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KEYWORDS Abstract Clear cell renal cell carcinoma (ccRCC) is a frequently occurring renal cancer. The Von
Renal cancer; Hippel-Lindau disease tumor suppressor FVHL, a known tumor suppressor gene, is frequently
VHL; mutated in about 50% of patients with ccRCC. However, it is unclear whether VHL influences
Immunogenicity; the progression of ccRCC tumors expressing wild-type VHL. In the present study, we found that
Multi-omics; higher expression of VHL was correlated with the better disease-free survival (DFS) in ccRCC
Interferon patients using The Cancer Genome Atlas (TCGA) datasets. We revealed that VHL overexpression

in ccRCC cells inhibited epithelial-mesenchymal transition (EMT), sterol regulatory element-
binding protein 1 (SREBP1)-regulated triglyceride synthesis, and cell proliferation. Proteomic anal-
ysis provided us a global view that VHL regulated four biological processes, including metabolism,
immune regulation, apoptosis, and cell movement. Importantly, we found that VHL overexpression
led to up-regulated expression of proteins associated with antigen processing and interferon-
responsive proteins, thus rendering ccRCC cells more sensitive to interferon treatment. We defined
an interferon-responsive signature (IRS) composed of ten interferon-responsive proteins, whose
mRNA expression levels were positively correlated with DFS in ccRCC patients. Taken together,
our results propose that the subset of ccRCC patients with high VHL expression benefit from
immunotherapy.

* Corresponding author.
E-mail: dht@mail.tsinghua.edu.cn (Deng H).
Peer review under responsibility of Beijing Institute of Genomics, Chinese Academy of Sciences / China National Center for Bioinformation and
Genetics Society of China.

https://doi.org/10.1016/j.gpb.2019.12.002

1672-0229 © 2022 The Authors. Published by Elsevier B.V. and Science Press on behalf of Beijing Institute of Genomics, Chinese Academy of Sciences /
China National Center for Bioinformation and Genetics Society of China.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



658 Genomics Proteomics Bioinformatics 20 (2022) 657-669

Introduction

World Health Organization (WHO; http://gco.iarc.fr/today/
online-analysis-table) has estimated that there are 400,000
new cases of renal cancer in 2018. Clear cell renal cell carci-
noma (ccRCC) characterized by high glycogen and lipid con-
tents accounts for 75% of all renal cell carcinoma (RCC)
[1,2]. The lack of ccRCC sensitivity to chemotherapy and radi-
ation therapy has prompted the development of targeted ther-
apies such as inhibitors for tyrosine kinases and mammalian
target of rapamycin (mTOR) [3]. Immune checkpoint inhibi-
tors have also emerged as effective treatment options against
advanced ccRCC [4]. Nevertheless, 30% of ccRCC patients
will develop recurrence or metastasis after surgical resection
of their tumor [5]. It is critical to further investigate tumor-
associated proteins and their functions over disease
progression.

The Von Hippel-Lindau disease tumor suppressor (VHL),
known as the most commonly mutated gene in ccRCC,
exerts its canonical function via the oxygen-dependent
ubiquitin-mediated degradation of hypoxia-inducible factor
(HIF) [6,7]. The stabilization and hyper activation of HIF 1«
and HIF2« play essential roles in tumorigenesis and progres-
sion of ccRCC. HIF-independent functions of VHL have
also been intensively investigated, showing that VHL regu-
lates Wnt signaling, NFxB signaling, Akt activity, micro-
tubule stability, extracellular matrix, and maintenance of
primary cilium [8]. Using isotope tracing, a recent study
revealed that the glycolysis was increased and tricarboxylic
acid cycle (TCA) was decreased in ccRCC patients, demon-
strating that ccRCC patients display the classic Warburg
phenotype which is specified as the transition from respira-
tion to glycolysis [9]. As described earlier, the RCC clear-
cell phenotype suggests dysregulated lipid and cholesterol
metabolism and TRCS has been reported as a hereditary
RCC gene inhibiting cholesterol and lipid biosynthesis
[10,11].

Most VHL-related studies have focused on the effects of
VHL mutations on ccRCC progression. However, there are
a subset of ccRCC patients with wild-type VHL. It has been
reported that ccRCC patients with wild-type VHL are more
aggressive than those with inactive VHL, and PD-LI expres-
sion is associated with wild-type VHL expression. Studies also
proposed that tumors with wild-type VHL expression were dis-
tinctive from conventional ccRCC [12-14]. It is, therefore,
important to characterize the effects of VHL expression on
the pathological or prognostic significance in ccRCC patients
carrying wild-type VHL.

In this study, we investigated the relationship between the
VHL expression levels and disease-free survival (DES) in
ccRCC patients. A global proteomic analysis was conducted
to determine the effects of VHL overexpression on the main
biological processes in ccRCC cells. We revealed that VHL
overexpression up-regulated interferon-responsive proteins
via STAT1-mediated signaling. Collectively, our findings sug-
gest that patients with high VHL expression will be more
responsive to immunotherapy.

Results

Higher VHL expression is positively correlated with better
DEFS in ccRCC patients

Given the molecular heterogeneity of ccRCC, we analyzed
VHL mutation frequencies in ccRCC from four different clin-
ical datasets [6,15-19]. VHL mutation frequencies were deter-
mined to be 25.5% (25 of 98), 40.6% (43 of 106), 51.2% (218
of 426), and 79.5% (62 of 78) in these four datasets (Figure 1A).
The average frequency of VVHL mutation in USA and Europe
was 55.6% (280 of 504), which is in consistent with an earlier
report [20]. These analyses also found that 44.4% of ccRCC
patients carried wild-type VHL in USA and Europe, while
66.7% of ccRCC patients in China and Japan carried wild-
type VHL, suggesting that VVHL mutation frequencies were
higher in Western ccRCC patients than those in Asia.

Next, we assessed the DFS of patients with different VHL
expression levels using The Cancer Genome Atlas (TCGA)
datasets. DFS analyses were based on the expression of VHL
in all 32 TCGA datasets of different cancer types and revealed
that VHL expression was correlated with patients’ survival in
adrenocortical carcinoma (ACC), liver hepatocellular carci-
noma (LIHC), and kidney renal clear cell carcinoma (KIRC)
(Figure 1B). Higher VHL expression was correlated with
poorer DFS in ACC and LIHC (Figure S1A and B), whereas
it was positively correlated with better DFS in KIRC (Fig-
ure 1C). ccRCC patients with low VHL expression experienced
significantly shorter survival, with a median DFS of 78 months
compared to the subgroup with high VHL expression (Fig-
ure 1C). To determine if there was any covariant with cofound-
ing effects, such as gender, age, and race, we conducted
survival analysis by using the cox proportional hazards regres-
sion model. The results showed that factors including age and
race had no effects on patients’ survival, and male patients
tended to have worse survival as compared to female patients
(Figure S1C). In consistent with the univariate analysis, we
found that higher VHL expression was correlated with better
DFS in ccRCC patients (Figure S1C). This suggests that
VHL is a tumor suppressor in ccRCC, and patients with higher
VHL expression tend to have a significantly longer DFS than
those with lower VHL expression.

To understand the effects of VHL expression on ccRCC
progression, we established VHL-overexpressing (VHL-OE)
cell lines in 769-P and 786-O cells. 769-P and 786-O are
VHL-deficient cell lines. VHL expression levels in 769-P cells
were examined by real-time PCR (RT-PCR) and Western blot-
ting, confirming that the mRNA expression level of VHL was
233.4-fold higher in VHL-OE cells compared with the control
cells (P = 7.27E—4) (Figure 1D) and the HA-tagged VHL was
only detected in VHL-OE cells (Figure 1E). The effects of
VHL overexpression on cell proliferation and vitality were
examined using cell counting kits and the colony formation
assay. The VHL overexpression led to a decreased growth rate
(P = 2E-5) (Figure 1F) and reduced viability in VHL-OE
cells compared with the control cells (Figure 1G). The VHL
overexpression also reduced cell motility (Figure 1H), and
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the migration rate of VHL-OE cells was 0.4-fold lower than
that of control cells (P = 1.53E—7) (Figure 11). The reactive
oxygen species (ROS) level in VHL-OE cells was 0.7-fold lower
than that in control cells (P = 3E—4) (Figure 1J). VHL over-
expression caused similar phenotypic changes in 786-O cells
(Figure S2A—E). These data indicate that VHL overexpression
significantly inhibits cell proliferation and migration.

VHL overexpression reverses the Warburg phenotype and
decreases cellular triglyceride by inhibiting SREBP1 maturation

A recent study indicated that the glycolysis was increased and
TCA cycle was decreased in ccRCC patients [9]. To explore the
effects of VHL overexpression on cellular energy metabolism,
the glycolytic and respiratory rates were measured using a Sea-
horse extracellular flux analyzer. An analysis of Seahorse data
revealed that the basal glycolytic rate was 0.2-fold lower in
VHL-OE cells than that in control cells (P = 9.69E-5) (Fig-
ure 2A), while the basal respiratory rate was 1.8-fold higher
than that in control cells (P = 2.69E—3) (Figure 2B). Next,
we established the stable VHL-knockout (VHL-KO) cell line
using immortalized human embryonic kidney 293T cells by
CRISPR/Cas9 method (Figure 2C). Genomic DNA sequenc-
ing showed that a 5-bp deletion was introduced in the exon 2
of VHL in VHL-KO cells leading to frameshift and a prema-
ture stop codon (Figure 2D). Western blotting showed that
VHL was completely depleted in VHL-KO cells (Figure 2E).
In consistent with the results described in the previous section,
we found that VHL knockout increased cell proliferation (Fig-
ure S3A and B) and migration (Figure S3C and D). In contrast
with VHL overexpression, the basal glycolytic rate in VHL-
KO 293T cells was 1.3-fold higher than that in control cells
(P = 3.74E—4) (Figure 2F), while the basal respiratory rate
was 0.3-fold lower than that in control cells (P = 6.12E—4)
(Figure 2G). These findings demonstrate that VHL overex-
pression reverses the classic Warburg phenotype in ccRCC

cells, while VHL knockout promotes a switch from oxidative
phosphorylation to glycolysis.

Lipid accumulation is one of the remarkable histopatho-
logic features in ccRCC, rendering the ‘“‘clear” cytoplasm.
Therefore, we measured the cellular triglyceride (TAG) level
in ccRCC cells using an LC-MS/MS method. The TAG Ilevel
was 0.5-fold lower in VHL-OE cells than that in control cells
(P = 4E—4) (Figure 2H), whereas it was 3.9-fold higher in
VHL-KO cells than that in control cells (P = SE—4) (Fig-
ure 2I). Cellular lipid accumulation is controlled by extracellu-
lar lipid uptake, lipogenesis, and lipid oxidation. Cancer cells
preferred de novo lipogenesis over extracellular lipid uptake
[21]. Sterol regulatory element-binding protein 1 (SREBP1) is
the master regulator in de novo lipogenesis. Its downstream
targets including acetyl-CoA carboxylase (ACACA) and
stearoyl-CoA desaturase (SCD) are both enzymes that catalyze
the rate-limiting steps in fatty acid synthesis [22]. RT-PCR
analysis showed that the mRNA levels of SREBPI and
SREBP2 were unchanged in VHL-OE and control cells, but
the mRNA levels of SCD and ACACA were down-regulated
in VHL-OE cells, being 0.1-fold (P = 5.59E—6) and 0.3-fold
(P = 1.08E-5) lower than those in control cells, respectively
(Figure 2J). Western blotting showed that the amounts of
active nuclear-localized SREBP1 (nSREBP1) and fatty acid
synthase (FAS) were decreased, being 0.7-fold and 0.3-fold
lower in VHL-OE cells than those in control cells, respectively,
and that the amount of full-length SREBP1 (ISREBP1) was
increased, being 1.6-fold higher in VHL-OE cells than that in
control cells (Figure 2K). We extracted the nuclear and cyto-
plasmic proteins separately from VHL-OE cells and control
cells and detected the levels of ISREBP1 and nSREBP1. The
results showed that the level of ISREBP1 was higher in cytoso-
lic fraction in VHL-OE cells, whereas the level of nSREBP1
was lower in VHL-OE cells (Figure S4A). Furthermore, we
conducted the rescue experiment in which either ISREBP1
or nSREBP1 was overexpressed in VHL-OE cells. The RT-

<

Figure 1

High VHL expression was correlated with better DFS in ccRCC

A. Analysis of the mutation frequency of VHL from four different clinical datasets ““China 2012 [15], “Japan 2013 [16], ““USA 2013 [6],
and “Europe 2014” [17]. B. Correlation analysis between the DFS and VHL expression levels of different cancer patients using datasets
from TCGA with GEPIA (http://gepia2.cancer-pku.cn/#index). Blue-coded rectangle represents that high VHL expression is positively
correlated with better DFS, whereas red-coded rectangle represents that high VHL expression is correlated with poor DFS. C. Higher
VHL mRNA expression levels correlated with longer DFS of ccRCC patients using the KIRC datasets. n = 129, each in low (blue) or
high (red) group. Log-rank test was used to determine the survival differences (P = 0.043). D. RT-PCR analysis of VV'HL expression in the
control and VHL-OE cells. E. Western blotting analysis of HA-tagged VHL expression in the control and VHL-OE cells. F. VHL
overexpression decreased cell proliferation in ccRCC cells. G. VHL overexpression decreased the colony formation in ccRCC cells. H.
Representative images of the scratch assay of the control and VHL-OE cells. I. Quantitative result of the scratch assay shown in (H) by
using Imagel software. J. VHL overexpression decreased cellular ROS level in ccRCC cells. VHL, Von Hippel-Lindau disease tumor
suppressor; DFS, disease-free survival; TCGA, The Cancer Genome Atlas; ccRCC, clear cell renal cell carcinoma; ROS, reactive oxygen
species; OE, overexpression; ACC, adrenocortical carcinoma; BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma;
CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma; CHOL, cholangiocarcinoma; COAD, colon adenocarci-
noma; DLBC, lymphoid neoplasm diffuse large B-cell lymphoma; ESCA, esophageal carcinoma; GBM, glioblastoma multiforme; HNSC,
head and neck squamous cell carcinoma; KICH, kidney chromophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal
papillary cell carcinoma; LGG, brain lower grade glioma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC,
lung squamous cell carcinoma; MESO, mesothelioma; OV, ovarian serous cystadenocarcinoma; PAAD, pancreatic adenocarcinoma;
PCPG, pheochromocytoma and paraganglioma; PRAD, prostate adenocarcinoma; READ, rectum adenocarcinoma; SARC, sarcoma;
SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma; TGCT, testicular germ cell tumors; THCA, thyroid carcinoma;
THYM, thymoma; UCEC, uterine corpus endometrial carcinoma; UCS, uterine carcinosarcoma; UVM, uveal melanoma.
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VHL overexpression reversed the Warburg phenotype and decreased cellular TAG by inhibiting SREBP1 maturation

A. and B. VHL overexpression decreased basal glycolysis (A) but increased basal respiration (B) in ccRCC cells. C. Diagram showed the
sequence of sgRNA targeting VHL. D. Sequence alignment of the exon 2 in VHL in control and VHL-KO cells. E. Western blotting
analysis of VHL and HIF1A expression in control and VHL-KO cells. F. and G. VHL knockout increased the basal glycolysis (F) but
decreased the basal respiration (G) in 293T cells. H. VHL overexpression decreased the cellular TAG levels in ¢ccRCC cells. I. VHL
knockout increased the cellular TAG levels in 293T cells. J. RT-PCR analysis of SREBPI, SREBP2, SCD, and ACACA in VHL-OE and
control cells. K. Western blotting analysis showing the expression of ISREBP1, nSREBPI1, FAS, and VHL in VHL-OE and control cells.
TAG, triglyceride; fISREBPI, full-length SREBP1; nSREBPI1, nuclear SREBP1; KO, knockout.

PCR results showed that the expression levels of SREBP1
downstream genes SCD, ACACA, and FASN were up-
regulated only after the reintroduction of nSREBP1 (Fig-
ure S4B). These results demonstrate that VHL overexpression
decreases cellular lipid accumulation by inhibiting TAG syn-
thesis via regulating SREBP1 maturation.

VHL overexpression alters protein expression profiling in ccRCC
cells

Quantitative proteomics analysis was conducted on VHL-OE
and control cells in biological triplicates for identifying differ-
entially expressed proteins (DEPs). We identified 9459 proteins
and 7037 proteins separately with two and more unique pep-
tides quantified. The quantification ratios of biological repli-

cates showed a high correlation, indicating that the results
were reproducible (R* = 0.9) (Figure 3A). The quantitative
ratios were filtered by population statistics to calculate the
threshold cut-off as 50% variation for DEPs (Figure S5A)
[23]. Volcano diagram showed that 404 proteins were up-
regulated [VHL-OE/Control > 1.5; false discovery rate
(FDR) adjusted P value < 0.05] (Table S1), and 228 proteins
were  down-regulated (VHL-OE/Control < 0.67; FDR
adjusted P value < 0.05) (Table S2; Figure 3B). VHL expres-
sion was significantly up-regulated, and its substrate HIFla
was significantly down-regulated (Figure 3B). The expression
levels of proteins involved in glycolysis including
Glyceraldehyde-3-phosphate ~ dehydrogenase ~ (GAPDH),
Triosephosphate isomerase (TPI1), Enolase 2 (ENO2),
Pyruvate kinase PKLR (PKLR), and Pyruvate kinase PKM
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(PKM) were down-regulated in VHL-OE cells compared with
those in control cells (Figure 3C), whereas the expression levels
of many subunits involved in the oxidative phosphorylation
pathway, including subunits of Complex I, Complex II, Com-
plex III, and Complex IV, were up-regulated in VHL-OE cells
(Figure 3C). The changes of GLUTI1, ENO2, and HK2 were
validated by RT-PCR (Figure 3D), while the changes of
GAPDH, NDUFV2, and NDUFA4 were further validated
by Western blotting (Figure 3E). In consistent with the Sea-
horse measurement, most oxidative phosphorylation-related
proteins were up-regulated, whereas glycolysis-related proteins
were down-regulated, further confirming that VHL overex-
pression reverses the Warburg phenotype (Figure 2A and B).

To explore the biological relevance of the DEPs, functional
enrichment analysis was conducted by using Ingenuity Path-
way Analysis (IPA) software. The top 20 pathways enriched
by IPA revealed that VHL regulated four major biological
processes including metabolism, immune regulation, apopto-
sis, and cell movement (Figure 3F). The proteins involved in
oxidative phosphorylation, fatty acid oxidation, mitochondrial
L-carnitine shuttling, cholesterol biosynthesis, mevalonate
pathway, and geranylgeranyl-diphosphate biosynthesis were
mostly up-regulated. The number of up-regulated proteins
involved in apoptosis and cell movement-related pathways
was more than that of the down-regulated proteins (Figure 3F).
Furthermore, we calculated the Z-scores of enriched biological
pathways by using the core analysis method in IPA, which
assesses the match of observed and predicted up- or down-
regulation patterns and represents the non-randomness of
directionality within a gene set. The results showed that the
apoptotic pathways had Z-scores above 2, suggesting that
apoptotic pathways were activated after VHL overexpression.
On the other hand, the cell motility-related pathways had Z-
scores below —2, suggesting that cell movement-related path-
ways were inhibited after VHL overexpression. These results
indicated that VHL overexpression reduced cell viability and
motility (Figure S5B).

Proteomics analysis also identified that major histocompat-
ibility antigens HLA-A, HLA-B, HLA-C, HLA-E, and HLA-
H were up-regulated in VHL-OE cells (Figure 3B). The
changes were further validated by RT-PCR analysis, showing
that the mRNA levels of HLA-A, HLA-B, and HLA-E were
also up-regulated (Figure 3G). This was confirmed by Western
blotting, in which both MHC class I molecule HLA-A and
MHC class II molecule HLA-DR were up-regulated (3.2-fold

<

and 4.5-fold higher in VHL-OE cells than in control cells,
respectively) (Figure 3H). Intriguingly, PD-L1, an immune
checkpoint protein, was down-regulated in VHL-OE cells at
both mRNA and protein levels (Figure 3G and H). Consis-
tently, the gene set enrichment analysis (GSEA) [24] revealed
that the expression of antigen processing and presentation sig-
nature genes was increased in VHL-OE cells compared with
that in control cells (Figure 3I). These results suggest that
VHL overexpression up-regulates both MHC class I and class
II molecules, thus enhancing antigen processing and
presentation.

VHL overexpression up-regulates interferon-responsive proteins
via STAT1-mediated signaling

Interestingly, the proteins involved in the interferon signaling
pathway were significantly up-regulated (Figure 3F). Using
GSEA, we confirmed that VHL overexpression enhanced the
expression signatures for both interferon-y-mediated signaling
pathway and response to type I interferon (Figure 4A). RT-
PCR analysis showed that VHL overexpression increased the
mRNA levels of IFNAI, IFNBI, IFNG, IFIT2, IFITS,
0ASI, OASL, HERCS, ISGI5, and TAPI (Figure 4B).
ISGylation was a representative event in responsive to inter-
feron treatment [25,26], and Western blotting showed that
not only free ISG15 but also the three enzymes involved in
ISGylation (UBEIL, UBE2L6, and HERCS) were all up-
regulated in VHL-OE cells (Figure 4C). These results demon-
strate that VHL overexpression activates the interferon signal-
ing pathway in ccRCC cells.

We designated an interferon-responsive signature (IRS)
composed of the ten most up-regulated interferon-responsive
proteins from the proteomic analysis, including OAS2, IFIT3,
OASL, IFIT1, TRIM22, OAS3, IFI144, SAMHDI1, UBE2L6,
and MX2 (Figure 3B). Using RT-PCR analysis, we determined
that the mRNA expression levels for the IRS genes were also
markedly up-regulated (Figure 4D), which was consistent with
the proteomic results (Figure 3B). This indicated that VHL
overexpression transcriptionally up-regulated the IRS. A
recent study showed that STATI, STAT2, and IRF9 formed
a complex termed interferon-stimulated gene factor 3 (ISGF3),
which regulated the expression of interferon-stimulated genes
[27]. All three proteins were up-regulated in our proteomic
data (Figure 3B), and the level of STAT1-pSer727 which was
the active form of STAT! protein was higher in VHL-OE cells

Figure 3

VHL overexpression altered protein expression profiling in ccRCC cells

A. The correlation of two biological replicates from proteomes exhibited a good repeatability. B. A volcano diagram of up-regulated (red)
and down-regulated (blue) proteins between the VHL-OE and control cells based on fold change (x-axis) and adjusted P value (y-axis).
Each point represents a single quantified protein. The significantly changed proteins were labeled with the gene symbols. C. A heatmap
showing the changes of the proteins involved in glycolysis and oxidative phosphorylation. D. RT-PCR analysis of GLUTI, PGK, ENO2,
and HK2 in VHL-OE and control cells. E. Western blotting analysis confirmed VHL overexpression-induced changes in GAPDH,
NDUFV2, and NDUFA4 in VHL-OE cells. F. The top 20 canonical pathways can be grouped into four biological processes analyzed by
IPA software. G. RT-PCR analysis revealed that VHL overexpression significantly up-regulated HLA-related genes but down-regulated
PD-LI. H. Western blotting analysis confirmed VHL overexpression-induced changes in HLA-A, HLA-DR, and PD-L1 in VHL-OE cells.
I. Antigen processing and presentation (red) and antigen processing and presentation via MHC class I (blue) were all highly up-regulated
by GSEA (using “C5” signature from the MSigDB). The plots indicated a significant (FDR adjusted P value < 0.05) enrichment after
VHL overexpression. IPA, Ingenuity Pathway Analysis; GSEA, gene set enrichment analysis; NES, normalized enrichment score.
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VHL overexpression up-regulated interferon-responsive proteins via STAT1-mediated signalling

A. Responses to interferon-f (red) and interferon-y (blue) genes were highly up-regulated by GSEA. Plots indicated a significant (FDR
adjusted P value < 0.05) enrichment after VHL overexpression. B. RT-PCR analysis showing the significantly up-regulated mRNA levels
of interferon and interferon-responsive genes in VHL-OE cells. C. Western blotting analysis showing the up-regulated protein levels of
ISG15, UBEIL, UBE2L6, HERCS5, and VHL in VHL-OE cells. D. RT-PCR analysis showing the significantly up-regulated mRNA levels
of the IRS genes in VHL-OE cells. E. RT-PCR analysis showing the down-regulated expression of interferon-responsive genes in VHL-OE
cells treated with 2.5 uM or 5 pM fludarabine. IRS, interferon-responsive signature.

than that in control cells (Figure S6), suggesting that ISGF3
up-regulated interferon-stimulated genes. Fludarabine is a
known cell-permeable p-STAT! inhibitor [28]. We treated cells
with 2.5 uM or 5 pM of fludarabine and found that the treat-
ment significantly inhibited the transcription of the interferon-
responsive genes in a dosage-dependent manner (Figure 4E),
suggesting that VHL overexpression up-regulates the
interferon-responsive gene expression via STATI-mediated
signaling.

VHL overexpression renders ccRCC cells sensitive to interferon
treatment

The aforementioned results demonstrated that VHL
overexpression up-regulated HLAs and interferon-responsive
proteins, suggesting that cells with wild-type VHL expression
are more sensitive to immunotherapy. Indeed, after treated
with 4000 U/ml interferon-f§ for 24 h, the survival rate in
VHL-OE cells was 50%, significantly lower than the 90% sur-
vival rate in control cells (P = 1.23E—5) (Figure 5A). After the
treatment with 800 pg/ml interferon-y for 24 h, the survival
rate in VHL-OE cells was 45%, significantly lower than the

60% survival rate in control cells (P = 2.04E—5) (Figure 5B).
These results demonstrated that VHL-OE cells were more sen-
sitive to interferon-f and interferon-y treatments compared to
control cells.

Furthermore, a positive correlation of the VHL expression
and the IRS expression was derived from the KIRC datasets in
TCGA (Pearson correlation, R = 0.78) (Figure 5C). Survival
analysis showed that ccRCC patients with higher IRS expres-
sion tended to have longer DFS than the subgroup with lower
IRS expression (P = 0.0025) (Figure 5D).

Discussion

Energy metabolism reprogramming is a hallmark of cancer
[29]. Metabolic reprogramming in ccRCC represents classic
Warburg phenotype, specified as the transition from respira-
tion to glycolysis [9,30]. It has been known that Warburg phe-
notype in ccRCC is largely regulated by VHL-HIF 1o pathway,
in which VHL mutation activates HIF 1o and its targeted sig-
naling pathways. However, VVHL mutation frequencies were
about 50% in ccRCC patients, and even lower in Asian popu-
lation. In the present study, we applied a multi-omics approach
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Figure S VHL overexpression rendered ccRCC cells sensitive to interferon treatment

A. and B. VHL overexpression sensitized ccRCC cells to interferon treatment. V'HL-OE cells and control cells were treated with different
concentrations of interferon-B (A) or interferon-y (B) for 24 h. C. VHL expression was positively correlated with IRS expression
(R = 0.78, P < 1E-5). Data were from the KIRC datasets from TCGA, and normalized by GAPDH. D. IRS expression was positively
correlated with DFS in ccRCC patients using the KIRC datasets. n = 129, each in low (blue) or high (red) group. Log-rank test was used

for comparing the survival curves (P = 0.0025).

to determine the effects of VHL on ccRCC progression. Anal-
ysis of datasets in TCGA revealed that higher VVHL expression
was positively correlated with the better DFS in c¢ccRCC
patients. Using quantitative proteomics and functional studies,
we found that VHL overexpression reversed Warburg pheno-
type in ccRCC cells by up-regulating most subunits of oxida-
tive phosphorylation (Figure 3C). We also found that the
expression level of VHL was negatively correlated with DFS
in ACC and LIHC, suggesting that VHL may play different
roles in different cell types and tissues. The two most fre-
quently mutated genes in both ACC and LIHC are TP53
and CTNNBI [31-33], whereas TP53 gene mutation is less
common and CTNNBI gene mutation is rare in KIRC [6].
The different genetic contexts in ACC and LIHC from KIRC
may explain the different relationship between VHL expres-
sion level and DFS, whereas the underlying mechanisms
remain to be further elucidated.

Cytoplasmic glycogen and lipid deposits in ccRCC defined
the “clear cell” phenotype histologically, which emphasized the
importance of dysregulated lipid metabolism in ccRCC. It
remains unclear whether lipid storage promotes cancer devel-
opment, or excessive lipid accumulation is caused by altered
metabolism in ccRCC. The Harris group and Simon group
individually reported that the lipid droplet structural protein
Perilipin-2 regulated droplet formation, and proposed that
lipid storage offers protection against oxidative stress and
ER-stress [34,35]. The Welford group identified a transcrip-
tional repression target of HIF, carnitine palmitoyltransferase
1A (CPT1A) [36]. Consistent with these findings, we found
that the level of CPT1A was also up-regulated in VHL-OE
cells (Table S1). Unlike other studies, the current work demon-
strates that VHL overexpression decreases TAG synthesis by
inhibiting SREBP1 maturation. SREBP1 is the master regula-
tor of lipid synthesis, and active SREBP1 form needs a matu-
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ration process including transportation to the Golgi, release by
a two-step proteolytic cleavage, and shuttle into the nucleus to
induce the expression of cholesterol and fatty acid synthesis-
related genes [22]. Further studies are needed to examine the
detailed mechanisms underlying VHL-regulated SREBPI
maturation.

More strikingly, we found that VVHL overexpression mark-
edly up-regulated the expression levels of HLAs and
interferon-responsive proteins by using quantitative pro-
teomics. RT-PCR analyses verified the proteomic results and
suggested the regulation occurring at the transcriptional level.
Three subunits of ISGF3 complex, which controls the expres-
sion of interferon-responsive genes, were all up-regulated. Flu-
darabine treatment significantly inhibited the transcription of
the interferon-responsive genes. Up-regulation of proteins
involved in antigen processing and interferon-responsive path-
ways rendered ccRCC cells sensitive to interferon treatment.
Interferon-o0 and interferon-y are currently used to treat
ccRCC patients with metastatic tumors. The IRS designated
in the present work is positively correlated with the VHL
expression level as well as the DFS in ccRCC patients.

Conclusion

Taken together, this study demonstrates that high VHL
expression is correlated with better prognosis in ccRCC
patients. VHL overexpression reverses the Warburg phenotype
in ccRCC cells and enhances STAT1-regulated immunogenic-
ity. Our results suggest that patients with high VHL expression
will benefit from immunotherapy.

Materials and methods

Lentivirus production and generation of the VHL-OE cell lines

The VHL-OE cell line was established as previously described
[37]. Briefly, the cDNA of human VHL gene was cloned from
HEK?293T cells. N-terminal HA tag, a Xho I restriction site,
and a BamH 1 restriction site were added to VHL cDNA by
PCR. The obtained HA-VHL sequence was ligated into lin-
earized lentivirus vector pLVX-IRES-ZsGreenl by a ligation
reaction. Vectors were transfected into HEK293T cells along
with packing plasmids for lentivirus production. The super-
natant containing viral particles was collected and then con-
centrated. The viral particles were added into the 769-P and
786-0 cell cultures along with polybrene reagent. Cells express-
ing GFP were sorted by flow cytometer and seeded into 96-well
plates for a monoclonal cell. The cells infected with viruses
produced from the empty vector were used as a control.

Construction of the nSREBPI-OE plasmid

The plasmid for nSREBP1 overexpression was generated by
cloning the SREBPI fragment (encoding 2-490 aa) from the
¢cDNA clone plasmid (Catalog No. HG17512-UT, Sino Bio-
logical, Beijing, China) into the pLVX-IRES-mCherry plasmid
[38]. The nSREBPI-OE plasmid was generated from the LVX-
IRES-ZsGreenl plasmid by replacing the ZsGreenl sequence
with the mCherry sequence.

Generation of a VHL-KO cell line using CRISPR/Cas9

pX458 (Catalog No. 48138, Addgene) was a gift from Dr.
Yongzhang Luo (Tsinghua University, China). pX458 was
digested with Bbs 1. sgRNA sequences for human VHL were
selected from GECKO library [39] and oligonucleotides were
ordered from Ruibiotech (Beijing, China). sgRNAs were
cloned into pX458 as described in Zhang lab’s protocol [40].
sgRNA sequences are listed in Table S3.

Determination of cell proliferation rate

Cells were placed into 96-well plates. Cell counting kit-8 (Cat-
alog No. CK04, Dojindo Molecular Technologies, Rockville,
MD) was added into culture media every 24 h followed by
2-h incubation. Absorbance at 450 nm was measured.

Colony formation assay

Cells were seeded into 6-well tissue plates with 250 or 500 cells
per well. Plates were incubated to allow colony growth for 7—
14 days. Colonies were then fixed with ethanol and stained
with crystal violet. The stained plates were pictured with Image
Lab 4.0 (Bio-Rad Laboratories, Berkeley, CA).

Scratch assay

Seed cells into 6-well tissue culture plates containing
RPMI1640 media supplemented with 10% FBS, at a density
that it can reach 95% confluence as a monolayer after 24 h.
Scratch a straight line in the cell monolayer. Replenish the well
with medium without FBS. Grow cells for 24 h or 48 h. Take
photos for the monolayer on a microscope at 12 h, 24 h, 48 h,
and 96 h, respectively. The gap distance and area were quanti-
tatively evaluated with ImagelJ software.

Measurement of intracellular ROS

Cells were incubated with CellROX Deep Red Reagent (Cata-
log No. C10491, ThermoFisher Scientific, Waltham, MA) for
30 min. Then, the media were discarded and cells were
detached. Flow cytometer was used to measure the fluores-
cence intensity.

Mitochondrial respiration analysis

Basal glycolysis and basal respiration of cells were measured
with the Seahorse XFe96 Analyzer (Agilent TechnologiesSanta
Clara, CA). Oligomycin, carbonyl cyanide-p-trifluoromethoxy
phenylhydrazone, and antimycin premixed with rotenone were
sequentially added into the reaction wells. After the measure-
ment, the cells were scratched and lysed for protein quantifica-
tion by BCA kit. Results were normalized by protein amount
and visualized using Wave 2.6 software.

Lipid analysis based on LC-MS/MS

According to Bligh and Dyer’s method, lipids were extracted
from cells [41]. Briefly, 5 x 10° cells were suspended with
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PBS buffer, followed by addition of 3 ml of methanol and
chloroform (V:V = 1:2). The sample was vortexed and cen-
trifuged, and then the lower layer was collected and dried with
nitrogen blow. Then, the sample was dissolved with methanol
and chloroform solution (V:V = 1:2), separated with C18 col-
umn, and analyzed by using the Q Exactive HF-X mass spec-
trometer (ThermoFisher Scientific). Data were acquired in
both negative and positive modes by using Xcalibur 3.0 soft-
ware (ThermoFisher Scientific). Each scan was followed by
the dissociation of the top 10 peaks with the highest intensity.
15%, 30%, and 45% were the stepped normalized collision
energy used for dissociation. LipidSearch software (Thermo-
Fisher Scientific) was used for database searching, with mass
tolerance settings including 8 ppm for precursor ions and 15
ppm for the fragment ions. A mixture containing aliquots of
all samples was used as quality control between runs.

Sample preparation and quantitative proteomics analysis

Samples for quantitative proteomics analysis were prepared as
previously described [42]. Briefly, cells were lysed by sonication
in RIPA (Catalog No. R0020, Solarbio, Beijing, China). The
supernatant after centrifugation was collected and quantified
with BCA kit. Equal amount of proteins was reduced with
DTT reagent, alkylated with IAA reagent, and precipitated
with precooled acetone in four volumes, and then the precipi-
tation was resolved with 8 M urea. The protein concentration
was measured with BCA kit. Then, equal amount of proteins
was diluted with PBS buffer to 1.6 M urea and digested with
trypsin (Catalog No. V5280, Promega, Madison, WI) for 16
h. The peptides were desalted with Sep-Pak C18 columns
and labeled with TMT 6-plex reagents (Catalog No. 90061,
ThermoFisher Scientific). TMT labeling reactions were
quenched with 5% hydroxylamine. The TMT-labeled peptides
were combined and desalted again. Desalted peptides were sep-
arated with basic RPLC. The mobile phase A for RPLC was
2% acetonitrile with ammonium hydroxide. The mobile phase
B for RPLC was acetonitrile with ammonium hydroxide. The
gradient of mobile phase B for RPLC was: 8% to 18%, 30
min; 18% to 32%, 22 min. The labeled peptides were firstly
separated with a C18 column with an HPLC system. The
HPLC system was connected to the Obitrap Fusion Lumos
Tribrid mass spectrometer (ThermoFisher Scientific). Data
acquisition was in data-dependent mode with Xcalibur 3.0
software. The mj/z survey scan was set as 350 to 1550
(120,000 resolution), and each scan was followed by the disso-
ciation of the top 30 peaks with the highest intensity and
charge state two or above. The normalized collision energy
for dissociation was 35%. The isolation window width was
0.7 Da, and the dynamic exclusion time was set to 8 s. Acqui-
sition settings for MS2 spectra were 30,000 for resolution, 2 x
10° for AGC target, and 60 ms for maximum injection time.
The Human database (UniProt, released on March 17,
2017; containing 21,042 entries) was used by SequestHT in
Proteome Discoverer 2.1 software (ThermoFisher Scientific)
for searching the generated spectra. The searching process
was based on the following criteria: one missed cleavage toler-
ance, full tryptic specificity required, and 10 ppm and 20 mmu
for precursor and fragment ion mass tolerance, respectively.
The fixed modifications were carbamidomethylation and
TMT 6-plex, and the variable modification was oxidation.

Peptide spectrum matches (PSMs) were filtered by using the
Percolator calculator embedded in the Proteome Discoverer
software based on 1% false discovery rate (FDR). Biological
triplicates of the quantitative proteomics analysis were
performed.

Western blotting

Lyse the cells with RIPA buffer, and then centrifuge and col-
lect the supernatant. BCA method was used for protein con-
centration determination. Proteins were separated by
electrophoresis, electro blotted to a membrane, blocked, incu-
bated with a primary antibody, and then incubated with a sec-
ondary antibody. Antibodies including primary antibodies for
VHL (Catalog No. CST2738), ISGl5 (Catalog No.
CST2758S), STAT!1 (Catalog No. CST9172S), phospho-
STAT1 (Ser727) (Catalog No. CST8826S), PD-L1 (Catalog
No. CST13684T), and secondary antibodies for mouse or rab-
bit were from Cell Signaling Technology (Danvers, MA). Anti-
bodies for HLA-A (Catalog No. Ab52922), HLA-DR
(Catalog No. Ab213305), and UBEIL (Catalog No.
ab133479) were from Abcam (Cambridge, MA). Antibodies
for SREBP1 (Catalog No. SAB4502850), FAS (Catalog No.
SAB4501532), NDUFV2 (Catalog No. SAB2107279), and
NDUFA4 (Catalog No. SAB4501963) were from Sigma-
Aldrich (St. Louis, MO). Antibodies for HIFIA (Catalog
No. 20960-AP), UBE2L6 (Catalog No. 17278-I-AP), and
GAPDH (Catalog No. 10494-1-AP) were from Proteintech
(Rosemont, IL). HERCS antibody (Catalog No. 41836) was
from GeneTex (Irvine, CA). ACTIN antibody (Catalog No.
CWO0096M) was from CWBiotech (Beijing, China). HA anti-
body (Catalog No. BE2007-100) was from Easybio (Beijing,
China).

Extraction of cytoplasmic and nuclear proteins

Nuclear and cytoplasmic proteins were prepared according to
a previously reported method [43]. The control and VHL-OE
culture cells (2 x 10° cells each) were collected and washed
with cold PBS twice. The cell pellets were suspended in 5 vol-
umes of hypotonic lysis buffer (1.5 mM MgCl,, 0.1 M DTT, 10
mM KCI, 10 mM HEPES pH 7.9, 1x protease inhibitor), and
mixed gently to promote swelling of cells. The samples were
centrifuged. Then, the pellets were collected, suspended in 2
volumes of hypotonic lysis buffer, and aspirated 5-10 times
with a syringe and trypan blue staining to check the integrity
of cell membrane. The samples were centrifuged, and the
supernatants were then collected, which are the cytoplasmic
extracts. The pellets were also collected, washed with hypo-
tonic lysis buffer twice, suspended in RIPA lysis buffer, and
centrifuged. Finally, the supernatants were collected as the
nuclear extracts.

RT-PCR

RNA extraction kit (Catalog No. LS1040, Promega) was used
for RNA extraction. Reverse transcription kit (Catalog No.
A2800, Promega) was used for reverse transcription. RT-
PCR was carried out by using the LightCycler 96 (Roche,
Basel, Switzerland) with SYBR green reaction mixture (Cata-
log No. CW0957, CWBiotech, Beijing, China). 272! method
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was used for quantitative analysis. The sequences of the RT-
PCR primers are listed in Table S4.

Bioinformatics and statistical analyses

The mutation data and clinical information were obtained
from TCGA datasets. All the quantified proteins from pro-
teomes were used for canonical pathway analysis using IPA
software. The survival analysis of TCGA data was performed
by using R packages ‘“‘survminer” and “‘survival”, or with
GEPIA web tools [44]. The Pearson correlation coefficient
(R) between tested genes was calculated in the correlation
analysis. The gene set collections “c5” (GO gene sets) from
MsigDB were used as the functional annotation tool for
GSEA. The R packages “clusterProfiler” and “‘enrichplot”
were used for GSEA [45]. RStudio (version 1.1, base R 3.5)
and GraphPad Prism were used for plotting and statistical
analysis. Student’s 7-test was used to determine the differences
between two independent groups. P < 0.05 was considered to
be statistically significant (*, P < 0.05; **, P < 0.01; ***,
P < 0.001).

Data availability

The obtained proteomic data have been deposited to the Pro-
teomeXchange Consortium via the Proteomics Identification
Database partner repository (PRIDE: PXD012665), which
are publicly accessible at http://proteomecentral.proteomex-
change.org.
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