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Proliferation of cells under hypoxia is facilitated by metabolic adaptation, mediated by the transcriptional activa-
tor Hypoxia Inducible Factor-1 (HIF-1). HIF-1¢, the inducible subunit of HIF-1 is regulated by oxygen as well as
by oxygen-independent mechanisms involving phosphorylation. We have previously shown that CK16 phos-
phorylates HIF-1a in its N-terminus and reduces its affinity for its heterodimerization partner ARNT. To investi-
gate the importance of this mechanism for cell proliferation under hypoxia, we visually monitored HIF-1a
interactions within the cell nucleus using the in situ proximity ligation assay (PLA) and fluorescence recovery

ﬁ;};‘z?ﬁ& after photobleaching (FRAP). Both methods show that CK16-dependent modification of HIF-1ct impairs the for-
Lipid metabolism mation of a chromatin binding HIF-1 complex. This is confirmed by analyzing expression of lipin-1, a direct target
CK1d of HIF-1 that mediates hypoxic neutral lipid accumulation. Inhibition of CK16 increases lipid droplet formation
HIF-1 and proliferation of both cancer and normal cells specifically under hypoxia and in an HIF-1a- and lipin-1-
Lipin1 dependent manner. These data reveal a novel role for CK16 in regulating lipid metabolism and, through it, cell
Lipid droplets adaptation to low oxygen conditions.

© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Oxygen deprivation of cells and tissues (hypoxia) causes a dramatic
alteration in gene expression and characterizes major pathological pro-
cesses like ischemia and cancer. The response to hypoxia is mainly me-
diated by the hypoxia-inducible factors (HIFs) that control the
expression of genes involved in metabolic reprogramming as well as an-
giogenesis, cellular proliferation and survival under low oxygen condi-
tions. HIFs are therefore essential for adaptation to hypoxia that
allows cancer cell proliferation in the hypoxic tumor microenvironment
or survival of normal cells in ischemic tissue [1,2]. A major part of this
adaptation involves HIF-1-mediated stimulation of anaerobic carbohy-
drate metabolism and repression of oxidative phosphorylation [3]. In

Abbreviations: HIF, hypoxia-inducible factor; ARNT, aryl hydrocarbon receptor nuclear
translocator; CK1, casein kinase 1; hBSMC, human bronchial smooth muscle cells; PLA, prox-
imity ligation assay; FRAP, fluorescence recovery after photobleaching.

* Corresponding author. Tel.: +30 2410 685723; fax: +30 2410 685545.
** Correspondence to: I. Mylonis, Laboratory of Biochemistry, Faculty of Medicine,
University of Thessaly, 41500 BIOPOLIS, Larissa, Greece. Tel.: +30 2410 685578;
fax: +30 2410 685545.
E-mail addresses: simos@med.uth.gr (G. Simos), mylonis@med.uth.gr (1. Mylonis).

http://dx.doi.org/10.1016/j.cellsig.2015.02.017

addition, HIF-1 is implicated in lipid metabolism by supporting fatty
acid synthesis via glutamine metabolism [4], decreasing 3-oxidation of
fatty acids [5], and increasing lipin-1-dependent neutral lipid synthesis
and lipid droplet formation [6].

HIFs act as heterodimers and consist of the regulatory HIFo subunits
and the constitutively expressed HIF (or aryl hydrocarbon receptor nu-
clear translocator; ARNT) subunit. Under normal oxygen levels, HIF-1a
is modified by prolyl hydroxylases (PHDs), polyubiquitinated and de-
graded by the proteasome [7]. Under low oxygen tension, hydroxylation
is inhibited, and HIF-1« is stabilized and translocated into the nucleus
where it interacts with ARNT to form an active DNA-binding heterodi-
mer that associates with hypoxia-response elements (HREs) and acti-
vates the transcription of target genes.

HIF-1a expression and transcriptional activity are additionally regu-
lated by oxygen independent mechanisms involving the NF-B, PI3-K,
MAPK and STAT3 pathways [8,9] or interactions with many other pro-
teins including HSP90, RACK1 and MgcRacGAP [10-13]. A key aspect
of HIF-1ax regulation involves its post-translational modification by pro-
tein kinases. Phosphorylation can regulate HIF-1a protein stability, as
reported for modifications introduced by kinases GSK3, PLK3 and
CDK1 [14-16], or it can affect HIF-1 transcriptional activity. In the latter

0898-6568/© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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case, phosphorylation by ERK1/2 at Ser641/643 impairs CRM1-
mediated nuclear export of HIF-1a, thereby increasing its nuclear accu-
mulation and activity [17,18]. In addition, we have recently shown that
casein kinase 16 (CK16) targets Ser247 at the PAS B domain of HIF-1c,
causing reduction of its in vitro affinity for ARNT and inhibition of its
transcriptional activity [19].

CK16 is a member of the CK1 protein kinase family that is composed
of seven distinct mammalian isoforms (o, 3, Y1, ¥2, ¥3, 6 and €) and
their splice variants. Although most of these isoforms are ubiquitously
expressed and involved in diverse cellular functions such as cell cycle
progression, DNA damage response and circadian rhythms, their
regulation is complex and poorly understood [20].

In this work, we investigate the effects of CK16-mediated phosphor-
ylation on HIF-1 function in intact and living cells and analyze its
involvement in the metabolic reprogramming and proliferation of
cells under hypoxia. Our data demonstrate a novel role of CK15 in
limiting lipid biosynthesis and cell proliferation under hypoxia by
inhibiting full activation of the HIF-1/lipin-1 axis.

2. Materials and methods
2.1. Plasmids and antibodies

Cloning of HIF-1at1-347 (N-terminal fragment) into pBS-SK(+) and
HIF-10t348-826 (AN) into pGEX-4T-1 was described previously [21].
The corresponding cDNA inserts were inserted as BamHI fragment
into the pEGFP-C1 vector. pEGFP-HIF-10tS247A and pEGFP-HIF-
1aS247D plasmids were previously described [19]. pCDNA3.1-CK16
and pCDNA3.1-CK18-K38M [22,23] were kindly provided by Uwe
Knippschild (Centre of Surgery, University of Ulm, Germany). Antibod-
ies used included: affinity purified rabbit polyclonal antibodies against
HIF-1a [24], lipin-1 and lipin-2 [25], mouse monoclonal antibody
against ARNT (BD Biosciences), goat polyclonal antibody against
GFP (SICGEN) and rabbit polyclonal antibodies against actin, tubulin
(Cell Signaling) or CK16 (Santa Cruz Biotechnology).

2.2. Cell culture, transfection, reporter gene assays and chromatin
immunoprecipitation

Cells were cultured in DMEM, for HeLa and Huh7 cells, or DMEM F-
12, for human bronchial smooth muscle (hBSM) cells (Lonza), contain-
ing 10% FCS and 100 U/ml penicillin/streptomycin (Biochrom). Cells
were grown in a 37 °C incubator with 5% CO,. For hypoxic treatment,
cells were exposed for 4-24 h to 1% O,, 94% N, and 5% CO, in an IN
VIVO, hypoxia workstation (Baker Ruskinn). When required, cells
were treated for 4-24 h with CK16 inhibitor D4476 (10 puM, Cayman
Chemical) or kaempferol (50-100 pM, Sigma) using a 10 mM stock
solution in dimethyl sulfoxide (Applichem). Transient transfections,
reporter gene assays and chromatin immunoprecipitation were
performed as previously described [6].

2.3. siRNA-mediated silencing

Hela cells were incubated in serum-free DMEM for 4 h with siRNA
(10 nM) against HIF-1a (Qiagen) or Lpinl [6] in the presence of
Lipofectamine™ RNAIMAX (Invitrogen). AllStars siRNA (Qiagen) was
used as negative control.

2.4. Western blot and fluorescence microscopy

Immunoblotting and immunofluorescence microscopy were carried
out as previously described [6]. Western blot images were taken using
an Uvitec Cambridge Chemiluminescence Imaging System with the
help of Alliance Software (ver. 16.06) and quantified by Uviband
Software (ver. 15.03) provided with the instrument (Uvitec Cam-
bridge). To visualize lipid droplets, cells were stained with Nile Red
(Sigma; 0.1 pg/ml in PBS) for 15 min, washed with PBS and mounted
on slides. Quantification of the surface covered by Nile Red fluorescence
was performed with the public domain software for image analysis
‘Image]J’ and expressed as pixels/cell [26].

2.5. Cell proliferation assay

HeLa or hBSM cells (1.000-2.000 cells/well) were seeded into 96-
well plates and incubated for 24 h before being treated with 10 pM
D4476 or with DMSO as solvent control for the indicated periods
under normoxic or hypoxic conditions. At the end of the incubation
period, cell proliferation was determined using the “CellTiter 96
Aqueous One Solution Cell Proliferation Assay” kit (Promega). Values
were normalized by control experiments in the absence of cells in 96-
well plates supplied with culture medium and DMSO or D4476 alone.

2.6. In situ proximity ligation assay

The in situ proximity ligation assay (PLA) allows the visualization
and subcellular localization of protein—protein interactions in individual
fixed cultured cells, using secondary antibodies with attached oligonu-
cleotides. When a pair of antibodies binds in proximity, the attached ol-
igonucleotides can guide the creation of a DNA circle by ligation. This
circle then templates a local rolling circle amplification reaction,
whose product is easily detectable by FISH [27]. The HIF-1a interaction
with ARNT under hypoxia was monitored in HeLa cells grown on slides.
After appropriate incubation, cells were fixed with 3% formaldehyde in
PBS for 5 min, permeabilized with PBS/Triton 1% for 15 min at 4 °C,
incubated with anti-HIF-1a and/or anti-ARNT antibodies for 16 h
at 4 °C and processed using the Duolink II Fluorescence Kit
(Olink Bioscience). Slides were counterstained with DAPI (100 pg/ml)
before mounting. Images of in situ PLA experiments were taken in a
Zeiss Axioplan fluorescence microscope using an AxioCam MRm CCD
sensor and 40 x objective with filters for DAPI, FITC and Cy3. PLA signals
were digitally quantified using the ITCN tool of public domain software
for image analysis Image] [28].

2.7. Fluorescence recovery after photobleaching (FRAP) experiments and
data analysis

HelLa cells were plated on 35-mm high glass-bottom Ibidi p-dishes,
in phenol red-free medium (Invitrogen). FRAP experiments were
conducted on a Leica TCS SP5 microscope equipped with a 63 x 1.4
numerical aperture oil-immersion lens. During experiments, cells
were maintained at 37 °C and 5% CO,. A defined circular region of
2 um diameter (Region of Interest 1 — ROI1) was placed to the nuclear
midpoint of cells. GFP was excited using the 488 nm Argon laser line.
Fifty pre-bleach images were acquired with 2% of the 488 nm line
at 60% Argon laser intensity, followed by double bleach pulses on ROI1
of 0.066 s using the 476 nm and 488 nm laser lines, combined at

Fig. 1. HIF-1a/ARNT complexes can be specifically detected and quantified by in situ PLA in HeLa cells. (a) Cells were incubated at normoxia or hypoxia (1% O,) for 4 h and processed for the
detection of HIF-1at/ARNT interaction using simultaneous incubation with both primary anti-HIF-1 and anti-ARNT antibodies and the in situ PLA method (panels i and ii). Treatment of cells
with a single primary antibody (panels iii-vi) or no primary antibodies (panels vii and viii) was used as negative controls. Panels i-viii show microscopic images of the PLA signal as nuclear
dots while the corresponding panels i’-viii’ show the cell nuclei stained with DAPI. (b) Detection of HIF-1ct/ARNT complexes by in situ PLA in HeLa cells incubated under hypoxia (1% 0-)
for 4 h in the absence or presence of kaempferol (50-100 uM). (c) Twenty hours post-transfection, HeLa cells expressing GFP or GFP-HIF-1ax 1-347 were incubated for 4 h in hypoxia (1%
0,) and HIF-1at/ARNT complexes were detected by in situ PLA. Arrows point to transfected cells. Left panels: microscopical images. Right panels: quantification of results presenting the
average number of nuclear dots per cell £ SEM (n = 50). Inset in (c): immunobloting analysis of cell lysates with an anti-GFP antibody to show expression of GFP alone or GFP-HIF-1a

1-347.
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maximum power. In this manner, at least 60% of the fluorescence in
ROI1 was successfully bleached. Following bleaching, 300 images were
recorded at 0.066 s intervals. Mean fluorescence intensities of the
ROI1, the whole nucleus (ROI2) and an area outside the nucleus for
background correction (ROI3) were quantified and exported as
comma-separated values. Quantitative analysis of the experimental
recovery curves was performed using easyFRAP [29] and model-based
analysis was performed using the parameter inference method
described previously [30].

2.8. Statistical analysis

Statistical differences between two groups of data were assessed
using the unpaired t-test or the 1-way ANOVA test (for FRAP analysis
results) in the GraphPad Prism version 5.04 software; P < 0.05 was
considered to be significant (*P < 0.05; **P < 0.01; ***P < 0.001).

3. Results

3.1. Detection and relative quantification of HIF-1c/ARNT complex
formation using in situ PLA in HeLa cells

In order to study the regulation of complex formation of endogenous
HIF-1 in intact cells, we applied the in situ proximity ligation assay
(PLA). Using this method, the HIF-1ot/ARNT interaction was monitored
in HeLa cells that were incubated under normoxic or hypoxic
conditions. Following treatment with both anti-HIF-1ca and anti-ARNT
primary antibodies and analysis by in situ PLA, a very weak signal
could be detected in cells incubated under normoxia while, in contrast,
the signal was drastically amplified in cells grown under hypoxic condi-
tions (Fig. 1a, panels i and ii and chart). The detected signals were
specific for the HIF-1a/ARNT complex as no signal was obtained when
one or both of the primary antibodies were omitted (Fig. 1a, panels
iii-viii). We, therefore, concluded that in situ PLA could be used for
specific detection of HIF-1at/ARNT heterodimerization in intact cells.

To validate in situ PLA as a means to determine the extent of HIF-
1a/ARNT complex formation we used two different approaches.
Kaempferol, a dietary flavonoid causes mislocalization of HIF-1a to
the cytoplasm by inactivation of ERK1/2 [31]. Thus, treatment with
kaempferol (50-100 uM) under hypoxic conditions is expected to lead
to decreased numbers of active HIF-1 complexes inside the nucleus.
Indeed, as shown in Fig. 1b, treatment of HeLa cells with kaempferol
resulted in a significant and concentration-dependent decrease of
nuclear PLA signals. In the second approach, we attempted to disrupt
formation of HIF-10t/ARNT complexes when HIF-1aw and ARNT proteins
are both simultaneously present inside the nucleus. To this end, we
used the N-terminal part of HIF-1a, containing its heterodimerization
domain that is known to compete with endogenous HIF-1« for its inter-
action with ARNT [32]. Overexpression of this domain (HIF-1cc1-347) as
a GFP-tagged protein in HeLa cells led to a strong decrease in the
number of PLA signals compared with cells expressing GFP alone
(Fig. 1c; white arrows). Taken together, our results show that in situ
PLA can be reliably used not only to detect but also to quantify the
relative extent of HIF-1o/ARNT interaction inside the nucleus.

3.2. Overexpression of CK16 impairs and inhibition of CK16 stimulates HIF-
1a/ARNT complex formation under hypoxic conditions

Having established the suitability of in situ PLA for generating
quantifiable data in a cell-based system, we investigated the effect
of CK15 on the formation of HIF-1 complexes. HeLa cells were co-
transfected with a CK16 overexpressing plasmid (pcDNA3.1-CK16) or
the corresponding empty vector (pcDNA3.1) and a GFP expressing
plasmid (pEGFP; to detect transfected cells) and incubated under
hypoxic conditions (Supplementary Fig. 1a). Visualization and quantifi-
cation of the PLA signals show a significant decrease in the number
of HIF-10t/ARNT complexes specifically in cells that overexpress CK16
compared to control cells that are transfected with the empty vector
(Fig. 2a) Therefore, CK16 does indeed inhibit HIF-1 heterodimerization
in intact cells in accordance with our previous in vitro experiments [19].

To confirm the negative effect of CK16 on HIF-1 complex assembly,
we used a potent and specific (at 10 M) CK18 inhibitor, D4476, which
has recently become commercially available and used successfully for
targeting CK16 [33-35]. Treatment with the D4476 (10 pM), resulted in
a significant increase in the number of nuclear HIF-1ct/ARNT complexes,
as shown by in situ PLA in Hela cells incubated under hypoxia (Fig. 2b).
In the presence of D4476, transcriptional activity of endogenous HIF-1
was also drastically enhanced in HeLa cells grown under hypoxia
(Fig. 2c). Interestingly, analysis by western blotting confirmed that the
stimulation of HIF-1 transcriptional activity by D4476 was not due to
an effect on HIF-1at or ARNT expression levels, which remained con-
stant both in the presence and absence of the inhibitor (Fig. 2d and e).
Taken together, our data verify that CK18 inhibits HIF-1 activity by
impairing the formation of HIF-1ct/ARNT heterodimers.

3.3. Phospho-site mutation S247A and inhibition of CK16 by D4476 both re-
duce nuclear mobility of HIF-1c in living cells

To investigate the effect of CK1-mediated phosphorylation on HIF-1
in living cells, we applied fluorescence recovery after photobleaching
(FRAP) for the determination of HIF-1a intranuclear mobility and
kinetics that reflect its ability to form heterodimers that bind stably to
chromatin. To this end, we used Hela cells ectopically expressing GFP-
HIF-1ax or its mutant forms that abolish or mimic its CK16-dependent
phosphorylation (Supplementary Fig. 1b). Mutation of Ser247 to
alanine (S247A) has been shown to increase the affinity of HIF-1«x for
ARNT in in vitro binding assays, whereas, the phosphomimetic mutation
of the same site to aspartate (S247D) has been shown to exhibit the
opposite effect [19]. As negative control, we used Hela cells expressing
a GFP-tagged fragment of HIF-1«x that lacks the heterodimerization
domain (HIF-1a-AN) and has, therefore, no ability to form heterodi-
mers. FRAP was performed 24 h post-transfection by bleaching a
circular area within the nucleus and then monitoring the recovery of
fluorescence in the bleached region over time (Fig. 3a, circles). A visual,
qualitative examination of the resulting FRAP recovery curves (Fig. 3b
and Supplementary Fig. 2) revealed distinct dynamics for the GFP-HIF-
la constructs under normoxia. GFP-HIF-1a-AN is characterized by
rapid and full recovery of fluorescence, indicating a purely diffusive
behavior. Wild-type HIF-1a and its phosphomimetic mutant (S247D)
are characterized by similar dynamics, whereas S247A, which is unable

Fig. 2. Overexpression of CK15 impairs and inhibition of CK15 by D4476 increases formation of HIF-1ct/ARNT complexes. (a) HeLa cells were co-transfected with pcDNA3.1 or pcDNA3.1-
CK16 and pEGFP plasmids. Twenty hours post-transfection cells were incubated under hypoxia (1% O) for 4 h and HIF-1c,/ARNT complexes were detected by in situ PLA. (b) Detection of
HIF-1c¢/ARNT complexes, in the absence or presence of D4476 (10 uM) under hypoxia (1% O,) for 4 h, by in situ PLA. For (a) and (b): left panels: microscopical images. Right panels:
quantification of results presenting the average number of nuclear dots per cell £ SEM (n = 50). (c) Determination of HIF-1 transcriptional activity in HeLa cells incubated for 16 h
under normoxia or hypoxia (1% O) in the absence or presence of D4476 (10 puM). Results are shown as fold increase in relation to the corresponding normoxic conditions and represent
the mean of three independent experiments performed in triplicate + SEM. (d) Western blot analysis of HeLa cells incubated for 4 h under normoxia or hypoxia (1% O) in the absence or
presence of D4476 (10 uM), for detection of HIF-1ae and ARNT protein levels. (e) Histograms show the HIF-1ct/actin (left) or ARNT/actin (right) protein levels ratio according to

quantification of blots from three independent experiments performed as in (d).
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to be phosphorylated by CK16, exhibits decreased recovery. Finally,
recovery was further decreased when cells expressing wild type GFP-
HIF-1a were treated with the CK16 inhibitor D4476.

Quantitative analysis of the experimental recovery curves was
performed using easyFRAP [29], which allowed the extraction of values
for mobile fraction and half-maximal recovery time (t;;) and model-
based analysis [30], which permitted determination of the underlying
kinetic parameters, namely diffusion coefficient (associated with the

Table 1
Measured and kinetic parameter estimates of FRAP experiments.

speed of diffusion of free molecules), bound fraction (defined as the
fraction of molecules that are bound at any given time) and residence
time (defined as the time a molecule spends on average in the bound
state). These values (Table 1) confirmed the visual observations. More
specifically, GFP-HIF-1a-AN was highly mobile and exhibited a small
t12, significantly faster diffusion coefficient and negligible bound
fraction and residence time. These results are consistent with the inabil-
ity of GFP-HIF-1a-AN to interact with ARNT and bind to chromatin.

easyFRAP Model-based analysis
GFP-HIF-1a construct N t12 (S) Mobile fraction Diffusion coefficient (um?/s) Bound fraction Residence time (s)
AN 18 0.15 £ 0.07 0.95 £ 0.04 471451 0.01 £ 0.01 -
wt 14 0.29 £+ 0.10 0.87 £ 0.11 216 + 16 0.09 + 0.04 192+ 63
S247D 9 035+ 0.19 0.93 £+ 0.03 125+ 6.9 0.12 £+ 0.05 154+ 54
S247A 13 0.74 4+ 0.68 0.82 + 0.16 136+ 118 0.18 £ 0.13 20.1 4+ 6.6
wt + D4476 15 1.87 £ 2.04 0.70 £ 0.21 108 £ 11.6 0.28 £ 0.14 20.8 + 6.6

EasyFRAP: values of half-maximal recovery time (t;,) and mobile fraction for different GFP-HIF-1ax constructs, processed as described in Materials and methods.
Model-based analysis: kinetic parameter estimates of FRAP recovery curves for different GFP-HIF-1o constructs. Numerical values correspond to the mean + standard deviation of different
recovery curves corresponding to different cells (N represents the number of cells analyzed in each condition).
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Diffusion coefficient values were not significantly different (P> 0.05)
between all forms of full-length GFP-HIF-1a. Wild-type GFP-HIF-1a
and its phosphomimetic mutant S247D were characterized by similar
values for t;/,, mobile fraction and bound fraction (no statistically
significant differences were observed, P > 0.05 in all cases), indicating
quantitative phosphorylation of GFP-HIF-1a by CK15 in living cells. In
contrast, the phosphodeficient S247A mutant exhibited significantly
higher residence time than the mutant S247D (P < 0.01), indicative of
higher affinity for its heterodimerization partner and stronger binding
to chromatin components. In cells treated with D4476 and for wild-
type GFP-HIF-1c, recovery was slower (P < 0.05 compared to wild-
type in absence of D4476; P<0.01 compared to S247D), mobile fraction
was lower (P < 0.05 compared to either wild-type minus D4476 or
S247D), bound fraction was higher (P < 0.01 compared to wild-type
minus D4476) and residence time was longer (P < 0.01 compared to
S247D). The differences between mutant GFP-HIF-1c-S247A and
wild-type GFP-HIF-1a plus D4476, although they did not reach statisti-
cal significance, indicate that modification of HIF-1cx Ser247 may not be
the sole involvement of CK16 in HIF-1 regulation.

3.4. Inhibition of CK16-dependent phosphorylation of HIF-1a facilitates
metabolic adaptation of cells to hypoxia

To evaluate whether the enhanced HIF-1 heterodimerization caused
by CK15 inhibition is productive in terms of stimulated transcription of
HIF-1 target genes, we investigated binding of HIF-1 to the HRE in the
promoter of Lpin1, a recently identified hypoxia and HIF-1 regulated
gene, the product of which, lipin-1, has phosphatidic acid phosphatase
activity and is required for up-regulation of triglyceride synthesis and
lipid droplet formation under hypoxia [6]. This was first done by chro-
matin immunoprecipitation using Huh7 cells, in which induction of
the Lpin1 gene by hypoxia is more pronounced [6]. As anticipated, the
Lpinl promoter region was enriched in anti-HIF-1a immunoprecipi-
tates from hypoxically treated cells in comparison to rabbit IgG immu-
noprecipitates or anti-HIF-1ae immunoprecipitates from normoxic
cells. Furthermore, isolation of the promoter was significantly enhanced
when D4476 was present (Fig. 4a). Up-regulation of lipin-1 synthesis by
CK1 inhibition was further confirmed by analysis of lipin-1 expression
levels in Hela cells grown under the same conditions. As shown in
Fig. 4b and c, lipin-1 expression was significantly increased by D4476
treatment under hypoxia, while HIF-1a protein levels remained
unaffected. At the same time, expression of lipin-2, which is not an
HIF-1 target, remained unchanged (Fig. 4b). We, therefore, conclude
that HIF-1a association with the Lpin1 promoter is stimulated when
CK15 is inhibited, thereby enhancing lipin-1 synthesis.

To investigate the effect of these changes on triglyceride metabolism
we examined the formation of lipid droplets in HeLa cells incubated
with D4476 for 24 h under normoxic or hypoxic conditions. Treatment
with D4476 significantly increased lipid droplet formation under
hypoxia (Fig. 5a, left panel and Supplementary Fig. 3a), indicating
increased triglyceride production via up-regulation of the HIF-1 and
lipin-1. To see if the changes triggered by CK15 inhibition would affect
cellular adaptation to hypoxia, we measured the proliferation of HeLa
under the same conditions. Inhibition of CK16 did not significantly affect
cellular growth rate under normoxic conditions. However, under hyp-
oxia, D4476 caused a small but statistically significant increase in cell
proliferation, in agreement with its positive effect on HIF-1 activity
(Fig. 54, right panel). We then tested the effects of CK16 inhibition on
lipid droplet accumulation and cell proliferation in normal, non-cancer
cells by using primary, non-transformed human bronchial smooth
muscle (hBSM) cells. The results were similar as with HeLa cells
(Fig. 5b and Supplementary Fig. 3b), suggesting that the CK15-HIF-1o-
lipin-1 regulatory axis operates irrespective of the cellular transforma-
tion status.

To confirm the loss-of-function experiments using CK16 inhibition
in a positive way, we then examined lipid droplet formation in HeLa

cells overexpressing catalytically active CK16 or, as negative control,
the catalytically inactive CK16 K38M mutant (Supplementary Fig. 1a)
[23]. Under hypoxia, lipid droplet formation was decreased when the
wild type form of CK16 was overexpressed, whereas expression of its
mutant inactive form K38M did not have any effect on lipid droplet
formation (Fig. 6). We conclude that CK16 limits neutral lipid synthesis
under hypoxia, and this is most likely mediated by inhibition of
heterodimerization and transcriptional activity of HIF-1.

3.5. Stimulation of cell proliferation under hypoxia by CK16 inhibition is
HIF-1- and lipin-1-dependent

The finding that inhibition of CK16 stimulates cell proliferation
under hypoxia is novel and unanticipated. Our data so far suggest that
this is the result of increased HIF-1 and lipin-1 activity, triggered by
CK18 inhibition, but we cannot exclude the possibility that cellular
proliferation is affected by an unrelated CK156 target. To address this
issue, the involvement of HIF-1 and lipin-1 in adaptation of cells to a
hypoxic environment was tested by siRNA-mediated repression of
HIF-1a or lipin-1 expression in HeLa cells, kept under normoxia or hyp-
oxia and treated with D4476.

In agreement with our previously published data [6], the siRNA
against HIF-1a was effective in reducing the expression of both HIF-
1o and lipin-1 under hypoxia (Fig. 7a, upper panel), while the siRNA
against lipin-1 decreased the expression of lipin-1 under all conditions
(Fig. 7b, upper panel). As expected, knocking down HIF-1a did not
affect cell proliferation under normoxia, irrespective of D4476 treat-
ment. However, hypoxic stimulation of proliferation and its further
enhancement by D4477 were both greatly abolished when HIF-1a
expression was silenced (Fig. 7a, bottom panel). Depletion of lipin-1
did not significantly alter cellular proliferation under normoxia. In
contrast, suppression of lipin-1 expression significantly decreased
hypoxia-stimulated cellular proliferation, and it almost completely
neutralized the positive effect of CK16 inhibition (Fig. 7b, lower
panel). These data lead to the conclusion that increased proliferation
of cells under hypoxia requires HIF-1 and also, surprisingly, a lipin-1-
mediated function such as, possibly, up-regulation of lipid droplet
formation. CK16 restricts this phenomenon and can limit cellular
proliferation under hypoxia by modifying HIF-1a and impairing its as-
sociation with ARNT and DNA (Fig. 7c).

4. Discussion

As HIF-1 is associated with severe pathological conditions such as
tissue ischemia and cancer, it is vital to identify in detail the mecha-
nisms that affect its activity in order to develop novel therapeutic
approaches. In this study, we documented the negative effect of CK16
on HIF-10;/ARNT complex formation as well as HIF-1 DNA binding and
transcriptional activity, and how this affects metabolic adaptation and
proliferation of cells that grow under hypoxia. More specifically, we
have shown that CK16, by inhibiting HIF-1, impairs lipin-1 expression
and lipid droplet formation, processes that are essential for maintaining
a high proliferation rate under hypoxia. Therefore, CK16 appears to have
an anti-proliferative role under hypoxia, which may promote cellular
homeostasis as well as protect from cancer progression.

It has long been established that HIF-1 is heavily implicated in the
shift of energy metabolism in hypoxic cancer cells from mitochondrial
oxidative phosphorylation to glycolysis [36]. However, the effects of
hypoxia and HIF-1 on lipid metabolism have only recently been studied.
Increased lipid droplet accumulation observed under hypoxia can be
explained by enhanced de novo fatty acid synthesis, using the acetyl-
CoA, overproduced by the combination of glycolytic shift and mitochon-
drial dysfunction [37,38], and fatty acid synthase (FASN), an essential
lipogenic enzyme overexpressed under hypoxia and strongly correlated
with cancer progression [39]. Furthermore, recent studies signify the
uptake of fatty acids from the growth medium as an important source
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Fig. 5. CK16 inhibition increases lipid accumulation and cell proliferation under hypoxic conditions. Treatment with D4476 (10 uM) of HeLa (a) or hSMB (b) cells kept under normoxia or
hypoxia (1% O). Left: fluorescence microscope images of cells incubated under normoxia or hypoxia (1% O,) for 24 h in the absence or presence of D4476 (10 pM) and stained with Nile
Red to visualize lipid droplets. Right: digitized graph of cell proliferation under normoxia or hypoxia (1% O2) in the absence or presence of D4476 (10 pM) after 24 h (a) or 48 h
(b) treatment. Data represent the mean of three independent experiments performed in triplicate and expressed, as percent of the initial number of cells at time zero + SEM.

of lipids in cancer cells under hypoxia [40]. Fatty acid accumulation can by storing fatty acids as neutral triglycerides in lipid droplets via HIF-1-
be further enhanced by suppression of fatty acid 3-oxidation that occurs mediated up-regulation of lipin-1 synthesis.

under hypoxia [5,41]. Thus, hypoxic cancer cells have to deal with the However, the requirement of lipin-1 for the increased proliferation
excessive accumulation of fatty acids that can cause lipotoxicity and of cancer cells under hypoxia may not only be attributed to the forma-
cell death [42]. According to our model (Fig. 7¢), lipotoxicity is avoided tion of lipid droplets, since diacylglycerol (DAG), the direct product of

Fig. 4. CK16 inhibition stimulates lipin-1 expression under hypoxic conditions. (a) D4476 increases the interaction of HIF-1a with lipin1 promoter. Upper: gel electrophoresis of PCR prod-
ucts amplified from anti-HIF-1cx or rabbit IgG chromatin immunoprecipitates of Huh7 cells, incubated for 8 h under normoxia or hypoxia (1% O,) in the absence or presence of D4476
(10 uM). Bottom: quantification of real-time PCR results. Data represent the mean (+SEM) of two independent experiments performed in triplicate. (b) Western blotting analysis of
Hela cells incubated for 24 h under normoxia or hypoxia (1% O,) in the absence or presence of D4476 (10 uM), for detection of HIF-1ce and lipin protein levels. Tubulin was used as loading
control. (c) Histogram shows the lipin-1/tubulin protein levels ratio according to quantification of blots from three independent experiments performed as in (b).
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Fig. 6. Overexpression of active CK15 impairs lipid accumulation under hypoxic conditions. Left: HeLa cells were co-transfected with pcDNA3.1 or pcDNA3.1-CK16 wt or pcDNA3.1-CK16
K38M and pEGFP plasmids. Twenty four hours post-transfection cells were incubated for 24 h under hypoxia (1% O,), stained with Nile Red to visualize lipid droplets and observed by
fluorescence microscope. Right: quantification was performed using Image] software and represent the mean area 4+- SEM of Nile Red staining of 50 cells.

lipin-1 enzymatic activity, not only is the source of triglycerides but it
can also be used for the synthesis of the most abundant phospholipids,
phosphatidylethanolamine (PE) and phosphatidylcholine (PC), which
participate in membrane biogenesis [43]. Moreover, phosphatidic acid
(PA) and DAG, substrate and product, respectively, of lipin-1, play im-
portant roles in essential signaling pathways, such as those of mTOR
and PKC, and their relative intracellular levels, which are largely deter-
mined by lipin activity, may also affect cancer cell proliferation [44,
45]. Finally, lipin-1 interacts with and/or modulates the activity of sev-
eral transcription factors, including members of the peroxisome
proliferator-activated receptor (PPAR) family and SREBP, that control
the expression of genes involved in lipid metabolism [46,47]. Whatever
the case may be, inhibition of HIF-1-dependent lipin-1 expression by
CK18, appears to restrict cancer cell growth under hypoxia.

Although CK1 isoforms have been implicated in numerous biological
functions and also linked to pathological conditions [20], their involve-
ment in cancer cell proliferation and tumor formation is controversial.
The role of CK1 in the regulation of pathways associated with cell prolif-
eration, such as those involving p53 or Wnt, can have positive or nega-
tive effects depending on cell type and conditions [48-50]. Our previous
[19] and current work identifies metabolic adaptation to hypoxia as a
new target of CK1, which, in this case, plays an anti-proliferative role
by impairing the formation of an active HIF-1 heterodimer. This is in
agreement with previous studies examining the effect of CK1 isoforms
on the activity of the p53 tumor suppressor protein. Upon cell stress,
CK16/¢ phosphorylates p53 in its N-terminal region, weakens the inter-
action with MDM2 and, therefore, stabilizes and activates p53 function
[51]. Along the same line, reduced expression of CK1a/6/¢ isoforms has
been linked to more aggressive carcinoma types, and CK1a has been
shown to act as a tumor suppressor when p53 is inactivated [48]. On
the other hand, there is also evidence for oncogenic functions of CK1
isoforms in certain types of cancer [20]. A problem with these studies
is that expression levels of a CK1 isoform do not necessarily correspond
to phosphorylation levels of CK1 targets, as CK1 isoforms are themselves
subject to post-translational regulation. The complex multi-layer con-
trol of CK1 and its ubiquitous nature create an obstacle in understanding
the possible connection between CK1 regulation and the physiological
response to hypoxia, which require additional extensive studies.

Apart from cancer, where HIF-1 is associated with pathogenesis and
poor patient outcome, HIF-1 has also an important and protective role

in a wide range of disorders characterized by ischemia and inflammation
[52]. Studies in animal models and patient samples have shown that in is-
chemic tissues that overexpress HIF-1c, the transcription of genes associ-
ated with angiogenesis, vascular remodeling and metabolism is activated,
thus, having a favorable impact on tissue health and disease outcome [2].
Moreover, HIF-1a stabilization in conditions such as inflammatory bowel
disease, pathogen infection, acute lung injury and organ transplantation
has been associated with beneficial results. So, in these disorders, the
therapeutic efforts are directed towards augmenting HIF-1 activity. Until
now, HIF-1 activators tested for treatment comprise PHD inhibitors that
promote HIF-1c stabilization [52]. Although the stability of its alpha sub-
unit is an essential step, full HIF-1 activation also relies on down-stream
oxygen-independent processes such as dimerization with ARNT. Our
results, showing that inhibition of CK16 enhances the proliferation of
primary normal hBSM cells under hypoxic conditions, suggest that
stimulation of HIF-1ot/ARNT complex formation by CK1& chemical
inhibitors may form the basis of novel therapeutic approaches.

5. Conclusions

CK16 plays an important role in the cellular response to hypoxia by
controlling HIF-1 complex formation in living cells. Moreover, CK16 re-
stricts cellular proliferation under hypoxia by limiting HIF-1 activity, re-
ducing induction of lipin-1 and lowering lipid droplet formation. This
novel metabolic function of CK16 and its modulation by chemical agents
can facilitate the development of molecular strategies for the diagnosis
or treatment of hypoxia-related pathological conditions.
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tein levels after HIF-1c or lipin-1 silencing, respectively. HeLa cells were transfected with control siRNA or siRNA against HIF-1cx or lipin-1, and 24 h post-transfection, incubated for 24 h
under normoxia or hypoxia (1% O,) in the absence or presence of D4476 (10 uM). Bottom panels: digitized graph of HeLa cell proliferation, treated in the same conditions as described
above. Data represent the mean of three independent experiments performed in triplicate and expressed, as percent of the initial number of cells at time zero 4+ SEM. (c) Schematic

model of the mechanism by which CK16 impairs cell proliferation under hypoxia.

Acknowledgments Funding

This work was supported by the “ARISTEIA II” Action of the “OPERA-

We are grateful to Uwe Knippschild (Centre of Surgery, University of
TIONAL PROGRAMME EDUCATION AND LIFELONG LEARNING” and was

Ulm, Germany) for his generous gift of plasmids.



1140 M. Kourti et al. / Cellular Signalling 27 (2015) 1129-1140

co-funded by the European Social Fund (ESF) and National Resources.
Partial support was provided by the Proof of Concept Studies for the
ESFRI project Euro-Biolmaging (Greek Biolmaging Facility, PCS facility
Nr. 9, Unit 2). N.-N.G., M.AR. and Z.L. were supported by a grant from
the European Research Council and S.S. was supported by a Medical
Research Council Senior Fellowship (grant number G0701446).

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.cellsig.2015.02.017.

References

[1] G.L. Semenza, Trends Pharmacol. Sci. 33 (2012) 207-214.

[2] G.L Semenza, N. Engl. ]. Med. 365 (2011) 537-547.

[3] M.C.Brahimi-Horn, G. Bellot, J. Pouyssegur, Curr. Opin. Genet. Dev. 21 (2011) 67-72.

[4] R.C. Sun, N.C. Denko, Cell Metab. 19 (2014) 285-292.

[5] D.Huang, T.Li, X. Li, L. Zhang, L. Sun, X. He, X. Zhong, D. Jia, L. Song, G.L. Semenza, P.

Gao, H. Zhang, Cell Rep. 8 (2014) 1930-1942.

I. Mylonis, H. Sembongi, C. Befani, P. Liakos, S. Siniossoglou, G. Simos, ]. Cell Sci. 125

(2012) 3485-3493.

[7] CJ. Schofield, PJ. Ratcliffe, Biochem. Biophys. Res. Commun. 338 (2005) 617-626.

[8] V.L. Dengler, M.D. Galbraith, ].M. Espinosa, Crit. Rev. Biochem. Mol. Biol. 49 (2014)

1-15.

Al Papadakis, E. Paraskeva, P. Peidis, H. Muaddi, S. Li, L. Raptis, K. Pantopoulos, G.

Simos, A.E. Koromilas, Cancer Res. 70 (2010) 7820-7829.

[10] D.M. Katschinski, L. Le, S.G. Schindler, T. Thomas, A.K. Voss, R.H. Wenger, Cell.
Physiol. Biochem. 14 (2004) 351-360.

[11] JH. Baek, Y.V. Liu, KR. McDonald, ].B. Wesley, H. Zhang, G.L. Semenza, ]. Biol. Chem.
282 (2007) 33358-33366.

[12] Y.V. Liu, J.H. Baek, H. Zhang, R. Diez, R.N. Cole, G.L. Semenza, Mol. Cell 25 (2007)
207-217.

[13] A.Lyberopoulou, I. Mylonis, G. Papachristos, D. Sagris, A. Kalousi, C. Befani, P. Liakos,
G. Simos, E. Georgatsou, Biochim. Biophys. Acta 1833 (2013) 1378-1387.

[14] D.Flugel, A. Gorlach, C. Michiels, T. Kietzmann, Mol. Cell. Biol. 27 (2007) 3253-3265.

[15] D.Xuy, Y. Yao, L. Lu, M. Costa, W. Dai, ]. Biol. Chem. 285 (2010) 38944-38950.

[16] N.A. Warfel, N.G. Dolloff, D.T. Dicker, ]J. Malysz, W.S. El-Deiry, Cell Cycle 12 (2013)
3689-3701.

[17] L. Mylonis, G. Chachami, E. Paraskeva, G. Simos, ]. Biol. Chem. 283 (2008)
27620-27627.

[18] I Mylonis, G. Chachami, M. Samiotaki, G. Panayotou, E. Paraskeva, A. Kalousi, E.
Georgatsou, S. Bonanou, G. Simos, ]. Biol. Chem. 281 (2006) 33095-33106.

[19] A.Kalousi, I. Mylonis, A.S. Politou, G. Chachami, E. Paraskeva, G. Simos, J. Cell Sci. 123
(2010) 2976-2986.

[20] U. Knippschild, M. Kruger, ]. Richter, P. Xu, B. Garcia-Reyes, C. Peifer, ]. Halekotte, V.
Bakulev, J. Bischof, Front. Oncol. 4 (2014) 96.

[21] G.G.Braliou, M.V. Verga Falzacappa, G. Chachami, G. Casanovas, M.U. Muckenthaler,
G. Simos, . Hepatol. 48 (2008) 801-810.

[22] G. Giamas, H. Hirner, L. Shoshiashvili, A. Grothey, S. Gessert, M. Kuhl, D. Henne-
Bruns, CE. Vorgias, U. Knippschild, Biochem. ]. 406 (2007) 389-398.

[23] U. Knippschild, D.M. Milne, L.E. Campbell, A.J. DeMaggio, E. Christenson, M.F.
Hoekstra, D.W. Meek, Oncogene 15 (1997) 1727-1736.

[24] A.Lyberopoulou, E. Venieris, I. Mylonis, G. Chachami, I. Pappas, G. Simos, S. Bonanou,
E. Georgatsou, Cell. Physiol. Biochem. 20 (2007) 995-1006.

[6

[9

[25] N. Grimsey, G.S. Han, L. O'Hara, J.J. Rochford, G.M. Carman, S. Siniossoglou, ]. Biol.
Chem. 283 (2008) 29166-29174.

[26] M.D. Abramoff, PJ. Magelhaes, SJ. Ram, Biophoton. Int. 11 (2004) 36-42.

[27] O. Soderberg, M. Gullberg, M. Jarvius, K. Ridderstrale, KJ. Leuchowius, ]. Jarvius, K.
Wester, P. Hydbring, F. Bahram, L.G. Larsson, U. Landegren, Nat. Methods 3 (2006)
995-1000.

[28] ]. Byun, M. Verardo, B. Sumengen, G. Lewis, B. Manjunath, S. Fisher, Mol. Vis. 12
(2006) 949-960.

[29] M.A. Rapsomaniki, P. Kotsantis, L.E. Symeonidou, N.N. Giakoumakis, S. Taraviras, Z.
Lygerou, Bioinformatics 28 (2012) 1800-1801.

[30] M.A. Rapsomaniki, E. Cinquemani, N.N. Giakoumakis, P. Kotsantis, J. Lygeros, Z.
Lygerou, Bioinformatics 31 (2015) 355-362.

[31] I Mylonis, A. Lakka, A. Tsakalof, G. Simos, Biochem. Biophys. Res. Commun. 398
(2010) 74-78.

[32] B.H.Jiang, J.Z. Zheng, S.W. Leung, R. Roe, G.L. Semenza, J. Biol. Chem. 272 (1997)
19253-19260.

[33] G.Rena, . Bain, M. Elliott, P. Cohen, EMBO Rep. 5 (2004) 60-65.

[34] J. Bain, L. Plater, M. Elliott, N. Shpiro, CJ. Hastie, H. McLauchlan, 1. Klevernic, J.S.
Arthur, D.R. Alessi, P. Cohen, Biochem. ]. 408 (2007) 297-315.

[35] I.Zemp, F. Wandrey, S. Rao, C. Ashiono, E. Wyler, C. Montellese, U. Kutay, J. Cell Sci.
127 (2014) 1242-1253.

[36] G.L Semenza, ]. Clin. Invest. 123 (2013) 3664-3671.

[37] CM. Metallo, P.A. Gameiro, E.L. Bell, K.R. Mattaini, J. Yang, K. Hiller, CM. Jewell, Z.R.
Johnson, DJ. Irvine, L. Guarente, J.K. Kelleher, M.G. Vander Heiden, O. Iliopoulos, G.
Stephanopoulos, Nature 481 (2012) 380-384.

[38] D.R. Wise, P.S. Ward, J.E. Shay, J.R. Cross, J.J. Gruber, U.M. Sachdeva, ].M. Platt, R.G.
DeMatteo, M.C. Simon, C.B. Thompson, Proc. Natl. Acad. Sci. U. S. A. 108 (2011)
19611-19616.

[39] E. Furuta, S.K. Pai, R. Zhan, S. Bandyopadhyay, M. Watabe, Y.Y. Mo, S. Hirota, S.
Hosobe, T. Tsukada, K. Miura, S. Kamada, K. Saito, M. liizumi, W. Liu, ]. Ericsson, K.
Watabe, Cancer Res. 68 (2008) 1003-1011.

[40] K.Bensaad, E. Favaro, C.A. Lewis, B. Peck, S. Lord, ].M. Collins, K.E. Pinnick, S. Wigfield,
F.M. Buffa, ].-L. Li, Q. Zhang, M.J.0. Wakelam, F. Karpe, A. Schulze, A.L. Harris, Cell
Rep. 9 (2014) 349-365. http://dx.doi.org/10.1016/j.celrep.2014.08.056.

[41] Y.Liu, Z. Ma, C. Zhao, Y. Wang, G. W, ]. Xiao, CJ. McClain, X. Li, W. Feng, Toxicol. Lett.
226 (2014) 117-123.

[42] W. Yoo, KH. Noh, JH. Ahn, J.H. Yu, JA. Seo, S.G. Kim, K.M. Choi, S.H. Baik, D.S. Choi,
T.W. Kim, HJ. Kim, N.H. Kim, J. Cell. Biochem. 115 (2014) 1147-1158.

[43] S. Siniossoglou, Biochim. Biophys. Acta 1831 (2013) 575-581.

[44] D.A. Foster, Biochim. Biophys. Acta 1791 (2009) 949-955.

[45] A. Toker, EMBO Rep. 6 (2005) 310-314.

[46] Y.K. Koh, M.Y. Lee, J.W. Kim, M. Kim, ].S. Moon, Y. Lee, Y.H. Ahn, K.S. Kim, J. Biol.
Chem. 283 (2008) 34896-34906.

[47] T.R. Peterson, S.S. Sengupta, T.E. Harris, A.E. Carmack, S.A. Kang, E. Balderas, D.A.
Guertin, K.L. Madden, A.E. Carpenter, B.N. Finck, D.M. Sabatini, Cell 146 (2011)
408-420.

[48] E.Elyada, A. Pribluda, R.E. Goldstein, Y. Morgenstern, G. Brachya, G. Cojocaru, I. Snir-
Alkalay, I. Burstain, R. Haffner-Krausz, S. Jung, Z. Wiener, K. Alitalo, M. Oren, E.
Pikarsky, Y. Ben-Neriah, Nature 470 (2011) 409-413.

[49] S. Foldynova-Trantirkova, P. Sekyrova, K. Tmejova, E. Brumovska, O. Bernatik, W.
Blankenfeldt, P. Krejci, A. Kozubik, T. Dolezal, L. Trantirek, V. Bryja, Breast Cancer
Res. 12 (2010) R30.

[50] IC.Tsai, M. Woolf, D.W. Neklason, W.W. Branford, H.J. Yost, R.W. Burt, D.M. Virshup,
Int. ]. Cancer 120 (2007) 1005-1012.

[51] K. Sakaguchi, S. Saito, Y. Higashimoto, S. Roy, C.W. Anderson, E. Appella, J. Biol.
Chem. 275 (2000) 9278-9283.

[52] H.K. Eltzschig, D.L. Bratton, S.P. Colgan, Nat. Rev. Drug Discov. 13 (2014) 852-869.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0005
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0010
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0015
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0020
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0025
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0025
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0030
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0030
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0035
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0040
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0040
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0045
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0045
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0050
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0050
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0055
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0055
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0060
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0060
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0065
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0065
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0070
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0075
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0080
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0080
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0085
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0085
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0090
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0090
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0095
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0095
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0100
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0100
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0105
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0105
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0110
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0110
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0115
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0115
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0120
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0120
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0125
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0125
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0130
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0135
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0135
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0135
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0140
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0140
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0145
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0145
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0150
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0150
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0155
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0155
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0160
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0160
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0165
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0170
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0170
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0175
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0175
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0180
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0185
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0185
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0185
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0190
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0190
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0190
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0195
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0195
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0195
http://dx.doi.org/10.1016/j.celrep.2014.08.056
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0200
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0200
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0205
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0205
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0210
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0215
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0220
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0225
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0225
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0230
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0230
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0230
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0235
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0235
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0235
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0240
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0240
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0240
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0245
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0245
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0250
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0250
http://refhub.elsevier.com/S0898-6568(15)00063-7/rf0255

	CK1δ restrains lipin-�1 induction, lipid droplet formation and cell proliferation under hypoxia by reducing HIF-�1α/ARNT co...
	1. Introduction
	2. Materials and methods
	2.1. Plasmids and antibodies
	2.2. Cell culture, transfection, reporter gene assays and chromatin immunoprecipitation
	2.3. siRNA-mediated silencing
	2.4. Western blot and fluorescence microscopy
	2.5. Cell proliferation assay
	2.6. In situ proximity ligation assay
	2.7. Fluorescence recovery after photobleaching (FRAP) experiments and data analysis
	2.8. Statistical analysis

	3. Results
	3.1. Detection and relative quantification of HIF-1α/ARNT complex formation using in situ PLA in HeLa cells
	3.2. Overexpression of CK1δ impairs and inhibition of CK1δ stimulates HIF-1α/ARNT complex formation under hypoxic conditions
	3.3. Phospho-site mutation S247A and inhibition of CK1δ by D4476 both reduce nuclear mobility of HIF-1α in living cells
	3.4. Inhibition of CK1δ-dependent phosphorylation of HIF-1α facilitates metabolic adaptation of cells to hypoxia
	3.5. Stimulation of cell proliferation under hypoxia by CK1δ inhibition is HIF-1- and lipin-1-dependent

	4. Discussion
	5. Conclusions
	Conflict of interest
	Author contributions
	Acknowledgments
	Appendix A. Supplementary data
	References


