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HIF-2a inhibitors in clear cell
renal cell carcinoma: a clinical
pharmacy perspective on lipid
metabolism, therapeutic
management, and resistance
strategies

Dongmei Chen and Chunwang Hua*

Department of Pharmacy, Taizhou Second People’s Hospital Affiliated to Yangzhou University,
Taizhou, Jiangsu, China

Renal cell carcinoma (RCC), and clear cell renal cell carcinoma (ccRCC) in
particular, is characterized by perturbed lipid metabolism and constitutive
activation of hypoxia-inducible factor-2a (HIF-2a). This mini review specifically
focuses on ccRCC, which represents 80% of all RCC cases and is uniquely
characterized by VHL loss and HIF-2a activation. As a central transcription
factor, HIF-2a not only regulates the growth and metastasis of tumor cells
but also alters lipid metabolism by activating multiple signaling pathways,
thereby promoting tumor progression. Despite the significant advances in
our understanding of RCC pathogenesis, there is an urgent need for new
targeted therapies. The advance in the design of selective HIF-2a inhibitors
has uncovered a novel therapeutic path for ccRCC by direct inhibition of
this central oncogenic driver. This mini review outlines how HIF-2a inhibitors
exert antitumor effects through specific molecular mechanisms, particularly
how they modulate lipid metabolism and related molecular networks. And, the
latest clinical trial information is used to determine the effectiveness, safety,
and translational potential of the ccRCC as a precision therapy. By integrating
existing mechanistic and clinical evidence, the present article intends to instruct
the design of future drugs and the optimization of therapeutic modalities so that
it might impact the clinical management of ccRCC in the future.
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1 Introduction

Clear cell renal cell carcinoma (ccRCC), the most common sub-
type of renal cell carcinoma, accounts for approximately 80% of
all cases of the disease and poses a clinical challenge due to its
characteristic metabolic phenotypes (1). Histologically, one of the
most significant features of ccRCC is the massive accumulation of
intracellular lipids (2). The phenotype is not merely descriptive,
but more importantly an underlying change in lipid metabolism
(3). Continuous fat production and increased fatty acid intake are
achieved by maintaining energy balance, membrane synthesis, and
signal activities, providing positive support for tumor progression,
invasiveness, and treatment resistance (4). Worldwide, ccRCC
has become a significant public health challenge, with a reported
incidence of over 400,000 new cases yearly, and its associated
mortality rate to be approximately 175,000 yearly (1). Especially
for patients with metastasis, the overall survival rate is poor (5).
Although recent therapeutic developments, the 5-years survival
remains 12%-15%. First-line treatments (tyrosine kinase inhibitors,
immune checkpoint inhibitors) lead to objective response rates of
40%-60%, but the response is either very limited (10% complete
responses) or the median progression-free survival is seldom
exceeding 15 months (6). This indicates the importance of finding
novel therapies targeting directly metabolic vulnerabilities that are
intrinsic to ccRCC (3).

This unconventional metabolic state is strongly associated with
recurrent inactivation of the von Hippel-Lindau (VHL) tumor
suppressor gene, which is observed in 90% of advanced ccRCC
cases (7). Loss of VHL suppresses proteasomal degradation of
the hypoxia-inducible factors (HIFs) and causes their constitutive
stabilization, notably of the HIF-2a isoform (7). HIF-2a is the
key oncogenic activator by activating angiogenesis-promoting,
cell-proliferation-promoting and metabolic re-programming
programmes via transcription (8). The VHL-HIF-2a axis drives
ccRCC pathogenesis (8). Compared to HIF-1a, which plays a
tumor-suppressing role in certain cases, HIF-2a is more prone to
oncogenic effects, particularly in the regulation of lipid metabolism
(2). Given this, HIF-2a has emerged as an attractive candidate
for drug targets, due to it being a valuable source of novel
pharmacological targeting approaches (8). Several approaches
toward inhibition of HIF-2a have been investigated, including
therapeutic ones, such as belzutifan (Welireg), a small-molecule
inhibitor that suppresses binding between HIF-20 and ARNT,
thus preventing necessary transcriptional activation for angiogenic
and tumor proliferation (9). Belzutifan has been shown to be
clinically efficacious in both VHL-associated and sporadic ccRCC
(9), providing much-needed addition to molecularly targeted
treatment options.

While HIF-2a dysregulation occurs in various RCC subtypes,
this review specifically focuses on ccRCC due to its unique
dependency on the VHL-HIF-2a signaling axis, which is present in
approximately 90% of cases (10, 11). The metabolic reprogramming
and therapeutic targeting strategies discussed herein are primarily
relevant to ccRCC, though some principles may extend to other
VHL-deficient RCC subtypes (12). In this review, the mechanistic
framework for HIF-2a inhibition in ¢cRCC and with special
reference to lipid metabolic process has been discussed, linking
with the recent clinical data to show the translational potential and
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to provide direction for the future development path of treatment
targeting HIF-2a (Figure 1).

2 HIF-2a in clear cell renal cell
carcinoma: from molecular
mechanisms to metabolic regulation

2.1 The VHL-HIF-2a axis: core
pathogenic mechanism in ccRCC

The von Hippel-Lindau (VHL) tumor-suppressor gene, which
is mutated in nearly 90% of advanced ccRCC cases, encodes a
critical component of an E3-ubiquitin-ligase complex responsible
for the oxygen-dependent degradation of HIF-a subunits (13).
Under normoxic conditions, prolyl-hydroxylase-domain (PHD)
enzymes hydroxylate HIF-a, facilitating its recognition by the VHL
complex and subsequent proteasomal degradation (14). When
VHL is inactivated, this degradation process is disrupted, resulting
in constitutive stabilization and activation of HIF-2a even under
normal oxygen tension (13).

In contrast to HIF-1a, which may exhibit context-dependent
tumor-suppressive effects, HIF-2a functions as a principal
oncogenic driver in ¢cRCC (8, 15). The tumor-suppressive
roles of HIF-1a in clear cell renal cell carcinoma (ccRCC) are
mediated by the initiation of pro-apoptotic genes (BNIP3, BNIP3L)
and inhibition of c-Myc function. This is in striking contrast
to HIF-2a, which, as previously mentioned, promotes c-Myc-
driven proliferation (16). Furthermore, HIF-1a is often silenced
through either promoter methylation or a loss of chromosome
14q in ccRCC, while HIF-2a expression is often retained (17).
Importantly, HIF-2a selectively drives oncogenic programs that
were not conferred by HIF-1a, including prolonged expression
of VEGFA, progression through the cell cycle via CCNDI, and
extensive reprogramming in lipid metabolism (18). Indeed, there
is evidence that HIF-2a preferentially activates the transcription
of genes associated with lipid metabolism, proliferation, and
angiogenesis (2). These divergent functions also help explain
the characteristic clear cell histology of ccRCC, including lipid
accumulation within cells (3). Mechanistically, stabilized HIF-2a
forms a heterodimer with ARNT and recruits transcriptional co-
activators such as p300 to hypoxia-response elements (HREs),
thereby sustaining oncogenic transcriptional activity even in the
presence of adequate oxygen (19). In summary, the VHL-HIF-
20 signaling axis is not only the foremost pathogenic mechanism
of ccRCC, and an important molecular basis for the rationale to
develop targeted therapies (8).

2.2 HIF-2a-mediated transcriptional
networks in lipid metabolism

Hypoxia-inducible factor-2a programs comprehensive lipid-
metabolic reprogramming in ccRCC via direct and indirect
transcriptional regulation. In the direct action, it can induce the
expression of several key genes such as LPCAT1 (phospholipid
remodeling), CD36 (fatty-acid uptake) and APOL1 (lipid

frontiersin.org


https://doi.org/10.3389/fmed.2025.1735808
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/

Chen and Hua

10.3389/fmed.2025.1735808

/Hypoxia

Clear cell renal
cell carcinoma
(ccRCC)

Fatty acids

Accuumulate

HIF-2a

promoter

ccRCC formation‘\

. \
and resistance

s
&y

\Lipid Metabolic Reprogramming

\

Angiogenesis

Deactivation

Cell cycle

Metabolic
adaptation

. Metastasis

J

FIGURE 1

sirtuin 7.

Hypoxia-inducible factor 2a (HIF-2a)-mediated lipid metabolic reprogramming and oncogenic signaling in clear cell renal cell carcinoma (ccRCC).
Loss of VHL leads to HIF-2a stabilization, nuclear accumulation, and ARNT dimerization. HIF-2a transcriptionally activates CD36, DGAT1, LPCAT1,
and MED15-SREBP1/2 pathways, promoting lipid uptake, synthesis, and storage. Lipophagy is suppressed via miR-7-5p—-TBC1D5 inhibition. HDAC8
and CHD1L-SIRT7 enhance HIF-2a transcriptional output. These processes drive angiogenesis, metabolic adaptation, cell cycle progression,
metastasis, and therapeutic resistance in ccRCC. VHL, von Hippel-Lindau; HIF-2a, hypoxia-inducible factor 2a; ARNT, aryl hydrocarbon receptor
nuclear translocator; CD36, cluster of differentiation 36; DGAT1, diacylglycerol O-acyltransferase 1; LPCAT1, lysophosphatidylcholine acyltransferase
1; MED15, mediator complex subunit 15; SREBP1/2, sterol regulatory element-binding proteins 1 and 2; LD, lipid droplet; TBC1D5, TBC1 domain
family member 5; miR-7-5p, microRNA-7-5p; HDACS, histone deacetylase 8; CHDI1L, chromodomain helicase DNA-binding protein 1-like; SIRT7,

transport), which eventually increase lipid storage in tumors
(2). At the indirect level, HIF-2a upregulates MED15, which is
a co-activator that stimulates sterol-regulatory-element-binding-
protein (SREBP)-driven fatty-acid production. The interplay
between this functional interaction represents a feed-forward
regulatory circuit reinforcing de novo lipogenesis and contributes
to persistent tumor growth (19).

There is also emerging evidence indicating that nuclear
speckles, specialized RNA-processing bodies, can physically
interact with HIF-2a target genes. These interactions appear to
affect transcriptional-output profiles that are prognostic for patient
outcomes (20). Outside lipid metabolism, HIF-2a induces VEGFA,
CCND1 and CXCR4, all of which stimulate angiogenesis, cell-cycle
progression and metastatic dissemination. Additionally, it also
plays a role in immune evasion through the regulation of CD8?
T-cell infiltration (3, 14). Pharmacologically, belzutifan, a small-
molecule inhibitor, acts on the PAS-B domain of HIF-2a to prohibit
dimerization with ARNT, thereby inhibiting HIF-2a-mediated
transcriptional programs and making it an actionable target, at
least in ccRCC (9).
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3 Molecular mechanisms of HIF-2a
in lipid metabolic reprogramming

3.1 Lipid uptake and storage regulation

Up-regulation of CD36, a scavenger receptor and fatty-acid
transporter, constitutes a key mechanism through which HIF-2a
enhances fatty-acid uptake in ccRCC. Elevated CD36 expression
is closely associated with hypoxic signaling and HIF-2a activation
in tumor tissues, promoting lipid-droplet accumulation through
DGAT1-dependent triglyceride synthesis (21). Silencing CD36
reduces lipid deposition and attenuates HIF-2a-driven oncogenic
effects, identifying CD36 as a critical mediator of lipid-metabolic
remodeling (21).

Lipid droplets (LDs) act as dynamic organelles that protect
tumor cells from lipotoxic stress while supporting metabolic
flexibility and sustained proliferation. These structures store
neutral lipids such as triglycerides and cholesterol esters, thereby
contributing to the characteristic clear-cell morphology of
ccRCC (22). Furthermore, various regulatory factors including
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(SREBP1) and

histone methyltransferase SETDS, also further promote de novo

sterol regulatory element-binding protein 1

lipogenesis. Specifically, E2F1-mediated activation of SREBPI,
stabilized by USP17-dependent SETDS8 activity, enhances LD
biogenesis (23, 24). G-protein-coupled receptors such as CMKLR1
also participate in lipid uptake and triglyceride synthesis, and
pharmacologic inhibition of CMKLRI has been shown to reduce
lipid storage and suppress tumor growth (25). Collectively, these
mechanisms integrate lipid uptake, synthesis and storage under
the control of the HIF-20-CD36 axis, representing a central
metabolic vulnerability and a promising therapeutic target in
ccRCC (26).

3.2 Activation of lipid synthesis pathways

Hypoxia-inducible factor-2a binds to the LPCAT1 promoter
region to enhance transcription of this enzyme that catalyzes
phosphatidylcholine formation, which is necessary for triglyceride
synthesis (2). When LPCAT1 was knocked down, triglyceride
production was significantly inhibited, suggesting its role in lipid
accumulation in ccRCC cells (2). The regulatory feedback system
is one in which induction of the NF-«kB target FBXW?7 promotes
degradation of ATP-citrate lyase (ACLY), thereby modulating the
availability of acetyl-CoA for fatty-acid production (2).

Hypoxia-inducible factor-2a is a transcription factor that
controls the oxygen level in tissues and can influence lipid
accumulation (19). SREBP is a transcriptional co-activator that uses
MEDI15, and it is the principal regulator of cholesterol and fatty
acid biosynthesis. MED15 promotes lipid-droplet production and
tumor growth via direct SREBP interactions. Specifically, MED15
increase lipogenic enzymes activity e.g., FASN. Additionally,
high SREBP activity is maintained by a positive feedback loop
induced by MED15 via PLK1 and AKT signaling. The clinical
overexpression of MED15 was shown to possess a favorable
prognosis in clear cell renal cell carcinoma. This confirms the
important role of the HIF-2a-MED15-SREBP axis as a core lipid
metabolism reprogramming pathway, thereby providing a basis for
it to become a therapeutic target (19).

3.3 Regulation of autophagy and lipid
turnover

Hypoxia-inducible factor-2a signaling is involved in autophagy
and lipid turnover. HIF-2a heightens the expression of hsa-miR-
7-5p to suppress TBC1D5, being a tumor suppressor (27). The
loss of TBCID5, which commonly occurs in c¢cRCC, inhibits
autophagic flux and lipophagy, preventing the breakdown of
lipid droplets and causing the significant lipid accumulation
that is characteristic of the clear cell type (27). On the
contrary, TBC1D5 restoration enhances lipophagy, decreases lipid
loading, and inhibits cancer cell proliferation and metastasis
(27). This suggests that in ccRCC, lipophagy functions as a
tumor-suppressive mechanism that is actively inhibited by the
HIF-2a/miR-7-5p axis to maintain the lipid-rich phenotype
required for tumor progression. Lipophagy plays a dual role in
ccRCC, highlighting metabolic vulnerability (26). Basal lipoplasty
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allows tumors to survive stress whereas the hyperlipoplasty
caused by TBCID5 causes depletion of lipids needed for
membrane-making signaling (28). Blocking HIF-2a reverses this
imbalance by decreasing miR-7-5p, potentially allowing the
TBCI1D5-supported lipoblasty to recover (29). The above may
cause lipid shortage during early treatment with belzutifan,
though resistant cells may thereafter inhibit lipoplasty via
alternative mechanisms.

Besides the CD36-DGAT1 axis, HIF-2a directly induces
LPCAT]1 for phospholipid remodeling and triglyceride biosynthesis
(2). Further along, the NF-kB-FBXW?7 pathway facilitates the
ubiquitination and breakdown of ACLY, creating a feedback
mechanism that inhibits overproduction of fatty acids and manages
metabolic homeostasis (2). HIF-2a activates MED15, which acts
with SREBP1 and SREBP2 to further enhance lipid dependency
in tumor cells. It is notable that both SREBP1 and SREBP2 are
associated with adverse clinical outcomes (19).
HIF-2a/LINC02609/APOL1
promotes the addition of lipidic droplets, which protects

According to a study, axis
endoplasmic reticulum integrity, and gives rise to enhanced
invasive capacity (30). On the contrary, the inhibition of TBC1D5-
dependent lipophagy could release free fatty acids from the lipid
droplets into B-oxidation and the TBC1D5 lipophagy modulators
in ccRCCs enhances the fatty-rich clear-cell phenotype (27).
Overall, the processes of lipid intake, synthesis, storage and
turnover collectively form a complete regulatory circuit, which
shapes the unique metabolic characteristics of ccRCC. And it
affords several opportunities for therapy to exploit the metabolic
vulnerabilities induced by HIF-2a activation.

4 Mechanism of action of HIF-2a
inhibitors and advances in drug
development

4.1 Molecular targeting and mechanism
of HIF-2a inhibition

Hypoxia-inducible factor-20 inhibitors are thought to
work by disrupting the essential interaction between the
HIF-2a dimerization partner ARNT and HIF-2a necessary
for transcriptional activation (31). The US has approved
belurafenib, which is the first HIF-2a inhibitor (32). HIF-
2o’s PAS-B domain, which contains a large cavity within its
hydrophobic core, binds to small molecule inhibitors that
allosterically disrupt HIF-2a dimerization with ARNT (33). This
conformational change prevents the formation of heterodimers,
thereby inhibiting the subsequent transcriptional activation
process (34). Belzutifan’s targeted mode of action sets it
apart from previous agents that indirectly target upstream
regulators or inhibit vascular endothelial growth factor (VEGF)
signaling (11).

Drugs from the next
(AB521), use a similar tactic of allosteric
better

(35). At present, clinical trials are underway where these

generation like casdatifan
inhibition but
and  pharmacodynamics

have pharmacokinetics

compounds are being used in combination with tyrosine
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kinase inhibitors (TKIs) or immune checkpoint inhibitors
(ICIs) to enhance anti-tumor efficacy (36). These advances
mechanisms and reduce

can possibly address resistance

off-target  toxicities associated ~with previous therapies
and represent an important expansion of the therapeutic

landscape (37).

4.2 Effects on tumor metabolism and
therapeutic resistance

Suppressing HIF-2a much affects tumor metabolism

by reducing
reprogramming (38). The inhibition of HIF-2a lowers the

lipid accumulation and reversing metabolic
expression of genes involved in lipid biosynthesis. Though,
restoration of the TBC1D5 tumor suppressor reverses HIF-20—
mediated lipid changes (27). Besides lipid metabolism, HIF-2a
inhibition disturbs the glycolytic and other anabolic pathways
critical for tumor adaptation to hypoxia, causing downregulation
of VEGFA, CCND1, and SLC2A1 (39).

In other tumors, there is also a lot of evidence indicating
that the inhibition of HIF-2a has extensive metabolic effects.
For example, in hepatocellular carcinoma, HIF-2a blockade
dampens c-MYC expression and activates apoptotic pathways
(40). While in breast cancer, HIF-2a inhibition dampens
hypoxia-induced stemness and dampens chemoresistance
(41). For example, HIF-2a inhibitors may induce resistance
via compensatory pathways and epigenetic remodeling. As an
example, HDACS8-mediated deacetylation of ETSI enhances
HIF-2a transcriptional function and drives TKI resistance
(42). Additionally, the chromatin remodeler CHDI1L increases
HIF-2a-driven

tumors to treatment (43). Research on combined treatment

transcription and its inhibition sensitizes
strategies is continuously advancing to address this issue of
drug resistance. For instance, dual inhibition of sphingosine-
1-phosphate signaling and HIF-2a has proven effective in
resistant models (44). Moreover, the combination of HIF-
200 inhibitors and ICIs could relieve the hypoxia-induced
immunosuppression and reinvigorate antitumor immune
responses (45).

Ongoing clinical trials are evaluating belzutifan in combination
with TKIs, CDK4/6 inhibitors, and ICIs across multiple treatment
settings (36). While monotherapy has yielded limited responses
in certain contexts, rationally designed combination regimens
hold promise for enhancing therapeutic benefit and overcoming
acquired resistance (46).

Significantly, lipid metabolism may be restored via
compensatory pathways within cells that have become resistant
to HIF-2a inhibitors (39). Initially, belzutifan blocks CD36 and
LPCAT1-mediated lipid accumulation, however, the resistant cells
do appear capable of reactivating lipogenesis in ways that are
HIF-2a-independent. For example, HIF-2a can be made stable
by ACSS2, and SREBP1/2 can be directly activated by mTOR
signaling to promote lipogenesis in the absence of HIF-2a (26).
This compensatory metabolic adaptation enables the tumor cells to
retain their hallmark clear cell phenotype despite HIF-2a blockade,
raising the question whether other lipid metabolic pathways should

be targeted to overcome resistance (47).
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4.3 From metabolic insights to clinical
benefits

Clinical responses to HIF-2a inhibitors correlate with
metabolic disruption rather than merely target engagement, as
evidenced by the direct relationship between lipid depletion
and tumor regression (48). Reductions of the fat metabolism
observed in response to belzutifan treatment (inhibition of
CD36-dependent uptake of fatty acids and lipid incorporation)
and the triglyceride production mediated by LPCAT1 correlate
clinically with a radiographic tumor regression and symptomatic
recovery (9). This kind of metabolic disruption starves the tumor
cells of building blocks for cell membrane and energy production
and results in quiescence and cell death (49). Results of multiple
clinical trials reflect this relationship between metabolic disruption
and therapeutic results (11). A reduction in tumor lipid content
has been reported after 4-8 weeks of treatment, with similar
reductions in serum free fatty acid and triglyceride levels observed
by magnetic resonance spectroscopy (50) In addition, baseline
expression of lipid metabolism-associated genes could be able
to predict clinical benefit (51). For example, increased LPCAT1
expression was correlated with longer progression free (hazard
ratio 0.65, p = 0.012), and increased CD36 expression with higher
objective response rates (35% vs. 18%, p = 0.023) (38). Both of
these observations suggest that lipid metabolic biomarkers might
be useful for guiding patient choice and measuring response to
HIF-2a inhibition (10).

5 Clinical trials and application of
belzutifan

5.1 Clinical efficacy in ccRCC

Belzutifan, an orally administered hypoxia-inducible factor-
200 (HIF-20) inhibitor, represents a significant therapeutic
advancement in renal cell carcinoma (9). It received initial approval
from the U.S. Food and Drug Administration (FDA) in 2021 for the
treatment of von Hippel-Lindau (VHL) disease-associated renal
cell carcinoma and was subsequently granted expanded approval in
2023 for advanced sporadic RCC that has progressed after multiple
lines of therapy (32). While belzutifan’s FDA approval includes
treatment for “advanced RCC,” its mechanism of action specifically
targets the VHL-HIF-2a pathway characteristic of ccRCC, and
clinical trials have primarily enrolled patients with clear cell
histology (52). The relevant clinical trial data are presented in
Table 1.

In the randomized phase 3 LITESPARK-005 trial, belurafenib
showed statistically and clinically significant improvements in
progression-free survival (PFS) compared to everolimus, with a
hazard ratio of approximately 0.75 (53). Although both treatment
arms reported a median PFS of 5.6 months at the initial interim
analysis, divergence in the Kaplan-Meier survival curves over
time and a substantially higher objective response rate (ORR) for
belzutifan (approximately 22% vs. 3%-4%) suggested more durable
disease control (54). Additionally, the early assessment results of
patient-reported outcomes also supported belzutifan, with delayed
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AE, adverse event; CR, complete response; DCR, disease control rate; DOR, duration of response; HR, hazard ratio; IO, immune-oncology therapy; mOS, median overall survival; mPFS, median progression-free survival; NR, not reached; ORR, objective response rate;

PK/PD, pharmacokinetics/pharmacodynamics; TKI, tyrosine kinase inhibitor.
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symptom deterioration and trends indicating improved quality of
life (55).

During the second-phase open-label LITESPARK-003 trial,
bemzoparib plus cabozantinib used as a first therapy resulted in
an objective response rate (ORR) of 70% and a complete response
rate of 8% (56). The combination produced a median progression-
free survival of 30.3 months (95% CI, 16.6-not reached) and a
median duration of response of 28.6 months, and had manageable
toxicity (57). These results justify advancing to phase 3 evaluation.
Belzutifan had activity against tumors in patients with either
germline or somatic VHL mutations indicating the drug is relevant
to genetically diverse ccRCC populations (11).

5.2 Safety profile and tolerability

Belzutifan exhibits a distinct yet generally favorable safety
profile, consistent with its molecular mechanism of action (11).
The most frequently reported treatment-related adverse events
(TRAEs) include anemia and hypoxia, both considered on-target
effects linked to HIF-2a’s role in erythropoiesis and oxygen
homeostasis (48). These events are typically manageable with
supportive care or dose modifications.

In key clinical trials, the incidence of grade 3-4 adverse
events such as hypertension and fatigue was relatively low, and
no treatment-related deaths were reported (6). Patient-reported
outcomes data from the LITESPARK-005 trial provide additional
evidence that belzutifan does not negatively impact patients’ quality
of life (QOL) compared with everolimus (55). When belinostat is
used in combination with tyrosine kinase inhibitors, it may increase
efficacy or toxicity respectively, which necessitates appropriate
patient inclusion and targeted management plan in order to attain
an improved therapeutic outcome (36).

6 Clinical challenges and future
directions

6.1 Clinical challenges: resistance
mechanisms and biomarkers

Though belzutifan has shown benefit therapeutically, clinical
implementation of HIF-2a inhibitors suffers from issues with
response maintenance and the emergence of intrinsic or acquired
resistance (11). Resistance has been shown to be promoted by
alternative mechanisms to stabilize HIF-2a independent of the
VHL (58). These mechanisms include activation of alternative
E3 ubiquitin ligases such as MULL and alternative metabolic
or signaling adaptations (59). Preclinical work has indicated
that if inhibitors of upstream regulatory factors (such as
the acetyltransferase ACSS2, which stabilizes HIF-2a through
acetylation modification) are combined with drugs that directly
target HIF-2a, a better synergistic effect may be achieved (60).
Additionally, new tricyclic, more selective HIF-2a inhibitors are
being developed to bypass HIF-2a resistance-associated mutations
in PAS-B (50).

Epigenetic alterations also contribute to therapeutic resistance
(61). For example, HDAC8-mediated deacetylation of ETS1
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augments HIF-2a transcriptional activity, while chromatin
remodelers such as CHD1L amplify HIF-2a-driven transcriptional
programs and may contribute to resistance against tyrosine
inhibitors (42, 62). HIF-2a
under hypoxic conditions has been implicated in promoting

kinase Moreover, activation
cellular stemness and chemoresistance through modulation
of mitochondrial reactive oxygen species (mtROS) (63, 64).
Importantly, these resistance mechanisms often correlate with
restoration of lipid accumulation despite continued HIF-2a
(26). For HDACS8-mediated

preserves lipid storage through dual mechanisms: enhancing

inhibition instance, resistance
SREBP1 transcriptional activity via direct deacetylation and
stabilizing HIF-2a through ETS1 modification (42). In the
same manner, the activation of ACSS2 by resistant cells can
maintain HIF-2o’s acetylation and stability, restoring fatty
acid synthesis (39). This metabolic resilience suggests lipid
reprogramming may not just be a consequence, but may indeed
be a driver of therapy resistance, suggesting that combined
strategies may be necessary to target HIF-2a and dysregulated lipid
metabolism (47).

As a consequence of the molecular heterogeneity of this
ccRCC with regard to the cellular atmosphere, and expression
of HIF-2a itself, reliable biomarker stratification will be needed
(65). For instance, increased expression of HIF-2a is correlated
with favorable response to therapy while low-expression signifies
resistance (66). Additional emerging predictive biomarkers include
microRNAs that regulate HIF-2a signaling, including miR-185-
5p and miR-223-3p, and long non-coding RNAs (IncRNAs) such
as LINCO01234 (67). Moreover, it has been proposed that protein
biomarkers of HIF-2a downstream effectors, such as CYR61 and
SEMAG6A would correlate and be informative (68). These proposed
biomarkers would need additional ongoing validation in clinical
studies to be successfully prospectively target candidate patients to
improve precision (69).

6.2 Clinical management of resistance

In order to effectively manage the resistance, a clinical program
should implement an initial rigorous upfront investigation followed
by continual follow-up including genomic testing to confirm
VHL status and search for compensatory mechanisms such as
HDACS8 and CHDIL, as well as traditional follow-up including
clinical and radiologic assessment through RECIST criteria and
a more sophisticated approach including serial circulating tumor
DNA assays to detect mutations underlying the resistance (70).
Based on these results, the treatment plan can be adjusted
dynamically. It is recommended that patients with primary
resistance, meaning no response to first-line therapy, switch
to an alternative therapeutic class early on. It is essential to
observe clinical context in acquired resistance cases. We can treat
oligoprogression by administering belzutifan and adding local
ablative therapy. Combination regimens that target compensatory
escape pathways will need to be mechanistically added with
systemic progression. Potential treatments include co-therapy with
HDAC inhibitor for those having elevated levels of HDACS,
manipulation of S1P signaling, or use of an immune checkpoint
inhibitor to counteract the patients immunologic evasion (71).
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6.3 Future directions: combination
strategies and personalized medicine

To overcome the resistance to HIF-2a inhibitors, it is necessary
to design a reasonable combination therapy. Pairing HIF-2a
inhibition with agents that block compensatory metabolic
pathways, such as inhibitors of sphingosine-1-phosphate
signaling, which has shown efficacy in preclinical models of
drug resistance. Combination strategies involving immune
checkpoint inhibitors (ICIs) may also further enhance antitumor
immunity by mitigating hypoxia-induced immunosuppression
(72). However, the inhibitory effects of such combined strategies
on T cell function still need to be carefully evaluated.

Phase III trials are now evaluating belzutifan in combination
with tyrosine kinase inhibitors, e.g., cabozantinib and lenvatinib,
and also in combination with ICIs in several lines of treatment
(73). Early preliminary studies have shown that the combined
regimens of belzutifan with TKIs and immunotherapy have
demonstrated encouraging efficacy in both newly diagnosed and
treated patients (56). Other strategies being tested include bi-
targeted agents inhibiting both HIF-2a and c-Myc and new
inhibitors of immune checkpoints controlled by HIF-2a (e.g.,
VISTA) (68, 74). There are active pipelines of new HIF-2a
inhibitors in development (37, 75). For instance, in early trials of
casdatifan (AB521) the observed objective response rate is around
one-third and disease control rate 81% (76). The most common
grade 3 or higher adverse events were anemia and hypoxia.
The ongoing third phase PEAK-1 study is evaluating whether

casasitfin combined with cabozantinib is superior to cabozantinib

monotherapy (77).

The Personalized medicine is the frontiers of the next
generations in  HIF-2a-targeted medicines. =~ Combining
whole-genomic  sequencing and ctDNA-based circulating

biopsy will facilitate precision on-line monitoring and

To further
precision medicine, onco-biologists, molecular biologists and

adaptive decision making (70). advance the
computational scientists should cooperate closely together.
In the field of renal cell carcinoma, only through the joint
efforts of multiple disciplines can the potential of HIF-2a
inhibition therapy be more deeply translated into clinical
practice (78).

7 Conclusion

Hypoxia-inducible factor-2a inhibitors constitute a novel class
of targeted therapy for ccRCC. They could play an important role in
overcoming existing therapeutic inefficiencies as they can directly
inhibit the VHL-HIF-2a oncogenic pathway and downstream
lipid metabolic changes. The clinical benefits demonstrated by
bevacizumab in monotherapy and the positive results obtained
from combination therapy trials have jointly driven the rapid
development of this field. Historically, long-duration disease
control in refractory populations has been reported with response
rates of approximately 22%, although response rates can reach
approximately 70% with use in a first line combination. However,
the issue of drug resistance still exists. Either intrinsic resistance
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or acquired resistance may occur due to compensatory signaling
pathways for example HDACS, or epigenetic modifications.
Additionally, the specific impact of HIF-2a inhibition on lipid
turnover remains to be clarified. Future work will be needed to
establish rational combination strategies (both with tyrosine kinase
inhibitors and metabolic modulators), as well as validate predictive
biomarkers (c.t.DNA and lipidomic signatures). Persistence will
be required to continue inter-disciplinary collaborations in order
that new mechanistic insights translate to sustained clinical benefit.
With upcoming phase IIT trials and the expected approval of
next-generation inhibitors, the future landscape might be set and
HIF-2a -inhibition might find its place as another mainstay in the
treatment of ccRCC.

Author contributions

DC: Writing - original draft, Visualization, Software,
Conceptualization, Validation. CH: Conceptualization, Writing -
review & editing, Investigation, Supervision, Data curation,
Writing - original draft, Software.

Funding

The author(s) declare that no financial support was received for
the research and/or publication of this article.

References

1. Cirillo L, Innocenti S, Becherucci F. Global epidemiology of kidney cancer.
Nephrol Dial Transplant. (2024) 39:920-8. doi: 10.1093/ndt/gfae036

2. Fei M, Zhang Y, Li H, Xu Q, Gao Y, Yang C, et al. Hif-20/Lpcatl orchestrates
the reprogramming of lipid metabolism in ccrcc by modulating the Fbxw7-
mediated ubiquitination of acly. Int J Biol Sci. (2025) 21:614-31. doi: 10.7150/ijbs.1
03032

3. Simeth ], Engelmann S, Mayr R, Kaelble S, Weber E Pichler R, et al. Lipid
metabolism of clear cell renal cell carcinoma predicts survival and affects intratumoral
Cd8 T cells. Transl Oncol. (2025) 61:102513. doi: 10.1016/j.tranon.2025.102513

4. Zhang S, Fang T, He Y, Feng W, Yu Z, Zheng Y, et al. Vhl mutation drives human
clear cell renal cell carcinoma progression through Pi3k/Akt-dependent cholesteryl
ester accumulation. EBioMedicine. (2024) 103:105070. doi: 10.1016/j.ebiom.2024.
105070

5. Ingels A, Campi R, Capitanio U, Amparore D, Bertolo R, Carbonara U, et al.
Complementary roles of surgery and systemic treatment in clear cell renal cell
carcinoma. Nat Rev Urol. (2022) 19:391-418. doi: 10.1038/s41585-022-00592-3

6. Choueiri T, Powles T, Burotto M, Escudier B, Bourlon M, Zurawski B, et al.
Nivolumab plus cabozantinib versus sunitinib for advanced renal-cell carcinoma. N
Engl ] Med. (2021) 384:829-41. doi: 10.1056/NEJM0a2026982

7. Stransky L, Gao W, Schmidt L, Bi K, Ricketts C, Ramesh V, et al. Toward a crispr-
based mouse model of Vhl-deficient clear cell kidney cancer: initial experience and
lessons learned. Proc Natl Acad Sci U S A. (2024) 121:€2408549121. doi: 10.1073/pnas.
2408549121

8. Golijanin B, Malshy K, Khaleel S, Lagos G, Amin A, Cheng L, et al. Evolution
of the hif targeted therapy in clear cell renal cell carcinoma. Cancer Treat Rev. (2023)
121:102645. doi: 10.1016/j.ctrv.2023.102645

9. Wu X, Lazris D, Wong R, Tykodi S. Belzutifan for the treatment of renal
cell carcinoma. Ther Adv Med Oncol. (2025) 17:17588359251317846. doi: 10.1177/
17588359251317846

10. Chan K, Li N, Lador R, Amsbaugh M, Gonzalez A, Cen P. Belzutifan,
Hif-2a inhibitor, and clear cell renal cell carcinoma with somatic von-hippel-
lindau loss-of-function mutation. J Investig Med High Impact Case Rep. (2024)
12:23247096241231641. doi: 10.1177/23247096241231641

Frontiers in Medicine

10.3389/fmed.2025.1735808

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in
this article has been generated by Frontiers with the support of
artificial intelligence and reasonable efforts have been made to
ensure accuracy, including review by the authors wherever possible.
If you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

11. Jonasch E, Donskov E, Iliopoulos O, Rathmell W, Narayan V, Maughan B, et al.
Belzutifan for renal cell carcinoma in von hippel-lindau disease. N Engl ] Med. (2021)
385:2036-46. doi: 10.1056/NEJMoa2103425

12. Zhu H, Wang X, Lu S, Ou K. Metabolic reprogramming of clear cell renal
cell carcinoma. Front Endocrinol. (2023) 14:1195500. doi: 10.3389/fend0.2023.119
5500

13. Elias R, Zhang Q, Brugarolas J. The von hippel-lindau tumor suppressor gene:
implications and therapeutic opportunities. Cancer J. (2020) 26:390-8. doi: 10.1097/
ppo.0000000000000480

14. Zhu J, Deng M, Wang W, Peng A, Zhu A, Yang R, et al. Integrative analysis of
cholesterol homeostasis reveals prognostic subtypes and immune features in clear cell
renal cell carcinoma. Discov Oncol. (2025) 16:1261. doi: 10.1007/s12672-025-03116-8

15. Tu R, MaJ, Chen Y, Kang Y, Ren D, Cai Z, et al. Usp7 depletion potentiates Hif2a
degradation and inhibits clear cell renal cell carcinoma progression. Cell Death Dis.
(2024) 15:749. doi: 10.1038/s41419-024-07136-0

16. Mazumder S, Higgins P, Samarakoon R. Downstream targets of Vhl/Hif-A
signaling in renal clear cell carcinoma progression: mechanisms and therapeutic
relevance. Cancers. (2023) 15:1316. doi: 10.3390/cancers15041316

17.Hu J, Wang S, Hou Y, Chen Z, Liu L, Li R, et al. Multi-omic profiling
of clear cell renal cell carcinoma identifies metabolic reprogramming associated
with disease progression. Nat Genet. (2024) 56:442-57. doi: 10.1038/s41588-024-
01662-5

18. Wang S, Wei X, Ji C, Wang Y, Zhang X, Cong R, et al. Adipogenic
transdifferentiation and regulatory factors promote the progression and the
immunotherapy response of renal cell carcinoma: insights from integrative analysis.
Front Oncol. (2022) 12:781932. doi: 10.3389/fonc.2022.781932

19. Hua X, Ge S, Zhang L, Jiang Q, Chen J, Xiao H, et al. Med15 Is upregulated by
Hif-2a and promotes proliferation and metastasis in clear cell renal cell carcinoma via
activation of srebp-dependent fatty acid synthesis. Cell Death Discov. (2024) 10:188.
doi: 10.1038/s41420-024-01944- 1

20. Alexander K, Yu R, Skuli N, Coffey N, Nguyen S, Faunce C, et al. Nuclear speckles
regulate Hif-20 programs and correlate with patient survival in kidney cancer. bioRxiv
[Preprint] (2023):doi: 10.1101/2023.09.14.557228

frontiersin.org


https://doi.org/10.3389/fmed.2025.1735808
https://doi.org/10.1093/ndt/gfae036
https://doi.org/10.7150/ijbs.103032
https://doi.org/10.7150/ijbs.103032
https://doi.org/10.1016/j.tranon.2025.102513
https://doi.org/10.1016/j.ebiom.2024.105070
https://doi.org/10.1016/j.ebiom.2024.105070
https://doi.org/10.1038/s41585-022-00592-3
https://doi.org/10.1056/NEJMoa2026982
https://doi.org/10.1073/pnas.2408549121
https://doi.org/10.1073/pnas.2408549121
https://doi.org/10.1016/j.ctrv.2023.102645
https://doi.org/10.1177/17588359251317846
https://doi.org/10.1177/17588359251317846
https://doi.org/10.1177/23247096241231641
https://doi.org/10.1056/NEJMoa2103425
https://doi.org/10.3389/fendo.2023.1195500
https://doi.org/10.3389/fendo.2023.1195500
https://doi.org/10.1097/ppo.0000000000000480
https://doi.org/10.1097/ppo.0000000000000480
https://doi.org/10.1007/s12672-025-03116-8
https://doi.org/10.1038/s41419-024-07136-0
https://doi.org/10.3390/cancers15041316
https://doi.org/10.1038/s41588-024-01662-5
https://doi.org/10.1038/s41588-024-01662-5
https://doi.org/10.3389/fonc.2022.781932
https://doi.org/10.1038/s41420-024-01944-1
https://doi.org/10.1101/2023.09.14.557228
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/

Chen and Hua

21. Liao M, Li Y, Xiao A, Lu Q, Zeng H, Qin H, et al. Hif-2a-induced upregulation
of Cd36 promotes the development of Ccrcc. Exp Cell Res. (2022) 421:113389. doi:
10.1016/j.yexcr.2022.113389

22. Fresnedo O, Lopez-Gomez J, Ceniceros C, Larrinaga G, Saiz A, Mosteiro L, et al.
Adaptations of lipid metabolism in low-grade clear cell renal cell carcinoma are linked
to cholesteryl ester accumulation. Sci Rep. (2025) 15:24762. doi: 10.1038/s41598-025-
09664-x

23. LiX, Liu Z, Xia C, Yan K, Fang Z, Fan Y. Setd8 stabilized by Usp17 epigenetically
activates Srebpl pathway to drive lipogenesis and oncogenesis of Ccrcc. Cancer Lett.
(2022) 527:150-63. doi: 10.1016/j.canlet.2021.12.018

24. Shen D, Gao Y, Huang Q, Xuan Y, Yao Y, Gu L, et al. E2f1 promotes proliferation
and metastasis of clear cell renal cell carcinoma via activation of Srebpl-dependent
fatty acid biosynthesis. Cancer Lett. (2021) 514:48-62. doi: 10.1016/j.canlet.2021.05.012

25. Wang D, Mahmud I, Thakur V, Tan S, Isom D, Lombard D, et al. Gprl and
Cmklrl control lipid metabolism to support the development of clear cell renal cell
carcinoma. Cancer Res. (2024) 84:2141-54. doi: 10.1158/0008-5472.Can-23-2926

26. Deng Q, Ji Y, Liu J, Wen T. Lipid reprogramming and ferroptosis crosstalk in
clear cell renal cell carcinoma: metabolic vulnerabilities and therapeutic targeting. Mol
Cancer. (2025) 24:236. doi: 10.1186/s12943-025-02457-w

27. Huang Y, Xiong Z, Wang J, Gao Y, Cao Q, Wang D, et al. Tbc1d5 reverses the
capability of Hif-2a in tumor progression and lipid metabolism in clear cell renal cell
carcinoma by regulating the autophagy. J Transl Med. (2024) 22:212. doi: 10.1186/
512967-024-05015-y

28. Zhang C, Zhu N, Long J, Wu H, Wang Y, Liu B, et al. Celastrol induces lipophagy
via the Lxra/Abcal pathway in clear cell renal cell carcinoma. Acta Pharmacol Sin.
(2021) 42:1472-85. doi: 10.1038/s41401-020-00572-6

29. Valdés A, Pizarro G, Gonzélez-Montero J, Rojas C, Burotto M. Targeting Hif-
20 the role of belzutifan in clear cell renal carcinoma management. Expert Rev Clin
Pharmacol. (2025) 18:17-27. doi: 10.1080/17512433.2024.2436433

30. Xiao H, Qu Y, Li H, Zhang Y, Fei M, Liang C, et al. Hif-2a/Linc02609/Apol1-
mediated lipid storage promotes endoplasmic reticulum homeostasis and regulates
tumor progression in clear-cell renal cell carcinoma. J Exp Clin Cancer Res. (2024)
43:29. doi: 10.1186/s13046-023-02940-6

31. Chen W, Hill H, Christie A, Kim M, Holloman E, Pavia-Jimenez A, et al.
Targeting renal cell carcinoma with a Hif-2 antagonist. Nature. (2016) 539:112-7.
doi: 10.1038/nature19796

32. Fallah J, Brave M, Weinstock C, Mehta G, Bradford D, Gittleman H, et al. Fda
approval summary: belzutifan for von hippel-lindau disease-associated tumors. Clin
Cancer Res. (2022) 28:4843-8. doi: 10.1158/1078-0432.Ccr-22-1054

33. Scheuermann T, Li Q, Ma H, Key J, Zhang L, Chen R, et al. Allosteric inhibition
of hypoxia inducible factor-2 with small molecules. Nat Chem Biol. (2013) 9:271-6.
doi: 10.1038/nchembio.1185

34. Ren X, Diao X, Zhuang J, Wu D. Structural basis for the allosteric inhibition
of hypoxia-inducible factor (Hif)-2 by Belzutifan. Mol Pharmacol. (2022) 102:525.
doi: 10.1124/molpharm.122.000525

35. Schweickert P, Piovesan D, Mitchell C, Zepeda-Carranza B, Zhu W, Lopez
Espinoza A, et al. Casdatifan (Ab521) is a novel and potent allosteric small molecule
inhibitor of protumourigenic Hif-2a dependent transcription. Br ] Pharmacol. (2025)
182:4147-67. doi: 10.1111/bph.70075

36. Choueiri T, McDermott D, Merchan J, Bauer T, Figlin R, Heath E, et al. Belzutifan
plus cabozantinib for patients with advanced clear cell renal cell carcinoma previously
treated with immunotherapy: an open-label, single-arm, phase 2 study. Lancet Oncol.
(2023) 24:553-62. doi: 10.1016/s1470-2045(23)00097-9

37. Nguyen C, Oh E, Bahar P, Vaishampayan U, Else T, Alva A. Novel approaches
with Hif-2a targeted therapies in metastatic renal cell carcinoma. Cancers. (2024)
16:601. doi: 10.3390/cancers16030601

38. Du W, Zhang L, Brett-Morris A, Aguila B, Kerner J, Hoppel C, et al. Hif drives
lipid deposition and cancer in Ccrec via repression of fatty acid metabolism. Nat
Commun. (2017) 8:1769. doi: 10.1038/s41467-017-01965-8

39. Bacigalupa Z, Arner E, Vlach L, Wolf M, Brown W, Krystofiak E, et al. Hif-2a
expression and metabolic signaling require Acss2 in clear cell renal cell carcinoma. J
Clin Invest. (2024) 134:¢164249. doi: 10.1172/jci164249

40. Foglia B, Sutti S, Cannito S, Rosso C, Maggiora M, Autelli R, et al. Hepatocyte-
specific deletion of Hif2a prevents nash-related liver carcinogenesis by decreasing
cancer cell proliferation. Cell Mol Gastroenterol Hepatol. (2022) 13:459-82. doi: 10.
1016/}.jcmgh.2021.10.002

41.Yan Y, He M, Zhao L, Wu H, Zhao Y, Han L, et al. A novel Hif-2a
targeted inhibitor suppresses hypoxia-induced breast cancer stemness via Sod2-Mtros-
Pdi/Gpr78-Upr(Er) axis. Cell Death Differ. (2022) 29:1769-89. doi: 10.1038/s41418-
022-00963-8

42. Qian K, Li W, Ren S, Peng W, Qing B, Liu X, et al. Hdac8 enhances the function
of Hif-2a by deacetylating Ets1 to decrease the sensitivity of Tkis in Ccrcc. Adv Sci.
(2024) 11:€2401142. doi: 10.1002/advs.202401142

43.He H, Li J, Wang W, Cheng J, Zhou J, Li Q, et al. The Sirt7-mediated
deacetylation of Chdll amplifies Hif-20-dependent signal that drives renal cell

Frontiers in Medicine

10.3389/fmed.2025.1735808

carcinoma progression and sunitinib resistance. Cell Biosci. (2023) 13:166. doi: 10.
1186/s13578-023-01113-4

44. Hoefllin R, Harlander S, Abhari B, Peighambari A, Adlesic M, Seidel P, et al.
Therapeutic effects of inhibition of Sphingosine-1-phosphate signaling in Hif-2a
inhibitor-resistant clear cell renal cell carcinoma. Cancers. (2021) 13:4801. doi: 10.
3390/cancers13194801

45. Motzer R, Banchereau R, Hamidi H, Powles T, McDermott D, Atkins M, et al.
Molecular subsets in renal cancer determine outcome to checkpoint and angiogenesis
blockade. Cancer Cell. (2020) 38:803-17.e4. doi: 10.1016/j.ccell.2020.10.011

46. Courtney K, Ma Y, Diaz de Leon A, Christie A, Xie Z, Woolford L, et al. Hif-2
complex dissociation, target inhibition, and acquired resistance with Pt2385, a first-in-
class Hif-2 inhibitor, in patients with clear cell renal cell carcinoma. Clin Cancer Res.
(2020) 26:793-803. doi: 10.1158/1078-0432.Ccr-19-1459

47. Zhang Y, Zhang S, Sun H, Xu L. The pathogenesis and therapeutic implications
of metabolic reprogramming in renal cell carcinoma. Cell Death Discov. (2025) 11:186.
doi: 10.1038/s41420-025-02479-9

48. Choueiri T, Bauer T, Papadopoulos K, Plimack E, Merchan J, McDermott D, et al.
Inhibition of hypoxia-inducible factor-2a in renal cell carcinoma with Belzutifan: a
phase 1 trial and biomarker analysis. Nat Med. (2021) 27:802-5. doi: 10.1038/s41591-
021-01324-7

49. Tan S, Hougen H, Merchan J, Gonzalgo M, Welford S. Fatty acid metabolism
reprogramming in Ccrcc: mechanisms and potential targets. Nat Rev Urol. (2023)
20:48-60. doi: 10.1038/s41585-022-00654-6

50. Courtney K, Infante J, Lam E, Figlin R, Rini B, Brugarolas J, et al. Phase I dose-
escalation trial of Pt2385, a first-in-class hypoxia-inducible factor-2a antagonist in
patients with previously treated advanced clear cell renal cell carcinoma. J Clin Oncol.
(2018) 36:867-74. doi: 10.1200/jc0.2017.74.2627

51. Hong Y, Li W, Xing Z, Lu M, Tang T, Zhu L, et al. Lrrk2 reduces the sensitivity
to Tki and Pd-1 blockade in Ccrec via activating Lpcatl. Oncogene. (2025) 44:1761-76.
doi: 10.1038/s41388-025-03289-0

52. Fallah J, Heiss B, Joeng H, Weinstock C, Gao X, Pierce W, et al. Fda approval
summary: belzutifan for patients with advanced renal cell carcinoma. Clin Cancer Res.
(2024) 30:5003-8. doi: 10.1158/1078-0432.Ccr-24-1199

53. Choueiri T, Powles T, Peltola K, de Velasco G, Burotto M, Suarez C, et al.
Belzutifan versus everolimus for advanced renal-cell carcinoma. N Engl ] Med. (2024)
391:710-21. doi: 10.1056/NEJMoa2313906

54. Rini B, Suarez Rodriguez C, Albiges L, Jalkanen K, De Velasco Oria G, Burotto
M, et al. Lba74 final analysis of the phase iii litespark-005 study of Belzutifan versus
everolimus in participants (Pts) with previously treated advanced clear cell renal cell
carcinoma (Ccrec). Ann Oncol. (2024) 35:51262-3. doi: 10.1016/j.annonc.2024.08.
2317

55. Powles T, Choueiri T, Albiges L, Peltola K, de Velasco G, Burotto M, et al.
Health-related quality of life with belzutifan versus everolimus for advanced renal
cell carcinoma (Litespark-005): patient-reported outcomes from a randomised, open-
label, phase 3 trial. Lancet Oncol. (2025) 26:491-502. doi: 10.1016/s1470-2045(25)
00032-4

56. Choueiri T, Merchan J, Figlin R, McDermott D, Arrowsmith E, Michaelson M,
et al. Belzutifan plus cabozantinib as first-line treatment for patients with advanced
clear-cell renal cell carcinoma (Litespark-003): an open-label, single-arm, phase 2
study. Lancet Oncol. (2025) 26:64-73. doi: 10.1016/s1470-2045(24)00649- 1

57. Choueiri T, Bauer T, Merchan J, McDermott D, Figlin R, Arrowsmith E, et al.
Lba87 phase ii litespark-003 study of belzutifan in combination with cabozantinib
for advanced clear cell renal cell carcinoma (Ccrcc). Ann Oncol. (2023) 34:
$1328-9. doi: 10.1016/j.annonc.2023.10.089

58. Fallah J, Rini B. Hif inhibitors: status of current clinical development. Curr Oncol
Rep. (2019) 21:6. doi: 10.1007/s11912-019-0752-z

59. Chan D, Giaccia A. Targeting cancer cells by synthetic lethality: autophagy and
Vhl in cancer therapeutics. Cell Cycle. (2008) 7:2987-90. doi: 10.4161/cc.7.19.6776

60. Li L, Ng S, Colén C, Drapkin B, Hsu P, Li Z, et al. Identification of Dhodh as
a therapeutic target in small cell lung cancer. Sci Transl Med. (2019) 11:eaaw7852.
doi: 10.1126/scitranslmed.aaw7852

61. Sato Y, Yoshizato T, Shiraishi Y, Maekawa S, Okuno Y, Kamura T, et al. Integrated
molecular analysis of clear-cell renal cell carcinoma. Nat Genet. (2013) 45:860-7.
doi: 10.1038/ng.2699

62. Abbott J, Zhou Q, Esquer H, Pike L, Broneske T, Rinaldetti S, et al. First-in-class
inhibitors of oncogenic Chd1l with preclinical activity against colorectal cancer. Mol
Cancer Ther. (2020) 19:1598-612. doi: 10.1158/1535-7163.Mct-20-0106

63. Sekino Y, Teishima J, Liang G, Hinata N. Molecular mechanisms of resistance
to tyrosine kinase inhibitor in clear cell renal cell carcinoma. Int J Urol. (2022)
29:1419-28. doi: 10.1111/iju.15042

64. Kwak M, Hallis S. Abstract 391: role of Nrf2 in Hif-2a-mediated cancer stem cell
phenotype. Cancer Res. (2024) 84:391. doi: 10.1158/1538-7445.Am2024-391

65. Linehan W, Ricketts C. The cancer genome atlas of renal cell carcinoma: findings
and clinical implications. Nat Rev Urol. (2019) 16:539-52. doi: 10.1038/s41585-019-
0211-5

frontiersin.org


https://doi.org/10.3389/fmed.2025.1735808
https://doi.org/10.1016/j.yexcr.2022.113389
https://doi.org/10.1016/j.yexcr.2022.113389
https://doi.org/10.1038/s41598-025-09664-x
https://doi.org/10.1038/s41598-025-09664-x
https://doi.org/10.1016/j.canlet.2021.12.018
https://doi.org/10.1016/j.canlet.2021.05.012
https://doi.org/10.1158/0008-5472.Can-23-2926
https://doi.org/10.1186/s12943-025-02457-w
https://doi.org/10.1186/s12967-024-05015-y
https://doi.org/10.1186/s12967-024-05015-y
https://doi.org/10.1038/s41401-020-00572-6
https://doi.org/10.1080/17512433.2024.2436433
https://doi.org/10.1186/s13046-023-02940-6
https://doi.org/10.1038/nature19796
https://doi.org/10.1158/1078-0432.Ccr-22-1054
https://doi.org/10.1038/nchembio.1185
https://doi.org/10.1124/molpharm.122.000525
https://doi.org/10.1111/bph.70075
https://doi.org/10.1016/s1470-2045(23)00097-9
https://doi.org/10.3390/cancers16030601
https://doi.org/10.1038/s41467-017-01965-8
https://doi.org/10.1172/jci164249
https://doi.org/10.1016/j.jcmgh.2021.10.002
https://doi.org/10.1016/j.jcmgh.2021.10.002
https://doi.org/10.1038/s41418-022-00963-8
https://doi.org/10.1038/s41418-022-00963-8
https://doi.org/10.1002/advs.202401142
https://doi.org/10.1186/s13578-023-01113-4
https://doi.org/10.1186/s13578-023-01113-4
https://doi.org/10.3390/cancers13194801
https://doi.org/10.3390/cancers13194801
https://doi.org/10.1016/j.ccell.2020.10.011
https://doi.org/10.1158/1078-0432.Ccr-19-1459
https://doi.org/10.1038/s41420-025-02479-9
https://doi.org/10.1038/s41591-021-01324-7
https://doi.org/10.1038/s41591-021-01324-7
https://doi.org/10.1038/s41585-022-00654-6
https://doi.org/10.1200/jco.2017.74.2627
https://doi.org/10.1038/s41388-025-03289-0
https://doi.org/10.1158/1078-0432.Ccr-24-1199
https://doi.org/10.1056/NEJMoa2313906
https://doi.org/10.1016/j.annonc.2024.08.2317
https://doi.org/10.1016/j.annonc.2024.08.2317
https://doi.org/10.1016/s1470-2045(25)00032-4
https://doi.org/10.1016/s1470-2045(25)00032-4
https://doi.org/10.1016/s1470-2045(24)00649-1
https://doi.org/10.1016/j.annonc.2023.10.089
https://doi.org/10.1007/s11912-019-0752-z
https://doi.org/10.4161/cc.7.19.6776
https://doi.org/10.1126/scitranslmed.aaw7852
https://doi.org/10.1038/ng.2699
https://doi.org/10.1158/1535-7163.Mct-20-0106
https://doi.org/10.1111/iju.15042
https://doi.org/10.1158/1538-7445.Am2024-391
https://doi.org/10.1038/s41585-019-0211-5
https://doi.org/10.1038/s41585-019-0211-5
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/

Chen and Hua

66. Raval R, Lau K, Tran M, Sowter H, Mandriota S, LiJ, et al. Contrasting properties
of hypoxia-inducible factor 1 (Hif-1) and Hif-2 in von hippel-lindau-associated renal
cell carcinoma. Mol Cell Biol. (2005) 25:5675-86. doi: 10.1128/mcb.25.13.5675-5686.
2005

67. Huang X, Zhu H, Gao Z, Li ], Zhuang ], Dong Y, et al. Wnt7a activates
canonical Wnt signaling, promotes bladder cancer cell invasion, and is suppressed by
Mir-370-3p. ] Biol Chem. (2018) 293:6693-706. doi: 10.1074/jbc.RA118.001689

68. Gordan J, Bertout J, Hu C, Diehl ], Simon M. Hif-2alpha promotes hypoxic
cell proliferation by enhancing C-Myc transcriptional activity. Cancer Cell. (2007)
11:335-47. doi: 10.1016/j.ccr.2007.02.006

69. Moch H, Cubilla A, Humphrey P, Reuter V, Ulbright T. The 2016 who
classification of tumours of the urinary system and male genital organs-Part A: renal,
penile, and testicular tumours. Eur Urol. (2016) 70:93-105. doi: 10.1016/j.eururo.2016.
02.029

70. Basu A, Au C, Kommalapati A, Kandala H, Sudhaman S, Mahmood T, et al.
Longitudinal testing of circulating tumor DNA in patients with metastatic renal cell
carcinoma. JCO Precis Oncol. (2024) 8:¢2400667. doi: 10.1200/po-24-00667

71. Rysz J, Lawinski ], Franczyk B, Gluba-Sagr A. Immune checkpoint inhibitors
in clear cell renal cell carcinoma (Ccrcc). Int ] Mol Sci. (2025) 26:5577. doi: 10.3390/
ijms26125577

72. Kim I, Wong V, Runcie K, Singer E. Second-line systemic therapies in metastatic
renal cell carcinoma: current insights and future directions. ] Cancer Immunol. (2025)
7:81-94. doi: 10.33696/cancerimmunol.7.107

Frontiers in Medicine

10

10.3389/fmed.2025.1735808

73. Motzer R, Schmidinger M, Eto M, Suarez C, Figlin R, Liu Y, et al. Litespark-
011: belzutifan plus lenvatinib Vs cabozantinib in advanced renal cell carcinoma after
Anti-Pd-1/Pd-L1 therapy. Future Oncol. (2023) 19:113-21. doi: 10.2217/fon-2022-
0802

74. LiN, Yang S, Ren Y, Tai R, Liu H, Wang Y, et al. Chemotherapy induces immune
checkpoint vista expression in tumor cells via Hif-2alpha. Biochem Pharmacol. (2023)
210:115492. doi: 10.1016/j.bcp.2023.115492

75. Jonasch E, McGregor B, Msaouel P, Logan T, Hall E, Bilen M, et al. 16900
Nkt2152, a novel oral Hif-2a inhibitor, in participants (Pts) with previously treated
advanced clear cell renal carcinoma (Accrcc): preliminary results of a phase I/Ii study.
Ann Oncol. (2024) 35:51011-2. doi: 10.1016/j.annonc.2024.08.1783

76. Ghasemi M, Kim J, Seitz L, Jin L, Foster P, Liao K, et al. Pharmacokinetics,
pharmacodynamics and safety of casdatifan, a novel hypoxia-inducible factor-2a
inhibitor, in healthy participants. Br ] Clin Pharmacol. (2025) 91:3366-77. doi: 10.1002/
bep.70169

77. Lalani A, Heng D, Basappa N, Wood L, Igbal N, McLeod D, et al.
Evolving landscape of first-line combination therapy in advanced renal cancer: a
systematic review. Ther Adv Med Oncol. (2022) 14:17588359221108685. doi: 10.1177/
17588359221108685

78. Oki R, Takemura K, Urasaki T, Fujiwara R, Numao N, Yonese J, et al. Prevailing
challenges in personalized treatment for metastatic renal cell carcinoma: a narrative
review. Expert Rev Anticancer Ther. (2025) 25:643-55. doi: 10.1080/14737140.2025.
2491647

frontiersin.org


https://doi.org/10.3389/fmed.2025.1735808
https://doi.org/10.1128/mcb.25.13.5675-5686.2005
https://doi.org/10.1128/mcb.25.13.5675-5686.2005
https://doi.org/10.1074/jbc.RA118.001689
https://doi.org/10.1016/j.ccr.2007.02.006
https://doi.org/10.1016/j.eururo.2016.02.029
https://doi.org/10.1016/j.eururo.2016.02.029
https://doi.org/10.1200/po-24-00667
https://doi.org/10.3390/ijms26125577
https://doi.org/10.3390/ijms26125577
https://doi.org/10.33696/cancerimmunol.7.107
https://doi.org/10.2217/fon-2022-0802
https://doi.org/10.2217/fon-2022-0802
https://doi.org/10.1016/j.bcp.2023.115492
https://doi.org/10.1016/j.annonc.2024.08.1783
https://doi.org/10.1002/bcp.70169
https://doi.org/10.1002/bcp.70169
https://doi.org/10.1177/17588359221108685
https://doi.org/10.1177/17588359221108685
https://doi.org/10.1080/14737140.2025.2491647
https://doi.org/10.1080/14737140.2025.2491647
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/

	HIF-2α
 inhibitors in clear cell renal cell carcinoma: a clinical pharmacy perspective on lipid metabolism, therapeutic management, and resistance strategies
	1 Introduction
	2 HIF-2α
 in clear cell renal cell carcinoma: from molecular mechanisms to metabolic regulation
	2.1 The VHL-HIF-2α
 axis: core pathogenic mechanism in ccRCC
	2.2 HIF-2α
-mediated transcriptional networks in lipid metabolism

	3 Molecular mechanisms of HIF-2α
 in lipid metabolic reprogramming
	3.1 Lipid uptake and storage regulation
	3.2 Activation of lipid synthesis pathways
	3.3 Regulation of autophagy and lipid turnover

	4 Mechanism of action of HIF-2α
 inhibitors and advances in drug development
	4.1 Molecular targeting and mechanism of HIF-2α
 inhibition
	4.2 Effects on tumor metabolism and therapeutic resistance
	4.3 From metabolic insights to clinical benefits

	5 Clinical trials and application of belzutifan
	5.1 Clinical efficacy in ccRCC
	5.2 Safety profile and tolerability

	6 Clinical challenges and future directions
	6.1 Clinical challenges: resistance mechanisms and biomarkers
	6.2 Clinical management of resistance
	6.3 Future directions: combination strategies and personalized medicine

	7 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	References




