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Moreover, pharmacologic inhibition of HIF2α reversed the compromised cardiac contractility of vhl–/– embryos and
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Introduction
Patients with a germline mutation in the von Hippel-Lindau (VHL) 
tumor suppressor gene develop a characteristic constellation of 
hypervascular tumors, which include retinal and central nervous 
system hemangioblastomas (HBs), renal cell carcinomas (RCCs), 
pheochromocytomas, pancreatic neuroendocrine tumors, and 
papillary cystadenomas of the pancreas and middle ear as well as 
erythrocytosis (1). The VHL protein targets the HIF family mem-
bers for destruction; therefore, loss of pVHL function in cells leads 
to constitutive upregulation of HIF1α and HIF2α. HIFs transacti-
vate genes involved in angiogenesis, erythropoiesis, metabolism, 
cell proliferation, and metastasis (2). Typical HIF target genes 
include VEGF, TGF, erythropoietin (EPO), EPO receptor (EPOR), 
transferrin, and angiopoietin 1 (2, 3).

Most human epithelial cells express both HIF1a and HIF2a 
paralogs, with overlapping but also distinct and opposing functions 
(4). While both are activated by hypoxia and loss of VHL, it is well 
established that HIF2α, in contrast to HIF1α, acts as an oncogene, 
at least in the case of VHL-related and sporadic RCC. HIF2α pro-
motes cellular proliferation, cancer metabolism, stemness, and 
c-MYC activity, and its expression in human RCC tumors correlates 
with poor prognosis (5–7). Expression of HIF1α, on the other hand, 
appears to act as a tumor suppressor, inhibiting the growth of RCC 

cells in culture and in xenograft animal models (8). It is therefore 
not surprising that xenograft and transgenic animal models strongly 
indicate that inactivation of HIF2α is both necessary and sufficient 
for the tumor suppressor function of VHL protein (5, 9–11).

Currently, there is no medical therapy available for treatment 
or prevention of VHL disease (12). Surgery is the main treatment 
modality. Unfortunately, patients with VHL have to undergo multi-
ple surgical procedures for tumors that appear serially over a lifetime. 
Repeated surgeries often lead to significant injury to the normal renal 
or brain parenchyma and result in serious morbidity or mortality. 
Often, surgical intervention is not even feasible because of the loca-
tion of the HB in the brain stem or other vital structures. Sunitinib, an 
oral inhibitor of receptor tyrosine kinase VEGFR2, targets only one of 
multiple downstream targets of HIF2α. Medical treatment of a small 
cohort of patients with VHL with sunitinib showed only a modest 
effect in RCC and no effect in brain or retinal HB (13).

Pharmacologic inhibition of HIF2α appears an ideal thera-
peutic strategy for VHL disease and HIF2α-driven tumors (14, 15). 
HIF2α inhibitors should yield a wide therapeutic window, since 
VHL-proficient, well-oxygenated cells require minimal HIF2α 
expression. We identified such inhibitors in a mammalian cell–
based screen (16). We previously showed that they promote selec-
tively the binding of intracellular iron regulatory protein 1 (IRP1) 
to the 5′-UTR of HIF2a mRNA, resulting in repression of HIF2α, 
but not HIF1α, translation (16). There is now compelling evidence 
that IRP1 is critical for regulation of HIF2α activity in mammalian 
cells (16, 17). In addition to cell culture experiments, it has been 
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the epas1a and epas1b 5′-UTR–directed luciferase translation but not 
the hif1aa and hif1ab 5′-UTR–directed luciferase translation (Fig-
ure 1C). These data suggest that zebrafish epas1a and epas1b retain 
functional IREs within their 5′-UTR, similar to their mammalian 
ortholog HIF2a, while hif1aa and hif1ab do not. In addition, they 
suggest that compound 76 specifically represses epas1a and epas1b 
but not hif1aa and hif1ab translation.

To test whether the prototypic HIF2α inhibitor (compound 
76) suppresses HIF activity in vivo, we challenged WT zebrafish 
embryos with the chemical hypoxia mimetic dimethyloxalylglycine 
(DMOG) in the presence of compound 76 or vehicle-only control. 
DMOG inhibits HIF prolyl hydroxylases, which target HIF for degra-
dation, and therefore treatment of WT embryos with this chemical 
mimetic is expected to stabilize the regulatory subunits of Hif par-
alogs and activate their downstream targets (21, 26). WT embryos 
treated with 100 μM DMOG for 48 hours (Figure 1D) exhibited a 
remarkable upregulation of the bona fide Hif target genes prolyl 
hydroxylase 3 (phd3), epo, and vegfab (Figure 1, E and F, and Sup-
plemental Figure 1; supplemental material available online with 
this article; doi:10.1172/JCI73665DS1). Preincubation of embryos 
with 1, 5, and 10 nM of compound 76 was sufficient to significantly 
inhibit DMOG-induced Hif signaling in a dose-dependent manner, 
as assessed by quantitative RT-PCR (qRT-PCR) of Hif target genes 
from whole embryo–derived mRNA (Figure 1, E and F). Compound 
76 did not decrease the expression of the non-Hif target genes neu-
rofibromin 2a (nf2a) and retinoblastoma 1 (rb1) (data not show).

HIF2α inhibitors suppress hypoxia-induced erythrocytosis and 
angiogenesis. Hypoxia leads to HIF-dependent erythrocytosis and 
angiogenesis through activation of EPO and EPOR as well as sev-
eral of the angiogenesis-promoting genes (27–29). Given the bio-
chemical evidence that compound 76 inhibits Hif target genes 
in vivo, we tested whether it can alter the animal’s physiology in 
response to hypoxia.

To image the combined effect of angiogenesis (expansion of 
the vascular bed) and erythrocytosis (increase in intravascular ery-
throcyte mass), we stained WT embryos with O-dianisidine, a dye 
that stains hemoglobin. Treatment of WT embryos with DMOG 
activates Hif, leading to both erythrocytosis and sprouting of 
blood vessels. This effect is particularly visible in the animal trunk, 
and it was completely rescued by treatment with 10 nM of com-
pound 76 (Figure 2A). We objectively quantified the differences in 
O-dianisidine staining by creating a computer-assisted classifier 
that recognizes the stained pixels in the image (Figure 2B). Image 
analysis shows that 48-hour treatment of zebrafish embryos with 
DMOG induced a 2-fold increase in their hemoglobin content and 
angiogenic sprouting, both of which are suppressed by treatment 
with 10 nM of compound 76 (Figure 2C).

As previously described, compound 76 is a specific inhibitor of 
HIF2α and not HIF1α in both the mammalian and the fish models. 
This specificity is further supported by the observation that a sec-
ond HIF2α inhibitor (compound 77) rescued DMOG-induced ery-
throcytosis and angiogenic sprouting (Figure 2D), while an inac-
tive form of compound 76, compound KM03814, and the HIF1α 
inhibitor PX-478 failed to do so (Figure 2, E and F).

The zebrafish orthologs of mammalian HIF2a are critical for the 
zebrafish erythropoiesis. Zebrafish harbor 4 distinct HIF genes, but 
their specific roles in hypoxia signaling are unclear. To investigate 

shown that mice engineered to lack IRP1 develop HIF2α-depen-
dent erythrocytosis and pulmonary hypertension (18–20).

Here, we provide for what we believe to be the first time evi-
dence that HIF2α inhibitors significantly improve the phenotype 
of VHL disease in a vertebrate animal model. Zebrafish embryos, 
which are homozygous for loss of vhl function mutations, develop 
Epo-driven erythrocytosis, similarly to patients with VHL (21, 
22). In addition to erythrocytosis, vhl–/– embryos develop complex 
blood vessel networks in the brain and in the retina, resembling the 
highly vascular HBs encountered in patients with VHL. Moreover, 
vhl–/– embryos exhibit a proliferative liver and kidney phenotype 
that likely reflects aspects of the VHL-associated tumor biology as 
well as cardiomegaly with decreased cardiac contractility. Taking 
into account that hypoxia, angiogenesis, and erythropoiesis con-
stitute pathways conserved between humans and fish (23–25), the 
vhl zebrafish model currently stands as the best animal model to 
study HIF2α inhibitors and the biology of VHL disease in vivo.

In this study, we show that systemic administration of HIF2α 
inhibitor compound 76 significantly decreased HIF2α signaling in 
vivo in both hypoxia-challenged and vhl–/– zebrafish models. This 
HIF2α repression rescued vhl–/– embryo pathologic angiogenesis 
and erythropoiesis, normalized vhl–/– embryo-impaired cardiac 
contractility, and improved embryonic survival during the early 
larval stage. To the best of our knowledge, this was the first time 
that the transcription factor HIF2α was targeted in vivo. Optimiza-
tion of these HIF2α small-molecule inhibitors through structure-
function analysis and medicinal chemistry approaches is required 
for further development of these compounds for preclinical and 
clinical use, which may have a profound effect on the treatment of 
human VHL disease.

Results
HIF2α inhibitors suppress hypoxia-induced HIF target genes in vivo. 
The signaling pathways regulating angiogenesis, erythropoiesis, 
and the cellular response to hypoxia are highly conserved among 
vertebrates, rendering zebrafish embryos attractive models to test 
therapeutic compounds in vivo. Protein alignment reveals a 70% 
similarity between human HIF2α and zebrafish Epas1b and a 64% 
similarity between human HIF2α and zebrafish Epas1a. Both of 
these zebrafish genes harbor an iron-responsive element (IRE) loop 
in their 5′-UTRs, in which the IRE consensus sequence and the man-
datory 5′ cytosine are conserved (Figure 1A). Previously, we showed 
that the presence of an IRE in the 5′-UTR of human HIF2a is nec-
essary and sufficient for the activity of HIF2α inhibitors (16). These 
inhibitors repress HIF2α translation by promoting the binding of 
IRP1 to the 5′-UTR IRE in HIF2a mRNA (Figure 1B). In contrast 
to HIF2a, the 5′-UTR of HIF1a does not contain a functional IRE, 
and, consequently, compound 76 fails to suppress HIF1α translation 
in mammalian cells (16). Similarly to mammalian genes, zebrafish 
HIF2a orthologs epas1a and epas1b, but not the HIF1a orthologs 
hif1aa and hif1ab, contain an IRE within the 5′-UTR (Figure 1A). To 
functionally validate the zebrafish IREs, we subcloned the zebrafish 
5′-UTR corresponding to each paralog (epas1a, epas1b, hif1aa, and 
hif1ab) upstream of the luciferase-coding sequence of reporter plas-
mids. We transfected the reporter plasmids into mammalian cells 
and tested the ability of compound 76 to suppress luciferase transla-
tion regulated by each zebrafish 5′-UTR. Compound 76 suppressed 
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compound 76 to suppress the DMOG-induced upregulation of epo 
in these mutants (Figure 3C). The above data suggest that epas1a is 
the main paralog that mediates the hypoxic upregulation of epo and 
that it is likely the main target of compound 76.

To further corroborate the role of the zebrafish orthologs of 
mammalian HIF2a (epas1a and epas1b) in the hypoxia phenotype, 
we injected WT embryos with morpholinos targeting either the 
translation of epas1a and epas1b in combination or hif1aa and hif1ab 
in combination and quantified the expression of epo in response to 
DMOG. The specificity of the morpholinos for each paralog was ver-
ified in reporter experiments (Supplemental Figure 2). Combined  
targeting of epas1a and epas1b led to ablation of epo and vegfab  
induction (Figure 3D and Supplemental Figure 3). In contrast, 
combined targeting of Hif1aa and Hif1ab proteins did not signifi-

the relative contribution of the zebrafish paralogs in the response 
of the animals to hypoxia, we compared WT zebrafish embryos to 
embryos in which hif1ab or epas1b were knocked out (referred to 
herein as hif1ab or epas1b embryos). Treatment of WT embryos with 
the chemical mimetic DMOG resulted in a specific 2-fold upregula-
tion of epas1a mRNA expression, while the expression of the other 
Hif paralog mRNAs did not change significantly (Figure 3A). The 
DMOG-mediated induction of epas1a mRNA was even greater in 
the hif1ab mutants and epas1b mutants (4-fold increase compared 
with WT animals) (Figure 3B). These observations suggest that 
epas1a putatively contributes more than the other Hif paralogs to the 
overall response of the animals to hypoxia, at least at the embryonic 
stage of development. The increased expression of epas1a mRNA in 
the hif1ab and epas1b mutants correlates with an enhanced ability of 

Figure 1. Small-molecule compound 76 suppresses DMOG-induced expression of HIF2α target genes in WT zebrafish embryos. (A) Sequence comparison 
among IREs present in the 5′-UTR of human HIF2a, zebrafish epas1a, and zebrafish epas1b. The IRE consensus loop and the mandatory 5′ cytosine are 
circled. (B) IRP1 binds to HIF2a IRE, suppressing the translation of HIF2a mRNA. Compound 76 promotes binding of IRP1 to HIF2a IRE and inhibits HIF2α 
translation. (C) Luciferase expression in U2OS cells transfected with pTol2 vectors containing the 5′-UTR sequences of hif1aa, hif1ab, epas1a, or epas1b 
upstream of the luciferase ORF. The cells were treated with 5 μM of compound 76 or DMSO control for 30 hours. Luciferase expression levels were normal-
ized by protein levels. (D) Treatment protocol. WT embryos were treated with compound 76 or DMSO vehicle control from 3 to 7 dpf. Embryos were chal-
lenged with the hypoxia chemical mimetic DMOG from 5 to 7 dpf. (E) mRNA expression of the HIF target gene phd3 in WT embryos challenged with 100 μM 
DMOG and treated with compound 76 (as indicated) or vehicle-only control. Gene expression levels were normalized by 18S gene expression. (F) Relative 
mRNA levels of HIF target genes, phd3, epo, and vegfab, normalized to DMOG-challenged samples treated with vehicle-only control. All experiments were 
performed in biological triplicate. Data represent mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, paired, 2-tailed t test.
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to their WT or heterozygote siblings (Figure 4B). In WT embryos, 
epas1a mRNA was the main paralog expressed over the period 
spanning 24 hours to 12 days post fertilization (dpf) (Figure 4B). In 
vhl–/– embryos, epas1a expression increased sharply at 3 dpf, and, in 
contrast to that in sibling WT or heterozygote embryos, it did not 
diminish at 4 dpf but remained elevated up to 7 dpf. Of note, the 
epas1a paralog is both the main paralog constitutively expressed in 
vhl–/– zebrafish embryos and the one induced by chemical hypoxia 
mimetics in WT embryos, as we showed above. Epas1a is the ort-
holog of the mammalian HIF2a; the latter was shown to mediate 
many loss-of-pVHL phenotypes in VHL KO mice (27, 30–32) and 
to drive the growth of pVHL-deficient RCC in humans.

To test whether compound 76 suppresses Hif signaling in vhl–/– 
embryos, we treated 3-dpf vhl–/– animals and their WT or heterozy-
gous siblings with this inhibitor for 4 days (Figure 4C). The ele-
vated expression of HIF homologs in the vhl–/– zebrafish resulted 
in a robust activation of Hif signaling. For example, expression of 

cantly change epo induction by DMOG. Taken together, these data 
suggest that the hypoxic upregulation of epo is preserved between 
zebrafish and mammals and is mediated by the HIF2a homologs. 
This indicates that the HIF2α inhibitors used in this work mainly 
act by suppressing translation of HIF2a homologs.

HIF2α inhibitors suppress aberrant expression of HIF target genes 
in the vhl mutant zebrafish. vhl–/– zebrafish display the human VHL 
disease signature phenotypes of erythrocytosis and inappropriate 
vessel proliferation (refs. 21, 22, and Figure 4A). In humans, HIF2α 
is a critical target of VHL tumor suppressor protein, and inactiva-
tion of HIF2α in genetically engineered mice ameliorates the loss-
of-pVHL phenotypes (9, 27, 30–32). As described above, zebrafish 
express 4 Hif paralogs. To provide insights into the putative contri-
bution of each paralog to the development of the vhl–/– embryo phe-
notype, we compared the expression of hif1aa and hif1ab (homo-
logs of mammalian HIF1a) as well as epas1a and epas1b (homologs 
of mammalian HIF2a) during the development of vhl–/– animals 

Figure 2. Small-molecule compound 76 suppresses DMOG-induced erythropoiesis and angiogenesis in WT zebrafish embryos. (A) O-dianisidine staining 
of 7-dpf embryos challenged with DMOG and treated with compound 76 at 10 nM or vehicle-only control. (B) Analysis of the images by a computerized 
pixel-quantification algorithm. (C) Computerized quantification of total intensity for WT embryos treated with HIF2α inhibitor compound 76. (D) Comput-
erized quantification of total intensity for WT embryos treated with HIF2α inhibitor compound 77. (E) Computerized quantification of total intensity for 
WT embryos treated with an inactive form of compound 76. (F) Computerized quantification of total intensity for WT embryos treated with PX-478 (HIF1α 
inhibitor). The computerized quantification of each group was based on the analysis of at least 10 embryos. All experiments were performed in biological 
triplicate. Data represent mean ± SEM. **P < 0.01, paired, 2-tailed t test.
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(CHT) (Figure 5C). Moreover, compound 76 markedly decreased 
the number of orthochromatophilic erythroblasts (undifferentiated 
red blood cells in stage III) present in the 8-dpf vhl–/– blood smears 
(from 45% to 31%) and increased the number of differentiated ery-
throcytes (from 52% to 67%) (Figure 5D). These data indicate that 
this HIF2α inhibitor decreases the amount of red blood cells in vhl–/– 
embryos, possibly by promoting their differentiation.

In order to quantify the effect of compound 76 in the patho-
logic angiogenesis of vhl–/– embryos, we crossed the transgenic 
GFP-fli1+/+ line with the vhl+/– line. Fli1 is an established marker 
of endothelial cells in mice, and Fli1 promoter–driven GFP labels 
the vasculature of zebrafish embryos (33). vhl–/– embryos formed 
an abnormal vascular network in the brain, the retina, and the 
tail (Figure 5E), reminiscent of the highly vascularized human 
retinal and CNS HBs encountered in patients with VHL. A 2-day 
treatment from 3 dpf to 5 dpf with compound 76 was sufficient 
to diminish the complex vascularity in the brains and the tails of 
vhl–/– embryos (white arrows in Figure 5E), abrogating some of the 
abnormal connections between the segmental vessels (Figure 5E).

Interestingly, the Fli1-driven GFP intensity in the CHT of vhl–/–  
embryos was also decreased after treatment with HIF2α inhibitor 
(Figure 5E). This hematopoietic tissue, situated between the caudal 
artery and the caudal vein, works as an intermediate hematopoietic 
site (34). It sprouts out of the single vessel caudal vein by extensive 
angiogenesis at 24 hours after fertilization, forming a closed and 
highly vascular plexus with hematopoietic activity. To quantify the 
GFP intensity in the CHT of vhl–/– embryos, we selected a region of 

phd3, a bona fide Hif target gene, was 400-fold increased in vhl–/– 
embryos, compared with that in sibling embryos (WT or heterozy-
gotes) (Figure 4D). Treatment of vhl–/– embryos with compound 76 
significantly suppressed the expression of phd3 in a dose-depen-
dent manner (Figure 4D). In addition, all Hif target genes tested 
(epo, transferrin, vegfab, angiopoetin 1, and tgfa) were significantly 
downregulated by compound 76 (Figure 4E).

HIF2α inhibitors suppress pathologic erythropoiesis and angio-
genesis in vhl–/– embryos. One of the most prominent phenotypes 
of vhl–/– embryos is the development of erythrocytosis and sprout-
ing of blood vessels in the trunk (21), as shown by O-dianisidine 
staining (Figure 5, A and B). Treatment of 5-dpf vhl–/– embryos 
with compound 76 significantly decreased O-dianisidine staining 
intensity (Figure 5, A and B).

Staining with O-dianisidine reflects the amount of hemoglobin/
number of red blood cells and their distribution in the expanded 
vascular bed. To test the effect of compound 76 on each of these pro-
cesses, we separately quantified the changes induced by compound 
76 on erythroid hematopoiesis and the formation of vasculature.

vhl–/– embryos display an increased number of circulating ery-
throid progenitors and erythroid markers when compared with WT 
embryos (21). In order to investigate whether compound 76 could 
affect erythropoiesis and erythroid progenitors, whole-mount in 
situ hybridization for the erythroid progenitor marker cmyb was car-
ried out in 5-dpf vhl–/– embryos. The results indicate that compound 
76 decreased the percentage of vhl–/– embryos with expanded ery-
throid progenitor marker cmyb in the caudal hematopoietic tissue 

Figure 3. Epas1a paralog is significantly upregulated by hypoxic conditions and is the main paralog transactivating epo. (A) Expression of hif1aa, hif1ab, 
epas1a, and epas1b paralogs in WT embryos treated with DMOG or vehicle control from 2 dpf to 4 dpf. (B) Expression of zebrafish Hif paralogs (hif1aa, hif1ab, 
epas1a, epas1b) in hif1ab and epas1b mutant embryos (hif1ab KO and epas1b KO) treated with DMOG or vehicle control from 2 dpf to 4 dpf. (C) Effect of com-
pound 76 on epo expression in WT, hif1ab KO, or epas1b KO embryos treated with DMOG or vehicle control from 3 dpf to 5 dpf. (D) Changes in DMOG- 
induced expression of epo in WT embryos injected with control morpholino, hif1aa and hif1ab combined morpholinos (Hifs morpholinos), or epas1a and epas1b 
combined morpholinos (Epas morpholinos) and treated with DMOG from 3 dpf to 4 dpf. Gene expression levels were obtained by qRT-PCR and normalized to 
the expression of 18S. All experiments were performed in biological triplicate. Data represent mean ± SEM. *P < 0.05, ***P < 0.001, paired, 2-tailed t test.
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interest (ROI) for each image (orange rectangle in Figure 5F), and 
we quantified the mean intensity within this region. The intensity of 
GFP-positive cells in the CHT of vhl–/– embryos was highly enhanced 
when compared with that of the siblings (Figure 5E). As previously 
described, vhl–/– embryos exhibit highly proliferative hematopoiesis 
in the different hematopoietic tissues, including in the CHT (21). 
This enhanced Fli1-GFP intensity in the CHT of vhl–/– embryos was 
not attenuated by treatment with cediranib, a potent and selective 
inhibitor of VEGF receptor (data not shown), but in contrast, it was 
diminished after 2 days of treatment with compound 76 (Figure 5F).

HIF2α inhibitor improves cardiac contractility in vhl–/–embryos and 
enhances their viability. The zebrafish vhl–/– mutants die at the larval 
stage, around 13 dpf. Severe heart defects and respiratory complica-
tions represent possible reasons for the early death, since they dis-
play cardiomegaly and pericardial edema. To test whether treatment 
with compound 76 can rescue this phenotype, we measured the ven-
tricle performance of vhl–/– embryos and siblings at 5 dpf. A landmark 
measurement of ventricle performance is given by the fractional 
shortening, the difference between ventricle diameter during systole 
and diastole (35). vhl–/– embryos exhibited a decreased ventricle per-
formance, as shown by a low fractional shortening value (r = 0.54) 
when compared with that of siblings (r = 0.62) (Figure 6A). Treat-
ment with compound 76 significantly improved ventricle fractional 
shortening of vhl–/– embryos (r = 0.61, P < 0.05).

Finally, we investigated whether the molecular and physio-
logic changes induced by HIF2α inhibitor compound 76 would 
increase the life span of vhl–/– embryos. To this end, we monitored 
the survival rates of vhl–/– embryos treated with compound 76 or 
vehicle-only control, beginning on 3 dpf. vhl–/– embryos started to 
die at 7 dpf (Figure 6B), potentially due to respiratory and severe 
heart defects and/or malnutrition. Their death rate increased over 
time; by around 12 dpf, nearly all animals were dead. Treatment 
with compound 76 significantly enhanced the early animal viability, 
specifically on 7 dpf and 9 dpf (Figure 6B). This significant improve-
ment in early survival could be attributed to an overall “normaliza-
tion” of Hif signaling, leading to a combined improvement in ery-
throcytosis, blood volume, vascular bed, and cardiac function.

Here, we used a zebrafish model for VHL disease to provide 
compelling evidence that pharmacologic targeting of HIF2α can 
treat VHL phenotypes and to validate the presented HIF2α inhib-
itors as promising lead compounds for treatment of VHL disease.

Discussion
Patients with VHL disease develop clear cell RCCs; HBs of the CNS, 
including the retina; erythrocytosis; pancreatic neuroendocrine 
tumors; and pheochromocytomas. The current treatment of the dis-
ease is based on repeated surgeries that may result in renal insuffi-
ciency or severe neurologic deficits (12). Medical therapy with VEGF 

Figure 4. HIF2α inhibitor compound 76 suppresses the expression of HIF target genes in vhl–/– embryos. (A) Morphologic differences between vhl–/– 
embryos and their siblings (WT or vhl+/– embryos) at 7 dpf. (B) Expression profile of zebrafish orthologs of human HIF1a (hif1aa and hif1ab) and human 
HIF2a (epas1a and epas1b) during development of vhl–/– embryos and their siblings. (C) Treatment protocol. vhl–/– embryos and their siblings were treated 
with compound 76 or DMSO vehicle control from 3 to 7 dpf, at the indicated concentrations. (D and E) Expression of the HIF target genes (D) phd3 and (E) 
epo, transferrin, vegfab, angiopoietin 1, and tgfa in 7-dpf vhl–/– embryos and their siblings treated with compound 76 at the indicated concentrations or 
vehicle-only control. Gene expression levels were obtained by qRT-PCR and normalized to the expression of 18S. All experiments were performed in biolog-
ical triplicate. Data represent mean ± SEM. *P < 0.05, **P < 0.01, paired, 2-tailed t test.
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Figure 5. HIF2α inhibitor compound 76 rescues abnormal erythropoiesis and ameliorates the brain and trunk 
pathology of vhl–/– embryos. (A) O-dianisidine staining of 5-dpf vhl–/– and WT embryos treated with compound 
76 or DMSO. (B) The staining intensity was analyzed by a computerized pixel-quantification algorithm. (C) 
Whole-mount in situ hybridization of the erythroid progenitor marker cmyb in 5-dpf WT and vhl–/– embryos 
treated with 1 μM of compound 76 or DMSO. Embryos were imaged and divided into categories according to a 
normal or highly expanded cmyb staining in the CHT. Original magnification, ×6.3. (D) May-Grunwald Giemsa 
staining of red blood cells obtained from 8-dpf vhl–/– embryos treated with compound 76 or DMSO. Stained 
red blood cells were imaged and divided into 4 differentiation stages: stage I, basophilic erythroblast; stage II, 
polychromatophilic erythroblast; stage III, orthochromatophilic erythroblast (arrows); and stage IV, erythrocyte 
(asterisks). Original magnification, ×60. (E) Vessel proliferation in 5-dpf Fli1-GFP vhl–/– embryos and siblings. 
Fli1-GFP vhl–/– embryos were treated with compound 76 or DMSO from 3 to 5 dpf. Z-series confocal microscopy 
images were merged. Original magnification, ×10, ×20 (far right images). (F) GFP intensity signal in the CHT of 
7-dpf Fli1-GFP vhl–/– embryos treated with compound 76 or DMSO from 3 dpf to 7 dpf. Using a GFP image of the 
tail, the ROI was selected and centered in the CHT (orange rectangle). Original magnification, ×10. The mean 
intensity within the selected ROI was quantified using ImageJ. Data represent mean ± SEM. *P < 0.05,  
**P < 0.01, ***P < 0.001, paired, 2-tailed t test.
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a zebrafish model of VHL disease. We are currently using medici-
nal chemistry to modify these compounds, based on structure-ac-
tivity analysis, with the goal of developing derivatives suitable for 
preclinical and clinical testing.

Targeting transcription factors has been regarded as a chal-
lenging problem in drug development. Early attempts to inter-
fere with protein-DNA interactions have failed, and only recent 
approaches using stapled peptides appear promising in directly 
interfering with transcriptional activity (41). The clinical applica-
bility and efficacy of the stapled peptide approach remain to be 
tested. Pharmacologic inhibition of the interaction between tran-
scription factors and their cognate coactivators or histone modi-
fiers appears promising (42). The HIF2α inhibitors that we dis-
covered function by specifically repressing the translation of this 
transcription factor. To the best of our knowledge, the only other 
available small molecule with specific HIF2α inhibitor activity 
uses a different mode of action; it disrupts HIF2α-ARNT hetero-
dimerization (43). No data on the efficacy of this compound in vivo 
have been published. It is conceivable that multiple inhibitors of 
HIF2α, with different mechanisms of action, can be combined for 
treatment of VHL disease.

The inhibitors used in the current study not only suppressed 
HIF signaling biochemically at a potency that is reasonable for 
hit compounds (10 nM – 1 μM) but they also induced changes in 
the physiology of the vhl phenotype: they significantly inhibited 
erythrocytosis, trimmed vessel expansion, improved cardiac con-
tractility, and promoted survival. Erythrocytosis and vascular pro-
liferation are established outcomes of the transcriptional activity 
of HIF2α (9, 27, 44). On the other hand, the mechanisms leading 
to cardiac dysfunction and embryo death are likely complex and 
have not yet been elucidated. A direct link between HIF2α activ-
ity and cardiomyocyte physiology has been postulated (45). In 
addition, a recent study showed that HIF2α activation in IRP1 KO 
mice stimulates EPO and endothelin-1 and promotes pulmonary 
hypertension in the animals (19). Endothelin-1 is a potent vaso-
constrictor peptide, which is released by endothelial cells in condi-
tions of hypertension, myocardial infarction, and congestive heart 
failure (46, 47). Endothelin-1 expression promotes low fractional 
shortening of the left ventricle of hypertensive mice. These data 
implicate the HIF-driven gene endothelin-1 in cardiac failure (48). 
It is possible that zebrafish endothelin-1 is upregulated in vhl–/–  
embryos cardiomyocytes, leading to impaired ventricular func-
tion. Treatment with HIF2α inhibitors promptly improved cardiac 
ventricular function in vhl–/– embryos. It was previously proposed 
that vhl–/– embryos die due to cardiac failure (21). Therefore, the 
improvement of ventricular function and the potential delay of 
cardiac failure may explain the effect of HIF2α inhibitors on vhl–/– 
embryo viability during early larval stages.

Inhibition of HIF2α led to a significant decrease in the Fli1-
GFP–driven fluorescence of the CHT, a highly vascular plexus, with 
rapid proliferation of hematopoietic stem cells (34). vhl–/– embryos 
exhibit an increase in c-myb+ hematopoietic stem cells in the CHT 
(21), and the Fli1 promoter marks macrophages and myeloid cells 
in addition to vascular endothelial cells (33). HIF directly trans-
activates transcription factors that promote “stemness” (49), and 
HIF2α has been reported as necessary for maintenance of glioblas-
toma stem cells (50). Therefore, it is conceivable that HIF2α inhi-

inhibitors has a modest, at best, effect on RCC lesions only. Pub-
lished reports indicated a partial response of metastatic or locally 
advanced RCC in patients with VHL (36–39). No medical therapy 
for HB exists so far; there has been no evidence of HB response to 
VEGF inhibitors in the patients with VHL treated for RCC. Experi-
ments in xenograft or genetically engineered animal models of VHL 
disease strongly suggest that HIF2α is a critical therapeutic target 
for VHL-deficient tumors (5, 9, 10). Here, we used specific HIF2α 
small-molecule inhibitors to treat the phenotypes linked to loss of 
VHL function in the best available model for the human disease, 
the vhl mutant zebrafish embryo (21, 22). There are many pharma-
cologic differences between clinically administering a compound 
to higher vertebrates and testing its in vivo efficacy by adding it to 
the medium used in the zebrafish colony. Nevertheless, testing a 
compound in zebrafish models provides information on acute and 
obvious toxicities and provides evidence of efficacy in a vertebrate 
model that resembles VHL disease. This is why the zebrafish has 
been regarded as a great model organism for chemical screens, lead-
ing to discovery of clinically promising compounds (40).

Our work presents for what we believe to be the first time a 
paradigm of pharmacological treatment of VHL phenotypes in a 
vertebrate animal model. The HIF2α inhibitors that we used (com-
pounds 76 and 77) are nonoptimized hits from a cell-based screen 
(16). Their mode of action consists of enhancing the binding of 
IRP1 to the 5′-UTR of HIF2a and therefore suppressing HIF2α 
translation. It is quite remarkable that, even without further chem-
ical optimization, these inhibitors display promising activity in 
vivo and have the ability to partially reverse the VHL phenotype of 

Figure 6. HIF2α inhibitor compound 76 rescues cardiac contractility of vhl–/– 
embryos and improves their early lethality. (A) Quantification of ventricular 
fractional shortening, a measurement of cardiac performance, in 5-dpf WT 
and vhl–/– embryos treated with compound 76 for 48 hours (n = 12). *P < 0.05, 
1-way ANOVA. (B) vhl–/– embryos were selected at 3 dpf and treated with 
compound 76 or vehicle-only control, until death (n = 30). Each experiment 
was repeated 4 times. The percentage of dead embryos over time is pre-
sented. Data represent mean ± SEM. *P < 0.05, paired, 2-tailed t test.
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total number of normal, developmentally abnormal, or dead embryos 
was counted 24 hours after injection. At 3 dpf, injected WT embryos 
were treated with 100 μM DMOG for 24 hours, and their total RNA 
was then extracted for qRT-PCR analysis.

Quantitative real-time PCR. RNA was harvested from zebrafish 
embryos, at the indicated developmental stage, using the RNAeasy 
Mini Kit (Qiagen). Purified RNA was treated with RNA-free genomic 
DNA wipeout to remove genomic DNA and cDNA was synthe-
sized using the Quantitect Reverse Kit (Qiagen). PCR was per-
formed using the Fast SYBR Green Master Mix (Applied Biosystems) 
and run on a 7500 Fast Real-Time PCR System machine (Applied 
Biosystems). The following intron-spanning primers were used: 
5′-TCGCTAGTTGGCATCGTTTATG-3′ and 5′-CGGAGGTTCGAA-
GACGATCA-3′ for 18S; 5′-CCTGGAAATGGAGCTGGATA-3′ and 
5′-CCGGTCAAATAAAGGCTCAA-3′ for phd3; 5′-TGTTGGTG-
GAAATTCAGCAG-3′ and 5′-CACCCTGATGACGAAGAGGT-3′ for 
vegfab; 5′-GCATCAGACAAGTGCTGCG-3′ and 5′-AGACAGGTG-
CATTGGCGAG-3′ for epo; 5′-GCCTTGTTCAAACCCTACCA-3′ and  
5′-TGGAGAAGAATGTCGCCTCT-3′ for epas1a; 5′-CTCATCATCT-
TCCCCTTCCA-3′ and 5′- GCCACCGAGTGACTTCAGAT-3′ for  
epas1b; 5′-AGCGTCACCTCTAACCTGGA-3′ and 5′-AAAAGAAAC-
CCGTCCAGAGC-3′ for hif1aa; 5′-CCTGGACAAAGCCTCCATTA-3′ 
and 5′-CCATCCTCAGACAGGACCAT-3′ for hif1ab; 5′-AAATGGG-
CACCAGTCTTCTG-3′ and 5′-ATTGGTGGACAGCGAGTTCT-3′ 
for angiopoietin 1; 5′-TTGCAACCACGACAACAACT-3′ and 
5′-AAC GACATGTGCCATGAAAA-3′ for tgfa; and 5′-TTACATGG-
GAGGGTCCTAATGAG-3′ and 5′-GGACACAACTGCTCGAGAA-
GAA-3′ for transferrin.

Zebrafish 5′-UTR vectors and in vitro experiments. The pTol2 vector 
was engineered to contain the 5′-UTR of each of the zebrafish genes, 
hif1aa, hif1ab, epas1a, and epas1b, upstream of the luciferase ORF: 
pTol2-hif1aa 5′-UTR-Luc, pTol2-hif1ab 5′-UTR-Luc, pTol2-epas1a 
5′-UTR-Luc, pTol2-epas1b 5′-UTR-Luc, and pTol2-Luc control. U2OS 
cells (human bone osteosarcoma cells) were stably transfected with 
pTol2-Luc, pTol2-hif1aa 5′UTR-Luc, pTol2-hif1ab 5′UTR-Luc, pTol2- 
epas1a 5′UTR-Luc, or pTol2-epas1b 5′UTR-Luc. Transfected U2OS cells 
were treated for 30 hours with 5 μM of compound 76 or vehicle control 
(DMSO). The total protein was extracted and the luciferase activity was 
measured using the Dual-Glo Luciferase Kit (Promega). The luciferase 
activity was normalized to total protein levels, and the normalized sig-
nal from compound 76–treated cells was normalized to DMSO-treated 
cells. Experiments were performed in biological triplicates.

O-dianisidine staining. Embryos were incubated in a 12-well plate 
with O-dianisidine solution (O-dianisidine from Sigma-Aldrich in 
100% ethanol with 0.1 M sodium acetate and 30% H2O2 in ddH2O) for 
1 hour. The embryos were then washed with ddH2O and fixed with 4% 
paraformaldehyde in PBS overnight at 4°C. A bleaching solution (0.8% 
KOH, 0.9% H2O2, 0.1% Tween in ddH2O) was added to the embryos 
for 30 minutes to remove their natural pigmentation. After another 
fixation step with 4% paraformaldehyde overnight, embryos were 
immersed in 30% glycerol solution in a depression slide and imaged 
on an Olympus MVX10 microscope with a ×6.3 objective. At least 8 
embryos were stained and analyzed for each experimental condition. 
Experiments were performed in biological triplicates.

Computer-assisted quantification of image intensity. Ilastik (52), an 
open-source interactive learning and segmentation tool kit, was used to 
train classifiers to recognize stained pixels in the images. Ilastik version 

bition leads to a combined suppression of both the vascular and 
the hematopoietic stem cell component of CHT. It is possible that 
the complex vascular and hematopoietic CHT compartment of the 
zebrafish mimics the microenvironment that promotes the devel-
opment of brain stem HBs. If this is the case, the vhl–/– embryo will 
provide an attractive model to screen for inhibitors of VHL-related 
HB disease in addition to the HIF2α inhibitors we present here.

Methods
Zebrafish strains. Zebrafish (Danio rerio) embryos were grown in the 
dark at 28.5°C in Tübingen E3 HEPES buffer. Animal experiments 
were conducted based on standard fish husbandry protocols accord-
ing to US national guidelines. Vhlhu2117 fish were provided by Frederi-
cus van Eeden (The University of Sheffield, Western Bank, Sheffield, 
United Kingdom). vhl–/– embryos were obtained as needed from 
breeding pairs of Vhlhu2117+/– adult fish, and their genotype was con-
firmed by PCR using the following primers that span the mutation 
site: 5′-CGTTGAAGCTTTAGTCTAACTCGG-3′ and 5′-CGAACCCA-
CAAAAGTTGTTATTCT-3′.

Zebrafish hif1ab (ENSDARG00000034293) and epas1b (ENS-
DARG00000057671) mutants were generated using engineered 
transcription activator-like effector nucleases as previously described 
(51). The hif1ab mutant allele contains a 4-bp deletion in intron 1, caus-
ing a disruption of its splice donor site. The epas1b mutant allele con-
tains a 10-bp deletion in exon 3, resulting in a frameshift mutation that 
will affect 754 of the total 834 amino acids (Supplemental Figure 4).

Tg (GFP:Fli1) breeding pairs were provided by David Laugenau 
(Massachusetts General Hospital Cancer Center). Heterozygous 
Vhlhu2117+/– mutants were crossed with the transgenic line Tg (GFP:Fli1) 
in order to obtain Tg (GFP-fli1 vhl+/–) and Tg (GFP-fli1 vhl–/–) embryos. 
vhl–/– embryos and siblings (WT and vhl+/– embryos) were divided at 
3 dpf according to phenotypic differences. Treatments with HIF2α 
inhibitor compound 76 or 0.01% DMSO (in E3 buffer) to assess the 
expression of Hif target genes were started in 3-dpf embryos. Treat-
ment with 100 μM DMOG was performed in 5-dpf WT embryos for  
48 hours, unless described otherwise.

Morpholinos. The hif1aa, hif1ab, epas1a, and epas1b morpholi-
nos were designed to specifically block the translation of the specific 
mRNAs. The following sequences were used: hif1aa morpholino 
(TTTTCCCAGGTGCGACTGCCTCCAT), hif1ab morpholino (CAGT-
GACAACTCCAGTATCCATTCC), epas1a morpholino (ATGATGCT-
GAAGAACCTTGTCCTGC), epas1b morpholino (TCATCGCGCCG-
TTCTCGCGTAATTC).

To test the activity and specificity of the morpholinos, the pTol2 
vector was engineered to contain the different morpholino tar-
get sequences upstream of EGFP cDNA: Hif1aa-ATGMO-EGFP, 
Hif1ab-ATGMO-EGFP, Epas1a-ATGMO-EGFP, and Epas1b-ATGMO- 
EGFP. RNA was synthesized in vitro from each vector using the 
mMESSAGE mMACHINE T3 Kit (Ambion). Single-cell stage WT 
embryos were injected with 150 ng/μl RNA and 0.2 mM of the corre-
spondent morpholino or scrambled morpholino control. At 24 hours 
after fertilization, the embryos were imaged for EGFP signal on an 
Olympus MVX10 microscope using a ×6.3 objective.

To test the contribution of the different Hif paralogs to the hypoxia 
response in zebrafish, hif1aa and hif1ab morpholinos in combination, 
epas1a and epas1b morpholinos in combination, or the control morpho-
lino were injected (at 0.2 mM) into single-cell stage WT embryos. The 
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tricaine. Embryos were immobilized in 1% low-melting-point agarose 
and mounted. Confocal images were taken on a Zeiss LSM 700 micro-
scope using a ×10 objective. Maximum intensity projections were 
obtained by running multiple Z-stack slides, and 3D reconstructions 
were made using the Zen 2009 software. Fluorescent images were 
acquired on an Olympus MVX10 microscope using a ×6.3 objective. 
Using ImageJ, a ROI was selected in the CHT and used to calculate the 
mean intensity value for each image. Each experiment had 5 embryos 
per sample and was performed in triplicate.

Cardiac contractility. The method for quantification of cardiac 
contractility was previously described (35). In brief, cardiac image 
analysis was performed using the Measurement Studio and IMAQ 
Vision software packages (National Instruments) with VisualStudio 
6.0 (Microsoft). Sequential still frames were analyzed to identify ven-
tricular end systole and end diastole. The endocardial boundary was 
traced, and the area of the region defined by this trace was recorded. 
Five sequential cardiac cycles were recorded at a minimum. Fractional 
area change (FAC), an established parameter of ventricular perfor-
mance, was calculated based on the following formula: FAC = 100 × 
(EDA – ESA)/EDA, where EDA and ESA indicate end diastole and end 
systole areas, respectively.

Statistics. Statistical analysis was performed for all the exper-
iments. Paired, 2-tailed t test was used for all the analyses, except 
for the ventricle fractional shortening experiment, in which 1-way 
ANOVA test was used. Differences between 2 groups were considered 
significant when the P value was less than 0.05.

Study approval. All animal experiments were approved by the 
Massachusetts General Hospital Subcommittee on Research Animal 
Care — OLAW assurance no. A3596-01.
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0.5 was used in this study. The open-source CellProfiler software (53) 
was then applied in order to determine the likelihood of a pixel being 
stained, using the Ilastik classifiers, and to estimate the total number of 
stained pixels in each image by summing these likelihoods. The Ilastik 
classifier and the CellProfiler pipeline are provided at CellProfiler web-
site (http://www.cellprofiler.org/published_pipelines.shtml).

In situ hybridization. Whole-mount in situ hybridization was per-
formed as previously described (21). Anti-sense digoxigenin-labeled 
probe for cmyb was obtained as previously described (54). 5-dpf–
treated animals were fixed in 4% paraformaldehyde in PBS overnight 
at 4°C. Embryos were washed with PBS/0.2% Tween-20 (PBST) and 
incubated with bleaching solution (0.8% KOH, 0.9% H2O2, 0.1% 
Tween in ddH2O) to remove natural pigmentation. After a second wash 
step with PBST, embryos were permeabilized with 10 μg/ml Proteinase 
K over 60 minutes at 28.5°C. Embryos were then fixed with 4% form-
aldehyde/0.2% glutaraldehyde in PBS for 20 minutes at room temper-
ature. After prehybridization in Hyb+ solution for at least 2 hours at 65°C, 
embryos were then hybridized with 500 μl anti-sense mRNA probe  
(1 ng/μl) in Hyb+ solution (50% formamide, 5x SSC, 0.1% Tween, 9 mM 
citric acid, 0.5 mg/ml yeast torula RNA, 0.1 mg/ml heparin, pH 6) at 
65°C overnight. After several washes with Hyb– solution (Hyb+ solution 
without yeast torula RNA and heparin) at 65°C, embryos were incubated 
with blocking solution (0.1 M maleic acid, 150 nM NaCl, 0.2% Tween, 
2 mg/ml BSA, 5% sheep serum, pH 7.5) for 2.5 hours at room tempera-
ture. The embryos were then incubated overnight at 4°C with alkaline 
phosphatase–conjugated anti-Dig antibody (Roche, 11093274910) in 
blocking solution to recognize digoxigenin residues. The substrates 
NBT/BCIP (Roche) were incubated with the embryos until the staining 
was developed. Embryos were imaged on an Olympus MVX10 micro-
scope with a ×6.3 objective and divided into two groups: one with nor-
mal cmyb staining and another with highly expanded staining in the 
CHT. Between 20 and 30 embryos were analyzed in each group, and 
the experiment was performed in biological duplicate.

Collection of blood smears and May-Grunwald Giemsa staining. 
Treated vhl–/– embryos and siblings were anesthetized with 0.4% 
tricaine. At least 20 embryos from each group were moved to a solution 
containing 0.033% heparin, 1% BSA, and 0.006% tricaine in PBS. The 
tail was cut off in a region posterior to the cloaca with a razor blade. The 
red blood cells were collected and stored at 4°C. The cells were spun 
down into a Superfrost Plus microscope slide (Fisherbrand) using a 
Cytospin 4 Cytocentrifuge machine (Thermo Scientific). The cells were 
dried at room temperature overnight and fixed with 100% methanol. 
May-Grunwald Giemsa staining was performed using a Giemsa May-
Gruwald Bone Marrow Stain Kit (American MasterTech). The slides 
were dried at room temperature overnight and imaged on an Olympus 
BX41 microscope with a ×60 objective. Images were acquired with an 
Olympus DP72 camera. Undifferentiated and differentiated red blood 
cells were identified and counted according to their staining pattern 
and morphology. In each experiment, between 50 and 100 cells were 
counted per sample in quadruplicate.

Fluorescent and confocal microscopy. Tg (GFP:Fli1)(vhl+/– or vhl+/+) 
and Tg (GFP:Fli1)(vhl–/–) treated embryos were anesthetized with 0.4% 
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