https://helda.helsinki.fi

Hypoxia-inducible factor (HIF)-prolyl hydroxylase 3 (PHD3)
maintains high HIF2A mRNA levels in clear cell renal cell carcinoma
Miikkulainen, Petra
2019-03-08
Miikkulainen , P , Högel , H , Seyednasrollah , F , Rantanen , K , Elo , L L & Jaakkola , P M
2019 , ' Hypoxia-inducible factor (HIF)-prolyl hydroxylase 3 (PHD3) maintains high HIF2A
mRNA levels in clear cell renal cell carcinoma ' , Journal of Biological Chemistry , vol. 294 ,
no. 10 , pp. 3760-3771 . https://doi.org/10.1074/jbc.RA118.004902

http://hdl.handle.net/10138/314536
https://doi.org/10.1074/jbc.RA118.004902
publishedVersion
Downloaded from Helda, University of Helsinki institutional repository.
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.
Please cite the original version.

cro

ARTICLE

Hypoxia-inducible factor (HIF)-prolyl hydroxylase 3 (PHD3)
maintains high HIF2A mRNA levels in clear cell renal cell
carcinoma
Received for publication, July 16, 2018, and in revised form, January 4, 2019 Published, Papers in Press, January 7, 2019, DOI 10.1074/jbc.RA118.004902

X Petra Miikkulainen‡§, Heidi Högel‡§1, Fatemeh Seyednasrollah‡¶, Krista Rantanen‡, Laura L. Elo‡,
and X Panu M. Jaakkola‡§储2
From the ‡Turku Centre for Biotechnology, University of Turku and Åbo Akademi University, Tykistökatu 6, 20520 Turku, Finland,
the §Department of Medical Biochemistry, Faculty of Medicine, University of Turku, Kiinamyllynkatu 10, 20520 Turku, Finland, the
¶
Department of Mathematics and Statistics, University of Turku, Vesilinnantie 5, 20520 Turku, Finland, and 储Helsinki University
Hospital Cancer Center and Department of Oncology, University of Helsinki, Haartmaninkatu 4, 00290 Helsinki, Finland
Edited by Eric R. Fearon

Clear cell renal cell carcinoma (ccRCC)3 is the most common
subtype of kidney cancer arising from renal tubular epithelial
This work was supported by Cancer Foundation Finland (to P.M. and P.M.J.),
The Sigrid Juselius Foundation (to P.M.J.), Turku University Hospital
(EVO1303) (to P.M., H.H. and P.M.J.), Helsinki University Hospital (to P.M.
and P.M.J.), The University of Turku Graduate School (to P.M.), and Finnish
Cultural Foundation Varsinais-Suomi Regional fund (to P.M.). The authors
declare that they have no conflicts of interest with the contents of this article.
This article contains Figs. S1–S4 and Table S1.
1
Present address: Turku PET Centre, University of Turku and Turku University
Hospital, Kiinamyllynkatu 4-8, 20520 Turku, Finland.
2
To whom correspondence should be addressed. Tel.: 358-2-3338030;
Mobile: 358-40-5248487; E-mail panjaa@utu.fi.
3
The abbreviations used are: ccRCC, clear cell renal cell carcinoma; HIF,
hypoxia-inducible factor; DMOG, dimethyloxalylglycine; CHX, cycloheximide; TCGA, The Cancer Genome Atlas; q, quantitative.

cells. Characteristic for ccRCC is the inactivation of von
Hippel–Lindau tumor suppressor protein (pVHL) that occurs
in the majority of both familial and sporadic ccRCC cases (1).
pVHL functions as an ubiquitin E3 ligase in the proteasomal
degradation pathway and the best-known targets of pVHL are
the ␣-subunits of the hypoxia-inducible factors (HIFs) that are
directed to degradation in oxygen-dependent manner. Loss of
pVHL in ccRCC directly leads to a constant activation of HIF-␣
isoforms and HIF target genes despite the oxygen level within
the tissue (2, 3).
HIFs are heterodimeric transcription factors that mediate
the adaptive responses to low oxygen levels. HIFs comprise
HIF-␣ and HIF-␤. The two major HIF-␣ isoforms, HIF-1␣ and
HIF-2␣ (also known as EPAS1) are strictly regulated in the presence of oxygen, whereas HIF-␤ subunit is considered to be stable. HIF–prolyl hydroxylases (PHD1–3, also known as EGLNs
and HPHs) are a family of oxygen- and 2OG-dependent
enzymes that hydroxylate HIF-␣ in the presence of oxygen,
thus marking it to be recognized by pVHL and subsequently
degraded (reviewed in Refs. 4, 5). It is generally thought that
PHD2 is the main regulator of HIF-1␣ stability whereas HIF-2␣
isoform is mainly regulated by PHD3 (6, 7). HIF-1␣ and HIF-2␣
share structural and functional similarities, but their target
genes are markedly different. Also, their function in ccRCC
development and tumor growth is considerably different, as
HIF-1␣ shows tumor suppressor functions and HIF-2␣ has
been reported by several groups to promote tumorigenicity
(reviewed in Ref. 3). In line, recent clinical phase 1 trial demonstrated clinical benefit for the inhibition of HIF-2␣ (8).
From the PHD isoforms, PHD3 (also known as EGLN3)
shows the highest expression in ccRCC (9 –12). However, the
role of elevated PHD3 expression in ccRCC has not been thoroughly studied. Apart from its function in post-translational
modification of HIF-␣ in the presence of oxygen, PHD3 has
been suggested to have various targets that are independent of
its hydroxylase activity (13). Recently, using proteome level
analyses we have shown that PHD3 regulates a number of proteins involved in glucose metabolism, translational machinery,
and proliferation in ccRCC cell lines. PHD3 depletion resulted
in the down-regulation of most glycolytic enzymes together
with decrease in lactate production. Importantly PHD3 deple-

3760 J. Biol. Chem. (2019) 294(10) 3760 –3771
© 2019 Miikkulainen et al. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.

Downloaded from http://www.jbc.org/ at University of Helsinki on April 11, 2019

Most clear cell renal cell carcinomas (ccRCCs) have inactivation of the von Hippel–Lindau tumor suppressor protein
(pVHL), resulting in the accumulation of hypoxia-inducible factor ␣-subunits (HIF-␣) and their downstream targets. HIF-2␣
expression is particularly high in ccRCC and is associated with
increased ccRCC growth and aggressiveness. In the canonical
HIF signaling pathway, HIF-prolyl hydroxylase 3 (PHD3) suppresses HIF-2␣ protein by post-translational hydroxylation
under sufficient oxygen availability. Here, using immunoblotting and immunofluorescence staining, qRT-PCR, and
siRNA-mediated gene silencing, we show that unlike in the
canonical pathway, PHD3 silencing in ccRCC cells leads to
down-regulation of HIF-2␣ protein and mRNA. Depletion of
other PHD family members had no effect on HIF-2␣ expression,
and PHD3 knockdown in non-RCC cells resulted in the
expected increase in HIF-2␣ protein expression. Accordingly,
PHD3 knockdown decreased HIF-2␣ target gene expression in
ccRCC cells and expression was restored upon forced HIF-2␣
expression. The effect of PHD3 depletion was pinpointed to
HIF2A mRNA stability. In line with these in vitro results, a
strong positive correlation of PHD3 and HIF2A mRNA expression in ccRCC tumors was detected. Our results suggest that in
contrast to the known negative regulation of HIF-2␣ in most cell
types, high PHD3 expression in ccRCC cells maintains elevated
HIF-2␣ expression and that of its target genes, which may
enhance kidney cancer aggressiveness.

PHD3 regulates HIF2A mRNA stability in ccRCC

Results
PHD3 silencing decreases LDHA and GLUT1 mRNA expression
We have previously shown that PHD3 silencing down-regulates crucial glucose metabolism–related proteins such as lactate dehydrogenase A (LDHA) and glucose transporter 1
(GLUT1) in ccRCC cells (14). As the previous study was performed at the protein level we further studied the mRNA
expression of these enzymes upon PHD3 knockdown. For
PHD3 siRNA treatment we used two independent previously
well-characterized siRNA sequences (7, 14, 28 –30). Down-regulation of PHD3 expression was verified with both sequences in
both cell lines used (Fig. S1, A and B) and the specificity of the
PHD3 knockdown was also verified by studying PHD2 expression where no significant effect was observed (Fig. S1, C and D).
The mRNA expression of both GLUT1 and LDHA was reduced
in response to siRNA-mediated silencing of PHD3 in 786-O
cells in both normoxic and hypoxic conditions (Fig. 1A). Similar
reduction was also seen in RCC4 cells that was more pronounced under hypoxia (Fig. 1B).
As the down-regulation of GLUT1 and LDHA occurred at
mRNA level, it was likely to be mediated by a transcription
factor. Several studies have shown that the glycolytic enzymes
are regulated by HIF-␣ in ccRCC. Both of the used cell lines
bear an inactivating mutation in VHL, leading to a constitu-

tively up-regulated expression of HIF-␣ subunits. However,
whereas RCC4 expresses both HIF-1␣ and HIF-2␣, 786-O
expresses a truncated form of HIF1A transcript and thus lacks a
functional HIF-1␣ protein but expresses a high basal level of
HIF-2␣ (31, 32). HIF-2␣ has previously been shown to transcriptionally regulate LDHA and GLUT1 (31, 33, 34). GLUT1
and LDHA expression responded similarly to PHD3 silencing in
both cell lines suggesting that the responsible isoform may be
HIF-2␣.
Down-regulation of HIF-2␣ protein expression by PHD3
silencing
We studied whether PHD3 alters HIF-2␣ protein expression
in ccRCC. Surprisingly, we observed a significant and reproducible down-regulation of HIF-2␣ protein levels under both
normoxia and hypoxia by two independent PHD3 siRNAs. The
effect was clear in both 786-O and RCC4 cells (Fig. 2, A and B).
As expected, and in striking contrast to HIF-2␣, HIF-1␣ protein
level was not down-regulated, but rather up-regulated by PHD3
silencing in RCC4 cells (Fig. 2B). Furthermore, independent
adenoviral shRNA-mediated knockdown of PHD3 resulted in
similar decrease in HIF-2␣ protein, further verifying the effect
(Fig. 2C). In addition, we used immunofluorescence staining to
study HIF-2␣ protein expression and localization. In line with
the western blot analyses, a marked reduction of HIF-2␣ protein in PHD3-depleted cells was detected compared with control, whereas the cellular localization of HIF-2␣ did not change
(Fig. 2, D and E).
Previous studies show that PHD3 depletion leads to an upregulation of HIF-2␣ protein expression in some cell lines (28).
Therefore, we next tested whether other cell lines respond similarly as ccRCC to the PHD3 depletion. Human primary head
and neck squamous cell carcinoma cells (UT-SCC-34), exposed
to hypoxia to induce PHD3 expression, showed increase in
HIF-2␣ protein expression with siPHD3 treatment (Fig. 2F). In
breast cancer cells (T47D), siPHD3 treatment did not show
marked effect on HIF-2␣ protein expression under hypoxia
(Fig. 2F) implying that the effect of PHD3 silencing on HIF-2␣
expression depends on the cell type studied. PHD3 has also
been established as a target gene of HIF-2␣, creating a feedback
loop in the regulation of HIF-␣ (6, 7, 35–37). In line with this,
we observed down-regulation of PHD3 with HIF-2␣ depletion
both at protein and mRNA level in 786-O cells (Fig. S1, E and F).
We further used PHD1 and PHD2 silencing on 786-O cells
but did not detect any significant decrease in HIF-2␣ protein
expression (Fig. 3A), indicating that the effect on HIF-2␣ is
specific to PHD3. Moreover, no effect on HIF-2␣ protein
expression was detected with 8-h exposure to panhydroxylase
inhibitor dimethyloxalylglysine (DMOG) in VHL mutated
786-O nor RCC4 cells, thus suggesting a hydroxylase-independent down-regulation of HIF-2␣ by PHD3 siRNA (Fig. 3B).
RCC4 cells with restored functional VHL (RCC4⫹VHL) demonstrated an expected increase in both HIF-2␣ and HIF-1␣
protein levels in response to DMOG treatment (Fig. 3B). Similarly, exposure to cobalt chloride (CoCl2) in RCC4⫹VHL cells
showed an expected increase but in RCC4 or 786-O cells CoCl2
treatment had no or minor effect on HIF-2␣ protein level (Fig.
3C).
J. Biol. Chem. (2019) 294(10) 3760 –3771
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tion also caused deregulation of proteins acting in protein
translation, mRNA processing and mTOR downstream signaling (14).
In addition to the oxygen-dependent regulation of HIF-␣ by
PHDs, it has become evident that the HIF-␣ subunits are regulated and degraded by other mechanisms independent of the
oxygen-sensing enzymes and pVHL activity (15–20). However,
the transcriptional regulation of HIF2A is not well-characterized. Recently, it was shown that deubiquitylase Cezanne (also
known as OTUD7B) regulates HIF2A expression via transcription factor E2F1 that directly affects the HIF2A gene expression
(21). Moreover, poly (ADP-ribose) polymerase-1 (PARP-1) and
JNK2 has been reported to regulate HIF2A expression level (22,
23). Also, insulin-like growth factor 2 (IGF2)–induced PI3KmTORC2 signaling was shown to regulate HIF2A mRNA
expression in neuroblastoma cells (24). These findings indicate
a complex regulation of the HIF-signaling pathway.
Noticeably, besides PHD3, elevated expression also of
HIF-2␣ in ccRCC has been reported in several studies (25–27).
This is counterintuitive given the supposedly negative feedback
of PHD3 on HIF-2␣. Here we report that, in ccRCC, PHD3
rather surprisingly maintains elevated HIF-2␣ level whereas in
other tested cell types PHD3 suppressed HIF-2␣ expression.
We show that siRNA-mediated silencing of PHD3 leads to
down-regulation of HIF-2␣ protein but also HIF2A mRNA
expression and we pinpoint the regulation to mRNA stability.
In addition, we demonstrate that PHD3 depletion leads to
down-regulation of HIF-2␣ target genes VEGFA, OCT4,
GLUT1, and LDHA. Importantly, PHD3 and HIF2A expression
were found to correlate in clinical ccRCC data set. The findings
suggest that high PHD3 expression is needed in ccRCC to
maintain high HIF-2␣ expression.

PHD3 regulates HIF2A mRNA stability in ccRCC

We next tested whether the stability of HIF-2␣ protein is
affected by PHD3 depletion using protein translation inhibitor
cycloheximide (CHX) to chase the post-translational degradation of HIF-2␣ protein. We did not see major change in HIF-2␣
protein decay with PHD3 depletion as compared with the control (Fig. 3D), indicating that the regulation of HIF-2␣ expression by PHD3 silencing does not occur at post-translational
level.
Knockdown of PHD3 decreases HIF2A mRNA expression
Because the down-regulation of HIF-2␣ protein level upon
PHD3 knockdown could not be explained by protein decay, we
next examined whether the down-regulation of HIF-2␣ is seen
at mRNA expression level. 786-O and RCC4 cells were transfected with two individual PHD3 siRNAs or PHD2 siRNA followed by quantitative RT-PCR for HIF2A mRNA. Noticeably,
we observed significant down-regulation of HIF2A mRNA
expression with PHD3 depletion in both 786-O and RCC4 cells
whereas PHD2 depletion had no effect (Fig. 4, A and B). As
expected based on the protein level studies, the expression of
HIF1A in RCC4 cells was not affected by silencing of PHD3 (Fig.
4C). As we had observed decrease in GLUT1 and LDHA expression we were also interested if other known HIF-2␣ target genes
react to PHD3 silencing in ccRCC cells. In line with the meta-
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bolic enzymes, a significant down-regulation in well-characterized HIF-2␣ target gene VEGFA mRNA level in both 786-O and
RCC4 cell lines with PHD3 knockdown was seen (Fig. 4, D and
E). In addition, 786-O cells showed decrease in OCT4, another
established HIF-2␣ target gene (Fig. 4F). The data show that
silencing of PHD3, can lead to down-regulation of HIF2A
mRNA expression and to reduction of HIF-2␣ target gene
expression in ccRCC cells.
To further verify the effect of PHD3, we asked whether the
decreased levels of HIF-2␣ target genes could be rescued by
HIF2A overexpression under silenced PHD3. By using a
transient HIF2A transfection in PHD3-depleted 786-O cells,
expression of both GLUT1 and LDHA were rescued as compared with control (Fig. 5A). Also, PHD3 and HIF2A expression
levels were verified by qRT-PCR (Fig. 5B) and by western blot
analysis (Fig. 5C). In keeping with the mRNA expression, also
the protein expression of LDHA was markedly rescued upon
HIF2A overexpression (Fig. 5C). We have previously shown
that PHD3 knockdown attenuated ccRCC cell proliferation
on both 2D and 3D models (14). In line with the effect of PHD3
on HIF-2␣, forced expression of HIF2A rescued the suppressed
96-h cell growth in PHD3-silenced cells when compared with
the empty vector (Fig. 5D). In the control siRNA background
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Figure 1. PHD3 knockdown results in decreased GLUT1 and LDHA mRNA expression in ccRCC cells. A, GLUT1 and LDHA expression in 786-O cells
transfected with control (scr) or PHD3-targeted siRNA (siPHD3#1, siPHD3#2) followed by normoxic (NOX, 21% oxygen) or hypoxic (HOX, 1% oxygen) exposure.
Quantification of five (GLUT1) or six (LDHA) individual experiments, -fold change to scr. Bar represents mean ⫾ S.D.; ***, p ⬍0.001; **, p ⬍0.01; *, p ⬍0.05. B,
GLUT1 and LDHA expression in RCC4 cells transfected with control (scr) or siPHD3#1, siPHD3#2 followed by normoxic (NOX, 21% oxygen) or hypoxic (HOX, 1%
oxygen) exposure. Quantification of four individual experiments, -fold change to scr. Bar represents mean ⫾ S.D.; ns, not significant; **, p ⬍0.01; *, p ⬍0.05.

PHD3 regulates HIF2A mRNA stability in ccRCC
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Figure 2. PHD3 silencing leads to down-regulation of HIF-2␣ protein expression in ccRCC cells. A, HIF-2␣ protein expression in 786-O cells transfected
with control (scr), siPHD3#1 or siPHD3#2 followed by normoxic (NOX, 21% oxygen) or hypoxic (HOX, 1% oxygen) exposure. Quantification of five independent
experiments, -fold change to scr. Bar represents mean ⫾ S.D.; ***, p ⬍0.001. B, HIF-2␣ protein expression in RCC4 cells transfected with control (scr), siPHD3#1,
siPHD3#2 followed by normoxic (NOX, 21% oxygen) or hypoxic (HOX, 1% oxygen) exposure. Quantification of at least three independent experiments, -fold
change to scr. Bar represents mean ⫾ S.D.; **, p ⬍0.01; ***, p ⬍0.001. C, 786-O cells infected with adenoviral control (shCtrl) or PHD3-targeted shRNA (shPHD3)
in normoxia. Quantification of five independent experiments, -fold change to scr. Bar represents mean ⫾ S.D.; ***, p ⬍ 0.001. D, immunostaining of HIF-2␣ in
786-O cells transfected with control (scr) or siPHD3. Representative images are shown, scale bar, 100 m. E, quantification of the HIF-2␣ immunostainings, mean
intensity normalized to cell count. Bar represents mean ⫾ S.D.; n ⫽ 7 fields of views from two individual experiments; **, p ⬍0.01. F, primary head and neck
squamous cell carcinoma cells (UT-SCC-34) or breast cancer cells T47D cells were transfected with scr or siPHD3#1 followed by hypoxic (HOX, 1% oxygen)
exposure. Quantification of four (UT-SCC34) or three (T47D) independent experiments, bar represents mean ⫾ S.D.; -fold change to scr; ns ⫽ not significant.

HIF2A overexpression had no effect on cell proliferation, suggesting that the restored proliferation is specific to the effect of
PHD3 silencing. Growth curves with PHD3 silencing and
HIF2A overexpression treatment with their respective error
bars are shown in Fig. S2.
PHD3 silencing leads to attenuated HIF2A mRNA stability
Previous reports suggest that inhibiting proteasome activity
could decrease the expression of some mRNAs at transcrip-

tional level (38). Thus, we next asked whether HIF2A transcription is regulated via proteasomal activity. However, HIF2A
expression remained unchanged in siPHD3-treated 786-O cells
after 4 h of proteasome inhibitor MG132 exposure (Fig. S3A),
indicating that proteasomal activity has no role in the transcription of HIF2A. Furthermore, as mTOR pathway has been previously linked to HIF-2␣ regulation by several reports (24) and
also we have previously shown suppression of mTOR signaling
by PHD3 silencing (14), we also tested if mTOR inhibition
J. Biol. Chem. (2019) 294(10) 3760 –3771
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results in decrease in HIF2A expression. By using 4-h exposure
to mTOR inhibitors rapamycin or torin1, we did not see any
major effect on HIF2A expression (Fig. S3B).
As we have previously shown that a number of mRNA regulating factors responded to PHD3 silencing in 786-O cells (14),
we next asked whether the mRNA stability of HIF2A is altered
upon PHD3 knockdown by using actinomycin D as an inhibitor
of de novo mRNA synthesis. Indeed, we saw further reduction
of HIF2A in PHD3-depleted cells by actinomycin D after 4 h
(Fig. 6A). Furthermore, we scrutinized the dynamics of HIF2A
mRNA decay in PHD3-silenced cells using an actinomycin D
chase experiment. The data at four time points (0, 1, 2, and 4 h)
show clearly enhanced decay of HIF2A mRNA in PHD3-silenced cells as compared with control (scr) cells, further implying that PHD3 silencing enhances HIF2A mRNA degradation
(Fig. 6B). Moreover, we studied whether the effect of PHD3
silencing in enhancing mRNA degradation occurs more
broadly. PHD3 silencing alone had no or increasing effect on
the expression level of cyclin-dependent kinase inhibitors p27,
p21 or an apoptosis regulator BAX genes. Most importantly,
both the control and PHD3-silenced cells responded similarly
to actinomycin D treatment. This implies that the effect of
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PHD3 in enhancing HIF2A mRNA degradation is not a generalized phenomenon (Fig. S3C).
To further study the mRNA stability in PHD3-depleted cells,
we used CHX that is known to stabilize labile mRNAs via binding to the ribosomes (39 –41). Surprisingly, we repeatedly
detected almost complete rescue of HIF2A expression in
PHD3-silenced cells in response to CHX treatment (Fig. 6C).
Together, our data suggest that the post-transcriptional decay
of HIF2A is enhanced upon PHD3 silencing.
PHD3 and HIF2A mRNA expression correlates in ccRCC tumor
samples
Finally, to investigate the relationship of PHD3 and HIF2A
mRNA expression levels in clinical ccRCC tumor samples, we
used the publicly available TCGA clear cell renal cell carcinoma
data set (42). Out of 442 tumor samples, the original TCGA
study provided normal matched samples for 71 patients. Our
comparative analysis across the tumor and their corresponding
normal adjacent tissues revealed a significant difference for
HIF1A, HIF2A, PHD2, and PHD3 expression (p value ⬍0.001)
(Fig. 7A). This shows significant up-regulation of both HIF2A
and PHD3 in tumor samples that is in line with previous studies
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Figure 3. Down-regulation of HIF-2␣ protein is specific to PHD3 silencing and independent from hydroxylase activity. A, 786-O cells transfected
with control (scr), siPHD1, siPHD2, or siPHD3. No decrease in HIF-2␣ protein expression was observed in response to PHD1 or PHD2 depletion.
Quantification of three independent experiments, -fold change to scr. Bar represents mean ⫾ S.D.; ns ⫽ not significant. B, 786-O, RCC4, and RCC4⫹VHL
cells were treated with panhydroxylase inhibitor DMOG for 8 h under normoxia or hypoxia followed by western blot analysis of HIF-2␣ expression. In VHL
mutated 786-O and RCC4 cells DMOG has no effect on HIF-2␣ protein expression. Representative blots from two individual experiments. C, 786-O, RCC4,
and RCC4⫹VHL cells were treated with cobalt chloride (CoCl2) for 6 h under normoxia or hypoxia followed by western blot analysis of HIF-2␣ expression.
Representative blots from four individual experiments. D, HIF-2␣ protein decay was studied using 4 h CHX treatment. HIF-2␣ protein decay remains
unchanged with PHD3 depletion. Quantification of three individual experiments, individual data points are shown. -Fold change to untreated sample
(0 h).

PHD3 regulates HIF2A mRNA stability in ccRCC

(10, 27). Accordingly, we were able to divide the samples into
two highly distinct groups of tumor and normal tissues based
on the genes of interest using hierarchical clustering method
(Fig. S4A). Similar clustering of all the VHL mutated (n ⫽ 217)
and nonmutated (n ⫽ 194) tumor samples in the TCGA data set
did not reveal any clear pattern in terms of the mutation status
(Fig. 7B).
Inspired by the strong signal for co-expression between
HIF2A and PHD3 detected in RCC cell lines, we consequently
explored the correlation between two HIFs and PHD1–3
expression for all 442 TCGA samples (Fig. 7C). In line with our

data from cell lines, HIF2A and PHD3 presented the highest
correlation value among the gene pairs (Pearson correlation
0.196, p value ⬍0.001). Next, taking into account the known
heterogeneity in ccRCC (3), we further narrowed down our
investigations to a more homogeneous group of patients, focusing on 40 (⬃10%) TCGA patients with the poorest prognosis
(survival time ⬍12 months) and reanalyzed the correlation of
PHD3 and HIF2A expression. Using the poor prognosis group
we observed a very strong correlation between HIF2A and
PHD3 expression (Pearson correlation 0.526, p value ⬍0.001)
(Fig. 7D), whereas the expression of other PHD family members
J. Biol. Chem. (2019) 294(10) 3760 –3771
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Figure 4. PHD3 silencing leads to down-regulation of HIF2A mRNA expression. A, qRT-PCR analysis of HIF2A expression in 786-O cells transfected with
control (scr), siPHD3#1, siPHD3#2, or siPHD2 followed by normoxic (NOX, 21% oxygen) or hypoxic (HOX, 1% oxygen) exposure. Quantification of at least three
independent experiments, -fold change to scr. Bar represents mean ⫾ S.D.; ***, p ⬍0.001; **, p ⬍0.001; ns ⫽ not significant. B, HIF2A expression in RCC4 cells
transfected with scr, siPHD3#1, siPHD3#2, or siPHD2 followed by normoxic or hypoxic exposure. Quantification of at least three independent experiments, -fold
change to scr. Bar represents mean ⫾ S.D.; *** p ⬍0.001; ** p ⬍0.01; ns ⫽ not significant. C, HIF1A expression in RCC4 cells remains unchained with PHD3 or
PHD2 silencing. Quantification of three (siPHD3) or two (siPHD2) individual experiments, -fold change to scr. Bar represents mean ⫾ S.D. D, VEGFA expression
in 786-O cells transfected with scr, siPHD3#1, siPHD3#2 followed by normoxic or hypoxic exposure. Quantification of four individual experiments, -fold change
to scr. Bar represents mean ⫾ S.D.; ** p ⬍0.01; * p ⬍0.05. E, VEGFA expression in RCC4 cells transfected with scr, siPHD3#1, siPHD3#2 followed by normoxic or
hypoxic exposure. Quantification of four individual experiments, -fold change to scr. Bar represents mean ⫾ S.D.; *, p ⬍ 0.05. F, OCT4 expression in 786-O cells.
Quantification of four individual experiments, -fold change to scr. Bar represents mean ⫾ S.D.; **, p ⬍0.01; *, p ⬍0.05.

PHD3 regulates HIF2A mRNA stability in ccRCC

did not significantly correlate with HIF1A or HIF2A expression
(Fig. S4B).

Discussion
The family of PHDs regulates the protein stability of HIF-␣
by post-translational hydroxylation that subsequently leads to
ubiquitination and proteasomal degradation of HIF-␣ under
sufficient oxygen availability (reviewed in Refs. 4, 5). This
mechanism provides a rapid regulation of HIF-signaling activity as HIF-␣ can be induced or degraded within minutes in
response to oxygen levels (43). A number of reports have demonstrated that silencing of either the expression or the activity
of PHDs results in up-regulation of HIF-1␣ and/or HIF-2␣ protein expression. In line, PHD3 acts as a major regulator of HIF-2␣
protein in many cell types (6, 7, 28). However, in ccRCC, high
expression of both HIF-2␣ and PHD3 because of the frequently
occurring VHL mutation is well-established (10, 12).
Here we report a novel mechanism of HIF-2␣ regulation in
ccRCC cells by PHD3 that may shed light on the simultaneous
high expression of PHD3 and HIF-2␣. Depletion of PHD3, but
not other PHDs, resulted in significant decrease, rather than
increase, in HIF-2␣ protein. Noticeably, HIF-2␣ protein degradation was not found to be affected, but instead we found
a marked decrease in HIF2A mRNA level. Moreover, the decrease
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was pinpointed to HIF2A mRNA stability in PHD3-depleted cells.
In line with this, we demonstrated that PHD3 and HIF2A expression positively correlated in a clinical ccRCC data set.
The regulation of HIF-2␣ expression by PHD3 seems to be
cell type–specific, as previous studies show an up-regulation of
HIF-2␣ protein in many widely studied cancer cells lines (28).
Also, we showed that in squamous carcinoma and breast carcinoma cells silencing of PHD3 either up-regulated or did not
have an effect on HIF-2␣ protein that is well in line with previous reports (28). Here we describe for the first time marked
reduction of HIF-2␣ expression in response to PHD3 silencing,
suggesting that in striking contrast to the canonical pathway, in
ccRCC cells high PHD3 expression is needed to keep high
expression levels of HIF-2␣ and its target genes. How widespread the effect is in ccRCC cells and whether it is associated
with VHL status, remains to be investigated.
Recently, several regulation mechanisms independent from
PHD and pVHL activity have been described for HIF-␣ isoforms. Besides proteasomal degradation, these include also lysosomal and autophagosomal degradation pathways (15–20).
Together, the findings suggest more complex regulation of the
HIF signaling pathway than previously known. Nonetheless,
regulation of HIF-2␣ transcription level is not fully understood.
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Figure 5. Forced expression of HIF2A in PHD3-silenced cells restore GLUT1 and LDHA expression. A, 786-O cells were transfected with scr or siPHD3
followed by forced expression of HIF2A or empty vector for 24 h. LDHA and GLUT1 expressions were determined with qRT-PCR. Quantification of four individual
experiments, -fold change to scr⫹vector. Bar represents mean ⫾ S.D. Statistics: one-way ANOVA; post hoc: Tukey, **, p ⬍0.01; *, p ⬍0.05. B, PHD3 and HIF2A
expression in 786-O cells with PHD3 silencing and forced expression of HIF2A. Quantification of four individual experiments, -fold change to scr⫹vector. Bar
represents mean ⫾ S.D. Statistics: one-way ANOVA; post hoc: Tukey, ***, p ⬍0.001; **, p ⬍0.01. C, LDHA protein level is rescued by restoring expression of HIF2A
in PHD3-depleted cells. A representative blot. D, Incucyte® Live Cell Analysis of 786-O cells treated with two distinct siRNA sequences targeting PHD3 and HIF2A
overexpression or empty vector. Forced expression of HIF2A restores the proliferation of PHD3-silenced cells. Curves represent mean values of three individual
biological experiments with eight replicate wells in each experiment.

PHD3 regulates HIF2A mRNA stability in ccRCC

Transcription factor E2F1 has been shown to directly regulate
HIF2A expression, and deubiquitylase Cezanne was linked to
the regulation of HIF2A by showing that Cezanne regulates the
stability of E2F1 (21). The regulation was shown in several cell
lines, including VHL mutated 786-O ccRCC cell line. Also
PARP-1 has been suggested to directly enhance HIF2A transcription when studied in Parp knockout mouse embryonic
fibroblasts, but not in RCC cells (22). In neuroblastoma cells,
HIF2A expression has been shown to be regulated by mTORC2
complex (24). Furthermore, HIF-2␣ protein levels have been
reported to be regulated by mTORC2 in ccRCC cells (44) highlighting the involvement of mTORC2 in regulation of HIF-2␣
across different cell types. These findings suggest that the transcriptional regulation of HIF-2␣ is complex and sensitive to
many different stimuli and that tissue and cell type specificity is
likely to occur. However, as actinomycin D treatment demonstrated decreased stability of HIF2A mRNA under PHD3
silencing, the above-listed known mechanisms are not likely to
be responsible for HIF2A mRNA stability regulation by PHD3.
Although further studies are needed to determine the specific mechanism by which PHD3 regulates HIF2A mRNA stability, our recent data may give hints to this. We recently
showed that PHD3 depletion leads to up-regulation of several
mRNA processing factors, including hnRNPs D, H, L, and G
that function in several steps of mRNA regulation, including
mRNA stability, alternative splicing, and mRNA maturation as
well as in down-regulation of a number of ribosomal proteins

and other translational machinery components, including
EIF4G (14). Thus, it is feasible that the up-regulation of mRNA
processing factors by PHD3 depletion is responsible for the
regulation of HIF2A mRNA stability. Supporting PHD3’s function in regulating HIF2A mRNA stability, treatment with CHX
that blocks the exit site at the ribosome and stabilizes labile
mRNAs (39 –41), completely restored the HIF2A mRNA level.
Previously, HIF-1␣ regulation has been linked to RNA-binding
proteins HuR and PTB, which are known regulators of mRNA
stability. HuR and PTB have been shown to directly bind to and
regulate the translation of HIF1A (45, 46). In fact, it has been
proposed that the regulation of HIF-1␣ mRNA translation is an
important regulatory step under hypoxic condition. It can be
speculated that similar motifs for RNA-binding proteins occur
in HIF2A sequence and that HIF2A could be post-transcriptionally regulated by certain mRNA processing factors.
We also observed that mRNA levels of glucose transporter
GLUT1 and glycolytic enzyme LDHA were down-regulated by
PHD3 silencing and the effect was restored by forced expression of HIF-2␣. As ccRCC has been shown to rely on high glycolytic activity (42, 47, 48), we suggest that PHD3 participates in
maintaining high glycolytic activity in ccRCC at least partially
through HIF-2␣. High expression of PHD3 may have other crucial roles in ccRCC via maintaining high HIF-2␣ expression and
its tumor-promoting target genes, including VEGFA. On the
other hand, given the range of metabolic and signaling pathways that have been shown to be regulated by PHD3, it is feasiJ. Biol. Chem. (2019) 294(10) 3760 –3771
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Figure 6. PHD3 silencing leads to attenuated HIF-2␣ mRNA stability. A, qRT-PCR analysis of HIF2A expression in 786-O cells transfected with control (scr),
siPHD3#1, or siPHD3#2 and treated with transcription inhibitor actinomycin D (Act D) for 4 h. Act D treatment further reduces the HIF2A expression in
PHD3-depleted cells. Quantification of at least three independent experiments, -fold change to untreated scr. Bar represents mean ⫾ S.D.; Statistics: one-way
ANOVA; post hoc: Tukey, **, p ⬍0.01; *, p ⬍0.05; ns ⫽ not significant. B, 786-O cells were transfected with scr or siPHD3#1 and treated with Act D for 4 h. Samples
were collected at indicated time points and HIF2A decay was determined by qRT-PCR. GAPDH expression was used for normalization. Graph represents mean
values of three individual experiments ⫾ S.E., -fold change to untreated sample (0 h). C, 786-O cells were transfected with scr, siPHD3#1, siPHD3#2 and treated
with protein translation inhibitor CHX for 4 h. Treatment with CHX restores the expression of HIF2A mRNA. Quantification of at least three independent
experiments, -fold change to untreated scr. Bar represents mean ⫾ S.D., Statistics: one-way ANOVA; post hoc: Tukey, **, p ⬍0.01, *, p ⬍0.05, ns ⫽ not significant.
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Figure 7. PHD3 and HIF2A mRNA expression correlate in clinical ccRCC tumor samples. A, distribution of HIF1A, HIF2A, and PHD1–3 expression levels across
tumor (n ⫽ 71) and their adjacent normal (n ⫽ 71) samples. Expression levels (normalized, log transformed) of both HIF1A and HIF2A in addition to PHD2 and
PHD3 were found significantly different between tumor and normal samples (p ⬍0.001). B, hierarchical clustering of TCGA ccRCC VHL mutated (n ⫽ 217) and
nonmutated (n ⫽ 194) samples based on the expression levels of HIF1A, HIF2A and PHD1–3 genes. C, correlation coefficients (Pearson correlation) with corresponding
p values for HIF1A or HIF2A and PHD1–3 in the whole ccRCC tumor sample data set (n ⫽ 442). Correlation of expression between HIF2A and PHD3 was higher than the
correlation between other gene pairs (Pearson correlation 0.196, p ⬍0.001). D, correlation of the expression levels (normalized, log transformed) between HIF2A and
PHD3 for the patients with the poorest survival (n ⫽ 40). A significant correlation of 0.526 was observed (Pearson correlation, p ⬍0.001).

ble that PHD3 has also independent functions in cancer progression, and the modified expression of several genes by PHD3
is not due only to the induction of HIF-2␣.
In summary, we have demonstrated that PHD3 maintains
high HIF-2␣ expression in post-transcriptional manner in
ccRCC cells that is supported by a strong correlation of PHD3
and HIF2A expression in clinical ccRCC samples. In contrast to
the common wisdom of a negative feedback loop between HIFs
and PHDs, we suggest a positive feedback loop where high
HIF-2␣ expression up-regulates PHD3, which then post-transcriptionally enhances HIF-2␣ expression. Together with the
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previous data this suggests that PHD3 enhances ccRCC progression and modulation of PHD3 could possibly be exploited
as a therapeutic target in renal cell carcinomas.

Experimental procedures
Cell culture, reagents, and transient transfections
786-O (CRL-1932) cells were obtained from ATCC (Rockville, MD) and cultured in RPMI 1640 medium (Lonza). RCC4
and RCC4 cells with stably transfected VHL (RCC4⫹VHL)
were acquired from Prof. Peppi Koivunen (University of Oulu,

PHD3 regulates HIF2A mRNA stability in ccRCC

Protein expression analysis
For protein expression analysis, cells were harvested in SDSTriton lysis buffer with protease inhibitors (1 mM Na3VO4, 1
mM PMSF, and 10 mM NaF). Protein concentration was measured using Bio-Rad DC Protein assay followed by addition of
2-mercaptoethanol containing SDS loading buffer and boiling
prior to loading. Equal amounts of protein were loaded and run
on SDS-PAGE in a mini-gel chamber (Bio-Rad) and transferred

to a PVDF membrane (Merck). Western blotting analyses with
the following antibodies were performed: PHD3 (NB100-139,
Novus Biologicals, Littleton, CO), PHD2 (NB100-137, Novus
Biologicals), PHD1 (NB100-310, Novus Biologicals), HIF-1␣
(610959, BD Transduction Laboratories), HIF-2␣/EPAS1
(NB100-122, Novus Biologicals), LDHA (no. 3582, Cell
Signaling Technology, Danvers, MA), ␤-actin (AC-74, SigmaAldrich), GAPDH (5G4-6C5, HyTest), anti-mouse-HRP
(DAKO), anti-rabbit-HRP (DAKO). Protein detection was performed using Pierce ECL Western Blotting Substrate (Thermo
Fisher Scientific). ␤-Actin or GAPDH was used as a loading
control. Blots were quantified using ImageJ (National Institutes
of Health) and intensities of the protein of interest were normalized to ␤-actin.
Quantitative RT-PCR
Total RNA was extracted using NucleoSpin RNA II kit
(Macherey-Nagel, Düren, Germany) according to the manufacturer’s protocol. Reverse transcription was performed using
M-MuLV RNase H-reverse transcriptase (Finnzymes, Thermo
Fisher Scientific) and random hexamer primers (Promega).
qPCR reactions were run using QuantStudio 12K Flex (Thermo
Fisher Scientific) and TaqMan Universal Master Mix II, no
UNG (Applied Biosystems, Life Technologies). TaqMan primers (Oligomer, Finland) and probes (Universal Probe Library,
Roche) used are listed in Table S1. Data analysis was performed
with QuantStudio 12K Flex Software (Thermo Fisher Scientific) by using ⌬⌬Cq method for quantification differences in
gene expression. The expression of the genes of interest was
normalized against the expression of GAPDH.
Immunocytochemistry and imaging
Cells were grown on coverslips, fixed with fresh 4% paraformaldehyde and permeabilized with 0.1% Triton X-100. Nuclei
were stained with the nuclear stain Hoechst 33342 (Invitrogen).
Antibody against HIF-2␣/EPAS1 (NB100-122, Novus Biologicals) was used in 1:500 dilution and Cy3 conjugated anti-rabbit
secondary antibody (Invitrogen) in 1:1000 dilution. Imaging
was performed using LSM780 (Carl Zeiss, Germany) confocal
microscope with C-Apochromat 40⫻/1.20 W Korr M27 objective. Experiments were performed as parallel treatments and
repeated two times. The images were cropped for representation and the intensity was measured using ImageJ (National
Institutes of Health).
Cell proliferation
To follow cell proliferation in 2D cell growth siRNA and
HIF2A overexpression plasmid or control plasmid-treated cells
were plated on 96-well plates, 8 wells for each treatment. After
24 h the well plates were placed into Incucyte® Live-Cell Analysis System (Essen BioScience) for 96 h. The wells were scanned
every 12 h, and the proliferation rate was determined as confluency accordingly.
TCGA clear cell renal cell carcinoma data analysis
The ccRCC data set was published by TCGA (42) and is available through TCGA website under the name of The Cancer
Genome Atlas Kidney Renal Clear Cell Carcinoma (TCGAJ. Biol. Chem. (2019) 294(10) 3760 –3771
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Finland) and cultured in DMEM (Sigma-Aldrich). Both media
were supplied with 10% FBS (Biowest, Nuaillé, France), L-glutamine (Lonza, Basel, Switzerland), and penicillin/streptomycin (Lonza). When in culture, cells were regularly tested for
mycoplasma contamination and all cell lines were tested negative. Cell lines were authenticated by ATCC Cell Authentication Service (STR profiling) in May 2018. After thawing, experiments were carried out after 2 passages and until 20 passages.
Cells were cultured in a humidified atmosphere in 37 °C containing 5% CO2. For hypoxic experiments the cells were cultured in 1% O2 in a hypoxic work station (In vivo2, Ruskinn
Technology Ltd, Bridgend, UK) with oxygen replaced with
99.5% pure N2 (AGA, Finland). Samples for Western blotting
and RT-PCR were collected at indicated time points after normoxic (21% O2) or hypoxic incubation.
DMOG (Sigma-Aldrich) was used at 1 mM final concentration for 8 h, cobalt chloride (Sigma-Aldrich) was used at 100 M
final concentration for 6 h, actinomycin D (Sigma-Aldrich) was
used at 5 g/ml final concentration for up to 4 h, CHX (SigmaAldrich) was used at 10 g/ml for 4 h, proteasome inhibitor
MG132 (Sigma-Aldrich) at 10 M final concentration for 4 h,
rapamycin (LC Laboratories, Woburn, MA) was used at 100 nM
final concentration for 4 h and torin1 (Selleckchem, Germany)
was used at 100 nM final concentration for 4 h.
For siRNA transfections, two stranded oligonucleotides were
used at final concentration of 10 nM. Reverse transfections
were performed using Lipofectamine威 RNAiMAX (Invitrogen)
according to manufacturer’s protocol. The siRNAs (MWG
Biotech AG, Germany) used were nontarget (siScr) 5⬘-CCUACAUCCCGAUCGAUGAUG(dTdT)-3⬘, siHIF-2␣ 5⬘-GCGACA-GCUGGAGUAUGAAUU(dTdT)-3⬘, siHIF-1␣ 5⬘-AACUAACUGGACACAGUGUGU(dTdT)-3⬘, siPHD1 5⬘-ACAUUGCUGCAUGGUAGAA(dTdT)-3⬘, siPHD2 5⬘-GACGAAAGCCAUGGUUGCUUG(dTdT)-3⬘, siPHD3#1 5⬘-GUCUAAGGCAAUGGU-GGCUUG(dTdT)-3⬘, and siPHD3#2 5⬘-AGGAGAGGUCUAAGGCAAUG (dTdT)-3⬘.
For adenoviral shRNA delivery 786-O cells were transduced
with either control (Ad-shScr) 5⬘-GACACGCGACTTGTACCACTTCAAGAGAGTGGTACAAGTCGCGTGTCTTTTTTACGCGT-3⬘ or with PHD3-targeting shRNA (Ad-shPHD3)
5⬘-CCGGCACCTGCATCTA-CTATCTGAACTCGAGTTCAGATAGTAGATGCAGGTGTTTTT-3⬘ (Vector BioLabs,
Malvern, PA).
For plasmid transfections, cells were plated and allowed to
attach for 24 h. 0.5 g of plasmid DNA per well was used
to achieve suitable overexpression of HIF-␣ protein. Empty
pcDNA.3 plasmid as used as a vector control. Transfections
were performed with FuGene® HD (Promega, Madison, WI)
according to manufacturer’s protocol.

PHD3 regulates HIF2A mRNA stability in ccRCC
KIRC). We utilized the raw mRNA expression files sequenced
and preprocessed through IlluminaHiSeq_RNASeqV2 platform. A total of 442 patients had both clinical and expression
data needed for current analysis.
The TCGA ccRCC analyses were performed using R version
3.4.3. The mRNA expression values were first normalized using
the Trimmed Mean of M values (TMM) method (Bioconductor
edgeR package version 3.18.1) and then the normalized values
were log-2 transformed (49, 50). Unsupervised hierarchical
clustering was performed based on euclidean distance and the
average linkage method using the R package gplots (version
3.0.1).
Statistical analysis
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