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ABSTRACT

Hypoxia plays a critical role at cellular and physiological levels in all animals. The
responses to chronic hypoxia are, at least substantially, orchestrated by activation of
the hypoxia inducible transcription factors (HIFs), whose stability and subsequent
transcriptional activation are regulated the by HIF hydroxylases. Factor inhibiting HIF
(FIH), initially isolated as a HIFa interacting protein following a yeast two-hybrid
screen, is an asparaginyl hydroxylase that negatively regulates transcriptional
activation by HIF. This study aimed to define mechanisms that govern transitions of
FIH between nucleus and the cytoplasm. We report that FIH accumulates in the
nucleus within a short time window upon hypoxia treatment. We provide evidence,
based on the application of genetic interventions and small molecule inhibition of the
HIF hydroxylases, that the nuclear localization of FIH is governed by two opposing
processes: nuclear entry by “coupling” with HIF1a for importin [ 1-mediated nuclear

import and active export via a Leptomycin B-sensitive exportinl-dependent pathway.
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INTRODUCTION

As solid tumors grow and oxygen becomes limiting, hypoxia triggers cellular and
physiological events (Ratcliffe, 2013). The hypoxia-inducible factors (HIFs) are
upregulated upon hypoxia and are key factors in coordinating cellular responses to
hypoxia. HIF is an a,  — heterodimer that binds DNA at hypoxia response elements
(HREs) containing a core “RCGTG” sequence (Kaelin and Ratcliffe, 2008). There are
three HIFa proteins in higher metazoans, with HIFlo and HIF2a being the most
extensively studied. HIFla and HIF2a are closely related, and both activate
HRE-dependent gene transcription. Nevertheless, HIFla and HIF2a play
non-redundant roles with distinct transcriptional targets (Kaelin and Ratcliffe, 2008;
Ratcliffe, 2007). Levels of HIFa, but not HIFP, are strongly regulated by oxygen

availability, as is the transcriptional activity of HIF.

As a key regulator of the response of mammalian cells to oxygen deprivation and a
critical player in the adaptation of tumor cells to a hypoxic microenvironment, the
regulation of the stability and subsequent trans-activational function of HIFa is of
major biomedical importance. Under well-oxygenated conditions, HIFa is
hydroxylated at prolyl residues by members of the prolyl hydroxylase domain (PHD)
family (Myllyharju, 2013). Hydroxylation of these prolyl residues generates a binding
site for the von Hippel-Lindau (pVHL) tumor suppressor protein, which is a
component of a ubiquitin E3 ligase complex. As a result, HIFa is polyubiquitylated
and subjected to proteasomal degradation when oxygen is available. The PHD
proteins belong to the Fe (II) and 2-oxoglutarate (2-OG)-dependent oxygenase
superfamily, whose activity is dependent on oxygen. The kinetic properties of the

PHDs enable the rate of HIF hydroxylation in cells to be suppressed by hypoxia.
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Under low oxygen conditions, or in cells lacking functional pVHL, HIFa
accumulates, dimerizes with HIF3, translocates to the nucleus, and transcriptionally
activates multiple genes, including genes involved in erythropoiesis, angiogenesis,

autophagy, and energy metabolism (Kaelin and Ratcliffe, 2008).

Factor inhibiting HIF (FIH), another Fe (II)- and 2-OG-dependent dioxygenase,
hydroxylates a conserved asparagine residue within the HIFoa C-terminal activation
domain (CAD), a post-translational modification that blocks interactions between the
HIFa CAD and the transcriptional activator/histone acetyl transferences CBP/p300
(Elkins et al., 2003; Hewitson et al., 2002; Lando et al., 2002a; Lando et al., 2002b;
Mahon et al., 2001; McNeill et al., 2002). FIH has multiple other substrates, including
members of the ankryin repeat domain (ARD) protein family (Cockman et al., 2006;
Cockman et al., 2009; Coleman et al., 2007; Janke et al., 2013; Karttunen et al., 2015;
Zheng et al., 2008). Because HIFa, ARD-containing proteins and other substrates can
be located in different cellular compartments, processes that affect the subcellular
location of FIH will influence its substrate selection and subsequently, its biological
functions, including the regulation of metabolism (Peng et al., 2012a; Scholz et al.,
2016; Sim et al., 2018; Zhang et al., 2010), keratinocyte differentiation (Peng et al.,
2012b), vascular endothelial cell survival (Kiriakidis et al., 2015), tumour growth
(Kuzmanov et al., 2012; Pelletier et al., 2012) and metastasis (Kang et al., 2017) as

well as Wnt signalling (Rodriguez et al., 2016).

FIH is ubiquitously expressed in most types of cultured cells and human tissues
(Bracken et al., 2006; Stolze et al., 2004). In live cells, overexpressed eGFP-tagged
FIH is primarily observed in the cytoplasm, with a low level of nuclear protein

(Metzen et al., 2003). Consistent with this observation, immunofluorescence analyses
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of endogenous FIH in cultured HEK 293T cells detected FIH protein predominantly
in the cytoplasm (Linke et al., 2004; Stolze et al., 2004). A wide range of human
tissues analysed by immunofluorescence also manifests mostly cytoplasmic staining,
but for cell types expressing notably high levels of endogenous FIH, nuclear staining
was also observed (Soilleux et al., 2005). In clinicopathological studies of human
cancer, nuclear localization of FIH was reported to be a positive factor associated with
good prognosis. This observation was independent of other more conventional
features, including histopathological grading, tumour size, and spread to lymph nodes
(Kroeze et al., 2010; Tan et al., 2007). Understanding the factors regulating FIH
localization is therefore of both biological and medical interest. A previous study
reported that hypoxia induces nuclear FIH (Liang et al., 2015), but the underlying
mechanism remains unknown. Here we report a detailed time course analysis on the
effects of hypoxia and HIF hydroxylase inhibition on FIH localization. The results
reveal that FIH accumulates in the nucleus upon exposure to hypoxia within a short
timeframe, and FIH enters and exits the nucleus via HIFlo/importin Bl- and

Leptomycin B-sensitive exportinl (CRM1)-dependent pathways, respectively.
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RESULTS

Hypoxia induces nuclear entry of FIH.

To investigate whether FIH nuclear import is regulated by hypoxia, a detailed time
course of hypoxia (1% atmospheric O2) treatment was performed using human
osteosarcoma U20S cells. As shown in Fig. 1A, an overall increase in HIFla protein
level manifests after a 1-hour hypoxia incubation, with maximal induction being
observed by western blots around 3 hours under hypoxia. After 8 hours under hypoxia,
an apparent decrease in the HIFla level was observed. The latter may due to the
up-regulation of prolyl hydroxylase domain-containing protein PHD2, or other PHD
isoforms, which are HIF target genes (Epstein et al., 2001; Marxsen et al., 2004);
PHD?2 is a major regulator of HIFla steady state levels in many cells (Berra et al.,
2003; Epstein et al., 2001). Unlike HIF1la, an increase in HIF2a protein level was
observed and sustained under hypoxia for at least 24 hours. The FIH total protein
level was not altered upon hypoxia within the limits of detection. However,
immunofluorescence studies revealed a striking change in FIH localization on
hypoxia treatment — clear nuclear accumulation of FIH was observed 3 hours post
hypoxia treatment (Fig. 1B). FIH remained localized in the nucleus for several hours,
but nuclear FIH was greatly reduced after 24 hours (Fig. 1B). The FIH
immunofluorescence staining is specific since no signal was detected in FIH
siRNA-transfected U20S cells either in normoxia or hypoxia (Supplementary Fig.
1A). Similar results concerning the effects of hypoxia on FIH localization were
obtained with both the human colon cancer cells HKe3 (Wang et al., 2014; Wang et
al., 2010) and human breast cancer cells MCF-7 (Supplementary Fig. 1B and C). The

hypoxia-induced nuclear accumulation of FIH observed by immunofluorescence
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staining was further supported by a subcellular fractionation assay that detected a > 17
fold increase in FIH protein in the nuclear fractions in U20S cells upon hypoxia
treatment (Fig. 1C). HIF1a was only observed to be present in the nuclear fraction

upon hypoxia.

Nuclear entry of FIH is mainly HIF1e-dependent, and requires inhibition of FIH

enzyme activity.

It was reported that in breast cancer, nuclear FIH expression showed a significant
positive correlation with nuclear HIF1a expression (Tan et al., 2007). In addition, in
the current work we observed that the time course of induction of HIFla upon
hypoxia correlates with that of nuclear accumulation of FIH. We thus hypothesized
that nuclear entry of FIH is HIFla-dependent. To test this, we depleted HIF1a,
HIF2a or HIF1B using siRNAs in U20S cells then exposed the cells to hypoxia
(Supplementary Fig. 2A). HIF1a depletion abolished hypoxia-induced nuclear FIH
(Fig. 2A, Supplementary Fig. 2B). HIF1f depletion also affected hypoxia-induced

nuclear FIH, but to a lesser extent than HIFla (Fig. 2A, Supplementary Fig. 2B),

possibly via down-regulation of HIF1aw (Supplementary Fig. 2A) (Chilov et al., 1999).

Although the average intensity of nuclear FIH was decreased following
HIF2a depletion, the percentage of nuclear FIH positive cells following

HIF2a depletion was not significantly changed (Fig. 2A, Supplementary Fig. 2B).

To further define the dependence of FIH nuclear localization on the stabilization of

HIFla, we exposed cells to small molecule inhibitors of the HIF hydroxylases with
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differential selectivity against FIH and the PHDs. To monitor the action of these
compounds in cells under the conditions of our experiments, we deployed an antibody
which specifically recognizes N803 hydroxylated HIFlo, as assessed by mass
spectrometry and reactivity against synthetic peptides (Lee et al., 2008; Tian et al.,
2011). This demonstrated that, as expected, these compounds displayed differential
activity against FIH and induced HIF1a in a form that is (I0X2, FG2216, DFO) or is
not (DMOG, 10X1, VGB10B/I0X4) hydroxylated on HIF1a N803 (Supplementary
Fig. 2C). Immunostaining of aliquots of the same cells for FIH revealed a striking
correlation between the nuclear localization of FIH and those conditions in which
HIFla was induced in a form where N803 hydroxylation was undetectable
(Supplementary Fig. 2D). These results indicated that the hydroxylation status of
HIF1a at N803 was affecting the nuclear localization of FIH. Although HIF1a that
was not hydroxylated on N803 could not be measured directly, the findings suggested
that it was the nuclear accumulation of non-hydroxylated HIF 1o that was responsible
for FIH relocation. We postulated that this was a result of increased binding of FIH to
this unhydroxylated HIF1a, as would be expected from previous work demonstrating
that catalytic inhibitors of FIH promote binding to its substrates (Cockman et al.,
2009). To test this more directly, we exposed cells to specific inhibitors of both the
PHDs (I0X2) (Chan et al., 2016), and FIH (DM-NOFD) (McDonough et al., 2005),
or both compounds in combination (Fig. 2B and C). As expected, IOX2 induced
HIFla in a form that was substantially hydroxylated on N803, whereas additional
exposure to DM-NOFD suppressed the N803 hydroxylation (Fig. 2B and C). Under
these conditions, clear nuclear localization of FIH was observed when 10X2 was
combined with DM-NOFD but not when it was used alone (Fig. 2B). Consistent with

the hypothesis that this reflected binding of FIH to unhydroxylated HIFla,
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immunoprecipitation revealed binding of FIH to HIFla was induced when N803

hydroxylation of HIF1a was suppressed by DM-NOFD (Fig. 2C).

Taken together these findings suggest that FIH enters the nucleus in association with

its substrate, HIF1a, and that this process is enhanced by catalytic inhibition.

FIH enters and exits the nucleus via HIFle/importin f1- and Leptomycin

B-sensitive exportinl (CRM1)-dependent pathways, respectively.

FIH has 349 residues and forms a ~80 kDa homodimer in solution (Dann et al., 2002;

Elkins et al., 2003), which is essential for its efficient catalysis (Lancaster et al., 2004).

The transport of proteins larger than ~40 kDa between the nucleus and cytoplasm
through the nuclear pore complex (NPC) is a spatially and temporally controlled
process (Adams and Wente, 2013; Aitchison and Rout, 2012). For nuclear import,
target proteins using the classical nuclear import system bind to dimeric complexes of
importin o/f proteins (Tran et al., 2014). Unpublished data from Kosyna et al.
indicate that FIH is not interacting with importins o and B (Depping et al., 2015). The
observations suggest that the nuclear import of FIH likely involves other proteins,
consistent with the hypothesis that its nuclear entry is mediated, at least under these
conditions, by association with HIF1a. A classical importin o/pB-dependent bipartite
NLS is present at the C-terminus of human HIFa (Depping et al., 2008). As
anticipated, siRNA-dependent depletion of importin 1 blocked the nuclear
accumulation of HIFla induced by DMOG treatment (Supplementary Fig. 3; Fig. 3A,
Row - HIFla). A lower level of HIFla protein was detected in DMOG-treated

importin f1-depleted cells compared to DMOG-treated control cells, suggesting that
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the nuclear retention of HIF1a somehow reduces its degradation (Supplementary Fig.
3). Importantly, under the same conditions, DMOG-induced nuclear entry of FIH was
abolished upon importin B1 depletion (Fig. 3A, Row - FIH). Consistent with this
observation, DMOG treatment induced the association of importin B1 with HIF1o and
FIH; while the binding between FIH and importin 1 was HIF1a-dependent, since

knockdown of HIF1a abolished the FIH-importin B1 interaction (Fig. 3B).

We observed that FIH was retained in the nucleus only for a few hours during
application of hypoxia (Fig. 1B; Supplementary Fig. 1C). Interestingly, during
re-oxygenation following hypoxia, FIH was observed in the nucleus for up to 1 hour
whereas HIF 1o was degraded more quickly (Supplementary Fig. 4A), suggesting that
export of nuclear FIH is mediated by an independent process. Nuclear export of
proteins is usually mediated by leucine-rich nuclear export signals (NES) that are
recognized by nuclear export receptors (Tran et al., 2014). Seven exportins have been
described so far, with chromosome region maintenance 1 (CRM1), also referred to as
exportinl, being the most abundant (Tran et al., 2014). Leptomycin B is a potent and
specific nuclear export inhibitor that inhibits exportinl (Nishi et al., 1994). We found
Leptomycin B treatment promoted the retention of FIH in the nucleus following 16
hours hypoxia and 1 hour of reoxygenation, while in non-treated cells, FIH was no
longer detectable in the nucleus under these conditions (Fig. 4A). This indicates that
FIH is exported by a Leptomycin B-sensitive pathway. Consistent with this,
endogenous FIH and exportinl co-immunoprecipitated in U20S cells (Fig. 4B).
Furthermore, a potential NES is predicted within FIH (residues 128-137) using
NetNES (http://www.cbs.dtu.dk/services/NetNES/) (Supplementary Fig. 4B). We thus

constructed a plasmid encoding hemagglutinin (HA)-tagged FIH lacking the predicted
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http://www.cbs.dtu.dk/services/NetNES/

NES (HA-FIH ANES), and transfected wild type or ANES HA-tagged FIH plasmids
into FIH null mouse embryonic fibroblasts (MEFs). Consistent with work described
above we found that exogenously expressed wild type FIH was cytoplasmic, and that
nuclear accumulation was observed upon hypoxia. Furthermore, after 1 hour
re-oxygenation following hypoxia, FIH was cytoplasmic (Fig. 4C, HA-FIH 1-349
panel), consistent with our observation on endogenous FIH (Fig. 4A; Supplementary
Fig. 4A). By contrast, exogenously expressed FIH lacking the predicted NES showed
nuclear localization under all conditions (Fig. 4C, HA-FIH ANES panel). In addition,
exogenously expressed FIH lacking the predicted NES failed to associate with
exportinl (Fig. 4D), highlighting the important role of this sequence in mediating
nuclear export.

These data demonstrate that FIH is exported via a Leptomycin B-sensitive
exportinl (CRM1)-dependent pathway; while upon hypoxia, FIH is actively imported

by importin 1-mediated nuclear import in association with HIF1a.
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DISCUSSION

FIH was initially isolated as a negatively regulating factor of HIFa following a yeast
two-hybrid screen using the final 251 residues of human HIFla (576-826) as a bait
(Mahon et al., 2001). The mechanism by which FIH represses HIFa transcriptional
activity was not determined in this initial study. Independently, Lando et al.
subsequently found that that an asparagine residue (N851 in mouse HIF2a,
corresponding to N803 in human HIFla), which is conserved in orthologous
vertebrate HIF 1o and HIF2a proteins, undergoes hydroxylation (Lando et al., 2002b).
They demonstrated that asparaginyl hydroxylation is a mechanism for normoxic
repression of the transcriptional activation by the HIFla CAD via blocking the
interaction of HIF with the CBP/p300 transcriptional coactivator proteins.

FIH was subsequently shown to be the HIF 1o asparaginyl hydroxylase following
bioinformatic analyses that predicted FIH to have a tertiary structure including a
modified ‘double stranded B helix’ (DSBH) fold that is typical of the 2-OG-dependent
hydroxylases (Hewitson et al., 2002; Lando et al., 2002a). This prediction was
subsequently verified by crystallographic analyses (Elkins et al., 2003). Recombinant
FIH was shown to catalyse the Fe (II) and 2-OG dependent C-3 hydroxylation of an
asparagine residue in the CAD of HIFa isoforms (Hewitson et al., 2002; Lando et al.,
2002a; McNeill et al., 2002).

FIH-catalysed HIFo hydroxylation blocks the interaction between the
transcriptional coactivators/histone acetyl transferases p300/CBP and HIFa (Lando et
al., 2002a). In vitro, p300 does not bind to HIFa CAD treated with wild type FIH, but
does bind to HIFa CAD treated with a catalytically inactive FIH variant (Hewitson et

al., 2002; Lando et al., 2002a). Subsequent work has also revealed that FIH accepts
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multiple substrates from the ankyrin repeat domain (ARD) family of proteins
(Cockman et al., 2006; Cockman et al., 2009; Coleman et al., 2007; Janke et al., 2013;
Karttunen et al., 2015; Zheng et al., 2008), which are located in different cellular
compartments. As a result, intracellular processes that affect the subcellular location of
FIH will determine its access to different substrates.

Our findings reveal dynamic mechanisms controlling the cellular localization of
FIH. We employed both genetic and small-molecule interventions to identify a
mechanism by which hypoxia induces nuclear translocation of FIH. Notably, we show
that FIH accumulates in the nucleus within a short time window upon hypoxia
treatment. We provide evidence that the presence of FIH in the nucleus is governed
by two opposing processes; nuclear entry by “coupling” of FIH import with HIF1a
for importin Bl-mediated nuclear import and active export by a Leptomycin
B-sensitive exportinl (CRM1)-mediated nuclear export pathway. We identified a
potential NES within FIH (residues 128-137) using bioinformatics and confirmed it by
the comparison of NES-deleted FIH and full-length FIH under identical transfection in
FIH null MEFs. We also report that nuclear import of FIH requires inhibition of its
own enzyme activity. This is consistent with an earlier report by Cockman et al.
showing that the FIH-substrate interactions could be stabilized by pre-treatment of cells
with the catalytic inhibitor DMOG, most likely due to prolongation of otherwise

transient interactions between enzyme and substrate (Cockman et al., 2009).

It is also notable that in addition to the HIF 1a isoforms, FIH binds and hydroxylates a
diverse array of ARD-containing proteins, including Notch (Coleman et al., 2007;
Zheng et al., 2008), apoptosis-stimulating of p53 protein 2 (ASPP2) (Janke et al., 2013)

and others (Cockman et al., 2006; Cockman et al., 2009; Karttunen et al., 2015). Unlike
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the very substantial effect of asparaginyl hydroxylation on HIF-mediated transcription,
FIH-catalysed ARD-hydroxylation has not yet been found to have a clear role on ARD
signalling (though it can affect ARD stability) (Kelly et al., 2009). These
ARD-containing proteins, however, have a high affinity for FIH and are abundant in
cells (Coleman et al., 2007; Wilkins et al., 2009), thus they compete with HIF 1o for
asparaginyl hydroxylation, which, as we have demonstrated in this study, is critical to
facilitate the nuclear import of FIH. In addition, a group of ARD-containing protein
use the RanGDP/AR (RaDAR) complex-mediated system for nuclear import (Lu et al.,
2014). Interestingly, the Notch intracellular domain (NICD) has been reported to play a
role in the nuclear accumulation of FIH in normoxic cells though the mechanism not
explored (Zheng et al., 2008). Our findings may enable new insights into the paradox
that FIH effectively hydroxylates HIF1a despite the presence of numerous and
abundant competing ARD substrates. Competition between ARDs and HIFa for
binding to FIH may not only directly regulate FIH-catalysed HIFa hydroxylation (as
previously proposed) (Cockman et al., 2006; Schmierer et al., 2010), but also regulate
the cytoplasmic versus nuclear localizations of FIH. The new data suggest a more
complex and dynamic interface with the HIF transcriptional response, where FIH may
be particularly important in modulating transitions between normoxic and hypoxic
states. It is also important to note that FIH is a dimer (Elkins et al., 2003), thus has the
potential to bind more than one protein (substrate) simultaneously, so potentially
enabling further fine-tuning of the role of FIH in the hypoxic response.

The results shown in this study rationalize why several earlier studies failed to
detect nuclear FIH under hypoxia (Linke et al., 2004; Metzen et al., 2003; Soilleux et
al., 2005; Stolze et al., 2004), since the narrow window of the nuclear impact of FIH

may have been missed. The results also potentially explain why, despite FIH being
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largely a cytoplasmic protein in normoxic cells, it has sometimes been observed in the
nucleus in pathological tissues (Kroeze et al., 2010; Tan et al., 2007). A detailed
understanding of the biological importance of cytoplasmic and nuclear FIH function
may help to explain whether nuclear FIH causes or simply associates with

pathological conditions.
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MATERIALS AND METHODS

Cell culture, reagents and transfections

U208, HKe3, MCF7 cells and FIH null mouse embryonic fibroblasts (MEFs) were
cultured in DMEM supplemented with 10% fetal bovine serum (Invitrogen) and
antibiotics. All cells were kept at 37 °C and 10% CO2. No mycoplasma
contamination was detected in the cell lines used. Hypoxic incubations were
performed in In vivoz 400 hypoxic workstations (Ruskin Technologies). Chemicals
DMOG, 10X1, 10X2, FG2216, VGB10B (1I0X4), DFO and DM-NOFD were
obtained or synthesized as reported (Chan et al., 2015; Chan et al., 2016; Chowdhury
et al., 2013; Hopkinson et al., 2013; McDonough et al., 2005; Mole et al., 2003; Yeh

et al., 2017).

siRNA oligos against the genes encoding for FIH (MU-004073-02-0002), HIF1a
(MU-004018-05-0002), HIF2o. (MU-004814-01-0002), HIF13 (MU-007207-01-0002)
and Importin 1 (MU-017523-01-0002) were purchased from Dharmacon. Sequences
are available from Dharmacon, or on request. As a negative control we used
siGENOME RISC-Free siRNA (Dharmacon). Cells were transfected with the
indicated siRNA oligos at a final concentration of 35 nM using DharmaFECT 1

reagent (Dharmacon).

Wild-type HA-tagged FIH (HA-FIH 1-349) plasmid was cloned as described
previously (Coleman et al., 2007). HA-tagged FIH plasmid lacking the predicted NES

128-137 (HA-FIH ANES) was cloned by the site-directed mutagenesis. Transfections
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were performed with FuGENE 6 (Promega), according to the manufacturer's

instructions.

Western blot analysis

Western blot analysis was carried out with lysates from cells with urea buffer (8 M
urea, | M thiourea, 0.5% CHAPS, 50 mM dithiothreitol and 24 mM spermine). For

preparation of cytoplasmic and nuclear proteins, NE-PER nuclear and cytoplasmic

extraction reagents (Pierce) were used in accordance with the manufacturer’s protocol.

Cytoplasmic and nuclear fractions were isolated from U20S cells with indicated
treatment, and B-tubulin was used as a loading control for the cytoplasmic fraction,
whereas PARP was used as a loading control for the nuclear fraction. For
immunoprecipitations, the cells were lysed for 30 min at 4 °C in pNAS buffer (50
mM Tris-HCI at pH 7.5, 120 mM NaCl, 1 mM EDTA and 0.1% Nonidet P-40), with
protease inhibitors. Cell extracts were then precleared with protein G beads and
incubated with antibodies against Importin 31 (2 pl per mg of protein lysate, Cell
Signaling Technology, 8673, rabbit polyclonal), exportinl (2 pg per mg of protein
lysate, Sigma-Aldrich, E7784, rabbit polyclonal), HIFla (2 pg per mg of protein
lysate, Novus Biologicals, NB100-479, rabbit polyclonal) or p300 (2 pg per mg of
protein lysate, Millipore, 05-257, mouse monoclonal RW128) for 16 h at 4 °C.
Immunoprecipitates were washed four times with cold PBS followed by the addition
of SDS sample buffer. The bound proteins were separated on SDS—polyacrylamide

gels and subjected to immunoblotting with the indicated antibodies.
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Primary antibodies were from Novus Biologicals (HIF1a, 1:1,000, NB100-479,
rabbit polyclonal), Abcam (B-tubulin, 1:5,000, ab6046, rabbit polyclonal; GAPDH,
1:2,000, ab9385, rabbit polyclonal; Ku80, 1:2,000, ab80592, rabbit monoclonal
EPR3468), Sigma-Aldrich (exportinl, 1:1,000, E7784, rabbit polyclonal), BD
Transduction Laboratories (HIFlo, 1:1,000, 610958, mouse monoclonal Clone
54/HIF1a), Cell Signaling Technology (PARP, 1:1,000, 9542, rabbit polyclonal;
HIF1pB, 1:1,000, 5537, rabbit monoclonal D28F3; importin 1, 1:1,000, 8673, rabbit
polyclonal), Santa Cruz Biotechnology (HA, 1:1,000, sc-7392, mouse monoclonal
Clone F-7), HIF2a. (1:50, clone-190b) (Wiesener et al., 1998), HIF 1o hydroxy-Asn®®
(N8030OH) (1:5,000, mouse monoclonal) (Lee et al., 2008) and FIH (1:200, mouse
monoclonal 162C) (Stolze et al., 2004). Signals were detected using an ECL detection
system (GE Healthcare) and evaluated by ImageJ 1.42q software (National Institutes

of Health).

Immunofluorescence microscopy

Cells were fixed in 4% PBS—paraformaldehyde for 15 min, incubated in 0.1% Triton
X-100 for 5 min on ice, then in 0.2% fish skin gelatin in PBS for 1 h and stained for 1
h with an anti-FIH antibody (1:50, mouse monoclonal 162C)(Stolze et al., 2004),
anti-HIF1a N803OH (1:500, mouse monoclonal) (Lee et al., 2008) and anti-HIF1a
antibody (1:100, BD Transduction Laboratories 610958, mouse monoclonal Clone
54/HIFla or 1:100, Novus Biologicals NB100-479, rabbit polyclonal). Protein
expression was detected using Alexa Fluor (1:400, Molecular Probes) for 20 min.

DAPI or TO-PRO-3 (Invitrogen) was used to stain nucleic acids (1:1,000). Samples
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were observed using a confocal microscope system (LSM 510 or LSM 710; Carl
Zeiss). Acquired images were analysed by ImageJ 1.42q software (National Institutes
of Health) using in-house plugins written for quantification of nuclear signal. Briefly,
four high power fields were selected for analysis of each treatment. To avoid being
biased by the FIH staining, each field was selected by viewing nuclear (DAPI)
staining only to identify near-confluent cells and thereby maximise the cell numbers
(~ 100 cells) included in the analysis. For each high power field, binary image masks
were created of FIH and DAPI positive staining to define regions of interest (ROI) for
analysis. The DAPI staining mask was used to define the nuclear ROI, which was
then applied, by the image calculator, to the original FIH staining images to isolate
nuclear staining within each image. Using the image calculator, the DAPI mask was
subtracted from the FIH mask to create a staining mask defining the non-nuclear ROI.
Quantitative fluorescence data were exported from Image] generated histograms into
Microsoft Excel software for further analysis and presentation. Cells with the ratio of
nuclear FIH mean intensity over non-nuclear FIH mean intensity bigger than 2 are

considered as nuclear FIH positive.

Statistical analysis and repeatability of experiments

Each experiment was repeated at least twice. Unless otherwise noted, data are
presented as mean * s.d., and a two-tailed, unpaired Student’s t-test was used to
compare two groups for independent samples. P < 0.05 was considered statistically

significant.
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Figure 1 - Evidence that hypoxia induces nuclear entry of FIH.

(A) Protein levels of HIF1a, HIF2a, FIH and PHD2 in U20S cells upon hypoxia (1%
0O.) treatment at the indicated time points. GAPDH was used as a loading control.

(B) Immunofluorescence staining of FIH (green) in U20S cells upon hypoxia (1% O2)
at the indicated time points. TO-PRO-3 (blue) was used to stain nuclei. Scale bar: 20
pm.

(C) Protein levels of FIH and HIF1a from cytoplasmic or nuclear fractions in U20S

cells in normoxia or hypoxia (1% O, 3 hours). B-tubulin and PARP were used as
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loading controls for the cytoplasmic and nuclear fractions respectively. Figures beneath
lanes 2 and 4 are relative intensities of nuclear FIH in normoxia and hypoxia. Note that

different quantity of cytoplasmic versus nuclear extract were loaded.
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Figure 2 - Nuclear entry of FIH is mainly HIF la-dependent, and requires inhibition of
FIH enzymatic activity.

(A) Immunofluorescence staining of FIH (green) in U20S cells with indicated
treatments. U20S cells were transfected with the indicated siRNA for 3 days, followed
by culture in normoxia (20 % O2) or 3 hours’ hypoxia (1 % O3). TO-PRO-3 (blue) was
used to stain nuclei. Scale bar: 20 pm.

(B) Immunofluorescence staining of FIH (green), HIF1a N8O3OH (green) and
HIF1a (red) in U20S cells treated with DMSO, DM-NOFD (1 mM), I0X2 (0.25 mM),
or DM-NOFD (1 mM) plus IOX2 (0.25 mM) for 3 hours. TO-PRO-3 (blue) was used to
stain nuclei. Scale bar: 20 pm.

(C) Protein levels of FIH, HIF1a and HIF1oa N8030OH in U20S cells with indicated
treatments. B-tubulin was used as a loading control. Total cell lysates from U20S cells

with indicated treatments were immunoprecipitated with an anti-HIF1a antibody.
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Figure 3 - FIH complexes with importin f1 via HIF1a for nuclear import.
(A) Immunofluorescence staining of FIH (red) or HIFla (red) in U20S cells with
indicated treatments. U20S cells were transfected with control siRNA or Importin 1

siRNA for 3 days, followed by treatment with DMSO or DMOG (1 mM) for 3 hours.

DAPI (blue) was used to stain nuclei. Scale bar: 10 pm.
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(B) Total cell lysates from U20S cells with indicated treatments were
immunoprecipitated with an anti-importin B[] antibody or control IgG. FIH, HIF 1o and
importin 3 levels are indicated. U20S cells were transfected with control siRNA or

HIF1a siRNA for 3 days, followed by treatment with DMSO or DMOG (1 mM) for 3

hours.
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Figure 4 - FIH exits nucleus via a Leptomycin B-sensitive exportinl
(CRM1)-dependent pathway.

(A) Immunofluorescence staining of FIH (green) and HIF1a (red) in MCF7 cells with
the indicated hypoxia (0.5% O2) and reoxygenation treatments. TO-PRO-3 (blue) was
used to stain nuclei. Scale bar: 20 pm.

(B) Total cell lysates from U20S cells were immunoprecipitated with an anti-exportinl

antibody or control IgG. FIH, exportinl and B-tubulin levels are indicated.

-
o
=
QO
()]
3
C
©
£
©
()
e
Q
()
QO
(8)
<
(]
()
()
[
Q2
(8)
(%)
()
@)
G
(o)
©
C
-
3
O
s




(C) Immunofluorescence staining of FIH (green) in FIH null mouse embryonic
fibroblasts (MEFs) transfected with HA-FIH 1-349 or HA-FIH ANES followed by
treatment in normoxia, hypoxia (1% O2) 3 hours or 1 hour reoxygenation. TO-PRO-3
(blue) was used to stain nuclei. Arrows: nuclear localization of signal.

(D) Total cell lysates from U20S cells transfected with control vector, HA-FIH 1-349

(FL: full length) or HA-FIH ANES were immunoprecipitated with an anti-exportin 1

antibody. HA-FIH, exportinl and B-tubulin levels are indicated. IgGr: IgG light chain.
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Supplementary Figure 1 — Evidence that hypoxia induces nuclear entry of FIH.

(4) Immunofluorescence staining of FIH (green) in U20S cells with the indicated
treatments. U20S cells were transfected with control siRNA or FIH siRNA for 3
days, followed by cultured in normoxia (20 % O,) or 3 hours’ hypoxia (1 % O5).
TO-PRO-3 (blue) was used to stain nuclei. Scale bar: 10 pm.

(B) Immunofluorescence staining of FIH (green) in HKe3 cells cultured in normoxia
(20 % O,) or 3 hours hypoxia (1 % O,) treatment. TO-PRO-3 (blue) was used to stain
nuclei. Scale bar: 10 um.

(C) Immunofluorescence staining of FIH (green) in MCF7 cells in hypoxia (0.5% O,)
at the indicated time points. TO-PRO-3 (blue) was used to stain nuclei. Scale bar: 20

um.
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Supplementary Figure 2 - Nuclear entry of FIH is mainly HIF1a-dependent and is
regulated by inhibition of FIH enzyme activity.

(4) Protein levels of HIF1a, HIF2a, HIF1f and FIH in U20S cells with the indicated
treatments. U20S cells were transfected with the indicated siRNA for 3 days,
followed by culture in normoxia (20 % O,) or 3 hours hypoxia (1 % O;) treatment.
B-tubulin was used as a loading control.

(B) The graphs show the ratio of nuclear FIH mean intensity over non-nuclear FIH
mean intensity (left) and the percentage of nuclear FIH positive cells (right) with the
indicated treatment evaluated by Imagel. Left: n represents the total number of cells
evaluated by ImageJ over 4 random fields. Each dot in the plot represents the ratio of
nuclear FIH mean intensity over non-nuclear FIH mean intensity in an individual cell.
Right: Cells with the ratio of nuclear FIH mean intensity over non-nuclear FIH mean
intensity bigger than 2 are considered as nuclear FIH positive (n = 4 random fields).
Data are mean + s.d. * P <0.05. *** P <0.001. n.s. P > 0.05. Representative images
are given in Fig. 2A.

(C) Protein levels of HIF1a N803OH, HIFla and FIH in U20S cells treated with
DMOG (1 mM), I0X1 (1 mM), I0X2 (0.25 mM), FG2216 (0.25 mM),
VGB10B/I0X4 (0.05 mM) or DFO (0.5 mM) for 3 hours. B-tubulin was used as a
loading control.

(D) Immunofluorescence staining of FIH (green) in U20S cells treated with DMOG
(1 mM), IOX1 (1 mM), I0OX2 (0.25 mM), FG2216 (0.25 mM), VGB10B/I0X4 (0.05
mM) or DFO (0.5 mM) for 3 hours. TO-PRO-3 (blue) was used to stain nuclei. Scale

bar: 20 pm.
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Supplementary Figure 3 - FIH complexes with importin 1 via HIF1la for nuclear
import.

Protein levels of importin 1, HIFla and FIH in U20S cells with indicated
treatments. U20S cells were transfected with control siRNA or importin 1 siRNA
for 3 days, followed by treatment with DMSO or DMOG (I mM) for 3 hours.

[-tubulin was used as a loading control.
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Supplementary Figure 4 - FIH exits the nucleus via a Leptomycin B-sensitive
exportin 1 (CRM1)-dependent pathway.

(4) Immunofluorescence staining of FIH (green), HIF1loa N803OH (green) and
HIFla (red) in MCF7 cells with the indicated hypoxia (0.5% O,) and reoxygenation

treatments. TO-PRO-3 (blue) was used to stain the nuclei. Scale bar: 20 pm.
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(B) A nuclear export signal (NES) is predicted within FIH (amino acid 128-137) by

NetNES (http://www.cbs.dtu.dk/services/NetNES/).
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