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ABSTRACT: Placental hypoxia and increased levels of maternal blood anti-angiogenic protein, soluble fms-like tyrosine kinase-1 (sFLTI),
are associated with the pathogenesis of pre-eclampsia. We have demonstrated that hypoxia-inducible factor (HIF)-2a mediates the upregu-
lation of the hypoxia-induced FLT/ gene in trophoblasts and their cell lines. Here, we investigated the involvement of HIF- 13, which acts as
a dimerization partner for HIF-a, in the upregulation of the FLT/ gene via hypoxia. We confirmed the interactions between HIF-1f and
HIF-20t in the nuclei of BeWo, JAR and JEG-3 cells under hypoxia via co-immunoprecipitation. We found that hypoxia-induced upregulation
of the FLT| gene in BeWo cells and secretion of sFLT| in human primary trophoblasts were significantly reduced by siRNAs targeting
HIF-1B. Moreover, the upregulation of the FLT/ gene in BeWo cells induced by dimethyloxaloylglycine (DMOG) was also inhibited by
silencing either HIF-2a or HIF-1 § mRNA. It was recently shown that DNA demethylation increases both basal and hypoxia-induced expres-
sion levels of the FLT| gene in three trophoblast-derived cell lines. In the demethylated BeWo cells, siRNAs targeting HIF-2o0 and HIF-1
suppressed the further increase in the expression levels of the FLT/ gene due to hypoxia or treatment with DMOG. However, luciferase
reporter assays and bisulfite sequencing revealed that a hypoxia response element (—966 to —962) of the FLT| gene is not involved in hyp-
oxia or DMOGe-induced upregulation of the FLTI gene. These findings suggest that HIF-1f is essential for the elevated production of
sFLT1 in the hypoxic trophoblasts and that the HIF-2o/HIF-1 3 complex may be a crucial therapeutic target for pre-eclampsia.
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Introduction

The placenta is a transient organ composed of trophoblasts that con-
tribute to the transport of nutrients, gases and waste products be-
tween the maternal and fetal blood (Gude et al., 2004). Placental
hypoxia/ischemia observed during gestation involves the improper reg-
ulation of oxygen levels, resulting in abnormal placentation and placen-
tal vascular diseases, which can lead to pregnancy-related
complications, including pre-eclampsia (Hutter et al., 2010; Thompson
et al., 2015; Soares et al., 2017). Pre-eclampsia is clinically character-
ized by the development of hypertension and proteinuria and is one of
the leading causes of maternal and fetal death (Uzan et al, 2011).
In particular, one of the common characteristics of this disease is the

increase in the levels of maternal blood soluble fms-like tyrosine

kinase-1 (sFLT1) protein, an anti-angiogenic factor (Koga et al., 2003;
Maynard SE et al., 2003; Levine R] et al., 2004).

sFLTI is composed of the extracellular domain of the fms-like tyro-
sine kinase-1/vascular endothelial growth factor (VEGF) receptor-|
(FLT1/VEGFRI), which tightly binds to VEGF (VEGF-A) and the pla-
cental growth factor (PIGF) (Shibuya, 201 1). It acts as a decoy recep-
tor that sequesters VEGF and prevents the initiation of intracellular
signal transduction. Therefore, it is widely accepted that increased lev-
els of circulating sFLT| may contribute to the development and pro-
gression of pre-eclampsia by antagonizing the activity of VEGF and
PIGF, resulting in hypertension and proteinuria due to maternal endo-
thelial dysfunction. However, the molecular mechanism underlying the
upregulation of sFLTI in pre-eclampsia has not yet been fully
elucidated.
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sFLTI mRNA is generated by the alternative splicing of FLT/ pre-
mRNA (Kendall and Thomas, 1993; Shibuya, 2011). In humans, four
splice variants of sFLT| have been reported so far (Heydarian et al.,
2009). Among them, in placental tissues, most of sFLT/-il3 and sFLT /-
el5a mRNAs are localized within the trophoblasts (Jebbink et dl.,
2011). In addition, the expression levels of the placental mRNA as
well as the serum protein levels of both sFLT1-i13 and sFLT |-el5a in-
creased in preeclamptic pregnant women compared to normal preg-
nant women (Rajakumar et al., 2009; Whitehead et al., 201 |; Souders
et al, 2015). Therefore, the excess sFLT| proteins in the maternal
blood are considered to be derived from the trophoblasts.

Hypoxia-inducible factor (HIF) is a member of the basic helix-loop—
helix-Per-Amt-Sim (bHLH-PAS) protein family and an important medi-
ator of the cellular response to hypoxia. Under hypoxic conditions, an
alpha subunit with two isoforms (HIF-1o and HIF-20) forms a hetero-
dimeric transcription factor complex with a beta subunit (HIF-Ip),
resulting in the transcriptional activation of numerous target genes in-
volved in the adaptation to hypoxia (Wenger et al, 2005; Pringle
et al., 2010). During this process, the HIF-a./HIF-1 heterodimer inter-
acts directly with the consensus hypoxia response element (HRE) se-
quence 5'-(A/G)CGTG-3' that is located upstream or downstream of
the target genes (Wenger et al., 2005; Pringle et al.,, 2010). We have
previously reported that HIF-2a, but not HIF-la, mediates the
hypoxia-induced upregulation of the FLT/ gene expression in the hu-
man trophoblast-derived cell lines (BeWo, JAR and JEG-3) and human
primary trophoblasts in vitro (Sasagawa et al., 2018), however, the as-
sociated molecule(s) of HIF-2a that help upregulate the expression of
the FLT| gene in these cells under exposure to hypoxia are unknown.
Therefore, in this study, we investigated whether HIF-1p is involved in
the upregulation of the FLT/ gene in trophoblast-derived cell lines and
primary trophoblasts under hypoxic conditions.

Materials and methods

Trophoblast-derived choriocarcinoma cell
lines and cell culture

Three trophoblast-derived choriocarcinoma cell lines: BeWo
(JCRBI111; Japanese Collection of Research Bioresources (JCRB) Cell
Bank, Tokyo, Japan), JAR (HTB-144; American Tissue Culture
Collection (ATCC), Manassas, VA, USA) and JEG-3 (HTB-36; ATCC)
were maintained in Ham’s F-12 medium (Nacalai Tesque, Inc., Kyoto,
Japan) containing 10% fetal bovine serum (FBS), 100 U/ml penicillin
and 100 pg/ml streptomycin. All cells were cultured at 37°C in a
humidified atmosphere with 5% CO,. This cell culture condition was
designated as ‘ambient condition’.

For hypoxic exposure, the cells were seeded on cell culture plates
or dishes (Sumitomo Bakelite Co., Ltd, Tokyo, Japan) at a density of
4.35x 10* cells/cm®. After 24h of incubation under ambient condi-
tions, the medium was replaced with fresh medium and the cells were
maintained under hypoxic conditions (2% O,, 5% CO, and 93% N,)
for 24 h in a Multigas Incubator (WAKEN 9000EX; WAKEN B TECH
Co., Ltd, Kyoto, Japan).

To induce chemically mimicked hypoxia, the cells were treated with
dimethyloxaloylglycine (DMOG; Enzo Life Sciences, Farmingdale, NY,
USA) at different doses (1-200puM) for 24h. Dimethyl sulfoxide

(DMSO; Sigma-Aldrich, St. Louis, MO, USA) was used as the vehicle
control.

For DNA demethylation, the cells were treated with 10 uM 5'-aza-
2'-deoxycytidine (5azadC; Sigma-Aldrich) or DMSO as the vehicle
control for 3 days. The culture media were changed daily to maintain
the stability of 5azadC during treatment.

Isolation and culture of human primary
trophoblasts

All procedures involving the purification of cytotrophoblasts from the
normal placental tissues and their cultivation for several experiments
were approved by the Ethical Committee of the Jobu University (No.
20-HO03) and the institutional review board of Faculty of Medicine, the
University of Tokyo (IRB number: 10979-3), respectively. Human vil-
lous cytotrophoblasts were isolated from the normal term placentas
and cryopreserved at —80°C, as previously reported (Sasagawa et al.,
2018). Thawed trophoblasts were suspended in a |:| mixture of the
Dullbecco’s modified Eagle medium (Nacalai Tesque)/Ham’s F-12
containing 10% FBS and antibiotics and then seeded into type |
collagen-coated |2-well culture plates (Sumilon Celltight; Sumitomo
Bakelite Co., Ltd) at a density of ~1.2 x 10° cells per well. After incu-
bation for 16 h, siRNA transfection was performed.

Quantitative reverse transcription-
polymerase chain reaction

RNA was extracted and the mRNA expression levels were assessed
using quantitative reverse transcription-polymerase chain reaction
(qRT-PCR) as previously described (Sasagawa et al., 2018). All data
were normalized to f-actin expression. Each value was obtained from
the mean of three independent experiments. The oligonucleotide
primer sequences are listed in Supplementary Table SI.

Western blotting analysis

Preparation of whole cell lysates and nuclear extracts, gel electropho-
resis and electroblotting were performed as previously reported
(Sasagawa et al., 2018). The following primary antibodies were used:
anti-HIF-1o0 (1:500, #3716; Cell Signaling Technology, Beverly, MA,
USA), anti-HIF-2a0 (1:1000, NB100-122; Novus Biologicals, Littleton,
CO, USA), anti-HIF-1f (1:2000, NB100-110; Novus Biologicals), anti-
B-actin (1:1000, #4967; Cell Signaling Technology), anti-TATA binding
protein (1:200, sc-421; Santa Cruz Biotechnology, Santa Cruz, CA,
USA) and anti-human FLT| N-terminal region (rabbit polyclonal) anti-
body (1:1000) (Tanaka et al., 1997; Sasagawa et al., 2018; Sasagawa
et al., 2020).

Immunoprecipitation

The nuclear extracts (200 pg protein) of hypoxic cells were subjected
to immunoprecipitation using Dynabeads Protein G (Invitrogen,
Carlsbad, CA, USA) bound with normal rabbit 1gG (#2729; Cell
Signaling Technology), anti-HIF-1B (NBI0O-110; Novus Biologicals) or
anti-HIF-2oc (NB100-122; Novus Biologicals) antibodies, according to
the manufacturer’s instructions. The precipitated proteins were then
subjected to western blotting analysis.


https://academic.oup.com/molehr/article-lookup/doi/10.1093/molehr/gaab065#supplementary-data

FLT| expression via HIF-1f in hypoxic trophoblasts

Heparin-affinity pull-down for the
concentration of sFLTI proteins

As previously reported (Sasagawa et al., 2018), the secreted sFLTI
isoforms within the conditioned medium from trophoblasts were con-
centrated using heparin-immobilized beads (Heparin Sepharose 6 Fast
Flow; GE Healthcare, Uppsala, Sweden) and the bound proteins were
eluted from these beads. The eluted proteins were then subjected to
western blotting analysis.

Immunofluorescence staining

Three choriocarcinoma cell lines were cultured on FBS-coated cover-
slips. After incubation for 24 h under ambient or hypoxic conditions,
these cells were fixed and permeabilized as previously reported
(Sasagawa et al., 2018). For immunostaining of HIF-1p, the specimens
were treated with the anti-HIF-1B monoclonal antibody (I:100,
NB100-124; Novus Biologicals) for | h and then visualized using the
Alexa Fluor 488-conjugated secondary antibody (1:500, A-11029;
Invitrogen). The nuclei were counterstained with 4’,6-diamidino-2-phe-
nylindole (1:500, Wako Pure Chemicals, Osaka, Japan). The cell
images were obtained using a fluorescence microscope (Biozero BZ-
8000; Keyence, Osaka, Japan).

Transfection with siRNA

Silencer Select Negative Control No.| siRNA (4390843) and Silencer
select siRNAs targeting HIF-lo (s6541), HIF-2a (s4699) and HIF-1
(#1; s1613 and #2; sl614) were purchased from Ambion (Austin,
TX, USA). BeWo cells and human primary trophoblasts were trans-
fected with siRNAs using the Lipofectamine RNAIMAX transfection
reagent (Invitrogen) as described previously (Sasagawa et al, 2018).
The siRNA transfection time for each cell was optimized based on the
knockdown efficiency of over 70% for the target gene, and the time
was set to 72h for the BeWo cells and 48h for the trophoblasts.
After transfection, the medium was replaced with fresh medium and
the cells were exposed to hypoxic or chemically mimicked hypoxic ex-
perimental conditions for an additional 24 h.

Treatment with the HIF-2a-specific
inhibitor TC-S7009

BeWo cells were cultured for 24 h. Then, the medium was replaced
with fresh medium containing 0.1% DMSO as a vehicle control or
30uM TC-S7009 (Tocris Biosciences, Bristol, UK). After incubation
for 24 h under chemically mimicked hypoxic conditions, the cells were
subjected to cell viability assays or qRT-PCR analysis.

Cell viability assay

Cell viability was assessed using the Cell Counting Kit-8 (CCK-8;
Dojindo, Kumamoto, Japan) as described previously (Sasagawa et dl.,
2018).

Luciferase reporter assay

To generate a luciferase reporter construct (pFLT |-Luc), the FLT/ pro-
moter region (—1629/+8) fragment obtained by digesting the
pPSOOCAT vector (lkeda et al., 1996) with Hindlll and Hincll was
inserted into the EcoRV and Hindlll sites of the promoterless firefly

luciferase vector pGL4.10 (Promega, Madison, WI, USA). The position
of the transcription start site (TSS) (41) of the human FLT/ gene is as
per our previous report (lkeda et al., 1996).

For the FLTI promoter assay, the BeWo cells were seeded into 12-
well cell culture plates (Sumitomo Bakelite Co., Ltd). After incubation
for 24 h, the cells were co-transfected with | pg of the pFLT |-Luc vec-
tor and 20 ng of the control renilla luciferase vector pGL4.74 (hRuc/
TK) (Promega) together with 3 pl of the Viafect Transfection Reagent
(Promega) for 24h according to the manufacturer’s instructions. The
cells were then incubated for 24 h under hypoxic or chemically mim-
icked hypoxic experimental conditions after the medium was replaced
with fresh medium, followed by gRT-PCR analysis or luciferase re-
porter assay. Luciferase activity was measured using the Dual-
Luciferase Reporter Assay System (Promega) with a luminometer
(Gene Light 210A; Microtech Nichion, Chiba, Japan). The firefly lucifer-
ase activity of the reporter plasmid was normalized to the renilla lucif-
erase activity.

Bisulfite sequencing

Genomic DNA extraction and bisulfite modification were carried out
as previously reported (Sasagawa et al., 2020). Amplification was per-
formed using EpiTaq HS (Takara Bio, Shiga, Japan) and PCR primers
for the detection of an HRE between —966 and —962bp in the FLT/
gene (forward 5 -GGGGAGGTAGTTTAGTTTTTTA-3" and reverse
5-AAAACACTTAAACTTTATTCCCTAA-3'). The thermal cycling
conditions consisted of an initial activation cycle (98°C for 20s), fol-
lowed by 40 cycles of denaturation (98°C for 10s), annealing (55°C
for 30s) and amplification (72°C for 30s). The PCR products were
then cloned into pGEM-T easy vectors (Promega) and DNA sequenc-
ing was performed on 19 clones from each sample.

Statistical analysis

Data are expressed as the mean = SD and the parametric data were
analysed using an unpaired t-test. Statistical analyses were performed
using Excel 2011 (Microsoft, Seattle, WA, USA) with the Statcel4
(OMS, Tokyo, Japan) ‘add-in’ software. A P-value <0.05 was consid-
ered to be statistically significant.

Results

Increased mRNA and protein expression
levels of HIF-13 and the interactions of
HIF-13 with HIF-20 in the nuclei of three
trophoblast-derived choriocarcinoma cell
lines exposed to hypoxic conditions

We investigated the expression levels of HIF-1B in the trophoblast-
derived choriocarcinoma cell lines cultured under ambient (atmo-
sphere with 5% CO,) or hypoxic (2% O,, 5% CO, and 93% N,) con-
ditions. Unexpectedly, the levels of HIF-/f mRNA were significantly
increased in hypoxic conditions compared to those in ambient condi-
tions in all the three cell lines (Fig. 1A). Western blotting analysis of
whole cell lysates also showed that HIF-1B was constitutively
expressed under ambient conditions and its expression was increased
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Figure I. mRNA and protein expression levels of hypoxia-inducible factor (HIF)-1§ and the interactions between HIF-1 and
HIF-2a in three trophoblast-derived choriocarcinoma cell lines exposed to hypoxia. BeWo, JAR and JEG-3 cells were incubated under
ambient (atmosphere with 5% CO,) or hypoxic (2% O,, 5% CO, and 93% N,) conditions for 24 h. (A) The mRNA expression levels of HIF-/ § were
measured by quantitative reverse transcription-polymerase chain reaction using f-actin mRNA as a reference. Results are expressed as the fold
change relative to the cells under ambient conditions. All values are represented as the mean £ SD (n=3). Asterisks indicate the significant difference
(P<0.05). (B) The expression levels of HIF-1 in the whole cell lysates and nuclear extracts of the three cell lines were assessed by western blotting
analysis. B-Actin and the nuclear protein, TATA binding protein, were used as the loading controls. (C) Cellular localization of HIF-1f in the three
cell lines was determined by immunofluorescence staining. (D) Immunoprecipitation of HIF-2o protein using an antibody against HIF- 1 in nuclear
extracts of the three hypoxic cell lines. The immunoprecipitates and nuclear extracts (input) were subjected to western blotting analysis. Uncropped

images of the western blots are presented in Supplementary Fig. S4.
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by exposure to hypoxia in all the three cell lines (Fig. |B). In addition,
HIF-1P levels were significantly increased in the nuclear extract frac-
tions by hypoxia stimulation (Fig. IB). The increase in levels of HIF-13
in the nucleus under hypoxia was also shown by immunofluorescence
staining of these cell lines (Fig. |C). After observing the nuclear accu-
mulation of HIF-2at in these cell lines under hypoxia (Sasagawa et al.,
2018), we examined the heterodimer formation of HIF-2a and HIF-18
in the nuclei of these cells by co-immunoprecipitation using the nuclear
extracts of the hypoxic cells. The HIF-20 protein was immunoprecipi-
tated using the antibody against HIF-1B in the nuclear extracts of the
three hypoxic cell lines (Fig. 1D). Similarly, this heterodimer formation
was also confirmed by immunoprecipitation of the HIF-1 protein us-
ing the antibody against HIF-2o. (Supplementary Fig. S1). These results
suggest that HIF-1B forms a heterodimeric transcription factor com-
plex with HIF-2a in the nuclei of cells from all three trophoblast-
derived cell lines under hypoxia.

Inhibition of HIF-13 reduces hypoxia-
induced upregulation of the FLTI gene in
BeWo cells and hypoxia-elevated sFLTI
secretion in human primary trophoblasts

We further examined the involvement of HIF-1p in the upregulation
of the FLTI gene under hypoxia. BeWo cells were transfected with
the indicated siRNAs targeting HIF-1o, HIF-20. or HIF-1 for 72 h prior
to exposure to either ambient or hypoxic conditions for 24 h. Two
HIF-15 siRNAs (siHIFIB#!1 and siHIFIB#2) reduced HIF-IB protein
expression without affecting either HIF-1o. or HIF-2o protein expres-
sions under ambient or hypoxic conditions (Fig. 2A). FLT| gene ex-
pression was measured using qRT-PCR with primers to cover all FLT/
transcript variants, including full-length transmembrane FLT/I (tmFLT/)
and sFLTI mRNAs. The tmFLT! plus sFLT s amplicon was designated
as total-FLT|. As we previously reported (Sasagawa et al., 2018), the
hypoxia-induced upregulation of total-FLT/ mRNA expression was sig-
nificantly inhibited when transfected with HIF-2oc siRNA, but not HIF-
loe siRNA (Fig. 2B). In addition, HIF-1 siRNA transfection also signifi-
cantly inhibited the total-FLT/ mRNA upregulation induced by hypoxia
(Fig. 2B).

Next, we investigated whether HIF-1 siRNAs were also able to
suppress the hypoxia-induced upregulation FLT/ gene in human pri-
mary trophoblasts. Primary trophoblasts were transfected with each
HIF-1 B-specific siRNA for 48h and further incubated for 24h under
ambient and hypoxic conditions. As a result, more than 70% knock-
down of HIF-1 5 mRNA by the respective siRNAs was achieved under
both ambient and hypoxic conditions (Fig. 2C). In addition, each HIF-
| B-specific siRNA significantly inhibited the hypoxia-induced upregula-
tion of the MRNA expression levels of total-FLT/, sFLTI-il3 and sFLT |-
el5a (Fig.
sFLT1-i13 and sFLT|-el5a secretion in the presence of control siRNA
in trophoblasts exposed to hypoxia (Fig. 2E). On the other hand,
transfection with each HIF-1 siRNA inhibited the hypoxia-induced el-
evation of sFLT| production in trophoblasts (Fig. 2E). Even in the
trophoblasts derived from another donor, the siHIFIB#!| also
achieved more than 70% knockdown of HIF-1# mRNA expression and
specifically inhibited the hypoxia-induced elevation of sFLT| production

2D). Western blotting analysis showed an increase in

(Supplementary Fig. S2). These results indicate that HIF-1f contributes
to the hypoxia-induced upregulation of the FLT/ gene in not only the

trophoblast-derived cell lines but also in the human primary
trophoblasts.

HIF-20 and HIF-13, but not HIF-1a,
regulate upregulation of the FLTI gene
induced by DMOG in BeWo cells

DMOG acts as a cell-permeable prolyl-4-hydroxylase inhibitor and
mimics hypoxic conditions by stabilizing HIF-o subunits. We first evalu-
ated the dose-dependent effects of DMOG on the FLT/ gene expres-
sion by exposing BeWo cells to different concentrations of DMOG for
24h. As a result, the levels of total-FLT| mRNA expression increased
in a dose-dependent manner, with a DMOG concentration of 100 uM
being sufficient to achieve optimal induction levels (Fig. 3A). No cyto-
toxicity was observed in the treatment with DMOG at a concentration
of 100 uM (Fig. 3B). In addition, the effect of DMOG on the mRNA
expression levels of three FLT| splicing variants (tmFLT/, sFLTI-il3 and
sFLTI-el5a) was also investigated. DMOG treatment predominantly
upregulated the mRNA levels of both sFLT s (Fig. 3C). Next, the pro-
tein expression levels of HIFs were examined by western blotting
analysis. HIF-1o and HIF-2a proteins were detected and an increase in
HIF-1B protein was observed in both whole cell lysates and nuclear
extracts after DMOG treatment (Fig. 3D and E). Similar to the results
of hypoxic treatment in three trophoblast-derived choriocarcinoma
cell lines (Fig.1A), DMOG treatment in BeWo cells also significantly in-
creased the HIF-1# mRNA levels (Supplementary Fig. S3). In addition,
co-immunoprecipitation of the HIF-2a protein by the antibody against
HIF-1B was also shown in nuclear extracts from DMOG-treated cells
(Fig. 3F). We further examined the roles of HIFs in the FLT/ gene
upregulation induced by DMOG using siRNAs. The DMOG-induced
upregulation of tota-FLTI mRNA expression was also significantly
inhibited by siRNAs targeting HIF-2a and HIF-1, but not HIF-la
(Fig. 5G). Furthermore, an HIF-2a-specific inhibitor TC-S7009 that
antagonizes HIF-2a heterodimerization and DNA-binding activity also
significantly decreased upregulation of FLT| gene by DMOG treatment
(Fig. 3H). Treatment with TC-S7009 had no toxic effects on the cells
(Fig. 3l). These results indicate that DMOG-induced upregulation of
the FLTI gene in BeWo cells is also mediated by HIF-2ot and HIF-1B.

Inhibition of HIF-2a. and HIF-1(, but not
HIF-1o, reduces the further increase in
FLTI gene expression by hypoxia or DMOG
in demethylated BeWo cells

Treatment with a DNA methyltransferase inhibitor, 5azadC, for 120h
can upregulate both the basal and hypoxia-induced expression levels
of the FLT| gene in three trophoblast-derived choriocarcinoma cell
lines (BeWo, JAR and JEG-3 cells) (Sasagawa et al., 2020). To under-
stand the role of HIFs in the further increase in the FLT| gene expres-
sion by hypoxia, we attempted experiments in which both
demethylation and siRNA transfection were performed simultaneously.
First, we examined whether 72h of demethylation could further in-
crease the hypoxia-induced FLT/ gene expression in BeWo cells be-
cause the siRNA transfection time has been optimized to 72h. BeWo
cells were incubated in the presence of 0.1% DMSO (vehicle control)
or 10uM 5azadC and the culture media were changed daily. After 3
days of culture, the culture media were changed with fresh growth
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Figure 2. Silencing of HIF-1f via transfection with a siRNA reduces the hypoxia-induced upregulation of the FLTI gene in both
BeWo cells and human primary trophoblasts. BeWo cells and primary trophoblasts were each transfected with a siRNA at 10 nM for 72 h
and 48 h, respectively, after which the cells were incubated under ambient or hypoxic conditions for 24 h. (A) The protein expression levels of HIFs
in the BeWo cells were assessed by western blotting analysis. (B) The mRNA expression levels of all FLT/ transcript variants (total-FLT!) in the
BeWo cells were measured by quantitative reverse transcription-polymerase chain reaction (QRT-PCR) using f-actin mRNA as a reference. Results
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media without 5azadC. The cells were treated under hypoxia for 24 h
and then the mRNA expression levels of all FLT/ transcript variants
(total-FLT 1) were measured by gRT-PCR. The expression level of total-
FLTI mRNA in 5azadC-treated BeWo cells under hypoxia was ~70-
fold higher than that in vehicle-treated cells under hypoxia (Fig. 4A).
Therefore, the further increase in hypoxia-induced FLT! gene expres-
sion was observed even at 72h of demethylation treatment time.
Next, both demethylation and siRNA transfection were performed si-
multaneously in BeWo cells for 72h, followed by a 24-h incubation
under ambient or hypoxic conditions. As a result, the further increase
in the FLT| expression induced by hypoxic stimulation was significantly
inhibited by siRNAs targeting HIF-2o. and HIF- 1, not HIF-1a (Fig. 4C
and D). In addition, the effect of DMOG on FLT/ gene expression in
5azadC-treated BeWo cells was also investigated. Under DMOG-
treated conditions, the total-FLT/ mRNA expression levels in 5azadC-
treated BeWo cells were ~30-fold higher than those in vehicle-
treated cells (Fig. 4B). The further increase in FLT| gene expression
induced by DMOG treatment was also significantly inhibited by
siRNAs targeting HIF-2o0 and HIF-1B rather than HIF-1o (Fig. 4E).
Noteworthy, western blotting analysis revealed that HIF protein ex-
pression levels did not change with or without 5azadC treatment
(Fig. 4F). These results indicate that the further increases in the FLT/
gene expression induced by hypoxia or treatment with DMOG after
demethylation are also regulated by the HIF-20/HIF-1B complex and
are due to an increase in the number of HREs to which the hetero-
dimers can bind.

A HRE between —966 and —962bp in the
FLTI gene is not involved in hypoxia or
DMOG-induced upregulation of the FLTI
gene in BeWo cells

Previously, a putative HRE was reported to locate ~| kb upstream of
the TSS of the mouse and human FLT/ genes (Gerber et al., 1997).
To elucidate whether this HRE contributes to the hypoxia or DMOG-
induced upregulation of the FLT/ gene, a luciferase reporter construct
pFLT I-Luc (as shown in Fig. 5A) was transfected in BeWo cells. After
transfection for 24 h, the cells were treated with hypoxia or DMOG
for 24h for gRT-PCR analysis or luciferase reporter assay.
Upregulation of endogenous total-FLT| gene expression was induced
by hypoxia or DMOG (Fig. 5B and C). However, an increase in lucif-
erase activity was not observed in the cells treated with hypoxia or
DMOG (Fig. 5D and E). We then further investigated the cytosine-
phosphate-guanine (CpG) methylation level of an HRE located be-
tween —966 and —962bp in the FLTI gene promoter in BeWo cells
with or without 5azadC treatment. The overall percentage of

Figure 2. Continued

methylated CpG sites in the HRE near region of the FLTI promoter
decreased from 53.9% to 48.0% compared to those before 5azadC
treatment, but there was no difference in CpG methylation level in the
HRE sequence itself (Fig. 5F). These results strongly suggest that an
HRE located ~ | kb upstream of the TSS in FLT| gene is not involved
in hypoxia- or DMOG-induced upregulation of the FLT/ gene in
BeWo cells.

Discussion

In this study, we showed that HIF- I interacted with HIF-2a in the nu-
clei of hypoxic human trophoblast-derived choriocarcinoma cell lines
(BeWo, JAR and JEG-3 cells). We also demonstrated that specific
siRNAs targeting HIF-1P reduced the hypoxia-induced upregulation of
the FLT/ gene in BeWo cells and hypoxia-elevated secretion of sFLT|
in the human primary trophoblasts. These results indicate that HIF-13
is a partner molecule of HIF-2a that regulates the hypoxia-induced
upregulation of the FLT/ gene in the placental trophoblasts. We previ-
ously reported that HIF-20, but not HIF-lo, mediates the hypoxia-
induced upregulation of the FLT/ gene in human primary trophoblasts
and its three cell lines (BeWo, JAR and JEG-3 cells) (Sasagawa et al.,
2018). The data from this study along with the findings from previous
study strongly suggest that the HIF-20./HIF-1f heterodimer transcrip-
tion factor is a critical mediator responsible for the production of ab-
normal sFLT | from the trophoblasts during pre-eclampsia.

The expression of HIF-13 is generally considered to be ubiquitous,
constitutive, abundant and unaffected by environmental conditions,
such as hypoxia (Mandl and Depping, 2014). However, in this study,
we found that hypoxia and the hypoxia-mimetic agent, DMOG, in-
creased both the mRNA and protein levels of HIF-1p in all three hu-
IA and B
and 3D and Supplementary Fig. S4). Hypoxia and hypoxia-mimetics in-

man trophoblast-derived choriocarcinoma cell lines (Figs

crease the expression levels of HIF-1B in several human cancer cell
lines, including the prostate cancer (PC-3), melanoma (518A2), breast
carcinoma (MCF-7), hepatocellular carcinoma (Hep3B), cervix adeno-
carcinoma (Hela) and multiple myeloma (H929) cell lines (Zhong
et al., 2001; Mandl et al., 2013; Wolff et al., 2013; Wu et al., 2018).
Interestingly, in some of these cancer cell lines overexpression of HIF-
IB results in drug or radiation resistance, while the knockdown of
HIF-1B exerts the opposite effects (Mandl et al., 2015; Wu et dl.,
2018). From these findings, it is considered that the increased expres-
sion of HIF-1B due to hypoxia plays an important role in the survival
of cancer cells. As the three human trophoblast cell-derived choriocar-
cinoma cell lines consist of cancer cells, it is possible that the increase
in the expression levels of HIF-1B under hypoxic and chemically

are expressed as the fold change relative to the control siRNA (siCont)-transfected cells under ambient conditions. (C) Evaluation of the

knockdown of the HIF-/# mRNA via transfection with siRNA in the primary trophoblasts. Results are expressed as a percentage relative to

the control siCont-transfected cells under ambient or hypoxic conditions. (D) The mRNA expression levels of total-FLT/, sFLT/-il3 and sFLT |-

el5a in the primary trophoblasts were measured by qRT-PCR using f-actin mRNA as a reference. Results are expressed as the fold change

relative to the siCont-transfected cells under ambient conditions. (E) Western blotting of the sFLT| proteins secreted by primary trophoblasts

into the conditioned media. Uncropped images of the western blots are presented in Supplementary Fig. S4. All values are represented as the

mean £ SD (n=3). Asterisks indicate the significant difference (P<0.05).
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Figure 3. Role of HIFs in the upregulation of the FLTI gene under chemically mimicked hypoxic conditions using the HIF-u sta-
bilizer dimethyloxalylglycine (DMOG) in BeWo cells. (A) Effect of various doses of DMOG on the mRNA expression levels of all FLT/ tran-
script variants (total-FLT ). The cells were treated with various doses of DMOG for 24 h. Results are expressed as the fold change relative to the
vehicle (dimethyl sulfoxide (DMSQO))-treated cells. (B) Cell viability was assessed to determine the potential toxicity of DMOG. Results are expressed
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Figure 3. Continued

as the percentage relative to the vehicle-treated cells. (C) The mRNA expression levels of the three FLT| splice variants in the presence of
100 pM DMOG or 0.19% DMSO (vehicle control). (D, E) Western blotting analysis of the expression levels of HIF proteins in the whole cell
lysates and nuclear extracts of the vehicle- or 100 tM DMOG-treated cells. -Actin and TATA binding protein were used as the loading con-
trols. (F) Immunoprecipitation of HIF-2o. protein using an antibody against HIF- 1 in the nuclear extracts of the 100 uM DMOG-treated cells.
The immunoprecipitates and nuclear extracts (input) were subjected to western blotting analysis. Uncropped images of the western blots are
presented in Supplementary Fig. S4. (G) Effects of the gene silencing of each HIF on DMOG-induced upregulation of the FLT/ gene. Cells
were transfected with the indicated siRNAs targeting HIFs for 72 h prior to treatment with either DMSO or DMOG for 24 h. Results are
expressed as the fold change relative to the siCont-transfected cells in the presence of the vehicle. (H) Effect of the HIF-2o inhibitor, TC-
$7009, on DMOG-induced upregulation of the FLT/ gene. The cells were cultured for 24 h in the presence of 100 uM DMOG or the vehicle
in the presence of 0.1% DMSO (vehicle control) or 30 pM TC-57009. Results are expressed as the fold change relative to the DMSO-treated
cells in the presence of the vehicle. (I) Cell viability was assessed to determine the potential toxicity of TC-S7009. Results are expressed as
the percentage relative to the DMSO-treated cells in the presence of the vehicle. All values are represented as the mean = SD (n=3).
Asterisks indicate the significant difference (P<0.05).
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loading control. Uncropped images of the western blots are presented in Supplementary Fig. S4.
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Figure 5. The hypoxia response element (HRE) located ~1 kb upstream of the transcription start site (TSS) in the FLTI gene
is not involved in the hypoxia- or DMOG-induced upregulation of the FLTI gene in BeWo cells. (A) Schematic representation of the
luciferase reporter construct, pFLT | -Luc. Numbering refers to the regions of the FLT | promoter inserted into the parental pGL4.10 vector. The pu-
tative HRE is indicated within the —966/—962 promoter region. (B, C) The cells were transiently co-transfected with | pg of the pFLT | -Luc vector
and 20 ng of the control renilla luciferase vector pGL4.74 (hRuc/TK). After 24 h of transfection, the cells were subjected to hypoxic or chemically
mimicked hypoxic conditions for 24 h and the mRNA expression levels of all FLT/ transcript variants (total-FLT|) were measured by quantitative re-
verse transcription-polymerase chain reaction using f-actin mRNA as a reference. (D, E) Luciferase activity was measured under the same condi-
tions as in (B) and (C). The firefly luciferase activity of the pFLT | -Luc reporter plasmid was normalized to that of renilla. The luciferase activity was
measured in relative light units. (F) Methylation patterns in the promoter region of the FLT/ gene. The eight cytosine-phosphate-guanine (CpG)
sites of FLT/ were analysed by bisulfite sequencing. The DNA methylation data were analysed by the QUantification tool for Methylation Analysis
(http://quma.cdb.riken.jp/). Open circles and closed circles represent the unmethylated and methylated CpG sites, respectively. Numbers indicate
the position relative to the TSS. Numbers in parentheses represent the overall percentage of methylated CpG sites. Boxed areas indicate the CpG

site in the putative HRE.

mimicked hypoxic conditions was due to cellular transformation. Only
a few mechanisms of hypoxia-dependent increase in the expression
levels of HIF-1B in cancer cells have been reported so far. Wu et al.
(2018) reported that the hypoxia-induced upregulation of HIF-13 may
depend on the activation of the nuclear factor-kappa B pathway in the
human multiple myeloma cells. Mandl and Depping (2017) showed
that HIF-1a directly induces the expression of HIF-1B by binding to
the promoter of the HIF-1f gene in Hep3B cells. Extensive investiga-
tions have to be performed to understand whether hypoxia also
increases the expression levels of HIF-1f in human trophoblasts and
to determine if hypoxia-dependent upregulation of HIF-18 is a cellular
response characteristic of the placental trophoblasts.
Immunohistochemistry of the sFLTI protein in the placentas
obtained from preeclamptic patients showed that sFLT| expression is
significantly enhanced in syncytiotrophoblasts, which form the outer-
most layer of the placenta, when compared to those in the normal
placentas (Helske et al, 2001; Nevo et al, 2006; Rajakumar et dl.,
2012). Thus, the increased sFLT| expression observed in the maternal

blood during pre-eclampsia could be attributed largely to syncytiotro-
phoblasts. Human primary cytotrophoblasts have been shown to dif-
ferentiate into syncytiotrophoblasts via spontaneous cell fusion (Li and
Schust, 2015). This study also observed syncytialized trophoblasts dur-
ing siRNA transfection (data not shown). Therefore, our culture condi-
tions in which both cytotrophoblasts and syncytiotrophoblasts are
present might reflect the human placental villi.

Under hypoxic conditions, the protein levels of HIF-ou are stabilized
and it translocates to the nucleus, where it forms a heterodimeric
transcription factor complex with HIF-1B to activate the transcription
of its downstream target genes. In this process, the HIF-o./HIF-1§ het-
erodimer interacts directly with the consensus HRE sequence 5'-(A/
G)CGTG-3' of the target genes (Wenger et al., 2005; Pringle et al.,
2010). Gerber et al. (1997) reported that a putative HRE motif was lo-
cated ~| kb upstream of the TSS in the mouse and human FLT/
genes. However, Camenisch et al. (2001) used an electrophoretic mo-
bility shift assay to demonstrate that the in vitro-translated HIF-o./HIF-
B heterodimers did not bind to the oligonucleotide probe containing
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this FLT/ HRE. Moreover, they also showed that treatment under hyp-
oxia or with the HIF-induced iron chelator, desferrioxamine, did not
induce the luciferase activity of the reporter plasmid containing this
FLTI HRE candidate sequence. In this study as well, treatment under
hypoxia or with DMOG did not increase the luciferase activity in the
BeWo cells transfected with the pFLTI-Luc plasmid containing the
FLTI HRE sequence (Fig. 5D and E). The HRE motif contains a single
CpG dinucleotide and the CpG methylation within this sequence inter-
feres with the binding of HIF-la or HIF-2a followed by the HIF-
mediated transcription of HRE-containing genes (Robinson et dl.,
2018). However, the CpG methylation levels of the FLT/ HRE in the
BeWo cells did not decrease after demethylation (Fig. 5F). We have
previously reported that three human trophoblast-derived choriocarci-
noma cell lines are hypermethylated in the FLT/ gene promoter con-
taining 23 CpG sites from positions —272 to —80 relative to the TSS.
The overall percentage of methylated CpG sites in this FLT/ promoter
region was 91.5% in BeWo cells, 96.7% in JAR cells and 85.0% in JEG-
3 cells (Sasagawa et al., 2020). By contrast, the region containing eight
CpG sites near the FLTI HRE in BeWo cells showed a moderate
methylation (53.9%) (Fig. 5F). In addition, the decrease in the overall
percentage of methylated CpG sites in this region after demethyla-
tion was only 5.9% (Fig. 5F), indicating that this region might not be
the main target for DNA methylation in the first place. Therefore,
we conclude that there are other functional HRE(s) that can re-
spond to hypoxic stimulation. Whilst most HREs are located proxi-
mal to the promoter, these sites have also been identified in
intergenic, 5'-untranslated and 3’-untranslated regions as well as the
intronic and exonic regions (Schodel et al., 201 1). To date, a few
intronic HREs to which HIF-2o binds have also been reported, in-
cluding those that regulate the genes TWIST/ (intron |) (Gort et al.,
2008) and WTI (intron 3) (Krueger et al., 2019). Since the further
increases in the FLT/ gene expression induced by hypoxia or treat-
ment with DMOG after demethylation are thought to be due to an
increase in the number of HREs to which the HIF-2a/HIF-13 com-
plex can bind, the functional FLT/ HRE will be revealed by chroma-
tin immunoprecipitation sequencing analysis using demethylated
BeWo cells under hypoxia.

Although low-dose aspirin has been shown to prevent the develop-
ment of pre-eclampsia (Dutta et al., 2019), there is currently no thera-
peutic drug that is completely effective for the treatment of the
pregnant women with pre-eclampsia and there is no cure other than
preterm delivery in severe cases. Previously, we have demonstrated
that the HIF-2a-specific inhibitor, TC-S7009, which inhibits the hetero-
dimerization of HIF-2a and HIF-18, significantly reduces the hypoxia-
induced upregulation of the FLT| gene in BeWo, JAR and JEG-3 cells
(Sasagawa et al., 2018). Likewise, DMOG-induced upregulation of the
FLT! gene in BeWo cells was also decreased by this inhibitor
(Fig. 3H). In addition to elevated production of sFLT| from hypoxic
trophoblasts, HIF-2a is also involved in the reduced production of the
trophoblastic PIGF (Fujii et al, 2017) and the formation of impaired
cytotrophoblast syncytium (Colson et al., 2020) that contribute to the
development and progression of pre-eclampsia. As HIF-1f3 is also pre-
sumed to be involved in these two HIF-2a-dependent adverse events,
antagonists that inhibit the HIF-20/HIF- 1 heterodimerization may be
used as novel therapeutic agents for pre-eclampsia. PT2385 and
PT2977 (also known as Belzutifan) are orally-administrable HIF-20-spe-
cific small molecule inhibitors used in clinical trials and recently

reported to be effective in treating patients with von Hippel-Lindau tu-
mor suppressor inactivated renal cell carcinoma that caused inappro-
priate stabilization of HIF-2a. (Courtney et al., 2018; Choueiri et al.,
2021). These inhibitors are also considered as candidate drugs for
preeclamptic patients. However, small molecule drugs are generally
known to be transported from the mother to the fetus via the pla-
centa, which can cause fetal side effects (Gedeon and Koren, 2006).
For this reason, further studies are required to determine the ad-
verse effects of these HIF-2a inhibitors on fetation. Minimizing the
fetal drug exposure is one of the major challenges in developing
safer drugs for the treatment of several diseases during pregnancy,
not just pre-eclampsia. To address this issue, Zhang et al. (2018) de-
veloped nanoparticles for targeted delivery to the placental tropho-
blasts using a synthetic chondroitin sulfate A-binding peptide derived
from the malarial protein, VAR2CSA, and demonstrated that there
was no accumulation of drugs filled in these nanoparticles in the fe-
tal tissues when administered to pregnant mice. Thus, by combining
this technology and the HIF-2a inhibitors, a novel molecular target-
ing therapy for the treatment of pre-eclampsia could be developed
in the future.

In conclusion, our study suggests that the HIF-2o./HIF-13 hetero-
dimer is a critical regulator involved in the hypoxia-induced upregu-
lation of the FLT| gene in placental trophoblasts. Therefore, our
study provides a novel therapeutic approach for the treatment of
pre-eclampsia by targeting the dissociation of the HIF2o/HIF-13
complex.
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