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ABSTRACT

The maintenance of endocrine homeostasis in the placenta is crucial for ensuring successful pregnancy. An abnormally elevated
production of placental testosterone (T,) has been documented in patients with early-onset preeclamptic (E-PE). However, the
underlying mechanisms remain unclear. In this study, we found that E-PE placentas exhibited significantly increased expressions
of 38-HSDI1 (3-Hydroxysteroid Dehydrogenase 1) and 1758-HSD3 (173-Hydroxysteroid Dehydrogenase 3), the rate-limiting enzymes
for T, synthesis. This was strongly correlated with an elevated level of O-linked N-acetylglucosaminylation (O-GlcNAcylation)
of GATA3 (GATA binding protein 3). In human trophoblast cells, O-linked-N-acetylglucosamine (O-GlcNAc) modification of
GATA3 on Thr’? stabilized the protein and enhanced the transcriptional regulation of 33-HSD1 and 178-HSD3, thereby increasing
T, production. Hypoxia, a well-established pathological factor in PE, significantly enhanced the O-GlcNAcylation of GATA3 in
human trophoblast cells. Our findings suggest that hypoxia-induced overactive O-GlcNAcylation of GATA3 contributes to the
exacerbated T, production in E-PE placentas. These findings provide a new perspective on the pathogenesis of E-PE from the
standpoint of posttranslational regulation and may illuminate novel therapeutic strategies for adverse pregnancy outcomes such
as E-PE.

Juan Liu, Yun Yang, and Hongyu Wu, These authors contribute equally to this work.
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly
cited.

© 2025 The Author(s). MedComm published by Sichuan International Medical Exchange & Promotion Association (SCIMEA) and John Wiley & Sons Australia, Ltd.

MedComm, 2025; 6:€70115 10f16
https://doi.org/10.1002/mco02.70115


https://doi.org/10.1002/mco2.70115
https://orcid.org/0000-0003-1869-7865
https://orcid.org/0000-0001-5482-5997
https://orcid.org/0000-0002-8193-4926
https://orcid.org/0000-0003-0352-1648
https://orcid.org/0000-0002-9448-7803
mailto:wangyl@ioz.ac.cn
mailto:shaoxuan@ioz.ac.cn
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/mco2.70115

1 | Introduction

The placenta is an important endocrine organ that synthesizes
a variety of hormones throughout gestation to support fetal
development and maternal adaptation to pregnancy [1]. In
pregnant women, sex steroids such as progesterone, estrogen,
and androgen are primarily produced by the placenta throughout
gestation, with their levels increasing from the first trimester
until the end of pregnancy [2]. The biosynthesis of these pla-
cental sex steroids begins with the conversion of cholesterol into
pregnenolone by cytochrome P450 in the placenta, catalyzed
by CYP17ALl to yield dehydroepiandrosterone (DHEA) in both
maternal and fetal adrenal glands [3]. DHEA is then transported
to the placenta for the synthesis of androstenedione (A,) and
T,, with 38-HSD1 and 175-HSD3 acting as the primary synthases
respectively. A, and T, are subsequently converted into estrogen
by aromatase within the placenta [4].

Preeclampsia (PE), a pregnancy complication characterized by
new-onset hypertension, proteinuria, and multisystem disorders,
is the leading cause of maternal and perinatal morbidity and
mortality worldwide [5-7]. The etiology of preeclampsia remains
elusive. However, disturbances in endocrine homeostasis are a
significant pathological factor [4, 8, 9]. Our group and others
have shown that patients with E-PE (clinical symptoms appear
before 34th gestational week) exhibit abnormally elevated
levels of T, while 173-estradiol (E,) levels are suppressed in
the maternal circulation. This imbalance in hormone synthesis
within the placenta accounts for these observations [10,
11]. When pregnant mice were administered the T, analog
testosterone propionate from E7.5 onwards, they developed
PE-like symptoms, accompanied by an increase in T, levels and
a decrease in E, production [9]. This suggests that the abnormal
surge in T, synthesis is likely the primary cause of placental
endocrine disturbances associated with PE [9]. However, the
specific regulatory mechanism responsible for this remains to be
elucidated.

Hypoxia at the maternal-fetal interface is a primary cause of
PE [12]. This stress can markedly alter the O-GIcNAc mod-
ification of proteins, instigating changes via the stimulation
of the hexosamine biosynthetic pathway (HBP) flux [13, 14].
O-GlcNAcylation, a reversible and ubiquitous posttranslational
modification in eukaryotic cells, impacts a wide range of cellular
processes [15-17]. Evidence has suggested the involvement of O-
GlcNAcylation in multiple events of pregnancy, including preim-
plantation embryo development [18], embryonic implantation
[19], and placental response to stress [20]. The dysregulation of
O-GlcNAcylation resulting from maternal hyperglycemia impairs
cell proliferation and blastocyst formation in preimplantation
development [18]. Deletion of OGT (O-GIcNAc transferase) in
mouse placenta leads to early prenatal stress involving endocrine
and immune signals, and dysregulation of the hypothalamic-
pituitary-adrenal axis responsivity and function of hypothalamic
mitochondrial in adult offsprings [21]. Such prenatal and long-
term offspring features strongly indicate the participation of
O-GlcNAcylation in maintaining intrauterine homeostasis. How-
ever, the relationship between protein O-GlcNAcylation and the
regulation of placental endocrine homeostasis remains unknown.
We have recently developed a database of O-GlcNAcylated

proteins in human placental trophoblasts and demonstrated its
role in modulating trophoblast differentiation via protein O-
GIcNAc modification [22]. Notably, GATA3 exhibits abundant
O-GlcNAc modifications within our database, aligning with
existing literature that suggests GATA3 is uniquely enriched in
the placenta compared to other tissues [23, 24]. Deletion of Gata3
and Gata2 genes in mouse trophoblasts resulted in compromised
placental development and early embryonic mortality [25]. Fur-
thermore, essential GATA-binding sites for the transcriptional
regulation of the human HSD3BI gene (encoding 35-HSD1) in the
placenta have been identified [26]. Based on these findings, we
hypothesized that hypoxic stress could intensify the O-GIcNAc
modification of GATA3 in placental trophoblasts, potentially
promoting the overexpression of specific androgen synthases
and consequently leading to excessive T, production in E-PE
placentas.

This study examined the effect of O-GlcNAcylation on GATA3
protein stability and transcriptional regulation of key steroid
synthases 38-HSD1 and 178-HSD3 by GATA3, as well as T,
production in human trophoblast cells. We assessed the effect of
hypoxic stress on GATA3 O-GlcNAcylation and T, production
in trophoblasts, and the association between O-GlcNAcylated
GATA3 and 3B-HSD1 and 178-HSD3 in E-PE placentas. The
aim was to elucidate the mechanism by which hypoxia-induced
increase in GATA3 O-GlcNAcylation results in excessive
androgen production in E-PE placentas, thereby aiding in the
identification of early etiological factors of endocrine disruption
in E-PE.

2 | Results

2.1 | A Strong Correlation Exists Between GATA3
and Androgen Synthetases, as Well as T, Production
in E-PE Placentas

To identify the transcription factors that regulate 35-HSD1 and
178-HSD3 expression, we first examined the motif composition
of the sequence upstream of the transcription start site (TSS) of
HSD3BI and HSDI17B3. We found a high frequency of potential
transcription factor binding motifs in the proximal promoter
region of HSD3BI (Figure 1A). Among these factors, GATA3
was specifically enriched in placenta compared to other tissues
[23, 24]. GATA3 can promote extraembryonic trophoblasts to
adopt their definitive fate at the blastocyst stage and stimulate
trophoblast stem cells differentiation [27]. A GATA3 binding
motif was also identified within the gene region for HSDI17B3
(encoding 178-HSD3) by ChIP-seq analysis conducted on MCF7
cells and human embryonic stem cell derived trophoblast progen-
itors (GSE51274, GSE122847, GSE40129, and GSE105081; Figure
S1). According to the single-cell transcriptome sequencing [28]
and RT-qPCR results, we found that GATA3 was expressed at
relatively high level in the human placenta and trophoblasts
(Figures S2 and S3). Surprisingly, GATA3 transcriptional expres-
sion was similar between E-PE and the CTRL (Figure 1B, C).
In contrast, mRNA levels of HSD3BI and HSD17B3 were signif-
icantly higher in E-PE placentas (Figure 1D, E). Considering the
heterogeneous composition of the placenta, we next investigated
GATA3 expression by trophoblast cell type in human placenta.

20f16

MedComm, 2025



A : HSD3B1(10006p) B
TSS
MGA :IEVX13s  SMAD2J lkzf3F Lefls’ SRY[  Nr2r6% HSF1% c
E2F7/3  MSCs Ergll TCF7H Isl1%  MEF2B«< HSF2 < =41 E_TP'TEL
LIN54 ZNF274 > Hnf1AQ Stat2 < Stat2«  HSF4[ g
RUNX3J NR6A15 ELF3 IKZF1/> ZNF384E KLF174 %3'
Tcf215 RARA EHF < MEF2D% VEZF1 |
SREBF2< Neurod2< RBPJ ELF1 > =4
MYB Rarb Erg S
SPIBJ> ETVIE 0 : ;
Spi1l Ikzf3 [ CTRL E-PE
GABPA[| ETS1> Cc
ELF1K fie 1.57
ETV1H %
EHFE ZKSCANS o
ERF :: FOXO14 SREBF1 < $1.07
FLI1:: FOXI1 ¢ TBX18 <
FOXJ2:: ELF1¢ Tox6 i 2
FOXO1:ELK1«< IRF7 ££057
ETV2:: FOXI1< Irf1 )
IKZF1 0.0
ZNF189> T
PPARA ::RXRA> D 6 CTRL E-PE
NR4A2
NR4A1 % *%*
NR2F2 [ £67
NR1H2| =
GATA2% o 41
GATA3 < GATA3 8
GATA4 @ 24
I
0
E F mECTRL G T
8- OE.PE CTRL E-PE
o e 5 41 CTRL E-PE
<61 @ 3B-HSD1 [ o = o e o e — e ey W |
~ < 3 ‘:u‘
R4 LI% ) 17B-HSD3I——‘ - ———— — — ‘-|
": ™ 24
2, < GATAS e 8« & A 1L I 1
I 51- ; B_actml-‘-.-’::;m
oL BN ] . :
CTRL E-PE VCT SCT EVT
4+ 4 - 5 - —~ 8- H%
H c | c * J * K 5 S °
5 * 3 £4- = = hd
&3 ® 31 8 g s 6
& = < &34 5 o ‘
—21 9 2 > g g 44 9 K3
2 2 =27 52 |, |8
T 11 T 1 < 4 8 L 2+
& Q O ' [ °
™ ~ =
0 T T 0 = 0 = 0 T T
CTRL E-PE CTRL E-PE CTRL E-PE CTRL E-PE
L 51 Y=0.5276X+0.5639 MC 61 Y=20.6514X+O.3333 N ,.\8_ Y=20.4361X+2.714
= = o = =
£ 4] R?=0.7187 ° g | R™=0.7454 o 53 | RE=04344 °
® P=0.0005 "" B 44 P=0.0003 ".‘ E = p=0.0197 @ ..
&3 > 29,le T
: ,*’ 8 (0] ." © g 44 (0] " ..... (6) 0
321 e~ 25 4 cg [
»n ® I o Q= o
4% L 55200
36 @ Sl o a3
0 T T T 1 O'I! T T T T = 0 T T T T
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
GATA3 / B-actin GATA3 / B-actin GATAS3 / B-actin

FIGURE 1 | The expression of GATA3,33-HSD1, and 178-HSD3, along with testosterone (T,) production in early-onset preeclampsia (E-
PE) placentas. (A) The hg38 genome was selected from the JASPAR transcription factor database via the UCSC database (http://genome.ucsc.edu/).
Transcription factors for target genes were predicted 1 kb upstream of the gene’s transcription start site (TSS). The prediction process employed a
minimum score threshold of 400 (p < 1 x 10™#) to ensure accuracy. (B) The mRNA expression of GATA3 in E-PE and gestational age-matched preterm
labor (CTRL) placentas was examined through single-cell transcriptome sequencing. (C) mRNA expression of GATA3 in E-PE (n = 6) and CTRL
placentas (n = 6). (D, E) mRNA level of HSD3BI (D) and HSD17B3 (E) in E-PE (n = 6) and CTRL placentas (n = 6). (F) The mRNA expression of
GATA3 in trophoblasts of the normal human placenta was examined through single-cell transcriptome sequencing. VCT, villous cytotrophoblast; SCT,
syncytiotrophoblast; EVT, extravillous trophoblast. (G-J) Western blotting (G) and statistical analysis (H-J) of 33-HSD1, 178-HSD3, and GATA3 levels
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We confirmed that GATA3 expression is similar between E-PE
and CTRL regardless of cell type (Figure 1F).

Interestingly, although the mRNA level of GATA3 was not altered,
its protein level was markedly upregulated in E-PE placentas,
accompanied by increased 35-HSD1, 176-HSD3 and T, levels
(Figures 1G-K and S4). The nonparametric Spearman’s correla-
tion test showed a strong positive correlation between the level
of GATA3 and 38-HSD1, 178-HSD3 or T, (Figure 1L-N). These
results indicate that the GATA3 protein may be regulated by
posttranslational modifications, which may further contribute to
the excessive production of T, in E-PE placentas.

2.2 | O-GIcNAcylation Dynamically Modified and
Stabilized GATA3 Protein in Human Trophoblast
Cells

Among the proteins in our human placental trophoblasts O-
GlcNAcylated protein database [22], GATA3 was identified as one
of the most heavily O-GlcNAc modified proteins (Figure 2A).
To investigate whether GATA3 can be O-GlcNAcylated, we
quantified the changes in O-GIcNAcylated GATA3 levels in
JEG3 cells treated with Thiamet G (TMG, an inhibitor of O-
GlcNAcase) or Ac,5SGIcNAc (Ac,5S, an inhibitor of O-GIcNAc
transferase). As expected, TMG treatment significantly increased
global O-GlcNAcylation levels (Figure 2B, C) and the relative
O-GIcNAc stoichiometry of GATA3 (Figure 2D, E). Conversely,
Ac,5S led to a significant decrease in global O-GlcNAcylation
(Figure 2F, G) and O-GlcNAcylated GATA3 levels (Figure 2H, I).
These results clearly demonstrate that GATA3 can be dynamically
O-GlcNAcylated in human trophoblast cells.

Since TMG or Ac,5S exposure in JEG3 cells resulted in alterations
in GATA3 protein but not mRNA expression (Figures 2D, E, H, I
and S5), we hypothesized that O-GIcNAc modification could
stabilize GATA3 protein. Accordingly, JEG3 cells were treated
with Ac,5S or TMG for 24 h, followed by treatment with the
protein synthesis inhibitor cycloheximide (CHX) for 0-8 h. The
time-dependent decrease of GATA3 protein levels after CHX
treatment was significantly accelerated upon O-GlcNAc depri-
vation with Ac,5S (Figure 2J, K), whereas it was considerably
retarded upon O-GlcNAc augmentation by TMG, compared to
the respective controls at different time points (Figure 2L, M).
Furthermore, IP experiments revealed a higher O-GIcNAc sto-
ichiometry of GATA3 (O-GlcNAcylated GATA3 / total GATA3)
in E-PE placentas, which was 2.2-fold higher than that in
CTRL placentas (Figure 2N, O). A nonparametric Spearman’s
correlation test showed a strong positive correlation between
the levels of O-GlcNAcylated GATA3 and 338-HSD1, 178-HSD3,
or T, (Figure 2P-R). These results clearly demonstrate that O-
GlcNAcylation regulates GATA3 protein stability and suggest that
the increased T, levels in E-PE placentas might be regulated by
O-GlcNAcylated GATA3.

2.3 | Thr3?Is the Primary O-GIlcNAcylation Site
for GATA3 in Human Trophoblast Cells

To identify the O-GlcNAcylation site(s) of GATA3 in trophoblasts,
we conducted an IP using an anti-GATA3 antibody and subjected
the in-gel trypsin digested peptides to LC-MS/MS analysis as
previously described [29]. This process revealed five putative
O-GlcNAcylation sites (Thr, Ser®®, Thr*?2, Ser®®, and Ser*”°)
within GATA3 (Figure 3A-C). We generated five distinct plasmids
that separately carried GATA3 with one of these putative O-
GlcNAcylation residues mutated to valine (T352-G, S3164-G, T322A-
G, S$*¥A.G, and S°A-G), and transfected them into JEG3 cells.
The O-GlcNAcylation levels of GATA3 in these cells were then
measured following TMG exposure. Notably, T3*A-G significantly
reduced the relative O-GIcNAc stoichiometry of GATA3 com-
pared to other plasmids (Figure 3D, E). A sequence comparison
between Homo sapiens and other vertebrate orthologs revealed a
high degree of conservation of the GATA3-Thr*?? residue among
mammals (Figure 3F). These findings collectively demonstrate
that Thr*? is the primary O-GlcNAcylation site for GATA3 in
human trophoblast cells. Consequently, JEG3 cells transfected
with the T3A-G plasmid exhibited a significantly faster degra-
dation of GATA3 than cells transfected with the WT-G plasmid
(Figure 3G, H). Therefore, the stability of GATA3 can be directly
modulated by O-GIcNAcylation at Thr3?,

2.4 | GATA3 Transcriptionally Regulated the
Expression of 38-HSD1 and 175-HSD3 in Human
Trophoblast Cells

To determine the interaction between GATA3 and HSD3BI in
human placental trophoblasts, ChIP experiments were performed
using JEG3 cells. We found that GATA3 bound significantly to the
promoter region of HSD3BI (Figure 4A, B). A luciferase reporter
plasmid containing the HSD3BI promoter region (3B1-P) was
constructed and co-transfected with a GATA3-expressing plasmid
(WT-G) into JEG3 cells. The dual-luciferase assay showed that
GATA3 markedly enhanced the activity of the HSD3BI pro-
moter (Figure 4C), indicating strong transcriptional regulation of
HSD3BI by GATA3 in human trophoblast cells.

Data mining of the ChIP-seq database (GSE105081) revealed a
putative GATA-binding motif approximately 22 kb downstream
of the TSS in HSDI17B3 (Figure S1). Further ChIP analyses
confirmed significant binding of GATAS3 to this motif in HSDI7B3
(Figure 4D, E). Three plasmids (17B3-El, -E2, and -E3) contain-
ing different regions of the predicted GATA-binding motif in
HSDI17B3 were constructed (Figure 4F) and transfected separately
into JEG3 cells with or without the WT-G plasmid. The highest
luciferase activity was observed upon transfection with the 17B3-
E3 plasmid (Figure 4G, H), suggesting enhancer activity of
GATA3 on HSDI17B3 expression.

in E-PE (n = 6) and CTRL placentas (n = 6). (K) Testosterone (T,) level in E-PE (n = 6) and CTRL placentas (n = 6) determined by immunoassay. (L--N)
Correlation between GATA3 and 33-HSD1 (L), 178-HSD3 (M), or T, levels (N) in E-PE and CTRL placentas. Data are shown as the mean + SEM from
at least three independent experiments and were analyzed by a two-tailed t-test (C-E, H-K). Nonparametric Spearman’s correlation test was used to
analyze the correlations among 35-HSD1, 175-HSD3, or T, and GATA3 levels (L-N). *p < 0.05; **p < 0.01.
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Moreover, GATA3-overexpressed JEG3 cells showed a marked
upregulation of HSD3BI and HSDI7B3 mRNA levels and
increased protein levels of 33-HSD1 and 178-HSD3 (Figure 41-0).
Single-cell ATAC-seq (assay for transposase-accessible chromatin
using sequencing) analysis demonstrated that the HSD3BI and
HSDI17B3 gene loci are accessible in trophoblast linages, such
as VCT (villous cytotrophoblast), SCT (syncytiotrophoblast), and
EVT (extravillous trophoblast), which is accompanied by an
elevated expression of GATAS3 in these cell types, compared to
dNK (decidual natural killer cell), a major population of non-
trophoblast cells at the maternal-fetal interface [30] (Figure S6).
Moreover, there was no effect on the proliferation of JEG3 cells
after GATA3 overexpression (Figure S7).

Collectively, these results show that GATA3 can transcription-
ally upregulate 33-HSD1 and 178-HSD3 expression in human
trophoblasts.

2.5 | O-GlcNAcylation of GATA3 Markedly
Enhanced T, Synthesis in Human Trophoblast Cells

To examine the role of GATA3 O-GlcNAcylation in T, synthesis
within human trophoblasts, JEG3 cells were subjected to treat-
ment with TMG or Ac,5S, or transfected with either T3?A-G or
WT-G plasmids. As anticipated, levels of GATA3, 35-HSD1 and
178-HSD3 were significantly elevated in cells treated with TMG
(Figure 5A-D). Conversely, these protein levels were notably
reduced in cells treated with Ac,5S (Figure SE-H). The mRNA
level of GATA3 was significantly upregulated upon transfection
with either the T32A-G or the WT-G plasmid, with no significant
differences observed between these groups (Figure 5I). However,
while transfection with the WT-G plasmid resulted in a threefold
increase in GATA3 protein expression, transfection with the
T322A.G plasmid led to a slight but non-significant increase in
GATA3 protein expression compared to control cells (Figure 5J,
K). Furthermore, overexpression of GATA3 by the WT-G plasmid
significantly enhanced the expressions of 33-HSD1 and 178-HSD3
as well as T, production, whereas these effects were completely
abolished in cells transfected with T3A-G (Figure 5J, L-P). Taken
together, these findings demonstrate that O-GlcNAc modification
of GATA3 effectively enhances T, synthesis by stimulating the
expression of key androgen synthases in human trophoblast cells.

2.6 | Hypoxic Stress Induced the O-GlcNAcylation
of GATA3 and Led to an Overproduction of T,
Production in Human Trophoblast Cells

To elucidate the pathological mechanism underlying T, over-
production in E-PE placentas, we investigated whether hypoxic
stress induces GATA3 O-GIcNAcylation in trophoblasts. JEG3
cells were exposed to 2% O, for different time periods (0-24 h) to

mimic the hypoxic environment in PE placentas [31]. The global
O-GlcNAcylation level was increased after exposure to hypoxia
for 6-24 h (Figure 6A). From the RNA-seq data (GSE159480)
[32] of hypoxia-exposed placental iPSCs differentiated into syn-
cytiotrophoblast, we analyzed the enzymes directly related to
HBP and O-GlcNAc cycling. We found that expression levels
of almost all enzymes were higher than those in the control
group, indicating that HBP was activated following hypoxia
stimulation (Figure 6B). This result is consistent with previous
reports showing that cellular stress, such as hypoxia, significantly
alters the O-GlcNAc modification of proteins by stimulating
HBP flux [13, 14]. Hypoxia exposure dramatically increased the
levels of HIF-la, GATA3, 35-HSD1, and 178-HSD3 compared
to their corresponding normoxia group (21% O,) (Figure 6C-
G). IP experiments showed that the relative O-GIcNAcylation
level of GATA3 in WT-G-transfected JEG3 cells was significantly
increased by hypoxia, whereas mutations in Thr*** reduced this
effect (Figure 6H, I). Moreover, the time-dependent degradation
of GATA3 was slower in hypoxia-exposed JEG3 cells than in
normoxic cultures (Figure 6J, K). However, the hypoxia-induced
degradation of GATA3 was significantly weakened by the muta-
tion in Thr3**A, as shown by a comparison between WT-G- and
Thr3#2A-G-transfected cells under hypoxic stimulation (Figure 6L,
M). These results confirm that hypoxic stress in human tro-
phoblast cells promotes GATA3 O-GlcNAcylation, resulting in
enhanced protein stability.

To further confirm whether hypoxia-induced GATA3 O-
GlcNAcylation contributes to T, overproduction, we analyzed
WT-G- or T3-G-transfected JEG3 cells under 2% or 21% O,. The
mRNA level of GATA3 was similar between the WT-G and T3*-G
groups and was not altered by hypoxic stimulation (Figure 6N).
However, hypoxia exposure significantly increased the protein
levels of GATA3, 33-HSDI1, and 178-HSD3 (Figure 60-R), the
mRNA expression of HSD3BI and HSD17B3 (Figure 6S, T), and T,
production (Figure 6U) in either basal or WT-G-overexpressing
JEG3 cells when compared with their respective normoxic
controls. In contrast, the stimulatory effects of hypoxia on
these molecules and T, production were abrogated in T3?A-G-
transfected cells (Figure 60-U). These results clearly demonstrate
that hypoxia induces an overproduction of T, in trophoblasts
via the induction of persistent GATA3 O-GlcNAcylation, which
strongly enhances the transcription of T, synthase genes.

2.7 | O-GlcNAcylation of GATA3 Markedly
Enhanced T, Synthesis in Primary Human
Trophoblast (PHT) Cells

To further validate our findings, we next performed a series
of validation experiments using PHT cells. As expected, TMG
treatment markedly increased the relative O-GlcNAc stoichiom-

analysis (M) of GATA3 in JEG3 cells treated with 20 uM TMG, and then treated with CHX for varying durations. (N-O) Immunoblotting following IP
(N) and statistical analysis (O) of O-GlcNAcylated GATA3 in E-PE (n = 6) and CTRL placentas (n = 6). (P-R) Correlation between the relative O-GIcNAc
stoichiometry of GATA3 and 33-HSD1 (P), 178-HSD3 (Q), or T, levels (R) in E-PE and CTRL placentas. Data are shown as the mean + SEM of at least
three independent experiments and were analyzed by two-tailed t-test (C, G, O) or one-way ANOVA and Tukey-Kramer multiple comparison test (E,

I, K, M). Nonparametric Spearman’s correlation test was used to analyze the correlations among 33-HSD1, 178-HSD3, or T, and the relative O-GlcNAc

stoichiometry of GATA3 (P-R). *p < 0.05; **p < 0.01.
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FIGURE 3 | Thr’? is the primary O-GlcNAcylation site for GATA3 in human trophoblast cells. (A--C) HCD mass spectrum of the peptide
on GATA3 containing the O-GIcNAc modification at Thr3, Ser®!®, Thr3%? (A), Ser® (B), and Ser*” (C). The matched fragment y and b ions are labeled
in orange and green, respectively; O-GlcNAcylated sites are labeled in red. (D, E) Immunoblotting following IP (D) and statistical analysis (E) of O-
GlcNAcylated GATA3 in JEGS3 cells transfected with WT-G (WT), T35A-G (315), S31°A-G (316), T322A-G (322), S*92-G (369), and S30A-G (370) plasmid.
(F) Sequence alignment of peptide containing Thr*?? of human GATA3 and corresponding regions from other vertebrate orthologs. (G-H) Western
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0O-GlcNAcylation of GATA3 markedly enhanced T, synthesis in human trophoblast cells. (A-D) Western blotting (A) and

statistical analysis (B-D) of GATA3, 35-HSD1, and 175-HSD3 in JEG3 cells treated with 20 uM TMG. (E-H) Western blotting (E) and statistical analysis
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FIGURE 6 | Hypoxic stress induced the O-GlcNAcylation of GATA3 and led to an overproduction of T, in human trophoblast cells. (A)
Western blotting of whole O-GlcNAcylated protein in JEG3 cells exposed to either 21% or 2% O,. (B) A heatmap of the transcriptome gene, specifically
those directly associated with enzymes in HBP dand O-GlcNAc cycling, was generated from a single-cell analysis of human trophoblast stem cells. These
cells were exposed to either 21% or 2% O, for a duration of four days (n = 6). The visualization of this heatmap was based on the Gene Transcription
Levels Metric, with the display being contingent upon the Z score of gene expression. (C--G) Western blotting (C) and statistical analysis (D--G) of HIF-
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10 of 16 MedComm, 2025



etry of GATA3 (Figure 7A, B). Furthermore, the time-dependent
decrease of GATA3 protein levels after CHX treatment was signifi-
cantly retarded upon O-GlcNAc augmentation by TMG compared
to their respective controls at different time points in PHT cells
(Figure 7C, D). In addition, PHT cells were treated with TMG or
DMSO and as expected, GATA3, 35-HSD1 and 175-HSD3 levels
and newly synthesized T, were significantly elevated in TMG-
treated cells (Figure 7E-I). Furthermore, the time-dependent
degradation of GATA3 was markedly slower in hypoxia-exposed
PHT cells than in normoxic cultures (Figure 7J, K). Notably,
exposure to hypoxia significantly enhanced T, production
compared to normoxia group (Figure 7L). Taken together,
these results in PHT cells provide additional evidence for
our hypothesis that hypoxia and O-GlcNAcylation induced
stabilization of GATA3 contributes to excessive T, production.

3 | Discussion

Our study, along with others, has identified a significant
endocrine disruption in estrogen and androgen synthesis, par-
ticularly evident in E-PE [10, 33]. Steroid hormones, mainly
produced by the placenta during gestation, are pivotal for nor-
mal pregnancy [33]. Preeclampsia, a multisystem complication
defined as newly onset hypertension and proteinuria in preg-
nancy that cause maternal and perinatal morbidity and mortality,
commonly manifests with significantly high plasma testosterone
(Ty) level [4, 8, 9]. However, the underlying mechanism remains
unclear. Here, we discovered that the expression of 35-HSD1
and 178-HSD3, key enzymes responsible for T, synthesis, were
significantly increased in E-PE placentas, together with elevated
level of O-GlcNAcylated GATA3. A positive correlation existed
between the expression of O-GlcNAcylated GATA3 and pla-
cental T, concentration. In human trophoblast cells, dynamic
0O-GlcNAcylation modification of Thr3? stabilized GATA3, which
empowered GATA3 to transcriptionally upregulate the expression
of 38-HSD1 and 178-HSD3, and thus elevated the production of
T,. As a well-recognized pathological factor in PE, hypoxia can
significantly enhance the O-GlcNAcylation of GATA3 in human
trophoblast cells (Figure 7M). The findings reveal the underlying
mechanism that exacerbated high T, production modulated by O-
GlcNAcylated GATA3 in E-PE placentas and provide new insights
into the pathogenesis of E-PE from the perspective of endocrine
homeostasis regulation.

Our previous study showed that androgen overproduction could
inhibit estrogen production through the miR-22/ERa/aromatase
pathway in PE placentas [10]. In addition, testosterone propi-
onate administration to pregnant mice induced hypertension

and proteinuria, fetal and placental growth retardation, and E,
production impairment—phenotypes similar to those of E-PE
[9]. These findings suggest that abnormally high levels of T,
synthesis are a major cause of placental endocrine disorders
in E-PE, but the underlying mechanisms remain unclear. The
present study provides a new insight into the pathogenesis of
E-PE by suggesting that persistent O-GIlcNAcylation induced by
hypoxia regulates GATA3 stability, thereby increasing 35-HSD1
and 178-HSD3 levels transcriptionally and promoting excessive T,
synthesis in human trophoblast cells. It is well known that per-
sistent hypoxic stress at the maternal-fetal interface contributes
to suboptimal remodeling of the uterine spiral arteries in PE [12,
31]. During the normal course of pregnancy, uterine spiral artery
remodeling begins around 7th to 8th week [34] and is completed
by 20-22 weeks [35]. Our previous study showed that imbalanced
estrogen and androgen synthesis was first observed in patients at
11-14 weeks of gestation [11]. Taken together with our findings
that hypoxia promotes T, synthesis, it can be speculated that
the dysfunction of spiral artery remodeling at the maternal-fetal
interface in E-PE occurs early in pregnancy. Thus, this study
not only reveals the pathogenesis of endocrine disorder in E-PE
but also provides a rationale for determining the developmental
period of disturbance in E-PE placentas. However, further studies
are required to confirm this hypothesis.

GATA is a pioneer transcription factor that plays an important
role in embryonic development [36]. Among the GATA family
members, GATA3 has the highest expression in the placenta
[23]. Deletion of GATA3 in the placenta leads to impaired
placental development and fetal death [25]. Several studies have
shown that GATA3 plays an essential role in trophoblast cell
differentiation. It can transcriptionally regulate the expression of
placental lactogen I and proliferin in mouse placental trophoblast
giant cells [37, 38]. Moreover, GATA3 can interact with the
placental transcription factor GCM1 to inhibit its activity and
suppress trophoblast invasion [39]. In addition, GATA3 can
promote extraembryonic trophoblast fate at the blastocyst stage
and drive trophoblast differentiation in trophoblast stem cells
[32]. Our study indicates that hypoxia-induced O-GlcNAcylation
stabilizes GATA3. Therefore, it is possible that hypoxia induces
abnormal differentiation and function of human trophoblast
cells by inducing O-GlcNAcylation and stabilizing GATA3 at the
maternal-fetal interface during early pregnancy. The dysregula-
tion of various GATA3 functions and their effects on multiple
gestational processes may explain the molecular basis of multiple
dysfunctions in E-PE placentas.

O-GIcNAcylation is a multifunctional posttranslational
modification that regulates protein function [40]. However,

plasmids under either 21% or 2% O,. (J, K) Western blotting (J) and statistical analysis (K) of GATA3 in JEG3 cells exposed to either 21% or 2% O,, and
then treated with CHX for varying durations. (L, M) Western blotting (L) and statistical analysis (M) of GATA3 in JEG3 cells transfected with either
WT-G or T3??A-G plasmid under 2% O,, and then treated with CHX for varying durations. (N) mRNA level of GATA3 in JEG3 cells transfected with
WT-G or T32A-G plasmids under either 21% or 2% O,. (O-R) Western blotting (0) and statistical analysis (P-R) of GATA3, 38-HSDI, and 178-HSD3 in
JEGS3 cells transfected with WT-G or T322A-G plasmids under either 21% or 2% O,, supplemented with 20 uM MG132. (S, T) mRNA level of HSD3BI (S)
and HSD17B3 (T) in JEGS3 cells transfected with WT-G or T32?A-G plasmids under either 21% or 2% O,. (U) Newly synthesized T, level in the culture
supernatant of JEG3 cells transfected with WT-G or T3%A-G plasmids under either 21% or 2% O,. N refers to 21% O, or normoxia, while H refers to 2% O,
or hypoxia. Data are shown as the mean + SEM of at least three independent experiments and were analyzed by one-way ANOVA and Tukey-Kramer

multiple comparison test. *p < 0.05; **p < 0.01.
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FIGURE 7 | O-GlcNAcylation of GATA3 marketed enhanced T, synthesis in primary human trophoblast (PHT) cells. (A, B)

Immunoblotting following IP (A) and statistical analysis (B) of O-GlcNAcylated GATA3 in PHT cells treated with 20 uM TMG. (C, D) Western blotting
(C) and statistical analysis (D) of GATA3 in PHT cells treated with 20 uM TMG, and then treated with CHX for varying durations. (E--H) Western
blotting (E) and statistical analysis (F--H) of GATA3 (F), 33-HSD1 (G), and 178-HSD3 (H) in PHT cells treated with 20 uM TMG. (I) Newly synthesized
Ty level in the culture supernatant of PHT cells treated with 20 uM TMG. (J, K) Western blotting (J) and statistical analysis (K) of GATA3 in PHT cells
exposed to either 21% or 2% O, for 24 h, and then treated with CHX for varying durations. (L) Newly synthesized T level in the culture supernatant
of PHT cells exposed to either 21% or 2% O, for 24 h. (M) Working model of hypoxia-induced GATA3 O-GlcNAcylation exacerbating T,, production in
E-PE placentas. Hypoxia at the maternal-fetal interface of E-PE placentas triggers global O-GIlcNAcylation. This process stabilizes the protein through
O-GlcNAcylation of GATA3 at Thr3?? and transcriptionally stimulates the expression of 33-HSDI and 178-HSD3. As a result, this process accelerates the
production of T, thereby exacerbating the imbalance in the steroid hormones among patients with E-PE. Data are shown as the mean + SEM of at least

three independent experiments and were analyzed by two-tailed t-test. *p < 0.05; **p < 0.01.
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its role in placental development has not been well studied.
We previously identified O-GlcNAcylated proteins from human
placenta and found that GATA3 was significantly upregulated
for O-GlcNAcylation during trophoblast syncytialization [22].
Hypoxia induces the O-GlcNAcylation of GATA3 and increases
its stability. However, the mechanism underlying this process
remains unknown. It has been reported that GATA3 binds to the
E3 ligase Fbw7, which mediates the ubiquitination degradation of
GATA3 [41]. The binding of Fbw7 to GATA3 is enhanced by phos-
phorylation at Thr'*® of GATA3, which promotes ubiquitination
degradation [41]. We speculated that Thr3** O-GlcNAcylation
of GATA3 may induce structural changes that prevent the
binding of GATA3 to Fbw?7, thereby inhibiting the degradation
of GATA3. Further studies are needed to elucidate the
mechanism by which O-GIcNAc modification affects the stability
of GATA3.

The syncytiotrophoblast, the primary site of steroid hormone
synthesis in the placenta, is formed through cell fusion of the
mononucleated cytotrophoblasts. This process is primarily
triggered by the activation of protein kinase A (PKA) signal
pathway [42]. Protein O-GlcNAcylation is facilitated by the HBP
[40]. Tt is well established that glutamine fructose-6-phosphate
amidotransferase (GFAT), the rate-limiting enzyme of HBP that
catalyzes the conversion of fructose-6-phosphate to glucosamine-
6-phosphate, relies on the cAMP/PKA pathway [43]. Hypoxia has
been recognized as a significant contributor to PE [12]. Hypoxia
can markedly modify the O-GlcNAc modification of proteins by
inducing changes via the stimulation of the HBP flux [13, 14].
In our previous study, using quantitative O-GIcNAc proteomics,
we established a database of O-GlcNAcylated proteins in human
placental trophoblasts [22]. We identified hundreds of proteins
that were dynamically O-GlcNAcylated during trophoblast
differentiation, with GATA3 being one of the most significantly
changed. Based on these findings, we propose that hypoxia
plays a crucial role in regulating T, synthesis by GATA3.
Additionally, alterations in glucose and lipid levels can affect
the level of O-GlcNAc modification [44, 45], and may also affect
GATAS3 stability and thus T, synthesis. Indeed, glucose and lipid
metabolism have been reported to be dysregulated in adverse
pregnancy outcomes such as PE [46-51]. However, due to limited
investigation into the mechanism responsible for aberrant T,
production in PE placentas, no additional evidence has been
found so far. A comprehensive study is necessary to fully elucidate
the regulatory mechanism that governs GATA3 stability and T,
synthesis.

The present study had some limitations. Firstly, it solely involved
in vitro experiments, no in vivo studies were conducted to
validate the findings of these in vitro tests. This is due to the
fact that sex hormone synthesis in pregnant mice predominantly
occurs in the ovarian corpus luteum rather than the placenta
[52]. Therefore, despite the extensive use of the murine model
for investigating reproductive pathophysiology owing to its
irreplaceable advantages, it may not be appropriate for studying
placental endocrine function [53]. Secondly, the sample size
was relatively small. Future studies should aim to increase
participant numbers and establish non-human primate models
of preeclampsia placental endocrine disorders to fully elucidate
the regulatory mechanisms that maintain placental hormone
homeostasis.

4 | Conclusions

In conclusion, this study provides a novel insight into the
regulation of endocrine homeostasis by revealing that hypoxia-
induced O-GlcNAcylation of GATA3 in placental trophoblasts
not only stabilized GATA3 protein but also enhanced T, produc-
tion. These results suggest a potential mechanism for excessive
androgen production that contributes to placental endocrine
dysregulation observed in E-PE. Further investigation is required
to fully elucidate the cause of excessive androgen production in
E-PE placentas, which may lead to the development of novel
therapeutic strategies for adverse pregnancy outcomes such as
E-PE.

5 | Materials and Methods

5.1 | Study Participants and Samples

The experiments were conducted in accordance with the 1964
Declaration of Helsinki and its later amendments [54]. The
enrolled participants were pregnant Chinese Han women who
underwent regular prenatal care at the Peking University Third
Hospital. Pregnancy outcomes were determined according to
the definitions in Williams Obstetrics (25th edition) and the
American College of Obstetricians and Gynecologists (ACOG)
guidelines [55]. In brief, PE was identified in pregnant women
who had no history of preexisting or chronic hypertension but
demonstrated a systolic blood pressure >140 mmHg or diastolic
blood pressure >90 mmHg on at least two occasions, accom-
panied by proteinuria (> 0.3 g/24 h or >(+) in random urine
sample); or no proteinuria, but with multiple organ damage after
the 20th week of gestation. Based on whether the onset of clinical
signs was earlier than the 34th week, PE was further classified as
E-PE or late-onset PE (L-PE). Given that the gestational duration
in E-PE is often earlier than term, placentas from unexplained
preterm labor were collected as gestational age-matched controls
(CTRL) for E-PE [56]. Unexplained preterm labor was defined
as the onset of labor earlier than 37 weeks with an unknown
etiology and no other complications. Pregnancies complicated by
gestational diabetes, renal or cardiovascular disease, intrauterine
fetal death, fetal chromosomal or congenital abnormalities, or
those conceived using assisted reproductive technologies were
excluded from the study. 6 E-PE placentas and 6 CTRL placentas
were collected within 1 h of caesarean section and biopsies of the
basal plate were collected from the placental disc at sites 5 cm
from the umbilical cord insertion site. The samples were either
snap-frozen in liquid nitrogen or fixed in paraformaldehyde
before being embedded in paraffin. The clinical characteristics of
the pregnant women are summarized in Table S1.

5.2 | Single-Cell RNA-Seq Data Analysis

Violin-based single-cell transcriptome sequencing data, from
Tsang et al. [28], were aligned and quantified using the Cell
Ranger Single-Cell Software Suite (version 3.0, 10x Genomics,
Pleasanton, CA, USA) [57] against the GRCh38 human reference
genome. Cells with fewer than 500 detected genes, mitochondrial
genes, genes that were expressed in fewer than three cells, and
for which the total mitochondrial gene expression exceeded 20%
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were removed. The R package Seurat (version 2.3.3) [58] was
used for normalization, shared nearest-neighbor graph-based
clustering, differential expression analysis, and visualization.

5.3 | Immunoprecipitation (IP)

Placental tissues or cultured cells were homogenized with lysis
buffer to extract total proteins, and protein concentrations were
measured using a BCA Protein Assay Kit (Beyotime Biotechnol-
ogy). Specific antibodies (anti-GATA3, anti-immunoglobulin G
[IgG], or anti-His) and 20 pL agarose beads (Sigma-Aldrich) were
added to 500 pg total proteins and agitated overnight at 4°C. The
beads were washed with PBS (phosphate buffer saline, pH = 7.2)
by centrifugation at 3000 x g and 4°C, and the bound proteins
were separated using SDS-PAGE (sodium dodecyl sulfate poly-
acrylamide gel electrophoresis) with subsequent immunoblotting
analysis. Primary antibodies are listed in Table S2.

5.4 | Chromatin Immunoprecipitation (ChIP)

A ChIP assay was performed using an EZ-ChIP™ Kit (Milli-
pore) according to the manufacturer’s instructions, as previously
described [59, 60]. Briefly, cultured cells were fixed with 1%
formaldehyde and glycine was added to terminate the reac-
tion. The cells were harvested in PBS buffer containing a
protease inhibitor cocktail (Millipore), and the extracted DNA
was degraded to ~300 bp fragments in an ultrasonic cell disruptor.
The DNA fragments were immunoprecipitated with anti-GATA3
antibody or mouse IgG (negative control) to obtain GATA3
protein-DNA complexes, which were subsequently reverse cross-
linked. Following DNA purification and elution, gPCR was
performed to measure the level of HSD3BI and HSDI7B3. Specific
primers for HSD3BI and HSD17B3 are listed in Table S3.

5.5 | Plasmid Construction and Transfection
Full-length GATA3 cDNA (sequence obtained from the Human
ORFeome Database, http://horfdb.dfci.harvard.edu/) was ampli-
fied using PCR and subcloned into the pcDNA4/myc-His vector
(WT-G). PCR-based site-directed mutagenesis plasmids were
constructed using TransStart FastPFU DNA polymerase (Trans-
Gen Biotech, Beijing, China), with the WT-G plasmid as the
template. Serine (S*°, S*%°, S*°) or threonine (T, T32) of
GATA3 was mutated to alanine and named S*'°A-G, S3°A-G, S370A-
G, T3A.G, and T?*A-G, respectively. The construct sequences
were validated by DNA sequencing. The primers used for PCR
amplification are listed in Table S4.

Plasmid transfection experiments were performed as previously
described [61]. Briefly, the trophoblast cell line JEG3 was cultured
in 6-well plates in DMEM (Dulbecco’s modified Eagle’s medium)
supplemented with 10% fetal bovine serum and antibiotics. At 60—
70% confluency, 1 pg specific plasmid mixed with lipofectamine
2000 (Invitrogen, Shanghai, China) were added. The cells were
maintained in an incubator at 37°C before harvesting.

5.6 | Dual-Luciferase Reporter Assay

The PCR amplicon containing the GATA3-binding sequence at
the human HSD3BI promoter was cloned into the pGL3-promoter
luciferase vector to generate the pGL3-HSD3Bl1-promoter plas-
mid (3B1-P), as previously described [26]. Different lengths of
sequences containing the predicted GATA-binding sequence
(22 kb downstream of the transcription start site of the HSD17B3
gene) were PCR amplified (primers shown in Table S4) and sub-
cloned into the pGL3-promoter—enhancer plasmid to generate the
plasmids pGL3-HSD17B3-enhancer 1 (17B3-E1), pGL3-HSD17B3-
enhancer 2 (17B3-E2), and pGL3-HSD17B3-enhancer 3 (17B3-E3).

The dual-luciferase reporter assay was performed as previously
described [26]. Briefly, JEG3 cells were grown to 80% confluence
in 24-well plates (approximately 1 x 10° cells/well) and transfected
with plasmid 3B1-P, 17B3-El, 17B3-E2, or 17B3-E3 with or without
plasmid WT-G. After 48 h of transfection, the cells were harvested
using a passive lysis buffer and luciferase activity was measured
using a Dual-Luciferase Reporter Assay Kit (Promega, Madison,
WI, USA) and a luminometer (GloMax, Promega), according to
the manufacturer’s instructions. Renilla luciferase activity was
used to normalize the firefly luciferase activity.

5.7 | Measurement of T

The placental tissues were homogenized in PBS with a Bead
Ruptor 24 Elite (OMNI International, Beijing, China), and the
supernatants were collected after centrifugation (10,000 x g for
10 min) at 4°C. The total T, level in the placental tissue or
cultured cells was measured using a Siemens IMMULITE 2000
immunoassay system (Siemens, Munich, Germany) according to
the manufacturer’s instructions.

5.8 | Heatmap Analysis

Published datasets (GSE159480) from hypoxia-exposed induced
pluripotent stem cells (iPSCs) [32] were applied in an HBP-related
gene heatmap analysis based on gene FPKM (Fragments Per
Kilobase Million). The heatmap display was based on the Z-score
value of gene expression.

5.9 | Statistical Analysis

All statistical analyses were performed using GraphPad Prism
software (version 9.0; GraphPad Software, San Diego, CA, USA).
Statistical comparisons between groups were performed using
an independent sample nonparametric t-test or unpaired one-
way analysis of variance (ANOVA) for normally distributed data,
followed by a post hoc Tukey-Kramer multiple comparison
analysis. A nonparametric Spearman’s correlation test was used
to analyze the correlations between 35-HSDI, 175-HSD3, GATA3,
and T, levels. Results are shown as the mean + SEM of at least
three independent experiments. Statistical significance was set at
p < 0.05.

Expanded Methods are described in the Supporting Information.

14 of 16

MedComm, 2025


http://horfdb.dfci.harvard.edu/

Author Contributions

J.L. performed the experiments, analyzed the data, prepared figures, and
drafted the manuscript. Y.Y. and H.W. participated in IP experiments, data
analysis, and figure preparation. Y.X. and W.F. analyzed single-cell RNA-
seq and ATAC-seqdata. F.D., Y.W., Y.Z.,and X.S. collected clinical samples
and participated in data analysis. W.Q., Y.Z., and C.W. performed LC-
MS/MS experiment and analyzed the corresponding data. Y-X.L. assisted
with cell culture and Western blotting. Y-L.W. and X.S. designed and
supervised the study, coordinated the research team, and revised the draft.
All authors have read and approved the final manuscript.

Acknowledgments

The authors wish to express their profound gratitude to Dr. Wen Zhou
of the Analytical Instrumentation Center at Peking University for his
substantial contribution to the analysis of the O-GlcNAcylation site
on GATA3, and to Wiley Editing Services for their language editing
expertise applied to this manuscript. This work was supported by
grants from the National Key Research and Development Program of
China (2022YFC2702400, 2022YFC2704700); National Natural Science
Foundation in China (82192872, 32171115, 32200934); the Strategic Col-
laborative Research Program of the Ferring Institute of Reproductive
Medicine (FIRMA180304); and Beijing Natural Science Foundation in
China (7224356).

Ethics Statement

The protocol for collection of human placental tissue and plasma samples,
as well as the animal experiments were approved by the Ethics Committee
of the Institute of Zoology, Chinese Academy of Sciences, and Peking
University Third Hospital (Beijing, China) with approval numbers I0Z-
YSB-2022-02 and I0Z-YSB-2021-14 for clinical and animal experiments,
respectively. All pregnant women enrolled in this study signed written
informed consent.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

References

1. L. Ji, J. Brkic, M. Liu, G. Fu, C. Peng, and Y. L. Wang, “Placental Tro-
phoblast Cell Differentiation: Physiological Regulation and Pathological
Relevance to Preeclampsia,” Molecular Aspects of Medicine 34, no. 5 (2013):
981-1023.

2. M. A. Costa, “The Endocrine Function of Human Placenta: An
Overview,” Reproductive Biomedicine Online 32, no. 1 (2016): 14-43.

3. F. Labrie, C. Martel, and J. Balser, “Wide Distribution of the Serum
Dehydroepiandrosterone and Sex Steroid Levels in Postmenopausal
Women: Role of the Ovary?,” Menopause 18, no. 1 (2011): 30-43.

4. S. Makieva, P. T. Saunders, and J. E. Norman, “Androgens in Pregnancy:
Roles in Parturition,” Human Reproduction Update 20, no. 4 (2014): 542—
559.

5. M. C. Honigberg, B. Truong, R. R. Khan, et al., “Polygenic Prediction
of Preeclampsia and Gestational Hypertension,” Nature Medicine 29, no.
6 (2023): 1540-1549.

6. L. E. Mignini, J. Villar, and K. S. Khan, “Mapping the Theories of
Preeclampsia: The Need for Systematic Reviews of Mechanisms of the
Disease,” American Journal of Obstetrics and Gynecology 194, no. 2 (2006):
317-321.

7. M. Noris, N. Perico, and G. Remuzzi, “Mechanisms of Disease: Pre-
Eclampsia,” Nature Clinical Practice Nephrology 1, no. 2 (2005): 98-114.
quiz 120.

8. A. M. Ashour, E. S. Lieberman, L. E. Haug, and J. T. Repke, “The Value
of Elevated Second-Trimester Beta-Human Chorionic Gonadotropin in
Predicting Development of Preeclampsia,” American Journal of Obstetrics
and Gynecology 176, no. 2 (1997): 438-442.

9. X. Shao, Y. Yang, Y. Liu, et al., “Orchestrated Feedback Regulation
Between Melatonin and Sex Hormones Involving GPER1-PKA-CREB
Signaling in the Placenta,” Journal of Pineal Research 75, no. 4 (2023):
el2913.

10. X. Shao, Y. Liu, M. Liu, et al., “Testosterone Represses Estrogen
Signaling by Upregulating miR-22: A Mechanism for Imbalanced Steroid
Hormone Production in Preeclampsia,” Hypertension 69, no. 4 (2017):
721-730.

11. X. Shao, Y. Wang, Y. Liu, et al., “Association of Imbalanced Sex
Hormone Production With Excessive Procoagulation Factor SerpinF2 in
Preeclampsia,” Journal of Hypertension 37, no. 1 (2019): 197-205.

12. M. H. Schoots, S. J. Gordijn, S. A. Scherjon, H. van Goor, and J. L.
Hillebrands, “Oxidative Stress in Placental Pathology,” Placenta 69 (2018):
153-161.

13. B. Hart, E. Morgan, and E. U. Alejandro, “Nutrient Sensor Signaling
Pathways and Cellular Stress in Fetal Growth Restriction,” Journal of
Molecular Endocrinology 62, no. 2 (2019): R155-R165.

14. X. Rao, X. Duan, W. Mao, et al., “O-GlcNAcylation of G6PD Pro-
motes the Pentose Phosphate Pathway and Tumor Growth,” Nature
Communications 6 (2015): 8468.

15. G. W. Hart, M. P. Housley, and C. Slawson, “Cycling of O-Linked Beta-
N-acetylglucosamine on Nucleocytoplasmic Proteins,” Nature 446, no.
7139 (2007): 1017-1022.

16. Q. Lu, X. Zhang, T. Liang, and X. Bai, “O-GIcNAcylation: An Impor-
tant Post-Translational Modification and a Potential Therapeutic Target
for Cancer Therapy,” Molecular Medicine 28, no. 1 (2022): 115.

17. H. F. Wang, Y. X. Wang, Y. P. Zhou, et al., “Protein O-GlcNAcylation
in Cardiovascular Diseases,” Acta Pharmacologica Sinica 44, no. 1 (2023):
8-18.

18. M. Pantaleon, H. Y. Tan, G. R. Kafer, and P. L. Kaye, “Toxic Effects of
Hyperglycemia Are Mediated by the Hexosamine Signaling Pathway and
o-Linked Glycosylation in Early Mouse Embryos,” Biology of Reproduction
82, no. 4 (2010): 751-758.

19. H. M. Brown, E. S. Green, T. C. Y. Tan, et al.,, “Periconception
Onset Diabetes Is Associated With Embryopathy and Fetal Growth Retar-
dation, Reproductive Tract Hyperglycosylation and Impaired Immune
Adaptation to Pregnancy,” Scientific Reports 8, no. 1 (2018): 2114.

20. C. L. Howerton, C. P. Morgan, D. B. Fischer, and T. L. Bale, “O-
GIcNAc Transferase (OGT) as a Placental Biomarker of Maternal Stress
and Reprogramming of CNS Gene Transcription in Development,” PNAS
110, no. 13 (2013): 5169-5174.

21. C. L. Howerton and T. L. Bale, “Targeted Placental Deletion of OGT
Recapitulates the Prenatal Stress Phenotype Including Hypothalamic
Mitochondrial Dysfunction,” PNAS 111, no. 26 (2014): 9639-9644.

22.1]. Liu, X. Shao, W. Qin, et al., “Quantitative Chemoproteomics Reveals
O-GlcNAcylation of Cystathionine Gamma-lyase (CSE) Represses Tro-
phoblast Syncytialization,” Cell Chemical Biology 28, no. 6 (2021): 788-
801.e5.

23.J. Saben, Y. Zhong, S. McKelvey, et al., “A Comprehensive Analysis of
the Human Placenta Transcriptome,” Placenta 35, no. 2 (2014): 125-131.

24. C. Xu, W. Zhao, L. Peng, et al., “PRDMI14 Extinction Enables the
Initiation of Trophoblast Stem Cell Formation,” Cellular and Molecular
Life Sciences 81, no. 1 (2024): 208.

25. P. Home, R. P. Kumar, A. Ganguly, et al., “Genetic Redundancy
of GATA Factors in the Extraembryonic Trophoblast Lineage Ensures

15 of 16



the Progression of Preimplantation and Postimplantation Mammalian
Development,” Development (Cambridge, England) 144, no. 5 (2017):
876-888.

26. T. C. Lai, H. F. Li, Y. S. Li, P. Y. Hung, M. K. Shyu, and M. C. Hu,
“Proximal GATA-Binding Sites Are Essential for Human HSD3B1 Gene
Transcription in the Placenta,” Scientific Reports 7, no. 1 (2017): 4271.

27. A. Ralston, B. J. Cox, N. Nishioka, et al., “Gata3 Regulates Trophoblast
Development Downstream of Tead4 and in Parallel to Cdx2,” Development
(Cambridge, England) 137, no. 3 (2010): 395-403.

28.J. C. H. Tsang, J. S. L. Vong, L. Ji, et al., “Integrative Single-Cell
and Cell-Free Plasma RNA Transcriptomics Elucidates Placental Cellular
Dynamics,” PNAS 114, no. 37 (2017): E7786-E7795.

29. W. Qin, P. Lv, X. Fan, et al., “Quantitative Time-Resolved Chemo-
proteomics Reveals That Stable O-GIcNAc Regulates Box C/D snoRNP
Biogenesis,” PNAS 114, no. 33 (2017): E6749-E6758.

30. W. Jia, L. Ma, X. Yu, et al.,, “Human CD56(+)CD39(+) dNK Cells
Support Fetal Survival Through Controlling Trophoblastic Cell Fate:
Immune Mechanisms of Recurrent Early Pregnancy Loss,” National
Science Review 11, no. 6 (2024): nwael42.

31. O. Genbacev, R. Joslin, C. H. Damsky, B. M. Polliotti, and S. J. Fisher,
“Hypoxia Alters Early Gestation Human Cytotrophoblast Differentia-
tion/Invasion in Vitro and Models the Placental Defects That Occur in
Preeclampsia,” Journal of Clinical Investigation 97, no. 2 (1996): 540-550.

32. M. Horii, R. Morey, T. Bui, et al., “Modeling Preeclampsia Using
Human Induced Pluripotent Stem Cells,” Scientific Reports 11, no. 1 (2021):
5877.

33. N. Noyola-Martinez, A. Halhali, and D. Barrera, “Steroid Hormones
and Pregnancy,” Gynecological Endocrinology 35, no. 5 (2019): 376-384.

34. G. J. Burton, E. Jauniaux, and A. L. Watson, “Maternal Arterial Con-
nections to the Placental Intervillous Space During the First Trimester of
Human Pregnancy: The Boyd Collection Revisited,” American Journal of
Obstetrics and Gynecology 181, no. 3 (1999): 718-724.

35. M. Knofler, S. Haider, L. Saleh, J. Pollheimer, T. Gamage, and J.
James, “Human Placenta and Trophoblast Development: Key Molecular
Mechanisms and Model Systems,” Cellular and Molecular Life Sciences 76,
no. 18 (2019): 3479-3496.

36. M. Tremblay, O. Sanchez-Ferras, and M. Bouchard, “GATA Tran-
scription Factors in Development and Disease,” Development (Cambridge,
England) 145, no. 20 (2018): dev164384.

37. G. T. Ma, M. E. Roth, J. C. Groskopf, et al., “GATA-2 and GATA-
3 Regulate Trophoblast-Specific Gene Expression in Vivo,” Development
(Cambridge, England) 124, no. 4 (1997): 907-914.

38.Y. K. Ng, K. M. George, J. D. Engel, and D. I. Linzer, “GATA
Factor Activity Is Required for the Trophoblast-Specific Transcriptional
Regulation of the Mouse Placental Lactogen I Gene,” Development
(Cambridge, England) 120, no. 11 (1994): 3257-3266.

39.Y. H. Chiu and H. Chen, “GATA3 Inhibits GCM1 Activity and
Trophoblast Cell Invasion,” Scientific Reports 6 (2016): 21630.

40. X. Yang and K. Qian, “Protein O-GlcNAcylation: Emerging Mecha-
nisms and Functions,” Nature Reviews Molecular Cell Biology 18, no. 7
(2017): 452-465.

41. T. Nakajima, K. Kitagawa, T. Ohhata, et al., “Regulation of GATA-
binding Protein 2 Levels via Ubiquitin-Dependent Degradation by Fbw7:
Involvement of Cyclin B-Cyclin-Dependent Kinase 1-Mediated Phospho-
rylation of THR176 in GATA-Binding Protein 2,” Journal of Biological
Chemistry 290, no. 16 (2015): 10368-10381.

42. 1. Knerr, S. W. Schubert, C. Wich, et al., “Stimulation of GCMa and
Syncytin via cAMP Mediated PKA Signaling in Human Trophoblastic
Cells Under Normoxic and Hypoxic Conditions,” Febs Letters 579, no. 18
(2005): 3991-3998.

43.]). Zhou, Q. K. Huynh, R. T. Hoffman, et al., “Regulation
of Glutamine:Fructose-6-Phosphate Amidotransferase by
cAMP-Dependent Protein Kinase,” Diabetes 47, no. 12 (1998): 1836-1840.

44.J. A. Groves, A. O. Maduka, R. N. O'Meally, R. N. Cole, and N.
E. Zachara, “Fatty Acid Synthase Inhibits the O-GIcNAcase During
Oxidative Stress,” Journal of Biological Chemistry 292, no. 16 (2017):
6493-6511.

45. H. Wang, J. W. Vant, A. Zhang, et al., “Organization of a Functional
Glycolytic Metabolon on Mitochondria for Metabolic Efficiency,” Nature
Metabolism 6, no. 9 (2024): 1712-1735.

46. B. P. Luscher, C. Marini, M. S. Joerger-Messerli, et al., “Placental
Glucose Transporter (GLUT)-1 Is Down-Regulated in Preeclampsia,”
Placenta 55 (2017): 94-99.

47.1. Aye, C. E. Aiken, D. S. Charnock-Jones, and G. C. S. Smith,
“Placental Energy Metabolism in Health and Disease—Significance of
Development and Implications for Preeclampsia,” American Journal of
Obstetrics and Gynecology 226, no. 2S (2022): S928-S944.

48. R. Gou and X. Zhang, “Glycolysis: A Fork in the Path of Normal and
Pathological Pregnancy,” Faseb Journal 37, no. 12 (2023): e23263.

49. H. Hosier, H. S. Lipkind, H. Rasheed, A. T. DeWan, and T. Rogne,
“Dyslipidemia and Risk of Preeclampsia: A Multiancestry Mendelian
Randomization Study,” Hypertension 80, no. 5 (2023): 1067-1076.

50.Y. Yang, Y. Wang, Y. Lv, and H. Ding, “Dissecting the Roles of Lipids
in Preeclampsia,” Metabolites 12, no. 7 (2022): 590.

51. J. Mulder, D. M. Kusters, J. E. Roeters van Lennep, and B. A. Hutten,
“Lipid Metabolism During Pregnancy: Consequences for Mother and
Child,” Current Opinion in Lipidology 35, no. 3 (2024): 133-140.

52. C. R. Mendelson and A. Kamat, “Mechanisms in the Regulation
of Aromatase in Developing Ovary and Placenta,” Journal of Steroid
Biochemistry and Molecular Biology 106, no. 1-5 (2007): 62-70.

53. M. Hemberger, C. W. Hanna, and W. Dean, “Mechanisms of Early
Placental Development in Mouse and Humans,” Nature Reviews Genetics
21, no. 1 (2020): 27-43.

54. B. Gandevia and A. Tovell, “Declaration of Helsinki,” Medical Journal
of Australia 2 (1964): 320-321.

55. W.R. Cohen and E. A. Friedman, “Misguided Guidelines for Managing
Labor,” American Journal of Obstetrics and Gynecology 212, no. 6 (2015):
753. el-€3.

56. B. W.J. Mol, C. T. Roberts, S. Thangaratinam, L. A. Magee, C. J. M. de
Groot, and G. J. Hofmeyr, “Pre-eclampsia,” Lancet 387, no. 10022 (2016):
999-1011.

57. G. X. Zheng, J. M. Terry, P. Belgrader, et al., “Massively Parallel
Digital Transcriptional Profiling of Single Cells,” Nature Communications
8 (2017): 14049.

58. R. Satija, J. A. Farrell, D. Gennert, A. F. Schier, and A. Regev,

“Spatial Reconstruction of Single-Cell Gene Expression Data,” Nature
Biotechnology 33, no. 5 (2015): 495-502.

59. A. Bagati, A. Bianchi-Smiraglia, S. Moparthy, et al., “FOXQ1 Con-
trols the Induced Differentiation of Melanocytic Cells,” Cell Death and
Differentiation 25, no. 6 (2018): 1040-1049.

60. W. Liu, L. Zhou, C. Zhou, et al., “GDFI1 Decreases Bone Mass by Stim-
ulating Osteoclastogenesis and Inhibiting Osteoblast Differentiation,”
Nature Communications 7 (2016): 12794.

61. E. G. Ponimaskin, J. Profirovic, R. Vaiskunaite, D. W. Richter, and T. A.
Voyno-Yasenetskaya, “5-Hydroxytryptamine 4(a) Receptor Is Coupled to
the Galpha Subunit of Heterotrimeric G13 Protein,” Journal of Biological
Chemistry 277, no. 23 (2002): 20812-20819.

Supporting Information

Additional supporting information can be found online in the Supporting
Information section.

16 of 16

MedComm, 2025



	Hypoxia-Induced O-GlcNAcylation of GATA3 Leads to Excessive Testosterone Production in Preeclamptic Placentas
	1 | Introduction
	2 | Results
	2.1 | A Strong Correlation Exists Between GATA3 and Androgen Synthetases, as Well as T0 Production in E-PE Placentas
	2.2 | O-GlcNAcylation Dynamically Modified and Stabilized GATA3 Protein in Human Trophoblast Cells
	2.3 | Thr322 Is the Primary O-GlcNAcylation Site for GATA3 in Human Trophoblast Cells
	2.4 | GATA3 Transcriptionally Regulated the Expression of 3b-HSD1 and 17b-HSD3 in Human Trophoblast Cells
	2.5 | O-GlcNAcylation of GATA3 Markedly Enhanced T0 Synthesis in Human Trophoblast Cells
	2.6 | Hypoxic Stress Induced the O-GlcNAcylation of GATA3 and Led to an Overproduction of T0 Production in Human Trophoblast Cells
	2.7 | O-GlcNAcylation of GATA3 Markedly Enhanced T0 Synthesis in Primary Human Trophoblast (PHT) Cells

	3 | Discussion
	4 | Conclusions
	5 | Materials and Methods
	5.1 | Study Participants and Samples
	5.2 | Single-Cell RNA-Seq Data Analysis
	5.3 | Immunoprecipitation (IP)
	5.4 | Chromatin Immunoprecipitation (ChIP)
	5.5 | Plasmid Construction and Transfection
	5.6 | Dual-Luciferase Reporter Assay
	5.7 | Measurement of T0
	5.8 | Heatmap Analysis
	5.9 | Statistical Analysis

	Author Contributions
	Acknowledgments
	Ethics Statement
	Conflicts of Interest
	Data Availability Statement

	References
	Supporting Information


