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In humans, trophoblast hypoxia during placental development can be a cause of serious pregnancy complications, such as preeclampsia and fetal growth restriction.
The pathogenesis of these conditions is not fully clear and may be associated with changed expression of some genes and regulatory molecules, including miRNA,
in trophoblast cells. The aim of this study was to analyze miRNA profiles and measure the expression of their target genes in a model of trophoblast hypoxia. Human
choriocarcinoma BeWo b30 cells were used as a trophoblast model. Hypoxia was induced by cobalt chloride (CoCl,) and an oxyquinoline derivative. MRNA and
miRNA expression profiles were evaluated by means of next generation sequencing (NGS); the expression of individual genes was analyzed by PCR. We studied
the secondary structure of MRNAs of target genes for those miRNAs whose expression had changed significantly and analyzed potential competition between
these miRNAs for the binding site. The observed changes in the expression of the key genes involved in the response to hypoxia confirmed the feasibility of using
CoCl, and the oxyquinoline derivative as hypoxia inducers. The analysis revealed an increase in miR-374 levels following the activation of the hypoxia pathway in
our trophoblast model. The changes were accompanied by a reduction in FOXM7 mRNA expression; this mRNA is a target for hsa-miR-374a-5p and hsa-miR-
374b-5p, which can compete with hsa-miR-21-5p for the binding sites on FOXM7 mRNA. The involvement of FOXM1 in the regulation of the invasive cell potential
suggests the role of miR-374 and FOXM?1 in the pathogenesis of disrupted trophoblast invasion during placental development as predisposing for fetal growth
restriction and preeclampsia.
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YPOBEHb mukpoPHK MIR-374 MOBBILLAETCA B KITETKAX BEWO B30 NPU TMNOKCUn
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BospgeiicTBre runokcumn Ha kneTkn Tpodobnacta B npouecce hOPMMPOBaHUS MiaLeHTbl YenoBeka MOXeT MPUBOAWTE K PasBUTUIO psaa naTonorunn
6epPEeMEHHOCTI, TaKMX Kak MPEeaKIaMncus 1 3agepkka pocTa nnoaa. MNartoreHes fAaHHbIX COCTOAHUI He A0 KOHLA PACKPbIT U MOXET ObITb CBA3AH C U3MEHEHNEM
3aKcnpeccun B TpohobnacTe psfa reHoB U perynsTopHbix Monekys, Bkitodas MkpoPHK. Lienbto gaHHoro necnenoBanmst 6uin10 Maydnts npodunmn MukpoPHK 1
SKCMPECCUM COOTBETCTBYIOLLIX FEHOB-MULLIEHEN B MOAeNM rmnokcun Tpoobnacta. MofennposaHve Tpoobnacta NPOBOAMIN C UCMONB30BaHNEM KNETOYHOM
JMHAN XOPVOKapLMHOMbI Yenioseka BeWo b30. B ka4ecTse MHOYKTOPOB MMMOKCUMYECKOro OTBETa MCronb3osas xnopug kobansta (CoCl,) v npovssoaHoe
OKCUXMHOMMHA. AHanmanpoBann ypoeHb MPHK 1 MukpoPHK ¢ nomoLLbto cekBeHnpoBaHus cneaytoLero nokoneHns (NGS) ¢ noaTBepaeHneM aKCnpeccum
oTaenbHbIX reHos MLP. AHannsnposany BTOpUYHYO CTPYKTypy MPHK reHa-MuLenn 3HauvmMo M3MeHMBLUMXCS MUKPOPHK 1 BO3MOXHYIO KOHKYPEHLMIO 3a
MeCTa CBA3bIBAHUA. VI3MEHEHME SKCMPECCUM KITloHeBbIX MeHOB OTBETa Ha MIMOKCWI0 MOATBEPANNIO penieBaHTHOCTb CoCl, 1 NPOM3BOAHOTO OKCUXMHOMMHA B
Ka4ecTBe VHAYKTOPOB MMNoKcum. BbisiBNeHo NoBbilleHne ypoBHs MUKPOPHK cemelicTea miR-374 npu MHOYKLUWM MUMOKCUYECKOro NMyT B Mofdeny TpodobnacTa.
Habntopaemble N3MeHeHVst CONMPoBOXXAANCH CHIDKeHeM akcnpeccumn MPHK reHa FOXM 1, koTopast Cny»kuT muyeHbto ana hsa-miR-374a-5p 1 hsa-miR-374b-5p.
[aHHble MukpoPHK MoryT KoHKypupoBaTh 3a MecTa cBasbiBaHa B MPHK FOXM 1 ¢ hsa-miR-21-5p. Yyactne reHa FOXM1 B perynaumm MHBa3vBHOIO NoTeHLmana
KNETOK MO3BOSISET NPEAnoNioxXnTb Posib MUKPOPHK miR-374 1 FOXM1 B naTtoreHese HapyLleHns nHeasum Tpodobnacta npyu hopMmUpoBaHM MnaueHTbl Kak
NPEeAnOCHINKM K Pa3BUTUIO 3aAEPXKN POCTa Miiofa v MPeaKIammcum.
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The maintenance of homeostasis during fetal development is
essential for a healthy pregnancy. In pregnancy, trophoblast
cells replace the endothelial lining of uterine spiral arteries,
making them insensitive to systemic tone regulators and
thus ensuring a constant blood flow to the placenta and
the fetus. Inflammation and severe hypoxia impair trophoblast
invasion [1], which is believed to be one of the major causes
of preeclampsia, a severe pregnancy complication. MicroRNA
(miRNA) secreted by trophoblast cells in the setting of hypoxia
may be markers of impending preeclampsia and, at the same
time, a pathogenic component of this condition due to their role
as regulators of gene expression [2—-4].

In vitro trophoblast models employ human choriocarcinoma
cell lines, like BeWo b30: they are not susceptible to contact
inhibition, can form confluent cell layers, have high motility
[5], and therefore can be used as both villous or extravillous
trophoblast models. The use of microfluidic platforms allows
researchers to bring a trophoblast model closer to the actual
conditions inside the organism [6, 7].

The activation of the hypoxia signaling pathway is associated
with the transcription of hypoxia-inducible factor (HIF) targets.
One of the classical ways to model chemical hypoxia is through
exposure of the cell to cobalt (Il) chloride, a compound that
causes an elevation of HIF levels in the cell [8]. Derivatives
of 8-oxyquinoline (OD), too, are capable of activating the
hypoxia pathway by stabilizing HIF in the cell [9]. OD effects on
BeWo b30 cells imitate the effects of hypoxia in the placental
trophoblast [10].

The aim of this study was to analyze miRNA profiles and the
expression of MiRNA target genes in a model of trophoblast
hypoxia.

METHODS

BeWo b30 cells were kindly provided by Prof. Dr. Christiane
Albrecht (University of Bern, Switzerland) with permission from
Prof. Dr. Alan Schwartz (Washington University in St. Louis,
USA). The obtained cells were grown in 6-well plates, growth
area 9.6 cm? (Corning; USA) in Gibco DMEM, high glucose
(Thermo Fisher Scientific; USA) supplemented with 10% Gibco
FBS One Shot (Thermo Fisher Scientific; USA), 1% Gibco MEM
NEAA (100X) and 1% Gibco Pen Strep (100X). Upon reaching
80% confluence, the cells were transferred to a fresh medium
that did not contain any chemical inducers of hypoxia or to a
medium supplemented with 5 pM OD 4896-3212 (ChemRar
High-Tech Center; Russia) or with 300 pM cobalt (Il) chloride
(Sigma-Aldrich; USA). After 24 h, the cells were lysed in
a Qiazol Lysis Reagent (Qiagen; Germany), and RNA was
extracted by means of phenol-chloroform extraction [11] using
a miRNeasy Mini Kit (Qiagen; Germany). RNA concentrations
were measured with a NanoDrop 1000 spectrophotometer
(Thermo Fisher Scientific; USA). RNA quality control was
performed in an Experion automated electrophoresis system
(Bio-Rad; USA). RNA Quality Indicator (RQI) was at least 9 for
all the trialed samples.

Libraries for next generation sequencing (NGS) were
prepared using an NEBNext Multiplex Small RNA Library
Prep Kit for lllumina (New England Biolabs; USA) and lllumina
Stranded mRNA Library Prep Kit (lllumina; USA). The libraries
were then sequenced in a NextSeq 500 System (lllumina; USA).

To analyze the expression of individual genes, 500 ng total
RNA was reverse-transcribed using an M-MLV RT Kit (Evrogen;
Russia). The obtained DNA was amplified by real-time PCR using
gPCRmix-HS SYBR reagents (Evrogen; Russia). Differences in
mRNA and miRNA expression between BeWo b30 cultures

exposed and unexposed to hypoxia inducers were analyzed
using Student’s t-test and the Benjamini-Hochberg procedure
for multiple comparisons to control the False Discovery Rate
(FDR). Differential expression analysis was conducted using
DESeq2 v1.28.1 [12] Differences in the expression of highly
represented miIRNA and mRNA were considered significant at
FDR-p < 0.05 and log2 fold change not less than 0.4 [13].

RESULTS

The analysis of publications investigating the effects of hypoxia
on the transcriptome of various cells allowed to identify a
number of key genes involved in the cell response to hypoxia
[14]. The expression of these genes in BeWo b30 cells exposed
to OD and CoCl, was estimated from NGS data (Table 1). The
expression of all genes listed in Table 1 changed significantly
(o < 0.05), except for the genes CDKN1A and ENO1 in the cells
exposed to OD and the genes SLC2AT and TMEMA45A in the
cells exposed to CoCl,. Interestingly, the expression of the EPO
gene, which encodes erythropoietin, decreased in BeWo b30
cells exposed to cobalt, whereas under true hypoxia with low
oxygen levels its expression increases [14], just like in BeWo
b30 cells exposed to OD.

To verify the results of sequencing and confirm the activation
of key hypoxia-responsive genes, the expression of BNIP3,
SLC2A3, PDK1 and VEGFA in BeWo b30 cells was evaluated
by PCR. ACTB and GUSB were used as reference genes. PCR
confirmed that the expression of the listed genes had been
activated (Table 2).

Among highly expressed miRNAs accounting for over 95%
of all BeWo b30 miRNAs, those miRNAs were identified whose
level had changed significantly in the setting of chemically
induced hypoxia. Those included 7 miRNAs expressed in
BeWo b30 cells exposed to OD (Table 3) and 16 miRNAs
expressed in BeWo b30 cells exposed to CoCl, (Table 4); only
2 miRNAs (hsa-miR-374a-5p and hsa-miR-374b-5p) occurred
in both lists.

We analyzed the expression of hsa-miR-374a-5p and hsa-
miR-374b-5p targets in BeWo b30 cells exposed to OD and
CoCl,. An earlier study reports that hsa-miR-374b-5p can
regulate FOXM1 expression in SiHa cervical cancer cells [15].
In our study, FOXM1 expression in BeWo b30 cells decreased
significantly after exposure to OD and CoCl, (1.7 and 2.6-fold,
respectively). Previously, it was shown that hsa-miR-21-5p can
caused a decline in FOXM1 expression [16]; so, we analyzed
the seed regions of hsa-miR-21-5p, hsa-miR-374a-5p and
hsa-miR-374b-5p, to reveal that each of these 3 miRNAs has
only one binding site in the 3'-untranslated FOXM1 mRNA
region (see the Figure).

DISCUSSION

Cell responses to hypoxia may vary, which shows in the
activation of different genes and in the varying degrees of such
activation. An earlier literature analysis identified a number of
key genes activated in all cells exposed to hypoxia [14]. The
expression of those genes was also elevated in our BeWo b30
cells exposed to OD and CoCl,, suggesting the activation of
the HIF pathway. There are reports that BeWo cells exposed
to CoCl, overexpress glucose transporter 1 (GLUT1) encoded
by the SLC2A7 gene [17-19]. These reports are consistent
with our findings. Interestingly, the expression of the EPO
gene, which encodes erythropoietin, declined in BeWo b30
cells exposed to CoCl,, whereas true hypoxia with low oxygen
levels causes an increase in EPO expression [14], just like in
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Table 1. Expression of key genes involved in response to hypoxia in BeWo b30 cells (based on sequencing data)

Gene log, fold change
Exposure to OD Exposure to CoCl,

DDIT4 a5 —
KDM3A e —
BNIP3 23 —
NDRG1 34 3.2
SLC2A3 a1 —
BHLHE40 28 —
P4HAT 09 >
PDK1 17 —
ANKRD37 a2 .
VEGFA 1.6 19
ERO1A 1.7 19
ALDOC 4.4 18
CDKN1A 06" =
STC2 3 -
ENO1 0.6* 1
SLC2A1 1.4 07
TMEMA45A > —
EPO 1.4 -1.5

Note: * — designates FDR-p > 0.05; for other genes, FDR-p < 0,05.

BeWo b30 cells exposed to OD. It was shown previously that
HIF can directly increase EPO expression in BeWo cells [20]. In
another study, the level of EPO expression in BeWo cells was
undetectable, which did not allow the researchers to assess
how CoCl, and hypoxia affected its expression [21]. Cobalt is
known to stimulate erythropoietin expression in the kidneys
[22]. EPO expression is controlled by HIF-2a, and though cobalt
generally induces both HIF-1a, and HIF-2q, it did not affect
EPO expression in liver cancer cell lines Huh7 and HepG2 [23].
Perhaps, the expression of this gene may be dependent not
only on the activation of the HIF signaling pathway but also on
other tissue-specific factors.

Exposure of trophoblast cells to hypoxia can induce the
release of certain molecules, including hypoxia-associated
miRNA [24]. MiRNA released by the cell can affect the

neighboring cells; shifts in MIBNA expression may determine the
scope of mIBRNA effects. However, microRNA concentrations
in the producing cell have to be sufficiently for such effects
to occur. Therefore, we selected 10% of miBNAs that were
present in the highest concentrations in the BeWo b30 culture
and then identified those whose expression had changed
significantly following BeWo b30 exposure to OD or CoCl,.
Interestingly, of all MiIRNAs whose expression had significantly
changed after exposure to OD or CoCl, (7 and 16 miRNAs
respectively) only 2 (hsa-miR-374a-5p and hsa-miR-374b-
5p) responded with overexpression to both hypoxia inducers.
These 2 miRNAs are encoded in the X-chromosome in the
introns of the FTX gene that codes for the long non-coding
RNA participating in the inactivation of the X-chromosome. The
miR-374 family members participate in the regulation of cell

Table 2. Expression of key genes involved in response to hypoxia in BeWo b30 cells (based on PCR data)

Linear fold change*

Gene
Exposure to OD Exposure to CoCl,
BNIP3 3.7 4
SLC2A3 2.2 3.6
PDK1 1.7 2.4
VEGFA 1.6 3.1
Note: * — FDR-p < 0,05.
Table 3. MiIRNA with significantly changed expression after exposure to OD
miRNA log, fold change FDR-p
hsa-miR-96-5p 10.5 1.8 x10°
hsa-miR-21-5p 10.4 2.7 x 107
hsa-miR-429 170.5 4.2 x 10
hsa-miR-374b-5p 10.5 6.6 x10°°
hsa-miR-374a-5p 10.5 1.4 x10°
hsa-miR-26b-5p 10.6 8.0 x 10
hsa-miR-181a-2-3p 10.7 3.8 x 107
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Table 4. MIRNA with significantly changed expression after exposure to CoCl,

miRNA log, fold change FDR-p
hsa-miR-1260b 0.7 9.8 x10°
hsa-miR-4521 10.7 1.6 x 10"
hsa-miR-148a-3p 0.7 8.5x10°®
hsa-miR-425-5p 10.5 4.1 x107"
hsa-miR-378i 10.5 6.6 x 107°
hsa-miR-32-5p 10.4 2.5x10*
hsa-miR-151a-3p 10.4 2.1 x10°
hsa-miR-200a-3p 10.4 25x10°
hsa-miR-126-3p 10.4 4.0 x 107
hsa-miR-484 10.4 9.5 x10®
hsa-miR-181a-5p 10.5 5.2 x10™
hsa-miR-25-3p 10.5 7.8 x10™
hsa-miR-27a-3p 10.5 1.2 x 107"
hsa-miR-320a-3p 10.5 7.0 x10™M
hsa-miR-374a-5p 10.6 6.1 x 10°
hsa-miR-374b-5p 10.6 5.1 x 107

proliferation and differentiation, growth and carcinogenesis [25].
Hsa-miR-374a-5p and hsa-miR-374b-5p have a very similar
sequence; the seed-regions of these molecules are the same,
suggesting that they target the same genes. It was reported
that hsa-miR-374a-5p concentrations were elevated in the
blood of women who delivered prematurely [26] or gave birth to
babies with small gestational weight [27]; this might indicate a
potential association between hypoxia and placental pathology.
Under hypoxic conditions, villous trophoblast changes its
metabolism from aerobic to anaerobic; this reduces oxygen

consumption but increases the need for glucose. As a result,
the fetus receives more oxygen but less nutrition, which might
lead to intrauterine growth restriction and premature delivery
[28]. A similar effect was observed in BeWo b30 cells exposed
to another OD [10].

FOXM1 was identified as an hsa-miR-374a-5p and hsa-miR-
374b-5p gene target; this gene encodes a transcriptional factor.
The levels of its mMRNA in BeWo b30 cells declined following
exposure to OD and CoCl,. An earlier study demonstrated that
hsa-miR-21-5p was capable of reducing FOXM1 expression
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Fig. Positions of microRNA binding sites on a fragment of a 3'-untranslated region of FOXM1 mRNA (transcription variant 2). Nucleotide numbers are represented
by 4-digit numbers. 1 — binding sites for hsa-miR-374a-5p and hsa-miR-374b-5p; 2 — a binding site for hsa-miR-21-5p
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and proliferation of HTR8/SVneo choriocarcinoma cells;
in the setting of preeclampsia, hsa-miR-21-5p levels were
increased and the expression of FOXM1 was decreased in
the placenta [16]. These reports are in good agreement with
our findings. At the same time, a significant elevation of hsa-
miR-21-5p concentrations in BeWo b30 cells was observed
only after exposure to OD, as opposed to CoCl,, suggesting
the involvement of hsa-miR-374a-5p and hsa-miR-374b-5p in
the regulation of FOXM1 expression in our trophoblast model.
According to the spatial principle, the proximity of binding sites
implies competition between hsa-miR-21-5p and hsa-miR-
374a-5p/hsa-miR-374b-5p, because in order for the complex
of argonaute proteins with these miRNAs to interact with
FOXM1 mRNA, a significant steric strain is needed in the target
mRNA sequence (see the Figure).

Impaired trophoblast invasion of the uterine wall and spiral
arteries in the setting of preeclampsia might be explained by
the reduced expression of FOXM1 governed by hsa-miR-
374b-5p, as was previously demonstrated for SiHa cervical
cancer cells [15]. At < 3% oxygen level simulating physiological
hypoxia, FOXM1 expression in JEG-3 choriocarcinoma cells
was initially high. But as the level of oxygen was falling, so was
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