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Clear cell renal cell carcinoma (ccRCC) is the most common subtype of RCC and bears a significantly

high frequency of hypoxia-inducible factor 2a (HIF-2a) because of von Hippel-Lindau (VHL) tumor

suppressor gene mutations. From the first discovery of HIF-2a inhibitors to the promising potency of the

HIF-2a inhibitor PT2977 in a clinical Phase II trial for the treatment of advanced RCC, inhibition of

HIF-2a has proved to be a novel and effective therapy for RCC. In this review, we briefly discuss the role

of HIF-2a in ccRCC and provide insight into recent advances in the discovery, development, and mode of

action of HIF-2a allosteric inhibitors.
Introduction
RCC or kidney cancer is the second leading cause of urinary cancer

death worldwide. Metastasis and chemotherapy resistance are

characteristics of RCC [1]. ccRCC, the most common subtype,

accounts for 85% of RCC. Integrated molecular studies of ccRCC

indicated that inactivation of the VHL gene was a common feature

of ccRCC (~90%) [2]. The VHL protein acts as a substrate recognition

component of an E3 ubiquitin ligase complex that targets HIF-1a
and HIF-2a for degradation via the ubiquitin-proteasome pathway

[3,4]. Loss of VHL leads to the accumulation of HIF-a and subse-

quent uncontrollable activation of HIF target genes, many of

which facilitate angiogenesis, proliferation, and metastasis of

ccRCC [5]. HIF-1 and HIF-2 are the two most important subtypes

of HIFs, comprising a HIFa subunit and aryl hydrocarbon receptor

nuclear translocator (ARNT) subunit. Many studies suggest that

HIF-1 and HIF-2 display distinct effects in ccRCC: HIF-2 is a key

oncoprotein; however, the role of HIF-1 appears to be as a tumor

suppressor [6,7]. Previously, HIF-2 was considered a challenging

target for drug design because it did not have any catalytic sites for

small-molecule binding. In 2009, Gardner et al. revealed a cavity

inside HIF-2a and some leads that could bind with the cavity to

alter its conformation and thereby disturb the activity of the HIF-2

complex [8,9]. Therefore, inhibition of HIF-2a has become a new

strategy for the treatment of RCC. Currently, the HIF-2a inhibitor
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PT2977 of Peloton Therapeutics, Inc. is undergoing clinical Phase

II trials for advanced RCC and shows favorable safety profile and

efficacy [10]. In this review, we discuss the allosteric inhibition

mechanism and outline recent advances in the development in

HIF-2a allosteric inhibitors.

Regulation of HIF-2
HIF-2 is a heterodimeric transcription factor complex comprising

the oxygen-sensitive HIF-2a subunit and the constitutively

expressed partner ARNT subunit. The two subunits belong to

the basic helix-loop-helix (bHLH)-Per-ARNT-Sim (PAS) family

and contain a similar bHLH domain (DNA-binding domain,

DBD) and PAS domain (ligand-binding domain, LBD). The PAS

domain comprises two domains, PASA and PASB. In addition, HIF-

2a comprises two relatively independent transactivation domains,

the N-terminal transactivation domain (NTAD) and C-terminal

transactivation domain (CTAD), and the oxygen-dependent deg-

radation domain (ODD) [11] (Fig. 1a).

Under normoxic conditions, Pro405 and Pro531 in the ODD can

be hydroxylated by proline hydroxylases (PHDs) with the partici-

pation of oxygen, iron ions, and a-ketoglutarate. Subsequently,

hydroxylated HIF-2a is ubiquitinated by the E3 ligase complex for

proteasome degradation [4]. Meanwhile, the Asn847 in the CTAD

can be hydroxylated by factor inhibiting HIF (FIH), and this leads

to inhibition of the transactivation function of CTAD [12,13]

(Fig. 1c). Under low oxygen conditions, the hydroxylation ability
1359-6446/ã 2019 Elsevier Ltd. All rights reserved.
https://doi.org/10.1016/j.drudis.2019.09.008

http://crossmark.crossref.org/dialog/?doi=10.1016/j.drudis.2019.09.008&domain=pdf
mailto:zxj@cpu.edu.cn
https://doi.org/10.1016/j.drudis.2019.09.008


Drug Discovery Today �Volume 24, Number 12 �December 2019 REVIEWS

(a)

(b)

(c) (d)

HIF-2α

HIF-2α

HIF-2α HIF-2α
HIF-2α

HIF-2αHIF-2α

HIF-2α

HIF-2α

HIF-2α

HIF-2α

ARNT

DBD LBD

DBD LBD

Hydroxylation Transcription

TranscriptionDegradation

PHDs

PHDs

FIH1

FIH1

ARNT

ARNT

ARNT

ARNT

CBP/p300

CBP/p300

CBP/p300

TCEB2

TCEB1 VHL

Cul2

Rbx1 OHOH

OH

OHOH

OHOHOH

HRE Target genes
HRE Target genesUb

Ub
Ub

Ub

Ub

Hypoxia

Hypoxia

Normoxia

OH

OH OH

B

A

B

A

B

A

B

A CBP/P300

Dimerization Hydroxylation Hydroxylation
PHD FIH

bHLH

bHLHbHLH PASA

PASA PASB

PASB

ODD NTAD

NTAD

CTAD

P405 P531 N847

CTAD

ODD
PAS

bHLH

CTAD

CTAD
ODD

ODD

PAS

bHLH

n847

p531p405

HRE
RCGTG

Nucleus

Inactivation

Inactivation

Hydroxylation Hydroxylation

E3 Ligase complex

Activate HIF-2-response genes

Normoxia

Drug Discovery Today 

FIGURE 1

Overview of the structures, features, and regulation of hypoxia-inducible factor 2 (HIF-2). (a) Schematic representation showing the domain arrangements of aryl
hydrocarbon receptor nuclear translocator (ARNT; blue) and HIF-2a (red). (b) HIF regulation is tightly linked to intracellular oxygen levels. Under normoxic
conditions; HIF-2a is hydroxylated by proline hydroxylases (PHDs) and factor inhibiting HIF (FIH); modification of Pro405 and Pro531 in the oxygen-dependent
degradation domain (ODD) promote the degradation of HIF-2a; modification of Asn847 in the C-terminal transactivation domain (CTAD) interferes with its
ability to interact with CBP/P300 coactivators. These modifications are inhibited under hypoxic conditions: HIF-2a (red) accumulates and translocates to the
nucleus, where it associates with ARNT (blue) and binds to hypoxia response elements (HREs) to activate HIF-2-related genes. (c) Under normoxic condition, HIF-
2a is hydroxylated by PHDs and then ubiquitinated by the E3 ligase complex for degradation. Additionally, hydroxylation of HIF-2a by FIH prevents P300 and
CBP from binding to CTAD and inhibits transcription. (d) Under hypoxic conditions, PHDs and FIH are inactivated, HIF-2a and ARNT dimerize, enter the nucleus,
and bind to HRE to activate downstream target genes. For additional abbreviations, please see the main text.
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of PHDs and FIH is significantly decreased; consequently, the

degradation of HIF-2a is hindered, which allows HIF-2a and ARNT

to form a HIF-2 dimer that enters into the nucleus. Subsequently,

the bHLH domain of HIF-2 binds to the hypoxia response element

(HRE) and the CTAD recruits the coregulators CBP/P300, leading

to co-activation of HIF-2 target genes [14] (Fig. 1d).

The role of HIF-2a in ccRCC
In ccRCC, VHL deficiency results in the stable existence of HIF-a
irrespective of oxygen tension [3]. HIF-1a is a tumor suppressor

that can inhibit the proliferation of VHL-deficient ccRCC both in

vitro and in vivo; however, HIF-1a expression is lost in 30–40% of

cases of ccRCC. In contrast to the role of HIF-1a, HIF-2a acts as a

key oncogenic protein in ccRCC [6,7]. The promotion of ccRCC by

excessive HIF-2a is mainly achieved by the overexpression of its

target genes [5]. Therefore, the effects of HIF-2a on ccRCC are

multifaceted. Table 1 provides a summary of the HIF-2a-related
genes reported to be involved in ccRCC progression.

In ccRCC, accumulated HIF-2a causes overexpression of many

angiogenic factors, such as VEGFA [15] and its most important

receptor VEGFR2 [16] encoded by FLK1. The binding of VEGFA–

VEGFR2 is the master promoter of angiogenic effects [15]. The

effect of HIF-2a on angiogenesis is not limited to the VEGF

pathway. PDGFB [17] and the ANGPT1/Tie2 [18] axis are also

positively regulated by HIF-2a to induce angiogenesis. In addition,

the cytokine interleukin-6 [19], which can promote tumor angio-

genesis by inducing VEGF synthesis, and adrenomedullin [20],

which can protect cells from apoptosis and vascular injury, are also

regulated by HIF-2a.
Excessive HIF-2a has also been proven to provoke tumor pro-

liferation and survival. HIF-2a stimulates the TGFa/EGFR path-

way [21,22] to promote tumor proliferation. HIF-2a also restrains

p53 activation by upregulating antioxidant genes to reduce reac-

tive oxygen species (ROS) levels and consequent DNA damage to

facilitate tumor survival [23]. Moreover, HIF-2a can enhance the

transcriptional activity of c-Myc and promotes overexpression of c-

Myc downstream genes to accelerate cell cycle progression [24,25].
TABLE 1

ccRCC development-related genes regulated by HIF-2

Function Gene Des

Angiogenesis VEGFA Vas
PDGFB Plat
FlK1 Vas
IL-6 Inte
ANGPT1/ Tie2 Ang
ADM Adr

Cell cycle and proliferation CCND1 Cyc
TGFa Tran
c-Myc MYC
SLC7A5 Larg

Metastasis CXCR4 C-X
MMP2 Mat
MMP9 Mat
SK1 Sph
CDCP1 CUB
GAS6/AXL Gro

Metabolism SLC2A1 Glu
PLIN2 Peri
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Another G1/S cell cycle regulatory protein, cyclin D1, is encoded

by CCND1. HIF-2a can bind to the enhancer of CCND1 to increase

the expression of Cyclin D1. Studies showed that silencing CCND1

in 786-O cell lines did not inhibit cell proliferation in vitro, but

could significantly inhibit the formation of xenograft tumors [26].

Additionally, HIF-2a upregulates expression of the amino acid

carrier SLC7A5 to potential the activity of mTORC1, which has a

crucial role in tumor cell growth and proliferation [27–29].

Furthermore, excessive HIF-2a can also enhance the invasion and

metastasis of ccRCC via the CXCR4/SDF1a axis, which induces

epithelial matrix transformation and promotes the generation of

RCC-derived cancer stem cells [30,31]. Additionally, HIF-2a pro-

motes GAS6/AXL signaling to control the proto-oncogene Met;

accelerating invasion and metastasis [32] and upregulating expres-

sion of matrix metalloproteases (MMPs) [33–36], CDCP1 [37], and

SK1 [38] to also promote ccRCC metastasis in different ways. The

metabolic process of ccRCC is also closely related to HIF-2a. HIF-2a
accelerates cell glycolytic process by upregulating GLUT1 to adapt

cells tohypoxia. In2011,Chanetal. discovered thatsilencingGLUT1

can promote apoptosis of the RCC cell line RCC4 [39,40]. PLIN2,

another HIF-2a target gene, facilitates the formation of lipid dro-

plets in cells, which results in a clear appearance of ccRCC cells.

Furthermore, lipid droplets have also been shown to have important

relationships with cell survival in ccRCC [41].

In summary, uncontrolled HIF-2a regulates the expression of

hundreds of hypoxia-associated genes, some of which can pro-

mote the progress of ccRCC via various mechanisms. Compared

with the current antiangiogenic therapy for the treatment of RCC,

therapies targeting HIF-2a have the potential to regulate most of

the hypoxia-related signaling pathways and, thus, could be a more

effective option.

HIF-2a/ARNT allosteric inhibitors
Discovery and validation of target
Although the importance of HIF-2a as an oncogenic protein in

VHL-deficient ccRCC has long been widely accepted, there were

few studies that explored HIF-2a inhibitors. In 2009, Gardner et al.
cription Refs
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unexpectedly discovered that the HIF-2a-PASB domain has a

closed 290 Å3 internal cavity, which is occupied by eight ordered,

bound water molecules to form a hydrogen-bonding network with

polar residues [Protein Data Bank (PDB) ID: 3F1P] [8,9] (Fig. 2a).

Subsequently, they obtained several lead compounds, capable of

binding to this cavity, through a nuclear magnetic resonance

(NMR)-based ligand screening method. Several rounds of

structure–activity relationship (SAR) studies were carried out on

the lead compounds to obtain a class of bicyclic molecules with

high HIF-2a-PASB domain binding affinity. THS-044 (1), a com-

pound with KD =2 mM tested by isothermal titration calorimetry

(ITC), was selected for follow-up studies. The crystal structure (PDB

ID: 3F1O) indicated that THS-044 occupies the cavity inside HIF-

2a-PASB and interacts with residues including His248, Tyr281,

Ser292, and His293 (Fig. 2b). A 15N/1H heteronuclear singular

quantum correlation (HSQC)-based titration assay was conducted

to assess the inhibitory effect of THS-044 on the dimerization of

HIF-2a-PASB and ARNT-PASB. This assay revealed that 100 mM

THS-044 was able to significantly attenuate the stability of the

PASB heterodimer, weakening its dissociation constant from
(a)

(b)
THS-044 (1)

FIGURE 2

Discovery of the internal cavity of HIF-2a. (a) The 290 Å3 cavity (grey surface) insi
molecules (red spheres) forming a hydrogen bond network with the polar residue
black numbers (in Angstroms) in white boxes. [Protein data bank (PDB) ID: 3F1P
120 mM to 400 mM [8]. This demonstrated that it is feasible to perturb

HIF-2 activity by binding small molecules to the cavity in the HIF-2a-
PASB domain. These bicyclic compounds are the leads for HIF-2a
inhibitors.

Structural basis of HIF-2a allosteric inhibition
Although bicyclic compounds, such as THS-044, are capable of

inhibiting the dimerization of HIF-2a and ARNT, analysis of the

inhibition mechanism has been limited to the HIF-2a-PASB do-

main and is not clear. In 2013, Tambar et al. proposed a hypothesis

that the internal cavity of the HIF-2a-PASB domain can be bound

by small molecules, leading to conformational changes and inter-

ruption of HIF dimerization [42]. In 2015, a crystal structure

characterization that was integral to increasing understanding

of HIF was reported by Wu et al., analyzing all cavities of HIF that

might enable small-molecule binding [11]. Then, in 2016, Josey

et al. proposed a possible allosteric inhibition mechanism.

The binding of antagonists to the HIF-2a-PASB cavity changes

the conformation of Met252, Tyr278, and His293, disturbing the

dimerization of the HIF-2a-PASB domain and ARNT-PASB domain
Ser292
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de hypoxia-inducible factor 2 (HIF-2)-a and the eight ordered, bound water
s around the cavity. The distances between individual atoms are marked as
]. (b) THS-044 (cyan stick) occupies the cavity (PDB ID: 3F1O).
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[43]. In 2019, Wu et al. reported a HIF-2a allosteric inhibition

mechanism in detail [44]. The complex structure (PDB ID: 6E3S)

comprising PT2385 (2), a HIF-2a inhibitor in a clinical Phase II

trial, and the HIF-2a-ARNT heterodimer, was obtained at 3 Å

resolution. The superposition of this crystal structure and apo

HIF-2a-ARNT (PDB ID: 4ZP4) indicated that PT2385 caused a

dramatic conformational change of the His293 and Met252 resi-

dues in the HIF-2a-PASB domain (Fig. 3a): the imidazole ring of

His293 underwent an~45� rotation so that the nitrogen atom on

the imidazole ring could form a hydrogen bond with the hydroxyl

group of PT2385. Furthermore, PT2385 occupied the position of

the apo Met252 side chain and squeezed the side chain towards the

binding surface of HIF-2a-PASB and ARNT-PASB. This change

resulted in varying degrees of shifting of the residue positions

on the binding surface, weakening the binding capacity between

the two PASB domains [44] (Fig. 3a).
(a)

(b) (c)

HIF-2α-PASB

Fα

Eα

Inh

ARNT-PASB

His293

His293 His293

His293

Met252 Met252

Met252

Met252

Met252
3 4

THS-044 (1) PT2385 (2)

FIGURE 3

Allosteric mechanism of HIF-2a inhibitors. (a) Overlay of crystal structure of PT238
6E3S, white) and apo HIF-2 complex (PDB ID: 4ZP4, green). The HIF-2a-PASB and ary
by their Ea, Fa, Ab, Ib, and Hb structures, respectively. The addition of PT2385 m
junction (white stick), impairing the binding affinity of the two proteins. (b) Under t
in the HIF-2a-PASB domain changed to varying degrees. His293 and Met252 in the a
structure containing THS-044 is shown as a light-blue stick (PDB ID: 3F1O), compo
stick (PDB ID: 4GHI), and PT2385 as a white stick (PDB ID: 5TBM). Of these, PT2385
diagram of the allosteric inhibitory mechanism.
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In addition to the characterization by crystallography, mutation

strategies have also been used to explain the mechanism of HIF-2a
inhibition. The amino acidsat the junction of the two PASB domains

were mutated, and thenco-immunoprecipitation (co-IP) assays were

performed to verify whether the mutation affected dimerization

[11]. The results of the mutagenesis tests indicated that most of the

mutations significantly impaired the dimerization of the two pro-

teins.This conclusionfurther demonstrates thatalteringthe Met252

conformation is key to allosteric inhibition of HIF-2 activity.

To explore commonalities of different types of HIF-2a inhibitor,

four crystal structures containing different inhibitors (THS-044,

PT2385, 3 and 4) were superimposed with apo HIF-2a-PASB using

the ‘superimpose proteins’ tool of the Discovery Studio Client 4.0

(Fig. 4b). The results showed that, compared with the apo protein,

the conformation of His293 and Met252 was significantly changed

in all four superimposition structures (Fig. 3b). THS-044 and
HIF-2α-PASB

ibitor HIF-2 α-PASB

Complex ARNT-PASB

ARNT-PASB

Unstable HIF-2 complex

Stable HIF-2 complex

+

+
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5 and hypoxia-inducible factor 2 (HIF-2) complex [Protein data bank (PDB) ID:
l hydrocarbon receptor nuclear translocator (ARNT)-PASB domains are linked
oves the Met252 (green stick) side chain in the HIF-2a-PASB domain to the
he action of four inhibitors, the conformation of His293 and Met252 residues
po HIF-2a-PASB domain are shown as green sticks (PDB ID: 3F1P). The crystal
und 3 is shown as a yellow stick (PDB ID: 4XT2), compound 4 as a magenta

 affected the greatest Met252 side chain conformation change. (c) Schematic
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FIGURE 4

Schematic diagram of hypoxia-inducible factor 2 (HIF-2) inhibitor optimization. (a) The tetrazole class HIF-2a inhibitor. (b) Development of the bicyclic class HIF-
2a inhibitors. Initially, a series of bicyclic compounds (such as compounds 1 and 8–12) that inhibit HIF-2 activity were obtained by high-throughput screening.
Subsequent to the preliminary structure–activity relationship (SAR) study of compound 13, compound 4 exhibited the highest binding affinity. Following this,
compound 4 was used as the starting point for further in-depth four-step structure-based modification and druggability optimization to obtain PT2385, which
was first selected for clinical trials. After further optimization of the drug metabolism and pharmacokinetics (DMPK) profile of PT2385, PT2977 was obtained as a
second-generation HIF-2a inhibitor.
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PT2385 utilized the rotatability of the His293 side chain to form

hydrogen bonds, enhancing their binding to the cavity; this

confirmed that hydrogen bond formation with His293 should

be an important consideration in the design of an inhibitor. In

the four structures, movement of the side chain of Met252 was

significant, and the results appeared to indicate a certain degree of

positive correlation between the angle of Met252 flipping and the

inhibitory ability of the compounds (Fig. 3b).

From these structural principles, it is known that HIF-2a inhi-

bitors require two abilities: first, the ability to bind to the internal

cavity of PASB, and second, the ability to change the conformation

of Met252 [45]. Therefore, the binding constant KD is not the only

criterion for evaluating the ability of a compound to inhibit HIF-

2a; whether it can trigger a biological effect caused by the decrease

of HIF-2 activity is also an important index for evaluating HIF-2a
inhibitors, which can be tested via assays such as luciferase report-

er gene assay and VEGFA ELISA assay.

Structural optimization of HIF-2a inhibitors
Currently, HIF-2a inhibitors that bind to the HIF-2a-PASB domain

can be roughly divided into two classes of bicyclic and tetrazole

scaffolds. The first tetrazole HIF-2a inhibitor 5 was obtained

during high-throughput screening (HTS) [46]. In 2015, Tambar

et al. synthesized a series of tetrazole compounds with different B

and C ring substitutions of 5-aminotetrazole and substituted

chalcone [47]. Interestingly, only compounds in the 2S,4R config-

uration had an inhibitory effect on HIF-2a, whereas compounds in

the 2R,4S configuration had little activity. Ultimately, 6 and 7 with

the best binding affinity were obtained (Fig. 4a). Furthermore,

compound 7 was able to effectively inhibit the mRNA level of the

HIF-2a target gene EPO in Hep3B cells under hypoxic conditions

(1% O2 concentration) [47]. However, such compounds might be

impractical because of insufficient hydrophilicity. No follow-up

studies have been reported as yet.

Present research on HIF-2a inhibitors mainly focuses on bicyclic

compounds, most of which have two aromatic rings connected by

one or two atoms. In 2009, Gardner et al. screened 200 000 structur-

ally diverse small molecules by NMR-based ligand binding assay [8].

Several compounds exhibited low micromolar equilibrium dissoci-

ation constants (compounds 1and 8–13) [8],ofwhichoxadiazole13

had the best protein binding affinity and was chosen as the starting

pointforSARresearch[42].Thestructure of13was dividedintothree

parts: the A-ring, B-ring, and the connecting atom (Fig. 4b). It was

concluded that the nitro-oxadiazole structure in ring A is important

for activity: the removal or substitution of the oxadiazole structure

by benzimidazole resulted in a substantially decreased binding

affinity. Similarly, removal of the nitro group or its reduction to

the amine also decreased in activity. The activity was optimal when

the connecting atom was a nitrogen atom. The best cavity-matching

and binding affinity was obtained when the A-ring was meta-dihalo-

gen substituted. As a result of structural optimization, compound 4

was obtained with the highest protein binding affinity of KD

= 81 nM (Fig. 4b). Subsequently, real-time fluorescence quantitative

PCR (RT-PCR) and co-IP assays were conducted to verify that com-

pound 4 can selectively inhibit HIF-2a-related downstream genes

expression in vitro without affecting HIF-1a [48].

Although compound 4 has good binding affinity with HIF-2a,
its ability to inhibit HIF-2a in vivo is not as expected, which might
2338 www.drugdiscoverytoday.com
be because of its inconspicuous interference with Met252 confor-

mation in the HIF-2a-PASB domain (Fig. 3b, magenta stick). A new

round of structural optimization starting with 4 was conducted by

Peloton Therapeutics, Inc. [45] (Fig. 4b). The scintillation proxim-

ity assay (SPA) was used to detect dissociation of the protein–

compound interaction, and HIF-2a-driven HRE-dependent lucif-

erase and VEGFA ELISA assays were carried out to evaluate HIF-2a
inhibition. At the beginning of optimization, it was believed that

the interaction between Tyr281 and electron-deficient B-ring was

key. Some strong electron-withdrawing groups were introduced to

replace the B-ring oxadiazole (14) and nitro (15) (Fig. 4b). The

activity results indicated that the stronger the electron-withdraw-

ing ability of the introduced group, the lower the electron density

of the A-ring, and the better the activity. Furthermore, when large

hydrophilic substituents were incorporated at position 3 of the B-

ring (16), an unexpected significant increase in activity was

achieved when methylol was substituted, which formed a hydro-

gen-bond network with His293, Tyr281, and a water molecule. To

enhance this interaction mode, two types of cyclic scaffold were

designed to constrain this hydroxyl to form stronger hydrogen

bonds (17 and 18). The activity data indicated higher protein

affinity of (S)-17 and (S)-18 than their corresponding enantio-

mers, and that the hydroxyl group of the S configuration was an

essential group for binding. Compounds PT2399 (19), 20, and

PT2385 (2) were chosen as candidates. After a series of studies on

pharmacokinetics/pharmacodynamics (PK/PD), efficacy, PK and

metabolic profiling, compound 2 (PT2385) with the best balance

of activity and druggability (VEGFA EC50 = 41 � 12 nM, free

fraction adjusted EC50 = 158 nM) was selected as the first HIF-2a
inhibitor to enter clinical trials [44,45] (Fig. 4b).

In a clinical Phase I trial, PT2385 showed a favorable safety

profile and was potent in patients with advanced ccRCC [49].

However, in clinical PK studies, PT2385 revealed disadvantageous

interindividual PK variability (free fraction adjusted to EC85

= 540 ng/ml). Based on the analysis of clinical PK data, excessive

glucuronidation of its hydroxyl group was considered to be the

reason for the unfavorable PK properties of PT2385 [50]. To

decrease the glucuronidation of PT2385 and improve bioavail-

ability, Peloton Therapeutics developed the second-generation

HIF-2a inhibitor PT2977 (21) (Fig. 4b). Structurally, PT2977

removes a fluorine atom adjacent to the hydroxyl group, increas-

ing the pKa of the hydroxyl group and thereby weakening the

glucuronidation reactivity (free fraction adjusted EC85 = 75 ng/

ml). The introduction of a fluorine atom in the B-ring benzyl group

weakens the B-ring electron cloud density to enhance the interac-

tion of the B-ring and Tyr281 to improve potency (VEGFA EC50 =

17 nM). In preclinical xenograft models of ccRCC, PT2977 was

approximately tenfold more potent than PT2385. Clinical trials

of PT2977 revealed its good safety profile and promising efficacy

with a confirmed response rate of 22%. According to reports by

Peloton Therapeutics, Inc., a PT2977 monotherapy Phase III trial

in patients with previously treated advanced RCC is planned [50]

(Fig. 4b).

Concluding remarks
Inactivation of VHL occurs in >90% of ccRCCs, which leads to an

increase in the expression level of HIF-2a. Overexpression of HIF-

2a leads to transcriptional activation of its downstream genes.
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These gene expression products are involved in angiogenesis,

invasion and metastasis, cell cycle, and metabolism disruption

in the progression of ccRCC. Direct inhibition of HIF-2a might be

a more effective strategy than inhibition of angiogenic pathways

alone to treat VHL-deficient ccRCC. HIF-2a allosteric inhibitors

interfere with the dimerization of the two subunits HIF-2a and

ARNT by altering the Met252 conformation inside the cavity of the

HIF-2a-PASB domain, thereby inhibiting HIF-2 activity. The rep-

resentative HIF-2a inhibitor PT2977 has an excellent PK profile

and encouraging clinical activity in clinical Phase II trials for the

treatment of advanced RCC.

Although HIF-2a inhibitors PT2385 and PT2977 have exhib-

ited favorable performance in the treatment of ccRCC, the prob-

lem of drug resistance because of tumor mutations also exists. A

preclinical study in PT2399 (an analog of PT2385, Fig. 4b)

reported that ccRCC xenografts in mice acquired resistance after

long-term use of PT2399. The two leading mutations were to

G323E of HIF-2a and F446 L of ARNT [51,52]. In a recent study,

Wu et al. used a TR-FRET-based assay to analyze the effects of two

mutations on PT2385 activity. The HIF-2a G323E mutation had

little effect on the binding affinity of the dimer itself, but the

inhibiting effect of PT2385 was almost lost; they speculated that

this mutation restricted entry of PT2385 into the cavity. The

other mutation to F446 L of ARNT enhanced the binding affinity

of the two subunits, and PT2385 was able to inhibit subunit

dimerization in a dose-dependent manner but with strikingly

reduced activity [44]. Therefore, areas of future research focus

could include the discovery of HIF-2a inhibitors that can over-

come drug-resistant mutations, as well as the possible design in
light of previous reports of novel HIF-2a inhibitors for other drug

binding pockets of HIF-2a (such as the PAS-A domain). In addition

to the direct allosteric regulation of HIF by small molecules, there

are also many indirect regulatory strategies. It is also possible for a

compound to have a good effect on patients with ccRCC through

such indirect regulatory strategies [53].

Wu et al. first reported HIF-2 agonists M1001 and M1002 in

2019, which bind to the same pocket as HIF-2 inhibitors [44].

After binding to the pocket, Tyr281 is squeezed from the inside of

the cavity to the subunit binding surface to form hydrogen bonds

with the Tyr456 of ARNT. This change enhances the stability of

the HIF-2 complex and increases its activity. The discovery of HIF-

2 agonists offers new possibilities for the treatment of some HIF-

2a-deficient diseases, such as renal anemia. Studies demonstrated

that M1002 has little effect on HIF-2a target genes, but can

significantly elevate intracellular EPO levels when used in com-

bination with a PHD inhibitor, which can upregulate the content

of HIF-2a [44]. Thus, designing or screening more effective HIF-2

agonists might be a new strategy for the treatment of renal

anemia.
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