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Renal cell carcinoma (RCC) accounts for up to 85% to 90% of all kidney cancers. Clear cell RCC (ccRCC), the major subtype of
RCC, is mainly characterized by the inactivation of the tumor suppressor gene VHL. pVHL as an E3 ubiquitin ligase targets the
hydroxylated form of HIF-a for proteasomal degradation. The loss of VHL function leads to HIF-« aggregation as the main
mechanism of ccRCC. Recently, the regulations of ccRCC through other E3 ubiquitin ligases are emerging. Moreover, most of
them are associated with the VHL-HIF axis. In this review, we mainly focus on seven E3 ubiquitin ligases JADE1, SIAH1, CHIP,
FBXW7, MDM2, SPOP, and HAF. Based on reported researches of these ligases on ccRCC, they are divided into two groups:
JADEL, SIAH1, CHIP, and FBXW?7 that negatively regulate the growth of ccRCC; MDM2, SPOP, and HAF that promote ccRCC
progression. In addition, we further verify these possible links between these E3 ligases and VHL-HIF axis in ccRCC based on The
Cancer Genome Atlas RNA-seq and Clinical data. Understanding the mechanisms by which these ligases regulate ccRCC,
especially the interplay between these ligases and VHL-HIF axis may enable the development of novel therapeutic approaches for
ccRCC. Overall, the present review reveals the potential mechanism by which seven ligases (JADE1, SIAH1, CHIP, FBXW7,

MDM2, SPOP, and HAF) regulate ccRCC progression in detail, especially their relationship to VHL-HIF axis.

1. Introduction

Renal cell carcinoma (RCC) accounts for more than 85% to
90% of all kidney cancers and is considered as the most lethal
genitourinary malignancy [1, 2]. RCC is composed of dif-
ferent histologic subtypes with distinct mutational regions
and clinical behaviors, and the majority of RCC diagnoses
and deaths are due to the clear cell RCC (ccRCC) subtype
[3]. ccRCC is characterized by the inactivation of the tumor
suppressor gene VHL, which encodes an E3 ubiquitin ligase
that cooperates with prolyl hydroxylase (PHD) enzymes to
degrade hypoxia inducible factor-« transcription factors
(HIF-1a, HIF-2a) [4]. The loss of the VHL protein (pVHL)
function causes constitutive stabilization of HIF-la and
HIF-2a, resulting in the induction of HIF-transcriptional
targets [5].

Ubiquitination is a posttranslational modification
process that functions in all eukaryotes and is achieved by
the consecutive action of three enzymes: ubiquitin (Ub)-
activating enzyme (E1), Ub-conjugating enzyme (E2), and
Ub ligase (E3). E3 ubiquitin ligases play critical roles in
determining the substrate specificity of ubiquitin-
proteasome system for various target proteins, which
suggests their specific recognition of target substrates [6].
Cullin-RING-type E3 ubiquitin ligases (CRLs), the largest
family of E3 ubiquitin ligases, are responsible for ubiq-
uitination of approximately 20% of cellular proteins and are
involved in mutiple biological processes including cell cycle
progression, genome stability, and oncogenesis [7]. They are
functional multisubunit complexes including substrate
receptors, adaptors, cullin scaffolds, and RING-box pro-
teins. The cullin gene family is evolutionarily conserved and
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the mammalian cullin protein family comprises eight
members (CULI to CUL3, CUL4a, CUL4b, CUL5, CUL7,
and the closely related p53-associated Parkin-like cyto-
plasmic protein (Parc)) that exhibit similar structural ar-
chitectures and contain cullin homology domains [8]. For
instance, CRL2 and CRL5 share an identical adaptor, Elongin
C (EloC), known to enhance the rate of RNA polymerase II
elongation and utilize either von Hippel-Lindau (VHL) or
suppressors of cytokine signaling- (SOCS-) box proteins as
distinct substrate receptors [9, 10].

Recently, there is compelling evidence for the existence of
other E3 ubiquitin ligases other than pVHL that play crucial
roles in ccRCC, such as JADE1, CHIP, HAF, SPOP, and so
on. Intriguingly, these E3 ubiquitin ligases are more or less
associated with the VHL-HIF axis in ccRCC. The VHL beta
domain was sufficient for Jade-1 binding, and both the alpha
and beta domains were required for Jade-1 stabilization,
which could inhibit the growth of ccRCC [11]; both CHIP
[12] and HAF [13] regulated the expression of HIF-a sub-
units in ccRCC, and even SPOP has been reported as a direct
target of HIF-a subunits [14]. These results suggest the
potential links between several E3 ligases and VHL-HIF axis.
However, the specific correlation between other E3 ligases
that regulate ccRCC progression and VHL and/or HIF re-
mains unclear. Therefore, understanding the interaction of
other ligases with VHL and/or HIF will contribute to a deeper
understanding of the VHL-HIF axis and the development of
new ccRCC therapeutic targets.

In this review, we summarized the E3 ubiquitin ligases
that are associated with the progression of ccRCC and their
regulatory mechanisms and highlighted the relationship
between these E3 ubiquitin ligases and the VHL-HIF axis. In
addition, we also verified these possible links between these
E3 ligases and their downstream molecules based on The
Cancer Genome Atlas RNA-seq and Clinical data.

1.1. The VHL-HIF Axis in ccRCC. HIF (hypoxia-inducible
factor) is constituted by a heterodimeric complex composed
of a hypoxia-inducible alpha subunit (HIF-1«, HIF- 2a, or
HIF-3a) and a beta subunit (HIF-f3), which is constitu-
tively expressed [15, 16]. Under normoxia, specific proline
residues on the HIF-« proteins are hydroxylated by the oxygen-
dependent dioxygenase HIF-a-specific prolyl-hydroxylases
(PHDs) [17]. The hydroxylated form of HIF-« is recognized by
the VHL protein (pVHL), which is a substrate recognition part
of an ubiquitin complex termed VCB complex containing
elongin B/C, cullin-2, and Rbx1 [18, 19]. This complex func-
tions as part of a SCF-like ubiquitin ligase that promotes
degradation of target proteins required for growth and vas-
cularization of solid tumors [20, 21]. VHL gene mutation cause
inactivation of pVHL; as a result, the HIF-a proteins accu-
mulate and translocate to the nucleus where they dimerize with
the continuously expressed aryl hydrocarbon receptor nuclear
translocator (ARNT, also known as HIF-1f3) to form an active
transcription factor complex. The pseudohypoxic response
results in altered transcriptional regulation of numerous HIF
target genes, many of which are involved in glycolysis, an-
giogenesis, and cell life and death pathways and influence
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tumor growth, adaptation to the microenvironment, and re-
sistance to chemo- and radiotherapy [16, 22].

It was reported that HIF-1« acted as a tumor suppressor
during further progression of ccRCC by attenuating au-
tonomous VHL-deficient tumor cell proliferation; con-
versely, HIF-2a acted as an oncoprotein in ccRCC [23]. HIF-
la could suppress tumorigenicity of RCC through induction
of apoptosis and silencing of HIF-1a by short hairpin RNA
(shRNA) accelerated human renal cancer cell line growth,
migration, and invasion [24]. Knockdown for HIF-2a, but
not HIF-1a, induced cell death related to a reduction in HIF-
related gene expression in deprivation-resistant RCC cell
[25, 26]. However, the functional relevance of the different
HIF-1a and HIF-2« in the development and progression of
ccRCC remains unclear.

Recently, HIF-2« antagonists (PT2399 and PT2385) that
have been shown to have excellent inhibitory effects against
tumors in vivo are currently being developed [27, 28]. Even
more, PT2399 has been shown to lead to improved outcomes
with regard to progression-free survival in patients with
advanced or metastatic ccRCC [28]. Although HIF-2« an-
tagonists have shown promising potency, ccRCC can still
obtain resistance through HIF mutations. Therefore, it is
significant to make the upstream regulatory mechanisms of
HIF more clearly, and understanding how other E3 ligases
other than pVHL regulate HIF may contribute to the de-
velopment of novel therapeutic approaches for ccRCC.

1.2. JADEI and SIAHI Regulate f-Catenin Ubiquitin-De-
pendent Degradation. JADE family PHD zinc finger 1 (gene
for apoptosis and differentiation in epithelia 1; JADE1) was
the most studied member of the JADE family protein [29]. It
contains a NH,-terminal candidate PEST degradation do-
main and two plant homeodomains (PHD) motifs
(Figure 1(a)). The PHD was a well-recognized protein-
protein interaction motif and may have E3 ubiquitin ligase
activity [30]. JADE1 was short lived and mostly highly
expressed in proximal tubule cells, which are clear-cell renal
cancer precursors, and increased with differentiation
[31, 32]. JADEL could inhibit RCC growth, colony forma-
tion, and tumor formation through increasing apoptosis and
decreasing the expression of antiapoptotic Bcl-2 [33]. VHL
reintroduction into renal cancer cells increased endogenous
JADE] protein abundance up to 10-fold and half-life up to 3-
fold [31], indicating JADE] stabilization by VHL. Moreover,
the PHD-extended PHD module may be the major con-
tributor to pVHL binding and VHL-mediated stabilization
[32]. Therefore, the VHL stabilization pathway of JADE1
may contribute to the inhibition of ccRCC by JADEI.
Wnt/f-catenin signaling is now known to be crucial for
numerous developmental processes and is required for re-
generation in response to injury. It was activated in various
kinds of tumors and played a pivotal role in regulating
cancer cell proliferation, invasion, and survival [34].
p-catenin, a transcriptional coactivator, is required for ca-
nonical Wnt signal transduction. Study showed that en-
dogenous fS-catenin protein was reduced by 50-60% after
JADELI overexpression, and JADEI silencing by shRNAs led
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FIGURE 1: The expression of JADEI mRNA closely related to ccRCC. (a) Structure of JADE1 protein. (b) The expression level of JADE1
mRNA in ccRCC tissues and in normal renal tissues. (c) ROC curve of JADE1 mRNA in ccRCC. (d) K-M curves of JADE1 mRNA in ccRCC.
(e) Statistically significant differences of JADEI mRNA were noted in clinicopathological features: tumor stage (T1/T2 vs. T3/T4), pathologic
stage (Stage I-II vs. Stage III-IV), and neoplasm histologic grade (G1/G2 vs. G3/G4). **p <0.01,*** p <0.001.

to a 100-150% increase in endogenous f3-catenin protein
levels [11]. Low expression of STrCP, the canonical f-catenin
E3 ubiquitin ligase, did not interfere with JADE1-mediated
B-catenin destabilization, indicating that JADEL acted in
downstream or parallel of STrCP [11]. Moreover, JADE1
could be ubiquitylated by both phosphorylated and non-
phosphorylated f-catenin, and BTrCP ubiquitylated only
phosphorylated f-catenin [35], which highlights the im-
portance of JADEI in ccRCC. Taken together, these results
suggested that JADEI as an E3 ubiquitin ligase regulated
p-catenin ubiquitin-proteasome-dependent degradation in
response to canonical Wnt signaling.

In addition, VHL/JADE1 exhibited significantly de-
creased expression in ccRCC tissues and was closely related
to the tumor size and tumor grade, which further confirmed
their tumor suppressor roles in ccRCC [36]. Based on cancer
genomic map RNA-seq and clinical data analyses, we also
found that the mRNA level of JADEI in ccRCC was re-
markably lower than normal renal tissues (Figure 1(b)) and
JADEL1 showed diagnostic value to distinguish ccRCC from
normal renal tissues with AUC 0.806 (Figure 1(c)). Survival
analysis showed that JADE1 was significantly related to the
survival time of ccRCC (Figure 1(d)). Furthermore, JADE1
was closely related to some clinical parameters of ccRCC
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(Figure 1(e)). All these results demonstrated the inhibitory
effect of JADEI on ccRCC.

SIAH]1, the seven-in-absentia homologue (SIAH) RING-
type E3 ubiquitin ligase, also has a link with f-catenin be-
sides JADE1 in RCC. The expression of calcyclin-binding
protein/SIAH1-interacting protein (CacyBP/SIP) was low or
absent in human RCC [37, 38], and upregulation of CacyBP/
SIP could inhibit the proliferation and delay cell cycle
progression of RCC cell line through destructing -catenin
that always exists in various tumors [38]. In addition, STAH1
has been reported to regulate the expression of PHDI1 and
PHD3 proteins in breast cancer cell line and human glioma
cells [39, 40]. However, there has been no report on the
regulation of PHDs by SIAH1 in ccRCC.

1.3. CHIP Regulates HIF-1« Ubiquitin-Dependent Degradation.
Heat shock proteins (HSPs) are a group of molecules in-
duced by a variety of environmental and pathologic stresses,
including cancer. HSPs function as molecular chaperones to
facilitate protein folding, suppress protein aggregation, and
adapt to proteotoxic stress within cells. The E3 ubiquitin
ligase CHIP (carboxyl terminus of Hsc70-interacting pro-
tein), also known as STUB1 (STIP1 homology and U-box
containing protein 1), regulated the proteasomal degrada-
tion of HIF-1« in an Hsp70-dependent manner. Disruption
of Hsp70-CHIP interaction blocked HIF-l1a degradation,
inhibition of Hsp70 or CHIP synthesis by RNA interference,
increased protein levels of HIF-1a, and attenuated the decay
of HIF-1« [12]. However, the expression of HIF-2a was not
affected during prolonged hypoxia. Moreover, decreased
expression of CHIP could lead to increased angiogenesis via
VEGE-VEGFR2 pathway and poor prognosis in human
RCC [41]. Taken together, this regulation is mediated by the
interaction of Hsp70 with HIF-1a and the subsequent re-
cruitment of CHIP (Figure 2(a)). Based on cancer genomic
map RNA-seq data analyses, we also found that the mRNA
level of STUBI (the encoding gene of CHIP) was significantly
negatively correlated with HIF1A (the encoding gene of
HIF-1a) (Figure 2(b)). In addition, CHIP-mediated degra-
dation of TG2 (transglutaminase 2) negatively regulated
tumor growth and angiogenesis in renal cancer [42]. The
increased TG2 expression levels during initial tumorigenesis
could predict the increased risk of metastasis and the de-
creased disease-free and cancer-specific survivals in RCC
[43] and TG2 inhibitor GK921 abrogated RCC growth in
xenograft tumor models [44]. Interestingly, TG2 was a
negative regulator of VHL tumor-suppressor protein [45]. It
seems that TG2 mediated regulation of VHL-HIF-1a-VEGF
pathway by CHIP in ccRCC. Understanding the roles of TG2
in ¢ccRCC may contribute to exploring a new regulatory
mechanism of VHL-HIF-1a-VEGF pathway.

1.4. Does FBXW7 Lead to HIF-1a Ubiquitin-Dependent
Degradation? F-box/WD repeat-containing protein 7
(FBXW?7) is a member of the F-box protein family, which
functions as the substrate recognition component of the SCF
E3 ubiquitin ligase [46]. The expression of FBXW7 in RCC
tissues was much lower than that in paracancerous normal

tissues and closely related to RCC clinical pathologic grade
and tumor node metastasis phase [47]. FBXW7 over-
expression suppressed RCC cell proliferation, renal cancer
metastasis, EMT (epithelial-mesenchymal transition), and
induced apoptosis [47], whereas downregulation of FBXW7
facilitated tumor cell migration and invasion via the EMT
[48]. In addition, it was reported that FBXW?7 was recruited
to HIF-la through HIF-1a phosphorylation by glycogen
synthase kinase-3 (GSK-3), leading to HIF-1a proteasomal
degradation in ovarian cancer and colorectal cancers cell
[49, 50]. We hypothesized that there is a link between
FBXW?7 and HIF-1«a in ccRCC. Based on cancer genomic
map RNA-seq and clinical data analyses, we found that the
level of FBXW7 in ccRCC was remarkably higher than in
normal renal tissues (Figure 2(c)), and it showed diagnostic
value to distinguish ccRCC from normal renal tissues with
AUC 0.877 (Figure 2(d)). Survival analysis showed that
FBXW?7 was significantly related to the survival time of
ccRCC (Figure 2(e)), and the mRNA level of FBXW7 was
significantly positively correlated with HIF1A (the encoding
gene of HIF-1«) (Figure 2(f)). Although our analysis results
were inconsistent with previous studies that evaluated the
expression FBXW?7 at protein level, these results were still
effective to show that FBXW?7 plays a significant role in
ccRCC. More researches are needed to reveal the specific
mechanism by which FBXW7 is associated with HIF-1« in
ccRCC in near future.

1.5. MDM2-Mediated p53 Ubiquitin-Dependent Degradation.
p53 is a well-known tumor suppressor gene, whose acti-
vation by hypoxia or DNA damage leads to cell cycle arrest,
DNA repair, and apoptosis. It plays a pivotal role in apo-
ptosis of cancer cells, and its inactivation and mutations is a
major contributing factor in tumorigenesis. Moreover, p53-
regulated apoptotic signaling was one of the factors that
resulted in the high resistance to radiation and chemo-
therapy of VHL-deficient RCC patients [51]. It was reported
that the  domain of pVHL was a substrate recognition
domain that has been emphasized for tumor formation [52]
and had an important function in tumorigenesis [53].
However, pVHL with f-domain mutations could disrupt
pVHL/HIF-« interactions without inhibiting tumor for-
mation [53]. In addition, study showed that p53 could bind
to the o domain of pVHL and competes with elongin C
[54], indicating that « domain is critical for the tumori-
genesis of VHL-mutated RCC cells. As a result, p53 binding
to the & domain raises the possibility that p53 could be
dysregulated in VHL-deficient RCC cells. Moreover, in
vitro experiments, compared with VHL-defective (VHL")
cells, pVHL-expressing (VHL") RCC cells exhibited ele-
vated levels of polysome-associated p53 mRNA and in-
creased p53 protein levels [55]. Taken together, these
evidences indicated a potential tumor suppressive function
of pVHL, which may be deeply associated with the regu-
lation of p53 signaling pathway in ccRCC. However, p53
mutations are rarely detected in ccRCC, and DNA damage
response pathway seemed to be inhibited by an unknown
mechanism in RCC.
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The human mouse double minute 2 (MDM?2; also called
HDM2) gene/protein was associated with accelerated cancer
progression, which has been shown to be overexpressed in
RCC [56-58]. Based on cancer genomic map RNA-seq data
analysis, we found that the level of MDM2 in ccRCC was
remarkably higher than in normal renal tissues (Figure 3(a)),

and it showed diagnostic value to distinguish ccRCC from
normal renal tissues with AUC 0.906 (Figure 3(b)). Previous
studies have indicated that MDM2 mediated the ubiqg-
uitination and proteasomal degradation of the HIF-1« via
directly binding to HIF-la under hypoxic conditions
[59, 60]. MDM2 could directly bind to and block the
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FIGURE 3: Mechanisms of MDM?2 and SPOP promoting tumorigenesis. (a) The expression level of MDM2 mRNA in ccRCC tissues and in
normal renal tissues. (b) ROC curve of MDM2 mRNA in ¢cRCC. (c) The mechanism of MDM2-mediated degradation of p53. (d) The
mechanism of SPOP promoting tumorigenesis. (e) The expression level of SPOP mRNA in ccRCC tissues and in normal renal tissues. (f)
ROC curve of SPOP mRNA in ccRCC. (g) The expression of HIFIA mRNA and EPAS] mRNA (the coding gene of HIF-2«) positively
correlated with SPOP mRNA. (h) The expression level of CD274 mRNA (the coding gene of PD-L1) in ccRCC tissues and in normal renal
tissues. (i) The expression of HIF1IA mRNA positively correlated with CD274 mRNA. *** p <0.001.

N-terminal transcriptional activation domain of p53, pro-
mote export of p53 from the nucleus to the cytoplasm, and
then induce degradation of p53 via ubiquitination through
its E3 ligase activity (Figure 3(c)). MDM2 inhibitor MI-319
induced RCC cell apoptosis mainly dependent on p53
overexpression [56]. In addition, the disruption of the
MDM2-p53 protein-protein interaction with small mole-
cules has been viewed as an attractive strategy for acceler-
ating p53 levels in cancers [61].

pVHL could indirectly block MDM2-mediated degra-
dation of p53 through mediating ATM-dependent Ser-15
phosphorylation of p53 [54]. In addition, several proteins
that were high or low expressed in VHL-deficient RCC cells
regulated VHL-mediated p53 translation. For instance,
RNA-binding protein HuR could enhance VHL-mediated
p53 translation, which was abundant in the cytoplasmic and
polysome-associated fractions of VHL" cells and was capable
of binding to the 3'untranslated region of the p53 mRNA in
a VHL-dependent fashion [55]. Progerin (an altered splicing
product of the LMNA gene linked to Hutchinson-Gilford
progeria syndrome; HGPS) was responsible for nuclear ir-
regularities, and p53 inactivation was suppressed by pVHL
[62].

HIF-2« could induce Akt-mediated phosphorylation of
MDM2 (Ser166), which activated and promoted the nuclear
localization of MDM2 resulting in the downregulation of
p53 [63]. In addition, HIF-2« inhibited p53-mediated re-
sponse by damaging cellular redox homeostasis, thereby
allowing reactive oxygen species accumulation and DNA
damage [64]. Conversely, inhibiting HIF-2a expression
could enhance p53 activity, increase apoptosis, and reduce
colon formation survival of irradiated and nonirradiated
cells [64], which further proves the oncoprotein role of HIF-
2«a in RCC.

1.6. SPOP as a Target of HIF-Aa. SPOP is the substrate-
binding member of the E3 ubiquitin-protein ligase complex
that mediates ubiquitination and proteasomal degradation
of target proteins. It contains a BTB domain, which serves as

an adaptor for cullin-based E3 ubiquitin ligase, and a MATH
domain that is responsible for substrate recognition and
CUL3-mediated protein degradation. SPOP mutants reduce
wild-type SPOP binding to substrates, resulting in domi-
nant-negative effects on substrate binding, ubiquitination,
and degradation. Recently, it has been reported that the miR-
520/372/373 family targets the SPOP3’-UTR and suppresses
SPOP protein expression, leading to decreased proliferation,
migration, and metastasis of RCC cells in vitro and in vivo
[65], suggesting that SPOP may be a novel therapy target of
RCC.

Compared with the normal kidney tissue, SPOP was
upregulated in more than 90% RCC tissues, especially in
ccRCC, and located at cytoplasm of ccRCC cells [65, 66].
SPOP was positive in tumors with local invasion or me-
tastasis, and it was associated with poor prognosis of ccRCC
patients [66, 67]. SPOP could cause the ubiquitination and
degradation of multiple regulators of cellular proliferation
and apoptosis, including the tumor suppressor PTEN, ERK
phosphatases, the proapoptotic molecule Daxx, and the
Hedgehog pathway transcription factor Gli2 [14]. SPOP
gene silencing induced cell apoptosis, decreased cell via-
bility, decreased colony formation and migration ability, and
elevated drug sensitivity in the RCC cells, which was as-
sociated with the downregulation of VEGFR, MMP-9, and
VCAM and upregulation of E-cadherin [68]. In addition,
study showed that SPOP was a direct target of HIF-« in
ccRCC, and both HIF-la and HIF-2« regulated the ex-
pression of SPOP [14]. Knocking down of HIF-2a by siRNA
in a ccRCC cell that predominantly expresses HIF-2«
resulted in a decrease in the mRNA and protein abun-
dance of SPOP, as well as the known HIF target VEGF [14].
The study also showed that SPOP drove EMT (epithelial-
mesenchymal transition) to promote RCC metastasis and
upregulated ZEB1 through activating f-catenin/TCF4 sig-
naling to promote RCC invasion [67]. In conclusion, hyp-
oxia resulted in cytoplasmic accumulation of SPOP, which
was first identified as a nuclear protein, then induced tu-
morigenesis through accelerating proliferation and reducing
apoptosis (Figure 3(d)). Based on cancer genomic map
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RNA-seq data analysis, we also found that the mRNA level of
SPOP in ccRCC was remarkably higher than in normal renal
tissues (Figure 3(e)), and it showed diagnostic value to
distinguish ccRCC from normal renal tissues with AUC
0.650 (Figure 3(f)). Moreover, the expression levels of
HIF1A (the encoding gene of HIF-la) and EPASI (the
encoding gene of HIF-2a) were significantly positively
correlated with SPOP (Figure 3(g)).

Recently, study has shown that loss-of-function muta-
tions in SPOP compromised ubiquitination-mediated PD-
L1 degradation, leading to increased PD-L1 levels and re-
duced numbers of tumor-infiltrating lymphocytes in mouse
tumors and in primary human prostate cancer specimens,
suggesting a crucial role of SPOP in the regulations of PD-L1
protein stability [69]. Although no research shows that SPOP
regulates the expression of PD-L1 in RCC, several recent
reports, which indicate that PD-L1 may be a target of HIF-«
in RCC, have caught our attention.

PD-1 is mainly expressed in activated T cells, B cells, and
NK cells, and it is a major immune checkpoint receptor,
which mediates the inhibitory interaction between immune
cells and target cells. There are two known ligands of PD-1,
PD-L1 (also known as B7-H1 or CD274) and PD-L2 (also
known as B7-DC or CD273). PD-L1 is a 290 amino acid type
I transmembrane protein encoded by the CD274 gene on
chromosome 9 in human, and it is expressed on antigen-
presenting cells and tumor cells and is primarily responsible
for the immunosuppressive effects of PD-1. PD-L2 also
functions to inhibit T-cell activation. However, PD-L1 is
expressed in several cells, including resting T cells, B cells,
macrophages, dendritic cells (DCs), and vascular endothelial
cells, whereas PD-L2 is only expressed in macrophages and
DCs.

Consistent with our data analysis result (Figure 3(h)),
many studies have shown that PD-L1 expression is upre-
gulated in ccRCC compared with paired normal tissues
[70, 71] and suggest that RCC patients with intratumoral
high PD-L1 expression exhibited aggressive tumors and had
increased risk of death [71-75]. Moreover, it was reported
that PD-L1 tumor cell expression was strongly associated
with increased HIF-2« expression [76]. In vitro experiments
showed that ccRCC cell harboring mutations in VHL, which
led to impaired function of pVHL to degrade HIF-2aq,
expressed higher levels of PD-L1 than those with mutations
that did not affect pVHL'’s function [77]. Furthermore, cell
culture experiment reported that the VHL mutation selec-
tively induced HIF-2« stabilization; meanwhile, knockdown
of HIF-2a, but not HIF-1a, led to decreased PD-L1 mRNA
and protein levels, suggesting that PD-L1 may be a HIF-2«
target [77, 78]. In addition, we also found that the mRNA
level of HIF1A (the encoding gene of HIF-1a) not EPAS1
(the encoding gene of HIF-2a) was significantly positively
correlated with CD274 (the encoding gene of PD-L1) based
on cancer genomic map RNA-seq data analysis (Figure 3(i)),
which further proved that PD-L1 was not a target of HIF-1a.
More researches are needed to verify the relationship be-
tween HIF-2a and PD-L1 in near future.

With the US FDA’s approval of now five PD-1/PD-
L1 inhibitors (atezolizumab, pembrolizumab, nivolumab,

avelumab, and durvalumab) in multiple cancers [79], PD-
1/PD-L1 inhibitors are increasingly utilized in treating
mRCC (metastatic RCC) patients and have a favorable
tolerability profile [80-82]. Although we are unable to
determine the specific mechanisms that promote PD-L1
expression in ¢ccRCC, we are convinced that some re-
actions exist between HIF-2a and PD-L1. It is significant
to understand how HIF-2« controls PD-L1 protein ex-
pression and stability, thus offering a molecular basis to
improve the clinical response rate and efficacy of PD-1/
PD-L1 blockade in ccRCC patients.

1.7. HAF Mediates the Switching of HIF-la to HIF-2a.
HAF (hypoxia-associated factor), also known as SART1g,
(squamous cell carcinoma antigen recognized by T cells), has
been shown to be overexpressed in a variety of cancer types
[83-85]. HAF as an E3 ligase targeted HIF-1a but not HIF-
2w for degradation irrespective of cellular oxygen tension
[13]. It was reported that mutant pVHL protected HIF-1«
from HAF-dependent oxygen-independent degradation via
competing for binding site of HIF-1a [86]. Interestingly,
under hypoxia, HAF bound and promoted the transcription
of a subset of HIF-2« target genes, which was dependent
upon HAF SUMOylation, whereas HAF-mediated HIF-1«
degradation was SUMOylation independent [83]. It was also
demonstrated that HAF induced ubiquitination and
proteasome degradation of HIF-la protein, which then
bound to HIF-2«a and turned on its downstream targets
during long-term hypoxia [84]. HAF-mediated switch to
HIF-2a-dependent gene expression promoted the enrich-
ment of the cancer stem cell population [85], resulting in
more aggressive tumors in vivo and induced the resistance to
antiangiogenesis TKI therapy (antiangiogenic tyrosine ki-
nase inhibitor) in RCC [87]. Based on cancer genomic map
RNA-seq and clinical data analyses, we found that the
mRNA level of SARTI (the encoding gene of HAF) in ccRCC
was remarkably higher than in normal renal tissues
(Figure 4(a)), and it showed diagnostic value to distinguish
ccRCC from normal renal tissues with AUC 0.690
(Figure 4(b)). Survival analysis showed that SARTI was
significantly related to the survival time of ccRCC
(Figure 4(c)). Moreover, SART1 was closely related to some
clinical parameters of ccRCC (Figure 4(d)). Furthermore,
the level of SARTI was significantly negatively correlated
with HIF1A and EPASI1 (Figure 4(e)). Although the specific
mechanisms of the switching of HIF-1« to HIF-2« driven by
HAF remain unclear, all these results imply a close corre-
lation between HAF and HIF, which deserves further
research.

2. Conclusion and Prospective

This review mainly elucidates the roles of JADE1, SIAHI,
CHIP, FBXW7, MDM2, SPOP, and HAF E3 ubiquitin li-
gases in human ccRCC and the interplay of these ligases with
VHL-HIF-«a axis. According to these reported studies,
JADEL, SIAHI1, CHIP, and FBXW7 negatively regulate the
growth of ccRCC, whereas MDM2, SPOP, and HAF



10

Normalized expression (log2)
w

¢cRCC Normal

()
SARTI

1.0

0.8 1"

Sensitivity

0.2+

0.6 1"

0.4

0.01-

1.00

I
N
@

Survival probability
Z

<
%}
«

0.00

1.0 08 06 04 02 00

Specificity
(b)
SART1
p =0.00022

0 1000 2000 3000 4000

Time (days)

Strata
—— Group = high
— Group =low

(c)

Ficure 4: Continued.

Advances in Urology



Advances in Urology

Metastasis

Tumor stage

11

Pathologic stage
7. . *Ex : . 7.

Neoplasm histologic grade
* k%

S
oo
=2
= 6 6 - 6
S
g
% 5 5 - 5-
o
E
= 4 4 - 4 4-
E
S
Z 5 o
3 3 . 3 3
T1-T2 T3-T4 No Yes Stage I-II ~ Stage III-IV G1-G2 G3-G4
SART1 SART1 SART1 SART1
(d)
10 { r=-0.3096 B ° r=-02973 . o So
P <0.0001 Sy, 119 5=-00013 -
94", o o 10]° ®
& s T
s 5 91 ° o 50
E é 3 ° %3%33% ooéﬁj\:f}:go
M 8° Pagd o
7 1 ° cz>(7 % °g °
o 6 1 : o
5 " 5 .
3 4 5 6 7 3 4 5 6 7
SART1 SART1

FIGURE 4: The expression of SARTI mRNA closely related to HIF1A and EPAS1 mRNA in ccRCC. (a) The expression level of SART1 mRNA
(the coding gene of HAF) in ccRCC tissues and in normal renal tissues. (b) ROC curve of SARTI mRNA in ccRCC. (c) K-M curves of SART1
in ccRCC. (d) Statistically significant differences of SART1 were noted in clinicopathological features: tumor stage (T1/T2 vs. T3/T4),
metastasis (no vs. yes), pathologic stage (Stage I-II vs. Stage III-1V), and neoplasm histologic grade (G1/G2 vs. G3/G4). (e) The expression of
SART1 mRNA negatively correlated with HIFIA and EPAS1 mRNA. **p <0.01,"** p <0.001.

promote ccRCC progression. All of these E3 ligases are
associated with the VHL-HIF axis in ccRCC, and we
summarized the mechanism diagram in Figure 5. pVHL
directly stabilizes JADE1 protein to regulate the Wnt/
B-catenin signaling and indirectly blocks MDM2-mediated
degradation of p53. CHIP and HAF induce ubiquitination
and proteasome degradation of HIF-la protein. CHIP
regulates the proteasomal degradation of HIF-la in a
Hsp70-dependent manner. During long-term hypoxia, HAF
induces ubiquitination and proteasome degradation of HIF-
la protein, which then binds to HIF-2« and turns on its
downstream target. HIF-2a induces Akt-mediated phos-
phorylation of MDM2, resulting in the downregulation of
p53, and both HIF-1a and HIF-2« can regulate SPOP ex-
pression. However, we were unable to ensure the relation-
ship between FBXW?7 and HIF-1«, and whether SPOP
regulates the expression of PD-L1 in ccRCC.

In addition, we further confirmed that these ligases are of
great significance in ccRCC and associated with the VHL-
HIF axis based on cancer genomic map RNA-seq and
clinical data analysis. Except CHIP, other E3 ligases showed
significant diagnostic value to distinguish c¢ccRCC from
normal renal tissues. Survival analyses showed that JADE]1,
FBXW?7, and SART1 were significantly related to the survival
time of ccRCC. JADE]L, SIAH1, and SART1 were also closely

related to some clinical parameters of ccRCC, respectively.
Moreover, the mRNA levels of STUB1, FBXW?7, SPOP, and
SARTI were significantly negatively or positively correlated
with HIF-1a or/and HIF-2a. Taken together, all these data
analyses demonstrated that these ligases play vital roles in
the development and progression of ccRCC.

Previous studies showed that FBXW?7 overexpression
suppressed RCC cell proliferation and induced apoptosis,
and FBXW7 mediated the degradation of HIF-1« based on
the expression levels of protein, whereas our data analyses
based on the expression levels of mRNA showed the op-
posite results. Therefore, more research studies are needed to
explore the specific roles of FBXW?7 in ccRCC in near future.
Previous studies also indicated that both HIF-1a and HIF-2«
were significantly correlated with SPOP, and PD-L1 acted as
a target of HIF-2a. However, it is still unknown whether
SPOP aftects the expression of PD-L1 in ccRCC. Recently, it
was reported that SPOP as the physiologic E3 ubiquitin
ligase regulated PD-L1 in prostate cancer, which first
revealed the possible links between SPOP and PD-L1. With
PD-L1 as a therapeutic target for RCC, investigating the
relationship between SPOP and PD-L1 will contribute to
developing a new therapeutic approach. In addition, al-
though some studies indicated that HAF mediated the
switching of HIF-la to HIF-2a, the specific switching
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FIGURE 5: Mechanisms of how these E3 ligases are associated with
VHL-HIF axis in ccRCC. pVHL directly stabilizes JADE1 protein
to regulate the Wnt/B-catenin signaling and indirectly blocks
MDM2-mediated degradation of p53. CHIP and HAF induce
ubiquitination and proteasome degradation of HIF-la protein.
CHIP regulates the proteasomal degradation of HIF-1a in a Hsp70-
dependent manner. During long-term hypoxia, HAF induces
ubiquitination and proteasome degradation of HIF-la protein,
which then binds to HIF-2« and turns on its downstream target.
HIF-2a induces Akt-mediated phosphorylation of MDM2,
resulting in the downregulation of p53, and both HIF-1a and HIF-
2« can regulate SPOP expression. However, we were unable to
ensure the relationship between FBXW?7 and HIF-1a, and whether
SPOP regulates the expression of PD-L1 in ¢ccRCC.

mechanisms remain unclear. Moreover, data analyses based
on the expression levels of mRNA indicate that HAF was
strongly associated with the grade, stage, and metastasis of
ccRCCs and survival time of ccRCC patients. Hence, it will
make sense to understand how HIF-1a switches to HIF-2a
during long-term hypoxia.

Although VHL protein inactivation is thought to be the
main mechanism promoting the development of ccRCC, the
roles of other E3 ligases in ccRCC should not be ignored.
This review reveals that at least seven other E3 ubiquitin
ligases (JADEI1, SIAH1, CHIP, FBXW7, MDM2, SPOP, and
HAF) have played crucial roles in ccRCC progression so far
and are closely associated with VHL and/or HIF. More
researches are needed in the near future to confirm the
interaction of these E3 ligases with VHL and/or HIF and
explore their specific downstream molecules. Moreover, it is
valuable to find novel E3 ligases that contribute to the de-
velopment and progression of ccRCC. In summary, the
extent of the E3 ubiquitin ligase-dependent regulations of
ccRCC are only beginning to be unraveled, and un-
derstanding the links of other E3 ligases with VHL and/or
HIF will lead to a deeper understanding of the VHL-HIF axis
and contribute to the development of new ccRCC thera-
peutic targets.
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