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Purpose: The heterodimeric transcription factor HIF-2 is
arguably the most important driver of clear cell renal cell
carcinoma (ccRCC). Although considered undruggable, struc-
tural analyses at the University of Texas Southwestern Medical
Center (UTSW, Dallas, TX) identified a vulnerability in the o
subunit, which heterodimerizes with HIF1p, ultimately leading
to the development of PT2385, a first-in-class inhibitor.
PT2385 was safe and active in a first-in-human phase I clinical
trial of patients with extensively pretreated ccRCC at UTSW and
elsewhere. There were no dose-limiting toxicities, and disease
control >4 months was achieved in 42% of patients.

Patients and Methods: We conducted a prospective compan-
ion substudy involving a subset of patients enrolled in the phase I
clinical trial at UTSW (n = 10), who were treated at the phase II
dose or above, involving multiparametric MRI, blood draws, and
serial biopsies for biochemical, whole exome, and RNA-
sequencing studies.
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Results: PT2385 inhibited HIF-2 in nontumor tissues, as
determined by a reduction in erythropoietin levels (a pharma-
codynamic marker), in all but one patient, who had the lowest
drug concentrations. PT2385 dissociated HIF-2 complexes in
ccRCC metastases, and inhibited HIF-2 target gene expression. In
contrast, HIF-1 complexes were unaffected. Prolonged PT2385
treatment resulted in the acquisition of resistance, and we
identified a gatekeeper mutation (G323E) in HIF20, which
interferes with drug binding and precluded HIF-2 complex
dissociation. In addition, we identified an acquired TP53 muta-
tion elsewhere, suggesting a possible alternate mechanism of
resistance.

Conclusions: These findings demonstrate a core dependency
on HIF-2 in metastatic ccRCC and establish PT2385 as a highly
specific HIF-2 inhibitor in humans. New approaches will be
required to target mutant HIF-2 beyond PT2385 or the closely
related PT2977 (MK-6482).

Introduction

Clear cell renal cell carcinoma (ccRCC) is characterized by inac-
tivation of the tumor suppressor gene, von Hippel-Lindau (VHL),
which occurs in the majority of tumors (1). pVHL functions as the
substrate recognition subunit of an E3 ubiquitin ligase complex that
targets the o subunit of the heterodimeric hypoxia-inducible factor
(HIF) transcription factor for degradation (2). When VHL is inacti-
vated, HIFo constitutively accumulates, binds the HIF1 subunit (also
called ARNT), and induces downstream gene expression (3). Among
the three known HIFo subunits, HIF2c is believed to be the critical
ccRCC driver (4-6). The HIF-2 complex promotes the expression of
over 100 proteins including VEGF (VEGFA), which binds VEGF
receptor-2 (VEGFR2) on endothelial cells to promote angiogenesis
(7). ccRCC is characterized by high levels of VEGF (8), and multiple
inhibitors of VEGF/VEGFR2 are approved for the treatment of
advanced ccRCC (9).

In addition to VEGF, HIF-2 also stimulates cell cycle progression
and maintains stemness, which likely contribute to tumorigene-
sis (4, 10). Thus, inhibiting HIF-2 would not only target the pathway
more proximally, but also more broadly. However, as a transcription
factor, HIF-2 has traditionally been regarded as undruggable (11).
Nevertheless, structural analyses at UT Southwestern Medical
Center (UTSW, Dallas, TX) identified a vulnerability in the PAS-B
domain of HIF20, which paved the way for the identification of
small-molecule inhibitors (12, 13). These inhibitors induce a con-
formational change in the PAS-B domain, which interferes with the
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Translational Relevance

We report that a first-in-class, first-in-human, HIF2o inhibitor
(PT2385) effectively inhibits HIF-2 both in nontumor as well as
tumor tissues, leading to the dissociation of HIF-2 complexes, and
the inhibition of target genes. This effect is specific for HIF-2, and
HIF-1 complexes were unaffected. We identify, for the first time in
humans, a resistance mutation, which validates HIF2c as the drug
target, and reveals a fundamental dependency on HIF-2 for tumor
progression. This study establishes a core dependency in ccRCC
that may be further exploited therapeutically.

assembly of HIF20/HIF1P heterodimers (14). These inhibitors
led to the development of PT2385 by Peloton Therapeutics,
Inc.,, in the UTSW BioCenter (and the highly related tool com-
pound, PT2399; refs. 15-17). PT2385 was evaluated in a phase I
dose escalation/expansion clinical trial, where it was found to be
well-tolerated and showed clinical activity (18). Among 51 patients
in the trial, 21 patients had disease control for at least 4 months.
However, whether PT2385 effectively inhibits HIF-2 in patients
with ccRCC, how specific the effect is, and the overall importance of
HIF-2 in c¢cRCC progression is poorly understood.

Patients and Methods

Study design and participants

This was a prospective, nontherapeutic pilot imaging and biomark-
er companion study approved by IntegReview Institutional Review
Board (IRB) at UTSW (STU 062015-063), involving a subset of
patients in the phase I clinical trial “Phase I, Multiple-Dose, Dose-
Escalation Trial of PT2385 Tablets, a HIF-2ot Inhibitor, in Patients
with Advanced Clear Cell Renal Cell Carcinoma (NCT02293980).” All
patients in this companion study were enrolled in the phase I trial at
UTSW, and all were treated at the recommended phase II dose or
above. This companion trial was performed in accordance with the
Declaration of Helsinki and approved by the IRB. All patients provided
written informed consent. Patients with advanced or metastatic ccRCC
who consented to the phase I trial of PT2385 and were treated at
UTSW were eligible. The study involved several interventions, includ-
ing contrast-enhanced MRI, which required an estimated glomerular
filtration rate (eGFR) >30 mL/minute/1.73m? and at least one can-
didate intra-abdominal, intrathoracic, or osseous lesion >2.5 cm.
Subjects who had a contraindication to magnetic resonance imaging
(MRI) could still participate in the blood collection and optional tumor
biopsy portions of this study. Patient identification numbers are
chronologic and were those assigned for the phase I trial (18). Patient
samples were also collected as part of a UTSW IRB-approved tissue
collection protocol (“Kidney Cancer New Pathway Discovery Project,”
STU 012011-190). Descriptive data are presented and includes weeks
on treatment as well as progression-free survival (PFS), which may
differ slightly depending upon when drug was stopped.

Procedures

Multiparametric MRI (mpMRI) was performed and blood samples
were collected during screening, on treatment (at 2, 6-7, and 16 weeks),
and at progression. Optional core tumor biopsies were performed
during screening, on treatment (at weeks 6-7), and at progression.
Additional core biopsies could be obtained from a responding or
progressing lesion at one additional time point while the patient was on
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treatment. Erythropoietin (EPO) levels and plasma concentration of
PT2385 were measured by Peloton Therapeutics as part of the phase I
trial (18).

MRI protocol and analyses

All exams were performed on a 3T MRI scanner (Philips) using a
phased-array surface coil. Coronal and axial T2-weighted imaging,
axial diffusion-weighted imaging (DWI), and coronal dynamic
contrast-enhanced (DCE) acquisitions were obtained through the
abdomen (Supplementary Table S1). DCE MRI was performed with
a three-dimensional (3D) T1-weighted (T1W) spoiled gradient-echo
(SPGR) acquisition before, during, and after the intravenous admin-
istration of 0.1 mmol/kg of gadobutrol (Gadavist; Bayer Healthcare
Pharmaceuticals) at a rate of 2 mL/second followed by a 20-mL saline
flush at 2 mL/second. Images were obtained for a total of 6 minutes and
15 seconds with a 5-second temporal resolution. Three dynamic
phases were acquired during breath-hold intervals with 15-second
free-breathing cycles. To generate a T1 map, three additional coronal
3D T1W SPGR acquisitions were obtained prior to the administration
of contrast using the same acquisition parameters as those of the DCE
MRI acquisition except for flip angles of 10°, 5°, and 2°, respectively.

Two-dimensional arterial spin labeled (ASL) MRI was acquired
prior to administration of contrast via pseudo-continuous labeling of
the abdominal aorta as described previously (ref. 19; Supplementary
Table S1). ASL images were prescribed in the axial or coronal plane by a
fellowship-trained radiologist with expertise in MRI (I. Pedrosa,
17 years of experience) to cover the center of each target lesion.

mpMRI acquisition parameters for ASL, DCE, and DWT are pre-
sented in Supplementary Table S1. DCE images were processed using a
commercial software (VersaVue, iCAD Inc.) to generate quantitative
maps of K™ and K., from the extended Tofts model (20). ASL
perfusion difference and quantitative perfusion maps were generated
using Matlab (The MathWorks Inc.) as described previously (19).
Apparent diffusion coefficient (ADC) maps (x 10~% mm?/sec) were
generated using a mono-exponential model.

All MRI acquisitions were reviewed on an open-source Picture
Archiving and Communication System workstation (OsiriX, Pix-
meo). Regions of interest (ROI) were drawn by a fellowship-trained
radiologist (A. Diaz de Leon, 5 years of experience) on the pre-
treatment mpMRI. Subsequent mpMRIs were analyzed by drawing
ROIs in the same lesions using the baseline mpMRI as the reference
for comparison. The radiologist was blinded to clinical data but
unblinded to patient study ID. On the quantitative ASL perfusion
maps, whole-lesion ROIs were drawn to outline the periphery of the
lesion, avoiding the contour to minimize partial volume effects, to
determine the mean perfusion level of the lesion in milliliters per
minute per 100 g of tissue (mL/minute/100 g). Similar ROIs of the
entire lesion were drawn on the DCE quantitative K™ (min™")
and K., (min™ 1) maps, on a slice location that best matched the
position of the ASL acquisition when feasible. On the ADC maps, a
whole-lesion ROI was drawn on a single image that included the
center of each target lesion. Data on DCE and DWI were not
informative and are not included.

Sample nomenclature key

Nomenclature for tumor and tumorgraft identification is shown in
Supplementary Table S2. Methods for generation of tumorgrafts and
preclinical drug trials in mice were described previously (16, 21, 22).

List of abbreviations
Abbreviations are shown in Supplementary Table S3.
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Proximity ligation assay

Proximity ligation assays (PLA) were performed as described
previously (16). Mouse anti-HIF1o, (NB100-105; Novus Biologicals),
mouse anti-HIF2o. (sc-46691X; Santa Cruz Biotechnology), and rabbit
anti-ARNT/HIF1f (A302-765A; Bethyl Laboratories) were used.
Primary antibodies were concentrated and buffers were exchanged
using a Vivaspin 500 Centrifugal Concentrator (VS0131; Thermo
Fisher Scientific). Antibodies were diluted to 1 mg/mL in PBS. Primary
antibody conjugation was done with a Duolink In situ Probemaker
MINUS/PLUS Kit (DUO92010 and DUO92009; Sigma-Aldrich).
Briefly, 2uL of conjugation buffer was added to 20uL of the
antibody (1mg/mL), mixed gently, transferred to one vial of
lyophilized oligonucleotide (PLUS or MINUS), and incubated at
room temperature overnight. Two microliters of stop reagent was
then added to the reaction and incubated at room temperature for
30 minutes. Storage solution (24 uL) was added and the conjugate
was stored at 4°C. Tumor tissue was blocked with PBS-Triton (0.1%
Triton X-100) +1% BSA for 30 minutes after antigen retrieval.
Conjugated HIFlo-MINUS, HIF20-MINUS, and HIF1B-PLUS
were diluted in blocking buffer containing 1x assay reagent at a
dilution of 1:50, 1:50, and 1:200, respectively. The antibodies were
allowed to sit for 20 minutes at room temperature before they were
added to each sample. Slides were incubated in a humidity chamber
overnight at 4°C. Duolink In situ Detection Reagents FarRed
(DUO92013-30RXN; Sigma-Aldrich) were used for signal detec-
tion. Briefly, slides were washed with wash buffer A (catalog no.
DUO82047; Sigma-Aldrich), a ligation solution containing ligase at
a 1:40 was added, and slides were incubated in a preheated humidity
chamber for 30 minutes at 37°C. After washing in buffer A with
gentle agitation, amplification solution containing the polymerase
was added at a 1:80 dilution, and slides were then incubated in a
preheated humidity chamber for 100 minutes at 37°C. After wash-
ing in buffer B (catalog no. DUO82048; Sigma-Aldrich) and then
0.01 x buffer B, slides were dried at room temperature in the dark
and mounted with a coverslip using a minimal volume of Duolink
In situ Mounting Medium with DAPI (DUO82040; Sigma-Aldrich).
After approximately 15 minutes, slides were analyzed by confocal
microscopy (Nikon) using a 63 x objective. Image analysis was done
with the Image] 1.48V program, and performed blinded to the
sample IDs. Pictures of three fields for each sample were used.
At least 20 cells of each sample were counted. Pt27 samples were
derived from touchpreps of an iliac mass biopsy pretreatment and
then a biopsy of this same mass at week 6/7 on-treatment. Pt35
samples were derived from touchpreps of a liver tumor biopsy
pretreatment and then a biopsy of this same mass at week 6/7 on-
treatment. Pt45 samples were derived from touchpreps of a left
adrenal mass biopsy pretreatment and then a biopsy of this same
mass at week 6/7 on-treatment.

Whole-exome sequencing and mutation calling

Whole-exome sequencing (WES) was performed by Admera
Health. DNA libraries were prepared using Integrated DNA Tech-
nologies xGen Lockdown Panel v1.0. Libraries were then sequenced at
>100x coverage using Illumina's HiSeq 4000 with 150 bp pair-end
reads. We used the Quantitative Biomedical Research Center (QBRC)
mutation calling pipeline for somatic mutation calling, developed at
UTSW  (https://github.com/tianshilu/QBRC-Somatic-Pipeline). In
short, exome-seq reads were aligned to the human reference genome
(Hg38) by BWA-MEM (23). Picard was used to add read group
information and sambamba was used to mark PCR duplicates. The
Genome Analysis Toolkit was used to perform base quality score
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recalibration and local realignment around insertion/deletions (indels;
refs. 24-26). MuTect, VarScan, Shimmer, SpeedSeq, Manta, and
Strelka2 were used to call SNPs and indels (27-30). A mutation that
was repeatedly called by any two of these software programs was
retained. Annovar was used to annotate SNPs and indels, as well as
protein sequence changes (31). All SNPs and indels were combined
and only kept if there were at least seven total reads in the normal
sample (wild-type and variant) and at least three variant reads in the
tumor sample. Intronic, untranslated regions, and intergenic muta-
tions were filtered out. Missense mutations predicted as benign by both
PolyPhen-2 and Sorting Intolerant from Tolerant (SIFT), which have a
<5% chance to induce functional changes at the protein level, were
filtered out (32). Somatic mutations were annotated according to the
variant allele frequencies in the normal (<5%) and tumor (>5% and at
least two times larger than the variant allele frequency in the normal
sample) samples. These studies were complemented through direct
visualization of the mutated reads using the Integrated Genomics
Viewer (IGV; Broad Institute). Color of the mutation depends upon
the type of substitution.

Sequencing data for patients specifically consenting to have their
genomic data shared in a public database will be deposited in the
European Genome-phenome Archive under accession number
EGAS00001003506.

RNA-sequence and analyses

mRNA was extracted from total RNA from flash frozen tumor
tissue using NEBNext Poly(A) mRNA Magnetic Isolation Module
Kits from New England BioLabs and library preparation was
performed using Illumina's NEBNext Ultra RNA Library Prep Kit.
Sequencing was performed at Admera Health Precision Medicine
and Molecular Diagnostics Lab using Illumina's HiSeq4000 with
average sequencing depth of 40M reads and 150 bp pair-end reads.
FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/)
was applied to conduct quality control procedures, with the parameters
“—extract —threads 48 -q.” RNA-sequencing (RNA-seq) reads were
aligned to the human reference genome GRCh38 (hg38) using
STAR (33) with the parameters “~runThreadN 48 —outSAMtype BAM
Unsorted —outReandsUnmapped Fastx.” FeatureCounts (34) with
parameters “-—primary -O -t exon -g transcript_id -s 0 -T 48
-largestOverlap —minOverlap 3 —ignoreDup -p -P -B -C” was then
used to measure gene expression levels. The human genome annota-
tion file employed by FeatureCounts was downloaded from UCSC
table browser under the RefSeq Gene track. Downstream analyses were
performed in an R computing environment. Reads per kilobase million
(RPKM) values were calculated from gene read counts. RPKM values
were then log,-transformed and quantile normalized.

Gene signature enrichment analysis was carried out using the
single sample gene set enrichment analysis (ssGSEA) method (35)
given a set of signature genes (e.g., HIF-2 target signature). Specifically,
ssGSEA analysis was performed using the R Gene Set Variation
Analysis (GSVA) package by calling the gsva function with parameter
method = “ssgsea” and rnaseq = T (36).

Statistical analyses

For mpMRI, planned analyses were mostly descriptive. We sum-
marized continuous variables by mean, SD, and 95% confidence
interval (CI), and categorical variables by frequency and percentage.
We estimated intrapatient changes in tumor perfusion (by ASL), K"
(by DCE), and ADC (by DWI), together with their 95% CIs. Median
and 95% CI were used to report the response to PT2385 in terms of (i)
RECIST 1.1, (ii) 10% reduction in sum of the longest one-dimensional
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diameters (SLD), (iii) change in K"**, and (iv) ADC. Significance of
ASL perfusion changes at 2 weeks of PT2385 treatment was deter-
mined using a linear mixed model.

A logarithmic regression was used to fit the curve of EPO with
trough PT2385 levels, whereas polynomial regression was used to fit
the curve of EPO with reticulocytes. For PLA analyses, the Student ¢
test was used to analyze for significant differences by patient in the
number of HIF-1 and HIF-2 complexes between pretreatment and
on-treatment tissue samples. GSEA for HIF-2 target genes (see
ref. 16) was completed using the GSVA package (36) with the
ssGSEA method. A mixed model was used to determine whether the
expression estimates obtained were significantly different for pre-
treatment versus on-treatment patient biopsies from sensitive
patients, using a compound symmetric covariance structure to
account for correlation of estimates from the same patient. Heat-
maps were created to visualize the expression of individual genes of
the HIF-2 target gene signature.

Online content
Additional supplementary materials, additional references,
source data, and clinical trial protocols are available online.

Results

To obtain insight into the mechanism of PT2385 action against
ccRCC in humans, we implemented an IRB-approved protocol
(UTSW STU 062015-063), enabling translational studies on patients
at UTSW participating in the PT2385 phase I trial (NCT02293980).
Among 51 patients from six institutions in the phase I trial, 26 patients
enrolled in the dose-escalation phase and 25 in the dose-expansion.
Eleven patients enrolled in the study at UTSW at the recommended
phase II dose level or above, including 10 that participated in this
companion study (Table 1). The patient population was extensively
pretreated with a median number of 3.5 prior lines of therapy. Among
these patients, 5 had stable disease for at least 4 months (median
6.9 months) and 5 had progressive disease. VHL was mutated in
tumors from 5 of 9 patients for whom samples were available and VHL
mutations were enriched among patients with stable disease. However,
a VHL mutation was also found in a patient with progressive disease
(Table 1).

Multiparametric MRI analyses

We explored the effects of PT2385 with mpMRI. We used ASL
MRI to estimate tumor perfusion, which has been previously
employed to evaluate antiangiogenic therapy (Supplementary
Table S1; see Materials and Methods; refs. 37-41). Seven patients
underwent mpMRI. We measured ASL perfusion at sites of metas-
tases at baseline and following PT2385 initiation (Fig. 1). We
correlated ASL changes with changes in tumor size. At 2 weeks,
ASL perfusion decreased by 29% on average, but this was largely
driven by changes in one patient (Pt45; Fig. 1; Supplementary
Fig. S1A). We correlated maximal changes in ASL with time to
progression and with one exception (Pt27), we found that greater
reductions in ASL were associated with longer time to progression
(Supplementary Fig. S1B).

Functional HIF-2 inhibition in nontumor tissues by PT2385

We evaluated the effects of PT2385 on EPO over time. EPO, which is
secreted by kidney interstitial fibroblasts, is regulated by HIF-2 (42, 43)
and may serve as a pharmacodynamic marker (15, 16). We observed a
reduction in EPO at 2 weeks from baseline in 9 of 10 patients (Fig. 1;
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Table 1. Summary of patients enrolled in phase | companion protocol.
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Best
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SD
PD
PD
SD

22°
8C

5¢

No

67
N/A
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0.49

3

47
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167
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No
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m
@

18
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1

Yes
Yes
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50
27

77
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1.41
0.8
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1

26
27

5c

70

1.21

2

3)

36
36
162
33
228

PD
PD
SD
PD
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'lC
4
0
4
6C

Yes
Yes
Yes
Yes

Abbreviations: D15, day 15; mut, mutant; N/A, not available (or applicable); PD, progressive disease; PFS, progression-free survival; SD, stable disease (for at least 4 months); wt, wild-type; yrs, age in years at start of trial.
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Figure 1.

Integrated mpMRIimaging, pharmacodynamic, and pharmacokinetic analyses in patients participating in phase | trial of PT2385. Arterial spin labeled (ASL) perfusion
and longest diameter (LD) for the same target lesions at indicated time points following PT2385 administration. Erythropoietin is shown over time along with
circulating drug concentrations at trough on day 15 (orange dot). Total weeks on treatment shown by the red bar (same scale across all patients).

Supplementary Fig. S1C). The reduction in EPO had a logarithmic
correlation with PT2385 levels at trough (R* = 0.58; Supplementary
Fig. SID). The observed decrease in EPO was functionally significant,
and EPO levels were associated with a reduction in red blood cell
precursors, reticulocytes, through a quadratic relationship (R* = 0.58;
Supplementary Fig. S1E). Although one caveat is that some EPO may
be produced by some tumors, a reduction of tumor EPO by itself may
not be expected to reduce reticulocyte counts, so it is likely that the
effect observed is due to inhibition of HIF-2 in kidney interstitial
fibroblasts.

AACRJournals.org

In one patient (Pt44), EPO levels failed to decrease following
PT2385 administration (Fig. 1). The patient received the recom-
mended phase II dose (800 mg twice daily), but had the lowest trough
levels of PT2385 across the whole cohort (0.03 Lg/mL; Fig. 1; Table 1).
Thus, failure to achieve sufficient drug concentration in this patient
may account for the failure to inhibit HIF-2. Perhaps not surprisingly,
there were no significant changes in ASL perfusion and this patient
progressed quickly, remaining on drug for less than 5 weeks (Fig. 1).
Overall, these data show that HIF-2 was inhibited in nontumor tissues
in all but one patient, who likely achieved insufficient drug levels. Thus,
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at least as determined by HIF-2 inhibition in nontumor tissues,
adequate drug levels were achieved in all but one patient.

PT2385 specifically dissociates HIF-2 complexes in ccRCC
metastases

To evaluate the effect of PT2385 on HIF-2 specifically in tumors, we
leveraged on-treatment tumor biopsies. Pretreatment and on-
treatment samples that were adequate were available for 3 patients
(Pt27, Pt35, and Pt45). In all 3 patients, the same site was biopsied at
baseline and while on drug, and importantly, the drug was not
discontinued for the biopsy procedure. We asked whether PT2385
dissociated HIF20//HIF1p heterodimers using a PLA. We used anti-
bodies against HIF20. and HIF1B conjugated with complementary
oligonucleotides, which can amplify a signal (detected by fluorescence
microscopy) if they are in physical proximity. We readily detected
HIF-2 complexes at baseline and observed a statistically significant
decrease in HIF-2 complexes in 2 of the 3 patients (Pt27 and
Pt45; Fig. 2A). In these 2 patients, we examined HIF-1 complexes in

A Pretreatment

parallel (HIF1o/HIF1B). Similar levels of HIF-1 complexes were
identified in pretreatment and on-treatment samples (Supplementary
Fig. S2A). These data show that PT2385 dissociates HIF-2 complexes
in patient metastases and that the effect is specific for HIF-2.

Inhibition of HIF-2 gene expression program by PT2385 in
tumors

We next measured the impact of PT2385 on HIF-2-dependent gene
expression by RNA-seq. We performed gene expression analyses in
pretreatment and on-treatment biopsies. We previously defined the
HIF-2-dependent transcriptome in renal cancer using tumor-
grafts (16). RNA-seq analyses identified 296 genes downregulated by
the inhibitor compared with vehicle-treated tumorgrafts. Eliminating
noncoding RNAs and genes with unclear annotation reduced this list
to 277 genes, which were used for gene set enrichment analysis
(Supplementary Table S4). We observed a significant decrease in
HIF-2 target genes in tumors from Pt27 and Pt45, but not Pt35
(Fig. 2B). Interestingly, this correlated with HIF-2 complex
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week 6/7 of PT2385 (while receiving drug) compared with biopsies taken prior to treatment initiation for Pt27, Pt45, and Pt35. Representative images and
quantitative data are shown. B, Gene set enrichment analysis for the HIF-2 target gene signature, comparing pretreatment versus week 6/7 biopsy samples from two
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798 Clin Cancer Res; 26(4) February 15, 2020

CLINICAL CANCER RESEARCH

220z snbny /z uo 3senb Aq ypd-€6./0.9¥902/€6.L/7/92/spd-ajone/se1190udUI0/B10"S|EUINOLIORE//:d}Y WOl papeojumoq



dissociation (Fig. 2A), and PT2385 activity in patients (Table 1).
Although Pt27 and Pt45 derived prolonged benefit from PT2385
and remained on treatment for 32 and 32.9 weeks, respectively,
Pt35 progressed after only 5 weeks (Table 1; Fig. 1). These data
suggest that a reduction in HIF-2-dependent gene expression may
be necessary for PT2385 antitumor activity.

Identification of an acquired resistance mutation in HIF2c.
reveals core HIF-2 dependency in ccRCC in humans

Pt11 enrolled in the dose-escalation part of the phase I trial in
May 2015 and received 800 mg twice daily of PT2385, which
became the recommended phase II dose (Fig. 3A). He had adequate
circulating drug levels, as well as HIF-2 inhibition both in nontumor
tissues (85% reduction in EPO with a 67% reduction in reticulo-
cytes; see Supplementary Fig. S1C; Table 1) as well as in tumor
tissues (Supplementary Fig. S2B). He remained on treatment for
87.1 weeks with stable disease by RECIST 1.1 (Fig. 3B; Supple-
mentary Fig. S1C). This was remarkable as the patient had previ-
ously progressed on seven lines of systemic therapy including
multiple VEGF/VEGFR2 inhibitors (16, 18). However, a mass in
his remaining kidney (referred to as M4) progressed with increased
enhancement, and in March 2016, it was biopsied (Fig. 3A and B;
nontarget lesion #5).

First, we sought to determine whether M4 represented a metastasis,
or an independent primary tumor arising in the remaining kidney. We
performed WES and evaluated the mutations identified in M4 com-
pared with other metastases from the same patient (Supplementary
Table S5). Multiple mutations were shared across metastases, which
indicated a shared origin (Supplementary Table S6). We then focused
on mutations known to occur early during the process of RCC
development. Mutations in both VHL and PBRM 1, which were found
in Ptl1, are truncal mutations in ccRCC (44). The same VHL and
PBRM1I mutations found in M4 were found in previously collected MO
(abdominal wall), M1 (small bowel), and M2 (retroperitoneum)
metastases, which showed that all these metastases (collected over a
span of 6 years) arose from the same primary tumor (Supplementary
Table S6).

Next, we sought to understand the mechanism of resistance. WES
analyses of M4 identified a c.968G>A substitution in HIF2A (also
called EPASI). The mutation was detected in two tissue cores
obtained during the same percutaneous CT-guided biopsy proce-
dure (Fig. 3C; Supplementary Table S6). Although we did not have
a pretreatment biopsy specifically for M4, the mutation was not
observed in three other previously resected metastases (M0, M1,
and M2; Fig. 3D; Supplementary Table S6). Overall, these data
suggest that the mutation was acquired late, after exposure to
PT2385.

Interestingly, this was the same mutation we had previously iden-
tified when we modeled resistance to HIF-2 inhibitors using the close
analogue PT2399 in tumorgraft models (c.968G>A; ref. 16). For these
experiments, tumorgraft-bearing mice (from a different patient) were
treated with PT2399 for over 6 months, until resistance developed,
and the tumors were then sequenced. Interestingly, the HIF2A
c.968G>A mutation translates to a p.Gly323Glu, and Gly323 lies in
the pocket bound by PT2385 and would be expected to interfere with
drug binding (16).

Gatekeeper mutation preserves HIF-2 complexes and gene
expression

We hypothesized that if the HIF20: G323E mutation functioned as a
gatekeeper, HIF-2 complexes should be preserved in the resistant
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kidney metastases, and performed PLA assays. Importantly, as for
other on-study biopsies, the procedure was performed while the
patient remained on drug. As shown in Fig. 3E, the number of
HIF-2 complexes detected in M4 was similar to an untreated metas-
tasis (MO). Thus, we conclude that the G323E substitution prevented
HIF-2 dissociation by PT2385 in the renal metastasis. These results are
in keeping with previous results in cells in culture showing that ectopic
expression of HIF2o. G323E is sufficient to prevent drug-induced
dissociation of HIF-2 complexes (16). This mutation has also been
shown to interfere with drug binding in biochemical experiments (45).
Overall, these data show for the first time in humans that resistance to
PT2385 treatment arises from the development of a gatekeeper
mutation in HIF2aL.

Next, we examined the effects of the G323E mutation on HIF-2
target gene expression by RNA-seq. We focused on genes down-
regulated by the HIF-2 inhibitor in a tumorgraft line that had been
generated from this particular patient (see Materials and Methods).
Out of 277 genes evaluated (representing the HIF2a. gene signature),
170 were downregulated in tumorgrafts upon treatment with the
related HIF-2 inhibitor PT2399 (Supplementary Table S7). To extrap-
olate from mouse tumorgrafts, we narrowed the list by requiring that
the expression of these genes be increased in an untreated tumor from
the patient (MO0), which left 116 genes (Fig. 3F; Supplementary
Table S7). This list corresponds to genes expressed in the patient
tumor that are downregulated upon treatment with the HIF-2 inhib-
itor in corresponding tumorgrafts. We then evaluated the 116 genes in
the M4 metastasis with the HIF2a. G323E mutation. We found that
over 40% of the genes were expressed at levels comparable with control
samples and were not downregulated by PT2385 (n = 48; Fig. 3F;
Supplementary Table S7). The results, which may have been con-
founded by stromal contamination of the M4 biopsy samples, were
highly statistically significant (P < 0.0001). Furthermore, among the
48 genes, 21 were expressed at levels comparable with untreated
samples including several canonical HIF-2 target genes such as
IGFBP1, LOX, and SERPINEI (Fig. 3F; Supplementary Table S7).
Opverall, these data show that the HIF2o. G323E mutation interferes
with PT2385-mediated inhibition of HIF-2 target genes in the resistant
metastases.

Notably, we identified the same HIF2A mutation (c.968G>A;
p-G323E) in a second patient, Pt35 (Supplementary Table S8). As for
Pt11, Pt35 had adequate circulating drug levels and HIF-2 inhibition in
nontumor tissues (Fig. 1; Table 1). However, the finding of a HIF2A
mutation in Pt35 was unexpected. Pt35 had progression after just
36 days on drug (Supplementary Fig. S3A; Table 1), which was
more in keeping with innate resistance, which we believed to evidence
HIF-2-independent biology. In fact, the biopsy showing the mutation
was the week 6/7 on-treatment biopsy, which became the progression
biopsy. Similarly unexpected was the finding that the mutation was
absent from the pretreatment biopsy, which was of the same site where
the week 6/7 biopsy was obtained (a liver metastasis; Supplementary
Fig. S3B; Supplementary Table S8). We reviewed other mutations and
while some mutations, such as in TSCI, were observed across pre-
treatment and on-treatment/progression samples, others, such as a
PBRM]I mutation, were only called by our algorithm in the progression
samples (Supplementary Table S8). Manual review of the BAM
files showed the PBRM1 mutation in both pretreatment and pro-
gression samples (Supplementary Fig. S3C and S3D), but the
mutation was present at low frequency and thus not called by our
algorithm. Although the HIF2A mutation was found in a progres-
sion biopsy at significantly higher frequencies than the TSCI
and PBRM]I mutations, we cannot exclude the possibility that our
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Identification of a resistance mutation with preserved HIF-2 complex formation and target gene expression despite PT2385 treatment in a patient metastasis.
A, Pt11treatment timeline including tumor resections and biopsies. A tumorgraft (PDX model) referred to as XP165 was generated from MO. Subsequently resected or
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failure to detect it in the pretreatment sample (even by manual
review; Supplementary Fig. S3B) is due to tumor heterogeneity and
potentially tumor contamination by stromal or other cells. As the
probability that this mutation would be an acquired mutation not
preexisting in the metastasis seems low (given the short time to
progression), we favor this option. Independently, the presence of
this mutation likely explains the persistence of HIF-2 complexes
and preserved HIF-2 target gene expression despite PT2385 treat-
ment (Fig. 2A and B). Overall, these data show that rapid acqui-
sition of resistance may not always indicate target-independent
biology and raises the possibility that resistance mutations may
preexist in tumors of some patients at low frequency.

Other potential mechanisms of resistance

We had suitable samples to evaluate resistance for one other
patient, Pt27. Pt27 achieved appropriate circulating drug levels and
HIF-2 inhibition in nontumor tissues (Fig. 1; Table 1). He was
sensitive to the HIF-2 inhibitor and remained free of progression for
220 days (Table 1; Supplementary Fig. S4A). WES analyses of a site
of progression failed to identify mutations in HIF2A (or HIFIB,
which we previously also linked to resistance in tumorgraft models;
ref. 16). Tantalizingly, we identified a TP53 mutation (c.818G>A; p.
R273H; Supplementary Fig. S4B; Supplementary Table S9). The p53
R273H mutation is a well-validated tumor-associated mutation
extensively reported as somatically acquired in tumors (https://
cancer.sanger.ac.uk/cosmic). Although the mutation was signifi-
cantly enriched in the progression biopsy compared with pretreat-
ment and on-treatment biopsies (Supplementary Fig. S4B), the
interpretation was confounded by the fact that pretreatment and
on-treatment biopsies had scant tumor cells (as determined also by
the evaluation of VHL and PBRM]I mutations; see Supplementary
Table S9 and Supplementary Fig. S4C). To assess whether the
mutation may be acquired, we turned to IHC. TP53 mutations are
often associated with protein stabilization, which can be scored by
IHC. p53 IHC analyses showed low signal in tumor cells in the
pretreatment biopsy sample, and high signal in two progression
biopsy cores from the same progression metastasis (Supplementary
Fig. $4D). Overall, these data are consistent with the notion that the
TP53 mutation was acquired coincidentally with the development
of resistance, and raise the possibility that p53, as previously
postulated on the basis of cell line analyses in tissue culture (17),
may also be implicated in resistance to HIF-2 inhibitors. However,
further studies will be required to demonstrate definitively the
potential role of p53 in this context.

Discussion

We report the results of extensive translational studies in patients
participating in a first-in-human, first-in-class clinical trial of the
HIF-2 inhibitor, PT2385. Using a combination of approaches, we
show for the first time in humans that PT2385 inhibited HIF-2 not
only in normal tissues, but also in metastases, leading to the
dissociation of HIF-2 heterodimers and the inhibition of HIF-2
target genes. We report that prolonged treatment with PT2385
resulted in the acquisition of a gatekeeper mutation preventing HIF-
2 dissociation and preserving HIF-2 gene expression despite
drug treatment. The identification of an acquired resistance muta-
tion validates HIF-2 as the drug target in patients. Interestingly, the
same mutation was found in a second patient, who developed
resistance shortly after initiation of treatment. These results raise
the possibility that some patients who may ordinarily be regarded as
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having innate resistance, which would be in keeping with HIF-2-
independent biology, may still have a core HIF-2 dependency.
More importantly, these data establish a hard-wired dependency
on HIF-2 for ccRCC tumorigenesis.

The situation is akin to EGFR mutations in lung cancer, where
the acquisition of resistance mutations reveals a persistent depen-
dency on EGFR activity, which can be targeted with subsequent
generation inhibitors (46, 47). The HIF-2 dependency/therapeutic
vulnerability is likely to be similarly acquired early during tumor
development, which is believed to start with inactivation of the
VHL gene (48, 49). The data show that HIF-2 is a valid target in
ccRCC and paves the way for future inhibitors. Drugs like PT2977
(MK-6482), a second-generation oral inhibitor with more predict-
able absorption, and which binds the same pocket, are likely to be
similarly affected by the same resistance mutations. However, other
vulnerabilities have been identified in the protein (45, 50), and
HIF20. may be targeted through approaches other than small-
molecule allosteric inhibitors.

The finding of the HIF20. p.G323E mutation in a progressing
metastasis after 6 weeks of treatment in Pt35 raises the strong suspicion
that the mutation preexisted (even if it could not be detected) prior to
the initiation of PT2385. Furthermore, it suggests that the mutation
may have been present in more than just a few cells. Most likely the
mutation was a passenger mutation. However, the possibility exists
that such a mutation could have been selected for if it afforded a
growth advantage. This might be the case if the HIF20, drug-binding
cavity were to be bound also by an endogenous ligand that dampened
HIF20 activity and which could be similarly blocked by the mutation.
However, a search of the COSMIC database for the HIF2o. p.
G323E mutation fails to reveal other mutations besides the one we
previously reported in tumorgrafts (16), which makes this possibility
less likely.

That the same resistance mutation (HIF2o, p.G323E) had been
previously identified in a preclinical tumorgraft model of acquired
resistance from a different patient (16) is in keeping with the notion
that tumorgrafts are valid models to study acquired resistance in
humans. Accordingly, we speculate that a second resistance mutation
we identified in tumorgrafts, a mutation in HIF1 (p.F446L; ref. 16),
which increases the binding affinity for HIF2a. (45), may eventually
also be found in humans.

There may be other mechanisms of resistance. The finding of a
canonical TP53 mutation in a progression sample suggests that
p53 may also be involved in resistance. Interestingly, experiments
in RCC cell lines in culture suggested that TP53 mutations may
confer resistance to HIF-2 inhibitors (17). However, the extent to
which TP53 mutations result in resistance remains to be deter-
mined, and our previous studies in tumorgrafts showed that p53-
mutant tumors (i.e. XP374) may still be inhibited by HIF-2
inhibitors (16).

Finally, it remains unclear why some VHL-deficient tumors do
not respond to HIF-2 inhibitors. We previously showed in tumor-
grafts that tumor inhibition correlated with HIF2o protein levels
and that tumors that expressed low levels of HIF2ow do not
respond (16). Some of these ccRCCs express HIF1a, but whether
HIF1a is a driver in some ccRCCs remains to be determined, and
although both HIF-2 and HIF-1 promote VEGFA expression (51),
some data suggest that HIF-1 may function as a tumor suppressor
gene in ccRCC (5, 52).

Overall, these data show that PT2385 inhibits HIF-2 in ccRCC in
humans, revealing a core tumor dependency that could be further
exploited.
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