. Taken collectively, these results 
indicate potential clinical relevance of our findings that 
gain-of-functions in VHL mutations stabilize HIF2α pro-
tein and reprogram HIF2α genome-wide target genes.

VHL mutant gene signature is associated with renal cancer 
progression and prognosis
To further address the clinical relevance of VHL muta-
tions especially in human renal cancers, we performed 
an integrated analysis of HIF2α ChIP-seq data and VHL 
mutation-affected gene expression profiles, thereby iden-
tifying 11 genes directly bound by HIF2α and differen-
tially altered by VHL-S65P. We defined this gene set as 
the VHL-S65P genetic signature (Fig. 6A). Representative 
genes from this gene signature were experimentally vali-
dated for chromatin occupancy of HIF2α through ChIP 
followed by real time quantitative PCR (Fig.  6B). Rela-
tive expression of the representative gene panel was also 
confirmed across VHL WT and S65P mutant expressing 
cells (Fig. 6C). By query from multiple clinical data sets 
[54–58], we observed that the expression levels of this 
VHL-S65P genetic signature were significantly higher in 
human renal carcinoma specimens than adjacent normal 
tissues (Fig. 6D, E and Additional File 3: Fig. S3). Given 

that VHL-S65P altered genes show an EMT pathway 
enrichment and enhanced hypoxia signaling, we asked 
whether there are any correlation between the VHL-
S65P signature and the EMT or hypoxia score wherein 
higher values indicate more mesenchymal differentiation. 
This analysis revealed a consistent positive correlation of 
VHL-S65P signature with EMT score in the two cohorts 
of renal cancer patients (Fig. 6F–H), and hypoxia score in 
a cohort of patients with kidney cancer (Fig. 6I).

In a similar vein, we defined the VHL-S65W genetic 
signature with 128 genes directly occupied by HIF2α 
ChIP-seq and differentially expressed by VHL-S65W 
(Fig.  7A). HIF2α directed chromatin binding at repre-
sentative genes and their expression across VHL WT and 
VHL S65W expressing cells were also validated (Fig. 6B, 
C). In the clinical settings, we observed that the S65W 
signature expression was significantly elevated in human 
kidney cancer specimens or metastatic sites in compari-
son with adjacent normal tissues [59] (Fig.  7B–D and 
Additional File 4: Fig. S4A-C), and positively correlated 
with the EMT scores [60] (Fig. 7E–G and Additional File 
4: Fig. S4D,E) and hypoxia scores (Fig.  7H). To inves-
tiage whether the VHL-S65W signature possess clinical 
significance in KIRC patient prognosis, we performed 
a Kaplan–Meier survival analysis in several cohorts of 
human kidney cancer data sets. Strikingly, the results 
demonstrated that tumors with an elevated VHL-S65W 
signature showed reduced progression or disease-free 
survival as well as overall survival (Fig. 7I–M). Previous 
study has reported that knockout of the VHL gene led to 
EMT via upregulation of HIF1α regulated genes [61]. We 
have demonstrated differences in the effects on HIF2α 
functions between S65P and S65W. To further investi-
gate whether there might be common or different impact 
between VHL deficiency and VHL-S65P/W mutations, 
we compared the RNA-seq profiling of the VHL defi-
ciency and VHL-S65P/W mutations in the 786-O cells 
and performed Gene set enrichment analysis (GSEA) 
to identify functional pathways significantly enriched 
in up- or downregulated genes in each condition in the 
Hallmark gene sets. We found numerous common signa-
tures enriched in up- or downregulated genes between 
VHL-deficiency and VHL-S65P/W (Additional file 5: Fig 
S5A, B), suggesting common impacts from VHL-defi-
ciency and VHL-S65P/W mutations. In addition, we also 
found several signatures that are distinct between VHL-
deficiency and VHL-S65P/W (Additional file 5: Fig S5C, 
D), further supporting that the underlying pathogenic 
mechanisms were not exactly the same between VHL-
S65P and VHL-S65W. Altogether, these analyses further 
strengthen the clinical relevance and significance of the 
missense mutations in VHL gene in the familial von Hip-
pel-Lindau disease, as described above.
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Fig. 6 VHL‑S65P gene signature is associated with human kidney cancer progression. A Heatmap showing the expression profiles of genes 
differentially altered by VHL‑S65P and directly bound by HIF2α. B ChIP‑qPCR confirmation of HIF2α chromatin binding at the representative genes 
of VHL mutant signature in the cells expressing WT or mutant VHL (n = 3 replicates). C Analysis of mRNA expression of the VHL mutant signature 
genes in 786‑O cells expressing VHL WT or mutants using quantitative RT‑PCR (n = 3). D–E VHL‑S65P signature is significantly upregulated in human 
renal cancers compared to normal kidney samples. F–I The expression of VHL‑S65 signature positively correlate with EMT score (F–H) and hypoxia 
signaling score (I)
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Discussion
More than 1000 families suffering VHL disease and over 
650 kinds of germline VHL gene mutations have been 
documented in the Human Gene Mutation Database 
(HGMD) and the UMD-VHL mutations database. Our 
previous study of 540 patients from 187 unrelated Chi-
nese families revealed that the high-frequency mutations 
included Ser65 (4.81%), Arg161 (5.35%), and Arg167 
(12.84%) [62]. The results were different from previous 
studies in the Western and Japanese populations, sug-
gesting that the spectrum of VHL gene mutations varies 
among populations with different ethnic backgrounds. In 
this study, we reported a missense mutation c.193T > C 
(p.Ser65Pro) that, for the first time, was detected in Chi-
nese population. The c.193T > C mutation has previously 
been reported in the French VHL database [63] and a 
sporadic RCC cohort [64], and ClinVar contains an entry 
for this variant (Variation ID: 547829). The c.194C > G 
(p.Ser65Trp) mutation, a high frequency of mutation, has 
been reported in dozens of families worldwide, as well 
as our previous study [65], and ClinVar also contains an 
entry for this variant (Variation ID: 43,597).

The genotype–phenotype correlations are always 
research hotspots for VHL disease. The typical geno-
type–phenotype correlation is that VHL missense muta-
tions are responsible for type 2 disease with a high risk 
of PHE, and truncating mutations are responsible for 
type 1 disease with a low risk of PHE [66]. Our previous 
study has yielded similar results, and we demonstrated 
that VHL missense mutations in the HIFα binding site 
residues 65–117 increased the risk of age-related CNSH 
and RCC [65]. In this study, the patients of Family 1, the 
proband (III-1) and his father (II-1), were classified as 
type 1 VHL disease (without PHE), but there was no data 
about the phenotype of the French family mentioned 
above [63]. The patients of Family 2 were classified as 
type 1 VHL disease (without PHE), consistent with other 
families with the c.194C > G mutation reported previ-
ously. These results emphasize the genotype–phenotype 
correlations based on the alteration of a HIFα binding 
site in the pVHL.

Normal pVHL is crucial for HIFα (including HIF1α 
or HIF2α) ubiquitylation and subsequent proteolytic 

degradation in normal oxygen concentration. VHL 
mutations often result in pVHL dysfunction and HIFα 
accumulation. Despite of the controversy, HIF1α and 
HIF2α have been identified to be essential for VHL dis-
ease, particularly for ccRCC and hemangioblastoma. 
Over the past decades, emerging evidence revealed 
that HIF2α, rather than HIF1α, is the key driver of RCC 
progression [14]. However, more recent studies have 
suggested the significance of HIF1α during tumor initi-
ation and development [67]. A review of various immu-
nohistochemical studies demonstrated that HIF1α 
protein is detectable in approximately 70% of ccRCCs 
[68], which are consistent with our IHC staining results 
of RCC and hemangioblastoma tissues.

In our study, the c.193T > C mutation causes Serine to 
Proline substitution at residue 65 (p.Ser65Pro or VHL-
S65P), and c.194C > G mutation replaces Serine with 
Tryptophan (p.Ser65Trp or VHL-S65W). The serine 
residue (Ser65) and its nearby residues are highly evolu-
tionarily conserved among different species, suggesting 
its importance for maintaining the protein’s structure 
and function. Furthermore, Ser65 is a hotspot mutation 
in Chinese populations [62] and other mutations leading 
to Ser65 substitution, including c.193T > G (p.Ser65Ala), 
c.194C > A (p.Ser65Ter), c.194C > T (p.Ser65Leu), have 
been documented in ClinVar, HGMD and the UMD-VHL 
mutations database. This suggests that Ser65 is clinically 
significant, and those variants that disrupt this residue 
are likely to be disease-causing. VHL-S65W mutation 
has been found in several families with VHL disease as 
our previous studies presented [62, 65], while VHL-S65P 
was rarely reported and for the first time discovered in 
a Chinese family in present study. Intriguingly, we found 
that VHL-S65P and VHL-S65W are sensitive to the ubiq-
uitin–proteasome system mediated degradation, consist-
ent with the work showing VHL loss can stabilize HIF2α 
[69], thereby mechanistically explaining the accumula-
tion of HIF2α observed in our current study. In addition, 
Ser65 is located in the β-domain of pVHL and within the 
HIFα binding sites. Felicia Miller et al. [20] revealed that 
VHL-S65W was deficient in both targeting HIF2α for 
degradation and binding to HIF1α, implying that HIF2α 

Fig. 7 VHL‑S65W gene signature is associated with human renal cancer severity and prognosis. A Heatmap showing the expression profiles of 
genes differentially influenced by VHL‑S65W and directly occupied by HIF2α. B–D VHL‑S65P signature is strikingly elevated in human kidney cancers 
compared to normal kidney specimens. E–H High expression of VHL‑S65 signature positively correlate with elevated EMT (E–G) and hypoxia 
signaling score (H). I Kaplan–Meier graph showing a significant association between elevated expression of the VHL‑S65W signature and shorter 
progression‑free survival in a cohort of patients with renal cancers. J, K Kaplan–Meier graphs demonstrating significant associations between 
elevated VHL‑S65W gene signature expression and reduced disease‑specific survival (J) or disease‑free survival (K). L, M Kaplan–Meier plots 
examining the risk of shortened overall survival in kidney cancer patients with higher expression of the VHL‑S65W gene signature. In I–M, P values 
were calculated by a log‑rank test

(See figure on next page.)
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Fig. 7 (See legend on previous page.)
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accumulation was also the results of deficient binding 
capabilities of VHL-S65P and VHL-S65W.

By ChIP-seq assays on genome-wide HIF2α chro-
matin binding, we further demonstrated that the VHL 
mutations influence not only HIF2α global chroma-
tin binding profile but also its transcriptional regula-
tory activities. We also found that an overall slightly 
decreased chromatin intensity for HIF2α in VHL-S65P 
cells, and strongly increased intensity in VHL-S65W 
cells. Consistently, RNA-seq analysis revealed that 
VHL mutations dramatically upregulated a number 
of genes, especially in the pathways of hypoxia, gly-
colysis and EMT, and this enhanced transcriptional 
effect was stronger in VHL-S65W cells than VHL-S65P 
cells. These observations indicated that the underly-
ing pathogenic mechanisms were not exactly the same 
between VHL-S65P and VHL-S65W. Through func-
tional study and clinical relevance analysis, we further 
demonstrated that gain-of-functions in VHL-S65P/
S65W stabilize HIF2α protein and reprogram HIF2α 
genome-wide target genes, and emphasize the clinical 
relevance and significance of the missense mutations 
of VHL gene in the VHL disease-associated tumors. 
These results emphasize the significance of Ser65 resi-
due in pVHL function and strengthen the crucial role 
of pVHL-HIF dysregulation in VHL disease, particu-
larly for RCC.

Conclusions
In summary, our findings highlight the crucial role 
of pVHL-HIF dysregulation in VHL disease and 
strengthen the clinical relevance and significance of 
the missense mutations of Ser65 residue in pVHL in 
the familial VHL disease. Our results provide strong 
support for the pathogenicity of the VHL c.193T > C 
(p.Ser65Pro) and c.194C > G (p.Ser65Trp) mutations, 
which are important supplementary data for evaluating 
these mutations as “pathogenic” (variation ID: 547,829, 
43,597) in ClinVar of NCBI, and shows an example of 
documenting the mechanistic effects of the other types 
of VHL mutations on disease progression.

Methods
DNA extraction and sequence analysis
Genomic DNA was isolated from peripheral blood 
using a TIANamp Blood DNA Kit (Tiangen, Beijing, 
China). After polymerase chain reaction (PCR) ampli-
fication, Sanger DNA sequencing was performed. 
DNA sequences were analyzed with a genomic refer-
ence sequence on NCBI BLAST (NM_000551.3). The 

mutation was named according to the Human Genomic 
Variation Society (HGVS: http:// www. hgvs. org/). All 
primers were listed in Additional file 7: Table S2.

Histology and Immunohistochemical staining
Renal and brain tumors were surgically removed from 
the proband (III-1) and postoperatively assessed for 
pathological confirmation. Sections of these tumors were 
fixed and stained with hematoxylin and eosin (H&E) for 
morphological evaluation. The primary antibodies were 
listed: anti-pVHL (Cell Signaling Technology, CST, MA, 
USA), anti-HIF1α (CST), anti-HIF2α (R&D Systems, 
MN, USA), anti-E-cadherin (CST) and anti-Vimentin 
(CST). The immunostaining images were captured using 
Olympus FSX100 microscope (Olympus, Tokyo, Japan).

Cell lines and cell culture
The human ccRCC 786-O cell line was purchased from 
the CLS Cell Lines Service (Eppelheim, Germany). The 
786-O cells were cultured at 37  °C, with RPMI 1640 
medium (Sigma) supplemented with 10% fetal bovine 
serum (Gibco, Australia origin, Grand Island, NY, USA) 
and 1% of Penicillin/Streptomycin (Thermo Fisher Scien-
tific, USA). For chemical hypoxia mimetic experiments, 
cells were grown in the presence or absence of  CoCl2 
(Sigma-Aldrich) for 6 h and DMOG (Sigma-Aldrich) for 
8 h.

Western blot analysis
Proteins extracted by RIPA lysis buffer from cell lines 
were fully electrophoresed with 10% SDS-PAGE gel and 
transferred to PVDF membrane. Then, the membranes 
were blocked with 5% Albumin from bovine serum (BSA) 
and incubated in primary antibodies against targeted 
protein at 4 °C overnight. After a further incubation with 
HRP-conjugated secondary antibody, the bands were 
scanned and processed as supplier’s instruction. The 
primary antibodies that we used included: anti-FLAG 
(Sigma, USA), anti-VHL, anti-HIF1α, anti-HIF2α (Novus 
Biologicals) and anti-ACTIN (CST).

Lentiviral constructs, lentivirus production, and infection
The wild type (WT) VHL was cloned into the Tet-one 
vector with FLAG-tag, VHL point mutations in the 
FLAG-VHL vectors were generated by site-directed 
mutagenesis and verified by DNA sequencing. To gen-
erate the FLAG-VHL 786-O overexpression cell lines, 
third-generation lentiviral vectors were packaged using 
293 T cell line. In brief, the 293 T cells were seeded on 
10-cm plates until cells reach 60%–80% confluency. Lipo-
fectamine 2000 was applied for the transfection, cells 

http://www.hgvs.org/
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were co-transfected with indicated FLAG-VHL over-
expression constructs (6  µg each), 2  µg each of pVSVG 
(envelope plasmid), pRSV-Rev (packaging plasmid), and 
pMDLg/pRRE (packaging plasmid). The culture medium 
was replaced with fresh medium after 24  h transfec-
tion. The lentivirus was collected after 48  h transfec-
tion. For the viral transduction, 786-O cells were plated 
in 6-well plate until cells reach 60–70% confluency. The 
medium was replaced with indicated lentivirus-contain-
ing medium and incubated for 24  h. 2  µg /ml puromy-
cin (Sigma) was used for the selection of the transfected 
cells. After successfully obtained the transfected FLAG-
VHL 786-O cell lines, the overexpression of FLAG-VHL 
were induced by 1 µg /ml doxycycline.

Invasion and migration assays
Cell invasion and migration were performed using 8 μm 
pore size 24-well Transwell inserts (Corning Costar) 
with or without Matrigel (20 μg/filter) (Corning). 786-O 
cells were pre-treated with 1 μg/ml doxycycline one day 
before. Cells were detached and resuspended into serum-
free medium. 200  μl serum-free medium with  104 cells 
and 1 μg/ml doxycycline were plated into the inserts. The 
lower chambers were filled with 700 μl complete medium 
with 1 μg/ml doxycycline. After 20 h, the cells were fixed 
with 3.7% formaldehyde and stained with 0.1% crys-
tal violet solution. The inner surfaces of the filters were 
cleaned by cotton swab. The invasive and migrated cells 
were quantified by counting the cells on the lower side of 
the filters under a light microscope. The results obtained 
from three replicate inserts, and statistical analyses were 
performed by two-tailed Student’s t test.

Immunofluorescence
For immunofluorescence staining, 786-O cells were 
plated onto gelatin-coated cover glasses in a 12-well 
plate. Cells were fixed and stained with antibodies recog-
nizing FLAG-VHL (Sigma, F1804, 1:500).

Co‑Immunoprecipitation (Co‑IP)
Co-Immunoprecipitation was performed for examining 
the interaction of FLAG-VHL with HIF2α in 786-O cells. 
The 786-O cells were harvested and lysed with 0.5  ml 
cold immunoprecipitation buffer (50 mM Tris–HCl, pH 
7.5, 1 mM EDTA, 150 mM NaCl, 10% Glycerol, 1% Triton 
X-100 and cOmplete protease inhibitor cocktail (Roche)). 
The cell lysates were incubated on ice for 30 min followed 
20  s sonication. After 30  min centrifugation at 4  °C, 
transfer the supernatant to a new tube and incubated 
with 30  μl Dynabead protein G (Invitrogen) at 4  °C for 
2  h, to pre-clear crude cell extract of proteins. Transfer 
the supernatant and add 5-8 μg of FLAG antibody incu-
bate at 4 °C overnight. Add 30 μl of protein-G beads and 

incubate at 4 °C for 6 h followed by washing three times 
with Immunoprecipitation buffer. Resuspend the beads 
in 30  μl of 2 × SDS sample loading buffer and incubate 
at 95 °C for 5 min. The supernatants were used on SDS-
PAGE gel for electrophoresis separation.

Quantitative real‑time polymerase chain reaction 
(qRT‑PCR)
Total RNA was isolated from cultured cells via RNeasy 
Mini Kit (QIAGEN), and DNA was removed by RNase-
Free DNase (QIAGEN) in these samples. cDNA was 
synthesized using the High-Capacity cDNA Reverse 
Transcription Kit (Thermo Fisher Scientific, USA). A 
qRT-PCR analysis was performed with the SYBR Select 
Master Mix (Applied Biosystems). For ChIP-qPCR 
experiments, all the data were normalized to the con-
trol regions, the relative enrichment of the target anti-
bodies at target DNA fragment were determined by 
compared with the IgG control. The associated primers 
were listed in Additional file 7: Table S2.

Chromatin immunoprecipitation sequencing (ChIP‑seq)
786-O cells were cross-linked with 1% formaldehyde for 
10 min, followed by 5 min 125 mM glycine treatment to 
stop the reaction. Cells were washed twice by cold PBS 
and collected as pellets. Cell pellets suspended in hypo-
tonic lysis buffer (10 mM KCl, 20 mM Tris–Cl, PH 8.0, 
2 mM DTT, 10% glycerol and cOmplete protease inhibi-
tor cocktail (Roche)) up to 50 min to isolate nuclei. The 
nuclei pellets were resuspended in 1:1 ratio of ChIP dilu-
tion buffer (0.01% SDS, 1.1% Triton X-100, 16.7  mM 
Tris–HCl, pH 8.1, 1.2  mM EDTA, 167  mM NaCl and 
cOmplete Protease Inhibitor) and SDS lysis buffer (1% 
SDS, 50 mM Tris–HCl, pH 8.1, 10 mM EDTA, and cOm-
plete Protease Inhibitor). The chromatin was sonicated by 
Q800R sonicator (QSonica) to generate an average size of 
300 bp fragments at 4 °C. Blocking buffer ((0.5% BSA in IP 
buffer (20 mM Tris–HCl, pH8.0, 150 mM NaCl, 1% Tri-
ton X-100, 2 mM EDTA, and cOmplete protease inhibi-
tor cocktail (Roche)) pre-washed Dynabead protein G 
(Invitrogen) was incubated with antibody against HIF2α 
(AF2886, R&D Systems). The fragmented chromatin 
lysate was precipitated with antibodies/beads complexes 
at 4  °C for 12 h. The complex was washed 4 times with 
RIPA washing buffer (0.5 M LiCl, 50 mM HEPES, PH 7.6, 
1 mM EDTA, 1% NP-40 and 0.7% sodium deoxycholate), 
and 2 times with 100 mM ammonium hydrogen carbon-
ate (AMBIC) solution. Extraction buffer (1% SDS, 10 mM 
Tris–HCl, pH8.0 and 1 mM EDTA) was used to separate 
the DNA–protein complexes from the beads and incu-
bated with NaCl and Proteinase K to reverse the cross-
links at 65 °C overnight. The ChIP DNA was extracted by 
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Mini-Elute PCR purification kit (Qiagen) and subjected 
to library preparation by NEBNext® Ultra™ II DNA 
Library Prep Kit (E7103L, NEB). A NovaSeq 6000 S4 
sequencing system (Illumina, San Diego, CA, USA) was 
used to sequence the DNA libraries.

RNA sequencing
Total RNA was extracted from 786-O cells overexpress-
ing either WT or mutant VHL and control cells express-
ing empty vector each with two replicates. The quality 
and quantity of total RNA was measured by Agilent Bio-
analyzer 2100 (Agilent Technologies) with Eukaryote 
Total RNA Nano Kit (Agilent Technologies), and Nan-
oDrop Spectrophotometer (Thermo Scientific). NEB-
Next® Ultra™ RNA Library Prep Kit (Illumina) was used 
according to the manufacturer’s instructions. Bioanalyzer 
2100, Qubit 2.0 Fluorometer and qPCR were used for the 
assessment of quantification and quality of libraries. A 
NovaSeq 6000 S4 sequencing system (Illumina) was used 
to sequence the RNA libraries (paired end 150 bp).

Bioinformatics analysis of ChIP‑seq data
ChIP-seq libraries of HIF2A (786-O cells expressing VHL 
WT or VHL S65 mutations) were sequenced to gener-
ate 150 bp single-end reads. Sequence quality of raw data 
was assessed by FastQC [70] and Trimmomatic [71] was 
applied for quality control with parameters TruSeq3-SE.
fa:2:30:10 SLIDINGWINDOW:5:20 MINLEN:30. The 
processed ChIP-seq data were aligned to the human 
hg38 genome assembly with Bowtie2 [72]. The ChIP-seq 
peaks were called by MACS2 [73] with parameter “-q 
0.05 –keep-dup 1”, while all other parameters remained 
as default. DNA Motif enrichment analysis was per-
formed using SeqPos [74]. Common and unique peaks 
between VHL WT and mutations were generated by 
bedtools v2.29.0. ChIP-seq peaks were annotated by 
(HOMER v4.10) [75] “annotatePeaks.pl”. Bioconductor 
package ChIPseeker (1.18.0) [76] was applied to annotate 
and visualize genomic location of peaks from WT, S65P 
and S65W in terms of genomic features. Bam files were 
first converted into bigWig files by using bamCoverage 
from deepTools2. Heatmaps of aligned reads and average 
signal plots were generated by SAMtools (v1.9) [77] and 
deepTools2 (v3.3.2) [78].

RNA‑seq data processing and differential gene expression 
analysis
For the RNA sequencing of 786-O cells expressing VHL 
WT or VHL S65 mutations, paired-end raw sequence 
reads were first pre-processed with FastQC [70] to assess 
the read quality. Trimmomatic [71] was employed to 
process reads for quality trimming and adapter removal 

with parameters TruSeq3-PE-2.fa:2:30:10 SLIDING-
WINDOW:5:20 MINLEN:30. A final FastQC run was 
performed to ensure the success of previous quality 
control steps. The processed reads (FASTQ files) were 
mapped to the human genome reference sequence hg38/
GRC38 using STAR version 2.7.2a [79] with default set-
tings. Quantification of gene expression was performed 
via HTSeq (htseq-count) with parameters “–r pos -s no 
-i gene_name”, GENCODE v33 primary assembly was 
used as reference gene-annotation set. Differential gene 
expression analysis was performed from read count 
matrix generated from HTSeq by employing Bioconduc-
tor package DESeq2 (1.26.0) [80]. Genes with low counts 
(< 2 cumulative read count across samples) were filtered 
out prior to downstream analysis. Differentially expressed 
genes were called with cutoff FDR < 0.05. Method Vari-
ance Stabilizing Transformation (VST) from DESeq2 
was applied for data normalization. The expression con-
cordance among biological replicates was measured by 
a sample-to-sample distance matrix using hierarchical 
clustering with Euclidian distance metric from normal-
ized total transcriptome of each sample. Heatmaps dis-
playing differentially expressed genes between treatment 
and control samples were generated using R package 
“pheatmap” (1.0.12).

Gene set enrichment analysis
Gene Set Enrichment Analysis (GSEA) [81] was per-
formed using the Preranked method using Hallmark gene 
sets. Genes were ordered in a descending order based on 
the T-statistic from the differential expression analysis via 
DESeq2. Parameters were set as follows: Enrichment sta-
tistic = “weighted”, Max size (exclude larger sets) = 5000, 
number of permutations = 1000. All other parameters 
were left as default. The GSEA enrichment plots were 
generated using R packages “clusterProfiler” (3.14.3) [82] 
and “enrichplot” (1.6.1) [83].

Development of the VHL S65P and S65W signatures
We defined the VHL S65P and S65W signatures by first 
selecting a list of differentially expressed genes between 
VHL S65P or S65W mutation and VHL WT control in 
the 786-O cell line with the cutoff FDR < 0.05 and log2 
(fold change) ≥ 1 or ≤ − 1. We next determined the over-
lap of these genes with corresponding HIF2A genome-
wide chromatin binding sites from the 786-O cell line 
harboring VHL S65P or S65W mutations. We finally 
devised the VHL-S65P (11 genes) or S65W (128 genes) 
direct target gene signatures that displayed both HIF2A 
chromatin binding in the promoter (TSS ± 5 kb) as well 
as dysregulation upon RNA-seq profiling of VHL S65P or 
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S65W mutation in 786-O cells. S65P and S65W signature 
scores were calculated as weighted sums of normalized 
expression of the genes in the signatures and Pearson 
correlation test was performed to compare with EMT, 
Hypoxia scores to test the associations.

EMT score, hypoxia score and the EMT pathway genes
The EMT score, consisting of 76 genes, was referenced 
from a study conducted by Bayer et al. [84], from which 
the EMT signature was found correlated with known 
EMT markers. The hypoxia score used in this study was 
obtained from a study carried out by Bhandari et  al. 
[85]. The authors quantified tumor hypoxia in 8,006 
tumors from 19 tumor types in The Cancer Genome 
Atlas (TCGA) and the Canadian Prostate Cancer 
Genome Network (CPC-GENE) by using mRNA-based 
hypoxia signatures from eight independent studies. 
The hypoxia scores were proved highly consisted in the 
prediction of hypoxia for primary tumours. The EMT 
pathway genes, consisting of 200 genes, were retrieved 
from the Hallmark gene sets from the MSigDB data-
base [81].

Statistical analysis
All statistical analyses were performed using R (v. 3.6.3) 
with RStudio (v. 1.2.5033). Data were obtained from the 
cBioPortal for Cancer Genomics [86, 87] and published lit-
erature. Differential gene expression analyses were applied 
between normal prostate and tumor tissues from various 
independent cohorts. Statistical analyses were performed 
to study the correlation between gene expression levels 
and clinical features including Tumor stage, Lymph nodes, 
Metastasis stage and Neoplasm disease stage. Statistical 
tests for patients stratified into two or more groups were 
calculated using the Mann–Whitney U test and Kruskal–
Wallis H test, respectively. Kaplan Meier survival analysis 
from R package “Survival” (v. 3.2.3) [88] and “Survminer” 
(v. 0.4.7) [89] was used to assess the impact of VHL-S65P 
or VHL-S65W mutation on kidney renal clear cell carci-
noma (KIRC) [90, 91] prognosis. Patients were stratified 
according to median expression of the weighted sum of the 
signature. Function “Surv” was first used to generate the 
survival models with “time-to-event” and “event status” as 
input from clinical cohorts. Median expression of genes 
was further followed to fit to the models by function “sur-
vfit”. Statistical analyses for all Kaplan Meier curves were 
calculated using log-rank test. Cox proportional hazards 
model was applied to evaluate the hazard ratio (HR). Sam-
ples with missing expression or patient survival data were 

excluded from analyses. P value < 0.05 was considered to 
be statistically significant.

Abbreviations
VHL: Von Hippel‑Lindau; Ser: Serine; Pro: Proline; Trp: Tryptophan; HIFα: 
Hypoxia‑inducing factor α; RH: Retinal hemangioblastoma; CNSH: Cen‑
tral nervous system hemangioblastoma; RCC : Renal cell carcinoma; PHE: 
Pheochromocytoma; PCT: Pancreatic cysts or tumors; qRT‑PCR: Quantitative 
real‑time PCR; ChIP‑seq: Chromatin Immunoprecipitation Sequencing; CoCl2: 
Cobalt chloride; DMOG: Dimethyloxallyl Glycine; GSEA: Gene Set Enrichment 
Analysis; MRI: Magnetic resonance imaging.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13578‑ 022‑ 00790‑x.

Additional file 1: Figure S1. (A) Quantitative of HIF‑2α expression levels 
in 786‑O cells stably expressing VHL WT and mutants, with or without 
treatment of MG132. The western blot images were scanning densito‑
metric values were obtained using ImageJ software. HIF‑2α Protein levels 
were normalized to the loading control β‑ACTIN. (B) Interaction of HIF‑2α 
with VHL‑WT and mutants after MG132 treatment. (C) Western blot for 
HIF‑2α expression in 786‑O cells treated with or without hypoxia mimetic 
CoCl2 and DMOG. CoCl2 was used at 100 uM final concentration for 6 h, 
DMOG was used at 1 mM final concentration for 8 h. (D) Immunostaining 
of FLAG‑VHL in 786‑O cells with and without MG132 treatment, Scale bars, 
50 μm.

Additional file 2: Figure S2. (A‑B) GSEA‑determined hypoxia (A) or gly‑
colysis (B) pathways with S65P‑affected gene signature. Genes are ranked 
by their expression levels in 786‑O cells expressing VHL mutation S65P. 
Plots in the right of A or B show HIF2α ChIP‑seq signals of 5 kb around the 
transcriptional start sites (TSS) of altered genes in hypoxia (A) or glycolysis 
(B) pathways. (C) VIM or CDH1 is upregulated or downregulated in KIRC 
patient samples, respectively.

Additional file 3: Figure S3. (A‑D) The sum expression levels of VHL‑S65P 
signature gene set are significantly upregulated in human renal cancers 
compared to normal kidney samples.

Additional file 4: Figure S4. (A‑C) The sum expression levels of VHL‑S65W 
signature gene set are significantly upregulated in human renal cancers 
compared to normal kidney samples. (D,E) The sum expression levels of 
VHL‑S65W genetic signature positively correlate with EMT scores in the 
two independent clinical cohorts of ccRCC patient group.

Additional file 5: Figure S5. Gene set enrichment analysis (GSEA) analysis   
identifies significant common (A and B) and distinct Hallmark signatures 
between VHL‑deficiency and VHL‑S65P/W (C and D). Gene signatures with 
FDR <0.05 are considered as significant

Additional file 6: Table S1. The statistical results of VHL mutations S65P 
and S65W patients.

Additional file 7: Table S2. Primers sequences.

Acknowledgements
We thank Riitta Jokela and Yuehong Yang for technical assistance, Prof. Peppi 
Karppinen for sharing the HIF2α antobody. Linux High‑Performance Comput‑
ing servers were provided by the CSC—IT CENTER FOR SCIENCE LTD, and also 
supported by the Medical Research Data Center of Fudan University.

Author contributions
XM, ZT, QZ, KG, G‑HW and ZW conceived of and designed the research. XM, 
KM, JX, XW, YW, KG, G‑HW and ZW contributed to the collection of specimens 
and discussion of clinical significance; QZ and JL led bioinformatics data 

https://doi.org/10.1186/s13578-022-00790-x
https://doi.org/10.1186/s13578-022-00790-x


Page 18 of 20Ma et al. Cell & Bioscience           (2022) 12:52 

analysis; ZT, JX, YW, MZ, and YW performed the experiments. XZ, WG and SW 
offered advice to improve the manuscript. XM, ZT, QZ, G‑HW and ZW wrote 
the manuscript with input from all authors.

Funding
This study is supported by National Natural Science Foundation of China (No. 
81974400, 82173068, 82073082, 81872081, 82172617), Tongji Hospital Pilot 
Project Fund (No. 2019CR101), the Fudan University Recruit Fund, the Jane and 
Aatos Erkko Foundation and the Sigrid Juseliuksen Saatio.

Availability of data and materials
The authors declare that all data and materials are available on request. All raw 
ChIP‑seq and RNA‑seq data have been deposited in the European Nucleotide 
Archive (ENA) under accession ID PRJEB52303 and PRJEB52308, respectivily.

Declarations

Ethics approval and consent to participate
This project was approved by the Medical Ethics Committee of Tongji Hospital, 
Tongji Medical College, Huazhong University of Science and Technology, 
and the Medical Ethics Committee of Peking University First Hospital. Writ‑
ten informed consent for genetic analysis and publication of radiographic 
data was obtained from each participant. All procedures were carried out 
according to ethical guidelines, and pedigree charts were drawn to trace the 
inheritance model.

Consent for publication
All authors read and approved the final manuscript.

Competing interests
The authors have declared no conflict of interests.

Author details
1 Department of Urology, Tongji Hospital, Tongji Medical College, Huazhong 
University of Science and Technology, Wuhan 430030, China. 2 Department 
of Urology, the First Affiliated Hospital, Zhejiang University School of Medicine, 
Hangzhou 310003, China. 3 Faculty of Biochemistry and Molecular Medicine, 
Biocenter Oulu, University of Oulu, 90014 Oulu, Finland. 4 Department of Urol‑
ogy, Peking University First Hospital, Beijing 100034, China. 5 Department 
of Laboratory Medicine, Tongji Hospital, Tongji Medical College, Huazhong 
University of Science and Technology, Wuhan 430030, China. 6 Ministry of Edu‑
cation Key Laboratory of Metabolism and Molecular Medicine & Department 
of Biochemistry and Molecular Biology, School of Basic Medical Sciences, 
and Fudan University Shanghai Cancer Center, Shanghai Medical College 
of Fudan University, Shanghai 200032, China. 7 Department of Bioinformatics, 
Center for Translational Medicine, Naval Military Medical University, Shang‑
hai 200433, China. 

Received: 6 January 2022   Accepted: 18 April 2022

References
 1. Maher ER, Iselius L, Yates JR, Littler M, Benjamin C, Harris R, et al. Von 

Hippel‑Lindau disease: a genetic study. J Med Genet. 1991;28(7):443–7.
 2. Maddock IR, Moran A, Maher ER, Teare MD, Norman A, Payne SJ, 

et al. A genetic register for von Hippel‑Lindau disease. J Med Genet. 
1996;33(2):120–7.

 3. Gossage L, Eisen T, Maher ER. VHL, the story of a tumour suppressor gene. 
Nat Rev Cancer. 2015;15(1):55–64.

 4. Crespigio J, Berbel LCL, Dias MA, Berbel RF, Pereira SS, Pignatelli D, et al. 
Von Hippel‑Lindau disease: a single gene, several hereditary tumors. J 
Endocrinol Invest. 2018;41(1):21–31.

 5. Richards FM, Payne SJ, Zbar B, Affara NA, Ferguson‑Smith MA, Maher ER. 
Molecular analysis of de novo germline mutations in the von Hippel‑
Lindau disease gene. Hum Mol Genet. 1995;4(11):2139–43.

 6. Lonser RR, Glenn GM, Walther M, Chew EY, Libutti SK, Linehan WM, et al. 
von Hippel‑Lindau disease. Lancet. 2003;361(9374):2059–67.

 7. Perrotta S, Roberti D, Bencivenga D, Corsetto P, O’Brien KA, Caiazza M, 
et al. Effects of germline VHL deficiency on growth, metabolism, and 
mitochondria. N Engl J Med. 2020;382(9):835–44.

 8. Higashimura Y, Kitakaze T, Harada N, Inui H, Nakano Y, Yamaji R. pVHL‑
mediated degradation of HIF‑2α regulates estrogen receptor α expres‑
sion in normoxic breast cancer cells. FEBS Lett. 2016;590(16):2690–9.

 9. Ohh M, Park CW, Ivan M, Hoffman MA, Kim TY, Huang LE, et al. Ubiquitina‑
tion of hypoxia‑inducible factor requires direct binding to the beta‑
domain of the von Hippel‑Lindau protein. Nat Cell Biol. 2000;2(7):423–7.

 10. Hon WC, Wilson MI, Harlos K, Claridge TD, Schofield CJ, Pugh CW, et al. 
Structural basis for the recognition of hydroxyproline in HIF‑1 alpha by 
pVHL. Nature. 2002;417(6892):975–8.

 11. Min JH, Yang H, Ivan M, Gertler F, Kaelin WG Jr, Pavletich NP. Structure of 
an HIF‑1alpha ‑pVHL complex: hydroxyproline recognition in signaling. 
Science. 2002;296(5574):1886–9.

 12. Vanharanta S, Shu W, Brenet F, Hakimi AA, Heguy A, Viale A, et al. Epige‑
netic expansion of VHL‑HIF signal output drives multiorgan metastasis in 
renal cancer. Nat Med. 2013;19(1):50–6.

 13. Kappler M, Taubert H, Eckert AW. Oxygen sensing, homeostasis, and 
disease. N Engl J Med. 2011;365(19):1845–6 (author reply 6).

 14. Keith B, Johnson RS, Simon MC. HIF1α and HIF2α: sibling rivalry in hypoxic 
tumour growth and progression. Nat Rev Cancer. 2011;12(1):9–22.

 15. Latif F, Tory K, Gnarra J, Yao M, Duh FM, Orcutt ML, et al. Identification 
of the von Hippel‑Lindau disease tumor suppressor gene. Science. 
1993;260(5112):1317–20.

 16. Schwarz JM, Cooper DN, Schuelke M, Seelow D. MutationTaster2: 
mutation prediction for the deep‑sequencing age. Nat Methods. 
2014;11(4):361–2.

 17. Landrum MJ, Chitipiralla S, Brown GR, Chen C, Gu B, Hart J, et al. 
ClinVar: improvements to accessing data. Nucleic Acids Res. 
2020;48(D1):D835–44.

 18. Maxwell PH, Wiesener MS, Chang GW, Clifford SC, Vaux EC, Cockman ME, 
et al. The tumour suppressor protein VHL targets hypoxia‑inducible fac‑
tors for oxygen‑dependent proteolysis. Nature. 1999;399(6733):271–5.

 19. Clifford SC, Cockman ME, Smallwood AC, Mole DR, Woodward ER, Max‑
well PH, et al. Contrasting effects on HIF‑1alpha regulation by disease‑
causing pVHL mutations correlate with patterns of tumourigenesis in von 
Hippel‑Lindau disease. Hum Mol Genet. 2001;10(10):1029–38.

 20. Miller F, Kentsis A, Osman R, Pan ZQ. Inactivation of VHL by tumorigenic 
mutations that disrupt dynamic coupling of the pVHL hypoxia‑inducible 
transcription factor‑1alpha complex. J Biol Chem. 2005;280(9):7985–96.

 21. Yuan Y, Hilliard G, Ferguson T, Millhorn DE. Cobalt inhibits the interac‑
tion between hypoxia‑inducible factor‑alpha and von Hippel‑Lindau 
protein by direct binding to hypoxia‑inducible factor‑alpha. J Biol Chem. 
2003;278(18):15911–6.

 22. Rahman SU, Lee MS, Baek JH, Ryoo HM, Woo KM. The prolyl hydroxylase 
inhibitor dimethyloxalylglycine enhances dentin sialophoshoprotein 
expression through VEGF‑induced Runx2 stabilization. PLoS ONE. 
2014;9(11): e112078.

 23. Åström M, Tajeddinn W, Karlsson MG, Linder O, Palmblad J, Lindblad P. 
Cytokine measurements for diagnosing and characterizing leukemoid 
reactions and immunohistochemical validation of a granulocyte colony‑
stimulating factor and CXCL8‑producing renal cell carcinoma. Biomark 
Insights. 2018;13:1177271918792246.

 24. Fritzsche FR, Wassermann K, Jung M, Tölle A, Kristiansen I, Lein M, et al. 
ADAM9 is highly expressed in renal cell cancer and is associated with 
tumour progression. BMC Cancer. 2008;8:179.

 25. Zhang ZY, Zhang SL, Chen HL, Mao YQ, Li ZM, Kong CY, et al. The up‑
regulation of NDRG1 by HIF counteracts the cancer‑promoting effect of 
HIF in VHL‑deficient clear cell renal cell carcinoma. Cell Prolif. 2020;53(7): 
e12853.

 26. Yoshida T, Kageyama S, Isono T, Yuasa T, Kushima R, Kawauchi A, et al. 
Superoxide dismutase 2 expression can predict prognosis of renal cell 
carcinoma patients. Cancer Biomark. 2018;22(4):755–61.

 27. Syafruddin SE, Rodrigues P, Vojtasova E, Patel SA, Zaini MN, Burge J, et al. 
A KLF6‑driven transcriptional network links lipid homeostasis and tumour 
growth in renal carcinoma. Nat Commun. 2019;10(1):1152.

 28. Reavey JJ, Walker C, Murray AA, Brito‑Mutunayagam S, Sweeney S, Nicol 
M, et al. Obesity is associated with heavy menstruation that may be due 
to delayed endometrial repair. J Endocrinol. 2021;249(2):71–82.



Page 19 of 20Ma et al. Cell & Bioscience           (2022) 12:52  

 29. Chédeville AL, Lourdusamy A, Monteiro AR, Hill R, Madureira PA. Investi‑
gating glioblastoma response to hypoxia. Biomedicines. 2020;8(9):310.

 30. Lu CW, Lin SC, Chen KF, Lai YY, Tsai SJ. Induction of pyruvate dehydroge‑
nase kinase‑3 by hypoxia‑inducible factor‑1 promotes metabolic switch 
and drug resistance. J Biol Chem. 2008;283(42):28106–14.

 31. Kasashima H, Yashiro M, Kinoshita H, Fukuoka T, Morisaki T, Masuda G, 
et al. Lysyl oxidase is associated with the epithelial‑mesenchymal transi‑
tion of gastric cancer cells in hypoxia. Gastric Cancer. 2016;19(2):431–42.

 32. Corn PG, Ricci MS, Scata KA, Arsham AM, Simon MC, Dicker DT, et al. Mxi1 
is induced by hypoxia in a HIF‑1‑dependent manner and protects cells 
from c‑Myc‑induced apoptosis. Cancer Biol Ther. 2005;4(11):1285–94.

 33. Peng F, Wang JH, Fan WJ, Meng YT, Li MM, Li TT, et al. Glycolysis 
gatekeeper PDK1 reprograms breast cancer stem cells under hypoxia. 
Oncogene. 2018;37(8):1062–74.

 34. Mo Z, Yu L, Cao Z, Hu H, Luo S, Zhang S. Identification of a hypoxia‑associ‑
ated signature for lung adenocarcinoma. Front Genet. 2020;11:647.

 35. Mardilovich K, Shaw LM. Hypoxia regulates insulin receptor substrate‑2 
expression to promote breast carcinoma cell survival and invasion. 
Cancer Res. 2009;69(23):8894–901.

 36. Lei Y, Chen T, Li Y, Shang M, Zhang Y, Jin Y, et al. O‑GlcNAcylation of 
PFKFB3 is required for tumor cell proliferation under hypoxia. Onco‑
genesis. 2020;9(2):21.

 37. Liu CC, Wang H, Wang WD, Wang L, Liu WJ, Wang JH, et al. ENO2 
promotes cell proliferation, glycolysis, and glucocorticoid‑
resistance in acute lymphoblastic leukemia. Cell Physiol Biochem. 
2018;46(4):1525–35.

 38. Zhang Y, Yu G, Chu H, Wang X, Xiong L, Cai G, et al. Macrophage‑
associated PGK1 phosphorylation promotes aerobic glycolysis and 
tumorigenesis. Mol Cell. 2018;71(2):201‑15.e7.

 39. Zhang J, Yang J, Lin C, Liu W, Huo Y, Yang M, et al. Endoplasmic 
Reticulum stress‑dependent expression of ERO1L promotes aerobic 
glycolysis in Pancreatic Cancer. Theranostics. 2020;10(18):8400–14.

 40. Cao XP, Cao Y, Li WJ, Zhang HH, Zhu ZM. P4HA1/HIF1α feedback loop 
drives the glycolytic and malignant phenotypes of pancreatic cancer. 
Biochem Biophys Res Commun. 2019;516(3):606–12.

 41. Mercado‑Matos J, Janusis J, Zhu S, Chen SS, Shaw LM. Identification of 
a novel invasion‑promoting region in insulin receptor substrate 2. Mol 
Cell Biol. 2018. https:// doi. org/ 10. 1128/ MCB. 00590‑ 17.

 42. Costanza B, Rademaker G, Tiamiou A, De Tullio P, Leenders J, Blomme A, 
et al. Transforming growth factor beta‑induced, an extracellular matrix 
interacting protein, enhances glycolysis and promotes pancreatic 
cancer cell migration. Int J Cancer. 2019;145(6):1570–84.

 43. Capitanio U, Bensalah K, Bex A, Boorjian SA, Bray F, Coleman J, et al. 
Epidemiology of renal cell carcinoma. Eur Urol. 2019;75(1):74–84.

 44. Tedesco L, Elguero B, Pacin DG, Senin S, Pollak C, Garcia Marchiñena PA, 
et al. von Hippel‑Lindau mutants in renal cell carcinoma are regulated 
by increased expression of RSUME. Cell Death Dis. 2019;10(4):266.

 45. Qin S, Jiang J, Lu Y, Nice EC, Huang C, Zhang J, et al. Emerging role of 
tumor cell plasticity in modifying therapeutic response. Signal Trans‑
duct Target Ther. 2020;5(1):228.

 46. Rokavec M, Öner MG, Li H, Jackstadt R, Jiang L, Lodygin D, et al. IL‑6R/
STAT3/miR‑34a feedback loop promotes EMT‑mediated colorectal 
cancer invasion and metastasis. J Clin Invest. 2014;124(4):1853–67.

 47. Ford CE, Jary E, Ma SS, Nixdorf S, Heinzelmann‑Schwarz VA, Ward 
RL. The Wnt gatekeeper SFRP4 modulates EMT, cell migration and 
downstream Wnt signalling in serous ovarian cancer cells. PLoS ONE. 
2013;8(1): e54362.

 48. Yang Q, Wang Y, Pan X, Ye J, Gan S, Qu F, et al. Frizzled 8 promotes the 
cell proliferation and metastasis of renal cell carcinoma. Oncotarget. 
2017;8(45):78989–9002.

 49. Murillo‑Garzón V, Gorroño‑Etxebarria I, Åkerfelt M, Puustinen MC, 
Sistonen L, Nees M, et al. Frizzled‑8 integrates Wnt‑11 and transform‑
ing growth factor‑β signaling in prostate cancer. Nat Commun. 
2018;9(1):1747.

 50. Wang J, Zhang Z, Li R, Mao F, Sun W, Chen J, et al. ADAM12 induces 
EMT and promotes cell migration, invasion and proliferation in pitui‑
tary adenomas via EGFR/ERK signaling pathway. Biomed Pharmaco‑
ther. 2018;97:1066–77.

 51. Rayego‑Mateos S, Morgado‑Pascual JL, Rodrigues‑Diez RR, Rodrigues‑
Diez R, Falke LL, Mezzano S, et al. Connective tissue growth factor 

induces renal fibrosis via epidermal growth factor receptor activation. J 
Pathol. 2018;244(2):227–41.

 52. Natsuizaka M, Kinugasa H, Kagawa S, Whelan KA, Naganuma S, 
Subramanian H, et al. IGFBP3 promotes esophageal cancer growth by 
suppressing oxidative stress in hypoxic tumor microenvironment. Am J 
Cancer Res. 2014;4(1):29–41.

 53. Shen T, Yang Z, Cheng X, Xiao Y, Yu K, Cai X, et al. CXCL8 induces 
epithelial‑mesenchymal transition in colon cancer cells via the PI3K/
Akt/NF‑κB signaling pathway. Oncol Rep. 2017;37(4):2095–100.

 54. Jones J, Otu H, Spentzos D, Kolia S, Inan M, Beecken WD, et al. Gene 
signatures of progression and metastasis in renal cell cancer. Clin 
Cancer Res. 2005;11(16):5730–9.

 55. Beroukhim R, Brunet JP, Di Napoli A, Mertz KD, Seeley A, Pires MM, 
et al. Patterns of gene expression and copy‑number alterations in von‑
hippel lindau disease‑associated and sporadic clear cell carcinoma of 
the kidney. Cancer Res. 2009;69(11):4674–81.

 56. Gumz ML, Zou H, Kreinest PA, Childs AC, Belmonte LS, LeGrand SN, et al. 
Secreted frizzled‑related protein 1 loss contributes to tumor phenotype 
of clear cell renal cell carcinoma. Clin Cancer Res. 2007;13(16):4740–9.

 57. Higgins JP, Shinghal R, Gill H, Reese JH, Terris M, Cohen RJ, et al. Gene 
expression patterns in renal cell carcinoma assessed by complementary 
DNA microarray. Am J Pathol. 2003;162(3):925–32.

 58. Lenburg ME, Liou LS, Gerry NP, Frampton GM, Cohen HT, Christman MF. 
Previously unidentified changes in renal cell carcinoma gene expres‑
sion identified by parametric analysis of microarray data. BMC Cancer. 
2003;3:31.

 59. Yusenko MV, Kuiper RP, Boethe T, Ljungberg B, van Kessel AG, Kovacs G. 
High‑resolution DNA copy number and gene expression analyses distin‑
guish chromophobe renal cell carcinomas and renal oncocytomas. BMC 
Cancer. 2009;9:152.

 60. Zhao H, Ljungberg B, Grankvist K, Rasmuson T, Tibshirani R, Brooks JD. 
Gene expression profiling predicts survival in conventional renal cell 
carcinoma. PLoS Med. 2006;3(1): e13.

 61. Schokrpur S, Hu J, Moughon DL, Liu P, Lin LC, Hermann K, Mangul S, Guan 
W, Pellegrini M, Xu H, Wu L. CRISPR‑mediated VHL knockout gener‑
ates an improved model for metastatic renal cell carcinoma. Sci Rep. 
2016;30(6):29032.

 62. Hong B, Ma K, Zhou J, Zhang J, Wang J, Liu S, et al. Frequent mutations of 
VHL gene and the clinical phenotypes in the largest chinese cohort with 
Von Hippel‑Lindau disease. Front Genet. 2019;10:867.

 63. Dollfus H, Massin P, Taupin P, Nemeth C, Amara S, Giraud S, et al. Retinal 
hemangioblastoma in von Hippel‑Lindau disease: a clinical and molecu‑
lar study. Invest Ophthalmol Vis Sci. 2002;43(9):3067–74.

 64. Gallou C, Longuemaux S, Deloménie C, Méjean A, Martin N, Martinet S, 
et al. Association of GSTT1 non‑null and NAT1 slow/rapid genotypes with 
von Hippel‑Lindau tumour suppressor gene transversions in sporadic 
renal cell carcinoma. Pharmacogenetics. 2001;11(6):521–35.

 65. Liu SJ, Wang JY, Peng SH, Li T, Ning XH, Hong BA, et al. Genotype and 
phenotype correlation in von Hippel‑Lindau disease based on alteration 
of the HIF‑α binding site in VHL protein. Genet Med. 2018;20(10):1266–73.

 66. Ong KR, Woodward ER, Killick P, Lim C, Macdonald F, Maher ER. Genotype‑
phenotype correlations in von Hippel‑Lindau disease. Hum Mutat. 
2007;28(2):143–9.

 67. Tarade D, Ohh M. The HIF and other quandaries in VHL disease. Onco‑
gene. 2018;37(2):139–47.

 68. Gudas LJ, Fu L, Minton DR, Mongan NP, Nanus DM. The role of HIF1α in 
renal cell carcinoma tumorigenesis. J Mol Med (Berl). 2014;92(8):825–36.

 69. Yao X, Tan J, Lim KJ, Koh J, Ooi WF, Li Z, et al. VHL deficiency drives 
enhancer activation of oncogenes in clear cell renal cell carcinoma. 
Cancer Discov. 2017;7(11):1284–305.

 70. Andrews S. Babraham bioinformatics‑FastQC a quality control tool for 
high throughput sequence data. 2009.

 71. Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illu‑
mina sequence data. Bioinformatics. 2014;30(15):2114–20.

 72. Langmead B, Salzberg SL. Fast gapped‑read alignment with Bowtie 2. Nat 
Methods. 2012;9(4):357–9.

 73. Zhang Y, Liu T, Meyer CA, Eeckhoute J, Johnson DS, Bernstein BE, et al. 
Model‑based analysis of ChIP‑Seq (MACS). Genome Biol. 2008;9(9):R137.

 74. He HH, Meyer CA, Shin H, Bailey ST, Wei G, Wang Q, et al. Nucleosome 
dynamics define transcriptional enhancers. Nat Genet. 2010;42(4):343–7.

https://doi.org/10.1128/MCB.00590-17


Page 20 of 20Ma et al. Cell & Bioscience           (2022) 12:52 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 75. Heinz S, Benner C, Spann N, Bertolino E, Lin YC, Laslo P, et al. Simple 
combinations of lineage‑determining transcription factors prime cis‑
regulatory elements required for macrophage and B cell identities. Mol 
Cell. 2010;38(4):576–89.

 76. Yu G, Wang LG, He QY. ChIPseeker: an R/Bioconductor package for 
ChIP peak annotation, comparison and visualization. Bioinformatics. 
2015;31(14):2382–3.

 77. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The 
sequence Alignment/Map format and SAMtools. Bioinformatics. 
2009;25(16):2078–9.

 78. Ramírez F, Ryan DP, Grüning B, Bhardwaj V, Kilpert F, Richter AS, et al. 
deepTools2: a next generation web server for deep‑sequencing data 
analysis. Nucleic Acids Res. 2016;44(W1):W160–5.

 79. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: 
ultrafast universal RNA‑seq aligner. Bioinformatics. 2013;29(1):15–21.

 80. Love MI, Huber W, Anders S. Moderated estimation of fold change and 
dispersion for RNA‑seq data with DESeq2. Genome Biol. 2014;15(12):550.

 81. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, 
et al. Gene set enrichment analysis: a knowledge‑based approach for 
interpreting genome‑wide expression profiles. Proc Natl Acad Sci U S A. 
2005;102(43):15545–50.

 82. Yu G, Wang LG, Han Y, He QY. clusterProfiler: an R package for comparing 
biological themes among gene clusters. OMICS. 2012;16(5):284–7.

 83. Yu G. Enrichplot: visualization of functional enrichment result. R package 
version 181. 2021.

 84. Byers LA, Diao L, Wang J, Saintigny P, Girard L, Peyton M, et al. An 
epithelial‑mesenchymal transition gene signature predicts resistance 
to EGFR and PI3K inhibitors and identifies Axl as a therapeutic target for 
overcoming EGFR inhibitor resistance. Clin Cancer Res. 2013;19(1):279–90.

 85. Bhandari V, Hoey C, Liu LY, Lalonde E, Ray J, Livingstone J, et al. 
Molecular landmarks of tumor hypoxia across cancer types. Nat Genet. 
2019;51(2):308–18.

 86. Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, et al. The cBio 
cancer genomics portal: an open platform for exploring multidimen‑
sional cancer genomics data. Cancer Discov. 2012;2(5):401–4.

 87. Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, et al. Inte‑
grative analysis of complex cancer genomics and clinical profiles using 
the cBioPortal. Sci Signal. 2013;6(269):pl1.

 88. Therneau T. A package for survival analysis in R. R package version 32–3. 
2020.

 89. Kassambara A, Kosinski M, Biecek P, Fabian S. Survminer: Drawing survival 
curves using ’ggplot2’. R package version 047. 2020.

 90. Cancer Genome Atlas Research Network. Comprehensive molecu‑
lar characterization of clear cell renal cell carcinoma. Nature. 
2013;499(7456):43–9.

 91. Hoadley KA, Yau C, Hinoue T, Wolf DM, Lazar AJ, Drill E, et al. Cell‑of‑origin 
patterns dominate the molecular classification of 10,000 tumors from 33 
types of cancer. Cell. 2018;173(2):291‑304.e6.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	VHL Ser65 mutations enhance HIF2α signaling and promote epithelial-mesenchymal transition of renal cancer cells
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Phenotype and Histopathologic Analysis
	Detection of VHL c.193 T > C and c.194C > G mutations in the families
	VHL mutations increase HIF2α protein stability and are sensitive to the ubiquitin proteasome-mediated protein degradation
	Genome-wide identification of HIF2α target genes and pathways in renal cancer cells expressing VHL variants
	VHL mutant gene signature is associated with renal cancer progression and prognosis

	Discussion
	Conclusions
	Methods
	DNA extraction and sequence analysis
	Histology and Immunohistochemical staining
	Cell lines and cell culture
	Western blot analysis
	Lentiviral constructs, lentivirus production, and infection
	Invasion and migration assays
	Immunofluorescence
	Co-Immunoprecipitation (Co-IP)
	Quantitative real-time polymerase chain reaction (qRT-PCR)
	Chromatin immunoprecipitation sequencing (ChIP-seq)
	RNA sequencing
	Bioinformatics analysis of ChIP-seq data
	RNA-seq data processing and differential gene expression analysis
	Gene set enrichment analysis
	Development of the VHL S65P and S65W signatures
	EMT score, hypoxia score and the EMT pathway genes
	Statistical analysis

	Acknowledgements
	References




