
O-GlcNAc transferase contributes to sex-specific placental 
deregulation in gestational diabetes

Yiwen CUI, M.D.1, Meredith CRUZ, M.D.1, Anna PALATNIK, M.D.1,2, Stephanie OLIVIER-VAN 
STICHELEN, Ph.D.1,2,3

1Department of Obstetrics and Gynecology, Medical College of Wisconsin, Milwaukee, WI, 53226

2Cardiovascular Center, Medical College of Wisconsin, Milwaukee, WI, 53226

3Department of Biochemistry, Medical College of Wisconsin, Milwaukee, WI, 53226

Abstract

Introduction: Gestational diabetes (GDM) is traditionally thought to emerge from placental 

endocrine dysregulations, but recent evidence suggests that fetal sex can also impact GDM 

development. Understanding the molecular mechanisms through which sex modulates placenta 

physiology can help identify novel molecular targets for future clinical care. Thus, we investigated 

the nutrient-sensing O-GlcNAc pathway as a potential mediator of sex-specific placenta 

dysfunction in GDM.

Methods: Expression levels of O-GlcNAc enzymes were measured in male and female (n=9+/

gender) human placentas based on the maternal diagnosis of GDM. We then simulated the 

observed differences in both BeWo cells and human syncytiotrophoblasts primary cells (SCT) 

from male and female origins (n=6/gender). RNA sequencing and targeted qPCR were performed 

to characterize the subsequent changes in the placenta transcriptome related to gestational 

diabetes.

Results: O-GlcNAc transferase (OGT) expression was significantly reduced only in male 

placenta collected from mothers with GDM compared to healthy controls. Similar downregulation 

of OGT in trophoblast-like BeWo male cells demonstrated significant gene expression 

deregulations that overlapped with known GDM-related genes. Notably, placental growth hormone 

(GH) production was significantly elevated, while compensatory factors against GH-related 

insulin resistance were diminished. Inflammatory and immunologic factors with toxic effects on 

pancreatic β cell mass were also increased, altogether leaning toward a decompensatory diabetic 

profile. Similar changes in hormone expression were confirmed in male human primary SCTs 
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transfected with siOGT. However, down-regulating OGT in female primary SCTs did not impact 

hormone production.

Conclusion: Our study demonstrated the significant deregulation of placental OGT levels in 

mothers with GDM carrying a male fetus. When simulated in vitro, such deregulation impacted 

hormonal production in BeWo trophoblast cells and primary SCTs purified from male placentas. 

Interestingly, female placentas were only modestly impacted by OGT downregulation, suggesting 

that the sex-specific presentation observed in gestational diabetes could be related to O-GlcNAc-

mediated regulation of placental hormone production.

Graphical Abstract

Keywords

O-GlcNAcylation; Placenta; RNA-sequencing; gestational diabetes; syncytiotrophoblast

INTRODUCTION

The placenta is a fetal secretory organ responsible for producing hormones, cytokines, and 

regulatory proteins and adapting maternal metabolism for pregnancy. Aberrant placenta 

function leads to various endocrine diseases, the most common being gestational diabetes 

(GDM) estimated to affect one in ten pregnancies globally[1]. The diagnosis of GDM 

poses immediate risks to the pregnancy, including a high likelihood of preeclampsia (preE), 
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stillbirth, and preterm delivery. Furthermore, GDM carries long-term health risks for the 

mother and offspring [1–4]. Up to 70% of women with a history of GDM will develop 

type 2 diabetes (T2DM) within 10 years following pregnancy [5], while the offspring is at 

increased risk for fetal adiposity, obesity, and early-onset T2DM as young adults [6–10].

Recent clinical evidence suggests that fetal sex is an additional risk factor for GDM. Indeed, 

women carrying a male fetus have up to a 39% increased odds risk of developing GDM [11]. 

This sexual dimorphic risk for GDM provides a unique comparative framework to study 

inherent metabolic drivers for glucose and insulin deregulation and, by extension, identify 

targets for metabolic therapy.

We believe that females could be protected from adverse metabolic outcomes from diseases 

like GDM due to sexual dimorphism in the regulation of key placental signaling. In this 

study, we focused on the O-GlcNAc pathway as a nutrient-sensing X-linked mediator 

of cell signaling. O-GlcNAcylation is a highly conserved modification consisting of post-

translational addition of a single residual of N-acetylglucosamine onto serine or threonine 

moieties of intracellular proteins (Figure 1A) [12]. Because this modification is highly 

dependent on glucose level, the O-GlcNAc pathway is considered a key nutrient sensor, 

capable of regulating a wide range of physiologic processes in response to nutritional 

environment [13–15].

O-GlcNAcylation has been associated with X-linked diseases [16–20] due to the localization 

of the main enzyme O-GlcNAc transferase (OGT) on the X-chromosome (Xq13.1) [21,22]. 

In pregnant murine models, Ogt has been found to escape X-chromosome inactivation, 

potentially resulting in differential protein dosages [23–26] and increased plasticity against 

environmental stress factors[27]. Furthermore, animal phenotypes resulting from O-GlcNAc 

modulation, often vary based on sex [27–34], emphasizing the link between sexual 

dimorphism and O-GlcNAcylation.

Herein, we investigated the role of OGT in the development of GDM. We first demonstrated 

a decrease in OGT expression and the complementary enzyme O-GlcNAcase (OGA) (Figure 

1A) specific to human male placenta samples from GDM patients. We next modeled 

the decreased OGT expression through transfection of siOGT in trophoblast-like BeWo 

cells and performed a comprehensive transcriptomic profile using RNA sequencing. We 

identified significant changes in the production of placenta hormones and inflammatory 

markers implicated in insulin dysregulation of GDM. Using primary syncytiotrophoblast 

(SCT) cultures from human placentas, we confirmed similar hormonal changes following 

downregulation of OGT in male cells but noted the limited impact on female SCT cultures. 

Altogether, this study demonstrates a role for OGT and O-GlcNAcylation in placenta 

endocrine deregulation that has sex dimorphic clinical implications.

MATERIALS AND METHODS

Frozen human placenta acquirement

Placenta samples were obtained from the Medical College of Wisconsin Maternal Research 

and Placenta and Cord Blood Bank (MCW MRPCB) under IRB approval. Written informed 
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consent was received before participation. Gestational diabetes (n = 5 males, 5 females) 

was diagnosed by the 100g oral glucose tolerance test following the Carpenter-Coustan 

criteria or if the 1-hour 50g glucose challenge test is > 200mg/dl. Placental samples were 

selected for this study on the following criteria (1) GDM diagnosis (2) use of insulin or 

oral hypoglycemic medication during pregnancy (3) no maternal history of hypertension (4) 

single gestation with known fetal sex without congenital anomalies. Placenta samples used 

as the control group (n= 4 males, 5 females) were comprised of women without GDM but 

with the same exclusion criteria applied.

BeWo Cell culture

Bewo cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) containing 

4.5 g/L (Standard, Std), 10% (v/v) fetal bovine serum (FBS), and 1% penicillin/streptomycin 

at 37°C in a 5% (v/v) CO2-enriched humidified atmosphere.

Primary human syncytiotrophoblast model from third-trimester placentas—
Patients delivering at a tertiary birth center were consented to placenta donation if they 

met the criteria of having a singleton pregnancy unaffected by fetal anomalies, hypertensive 

orders of pregnancy or diabetes of any type. Approximately 100 grams of full-thickness 

placenta sections were excised 2–3cm from the periphery of the placenta at random. The 

placenta sample was washed with phosphate-buffered saline (PBS) followed by trimming 

of the chorionic and basal plates as previously shown [35]. Placenta villi were diced into 

small pieces (1–3mm). Three digestion steps were performed in 50mL conical tubes at 37°C 

in Hanks balanced salt solution (HBSS) containing 0.25% trypsin (Gibco) and DNase I 

(Sigma-Aldrich) for 30 min each step. Digestion was stopped using 10% fetal bovine serum 

(FBS) (PAA Laboratories), and cells from each digestion were pooled and purified using a 

Percoll gradient [10–70% (vol/vol)]. Villous cytotrophoblasts were collected between 35 and 

50% of Percoll layers and contaminating red blood cells were removed by incubating cells 

with erythrocyte lysis buffer (Thermo Fisher Scientific) for 10 min at room temperature. 

Purification yield was confirmed by flow cytometry using a cytokeratin-7 antibody (Thermo 

Fisher Scientific). Cells were then washed with PBS and cultured in media of 50% DMEM 

(Sigma) and Ham’s F12 (Gibco) supplemented with 10% (v/v) FBS, and 1% penicillin/

streptomycin and maintained at 37°C in a 5% (v/v) CO2-enriched humidified atmosphere. 

Media was changed daily. After 48 hours (h) from plating, syncytialization was observed, 

and any planned experimental treatment was performed at this time.

To confirm the purification of trophoblasts, cells were fixed in 4% paraformaldehyde 

solution for 30 minutes at room temperature, then washed 3 times with PBS and incubated 

with primary mouse antibodies to cytokeratin-7 (1:100; Thermo Fisher Scientific) for 1 hour 

at room temperature. The monolayer was washed with PBS and incubated with fluorescent 

secondary antibodies (anti-mouse IgG; Sigma-Aldrich) for 1 hour in the dark. The nuclei 

were co-stained with DAPI and analyzed by confocal microscopy. Specific primers for 

syncytiotrophoblast-specific genes were used to confirm a proper transcriptional profile.
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OGT small interfering RNA (siRNA)

MISSION siRNA targeting Human OGT were ordered at Sigma. Silencer™ Negative 

Control No. 1 siRNA (Thermo Fisher Scientific) was used as a control. Cells were 

transfected with Lipofectamine RNAiMax (Thermo Fisher Scientific) according to the 

manufacturer protocol.

RNA extraction

mRNA was isolated with the PureLink RNA Mini Kit (Thermo Fisher Scientific) following 

the manufacturer’s instruction. RNA integrity was verified by visual inspection of ribosomal 

RNA on agarose gels. RNA concentrations were measured with the LVis microplate on a 

FLUOstar Omega plate reader (BMG Labtech).

cDNA preparation and qPCR

cDNA was then synthesized with SuperScript™ IV VILO™ Master Mix with 

ezDNase (Thermo Fisher Scientific) according to the manufacturer’s instructions. 

qPCR reaction was then performed using PowerSYBR qPCR Master Mix (Thermo 

Fisher Scientific). Specific primers for each reaction are as follows: ACTIN-

F: GATTCCTATGTGGGCGACGA; ACTIN-R: AGGTCTCAAACATGATCTGGGT; 

OGT-F: GGTGACTATGCCAGGAGAGACTCTTGC; OGT-R: 

CGAACTTTCTTCAGGTATTCTAGATC; OGA-F: CGGTGTGGTGGAAGGATTTTA; 

OGA-R: GTTGCTCAGCTTCCTCCACTG; HCG-F: GCTACTGCCCCACCATGACC; 

HCG-R: ATGGACTCGAAGCGCACATC; GH2-F: AAACGCTGATGTGGAGGCTG; 

GH2-R: GCCCGTAGTTCTTGAGCAGT; LEP-F: CTGTGCGGATTCTTGTGGCT; LEP-

R: GAGGAGACTGACTGCGTGTGT; PL-F: TGACACCTACCAGGAGTTTGAAG; PL-R: 

GGGGTCACAGGATGCTACTC. qPCR was run on a QuantStudio 3 instrument (Applied 

Biosystems) with the recommended settings. The data were collected and processed on 

DataConnect (Thermo Fisher Scientific), and 2−DDCq were calculated and plotted using 

Prism 9 (GraphPad Software).

Protein lysis, SDS-PAGE, and Western Blotting

Samples were lysed in RIPA lysis buffer [10mM Tris-HCl, 150mM NaCl, 1% Triton X-100 

(v/v), 0.5% NaDOC (w/v), 0.1% SDS (w/v), and protease inhibitors; pH7.5], vortexed 

and centrifuged at 18,000 g for 10 minutes at 4C. Sample lysates were resolved on 8% tris-

glycine and transferred onto nitrocellulose. Membranes were then washed with ultra-purified 

water and labeled with No-Stain Protein Labeling Reagent (Thermo Fisher Scientific) 

according to kit instructions. Next, the membranes were blocked for 45 minutes with 5% 

(w/v) non-fat milk in Tris-buffered saline-Tween 20 buffer (TBS-T). Primary antibodies 

were added to the blocking solution, and the blots were incubated overnight at 4C with 

gentle agitation. Following primary incubation, blots were washed three times with 10mL of 

TBS-T for 10 minutes and incubated with anti-mouse and anti-rabbit fluorescent-conjugated 

secondary antibodies in a 1:20,000 dilution for 1 hour at room temperature. Three additional 

TBS-T washes with 10mL in 10 minutes were performed, and the blot signal was captured 

using Odyssey Fc (LI-COR).
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Antibodies

Antibodies for western blotting are used as follow: anti-O-GlcNAc (#ab2739, Abcam): 

1:1000; Anti-actin (#A2066, Sigma Aldrich), 1:1000.

RNA sequencing

Total RNA samples were quantified using Qubit 2.0 Fluorometer (Life Technologies, 

Carlsbad, CA, USA), and RNA integrity was checked using Agilent TapeStation 4200 

(Agilent Technologies, Palo Alto, CA, USA). RNA sequencing libraries were prepared 

using the NEBNext Ultra RNA Library Prep Kit for Illumina, following the manufacturer’s 

instructions (NEB, Ipswich, MA, USA). Briefly, mRNAs were first enriched with Oligo(dT) 

beads. Enriched mRNAs were fragmented for 15 minutes at 94 °C. First-strand and second 

strand cDNAs were subsequently synthesized. cDNA fragments were end-repaired and 

adenylated at 3’ends, and universal adapters were ligated to cDNA fragments, followed 

by index addition and library enrichment by limited-cycle PCR. The sequencing libraries 

were validated on the Agilent TapeStation (Agilent Technologies, Palo Alto, CA, USA) 

and quantified by using Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA) as well as by 

quantitative PCR (KAPA Biosystems, Wilmington, MA, USA). Samples were processed on 

an Illumina HiSeq platform by GENEWIZ (Azenta Life Science).

Sequence reads were trimmed to remove possible adapter sequences and nucleotides with 

poor quality using Trimmomatic v.0.36. The trimmed reads were mapped to the Homo 

sapiens GRCh38 reference genome available on ENSEMBL using the STAR aligner 

v.2.5.2b. The STAR aligner is a splice aligner that detects splice junctions and incorporates 

them to help align the entire read sequences. BAM files were generated as a result of this 

step. Statistics of mapping the reads to the reference genome can be found in Table S1. 

Unique gene hit counts were calculated using featureCounts from the Subread package 

v.1.5.2. Only unique reads that fell within exon regions were counted. After extraction of 

gene hit counts, the gene hit counts table was used for downstream differential expression 

analysis. Using DESeq2, a comparison of gene expression between the various groups was 

performed. The Wald test was used to generate p-values and log2 fold changes. Genes with 

an adjusted p-value < 0.05 were called differentially expressed genes for each comparison.

Gene Ontology (GO) enrichment analysis

BinGO app within Cytoscape was used to perform GO enrichment analysis. The goa_human 

GO list was used to cluster the genes based on their biological processes and determine their 

statistical significance.

Statistics

Statistical analyses were performed on Prism 9 (Graphpad) and R version 4.1.0 (R 

Core Team). Error bars represented mean ± standard error of the mean (SEM). For a 

clinical sample, Mann–Whitney U test was performed to measure significance (unpaired, 

non-parametric) [36], and Pearson R was computed for correlation analysis. For RNA 

sequencing, the Log 2 fold change (Log2FoldChange) was calculated as follows: 

Log2(Group 2 mean normalized counts/Group 1 mean normalized counts). The Wald test 

was used to generate p-values, and the Benjamin-Hochberg correction was used to obtain 
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adjusted p-values [37]. For all others, a classic student t-test (unpaired, parametric) was 

performed. Statistical significance was always represented as follows: ns ≥ 0.05, * p < 0.05, 

** p < 0.01, *** p < 0.001, **** p < 0.0001.

Data availability

RNA-sequencing raw (*R1.fastq and *R2.fastq) and processed (*.bam and counts.txt) files 

were deposited in Gene Expression Omnibus (GEO) repository under GSE200983.

RESULTS

OGT is selectively downregulated in male fetal placenta from GDM mothers

To examine the pathological relevance of O-GlcNAcylation in GDM, OGT and OGA 
expression were measured by qPCR in human placentas grouped by fetal sex and maternal 

diagnosis of GDM (n=4+/group) (Table 1). OGT and OGA were significantly downregulated 

in male GDM placenta compared to controls (OGT: p=0.03, OGA p=0.004, Figure 1 B/C). 

In contrast, this difference was not observed in the female group.

There were significant differences in maternal age and body mass index (BMI) between 

GDM and control subgroups within each sex (Table 1). However, OGT and OGA levels 

are poorly correlated with these maternal characteristics (Figure S1), suggesting that the 

significant decrease in OGT in the male group was related to GDM pathology.

To determine the physiologic impact of the observed downregulation O-GlcNAc enzymes in 

GDM, we used trophoblast-like BeWo cells to model downstream transcriptional changes. 

BeWo cells are male choriocarcinoma trophoblast cells commonly used in the literature as 

surrogates for placenta syncytiotrophoblasts (SCT) due to similar secretory profiles [38]. We 

separately downregulated OGT and OGA expression with small interfering RNA (siOGT 
or siOGA) (Figure 1 D/E) and found that OGT downregulation led to a more substantial 

decrease in OGA levels, closer to the profile observed in GDM male placentas. This 

crosstalk between OGT and OGA expression levels correlated with previous observations 

in the literature and is explained by the regulation of OGA intron retention by OGT [39]. 

Additionally, siOGT led to a strong reduction in the total O-GlcNAcylation level observed 

by Western Blot (Figure 1 F). We subsequently focused on the siOGT model as it closely 

simulated our findings from the GDM placenta samples.

Knocking down OGT leads to critical changes in the placental transcriptome

Using the cellular model described above, six RNA-Seq datasets were generated from two 

sample groups (siCtrl, siOGT) to conduct comparative pathway analysis that could elucidate 

the role of OGT downregulation in placental dysfunction leading to GDM. Each sample 

group was provided in biological replicates and obtained a total of 298,978,153 reads (44–

55 million reads per sample) with ~92% were over 30 bases (Table S1). 68 genes (48 

upregulated and 20 downregulated) had more than a 2-fold change with an adjusted p-value 

(AdjpValue) < 0.05 (Figure 2A, Table S2). An additional 4,383 genes were also significantly 

deregulated (AdjpValue <0.05) but with less than a 2-fold change (Table S2).
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Gene Ontology (GO) analysis on the significatively deregulated genes demonstrated 

enrichment in cellular metabolic processing (GO:0044237, FDR=8.78E-40), protein post-

translational modification (GO:0043687, FDR=2.12E-10), gene expression (GO:00010467, 

FDR=1.83E-14), and cellular process (GO:0050794, FDR=3.91E-11) (Figure 2B, Table 

S3). Organelle organization (GO:0006996, FDR=1.92E-22) was also enriched, driven 

by chromatin modification (GO:0016568, FDR= 1.46E-09). Macromolecule localization 

(GO:0033036, FDR=5.58E-13), including protein transport (GO:0015031, FDR=9.35E-11) 

and cellular localization (GO: 0051641, FDR= 3.27E-09) was associated with the 

significantly deregulated genes in the siOGT model. Overall, the analysis demonstrated the 

validity of our model as it highlighted the previously described roles of O-GlcNAcylation in 

regulating transcription [12].

Transcriptomic profile from siOGT BeWo model overlaps with gene expression changes 
observed in GDM placenta.

We further compared our RNA-sequencing data with previously published transcriptomes 

of human GDM placenta. Using the Alliance of Genome Resources database (https://

www.alliancegenome.org) to query for the deregulated genes, we found that our model 

shared 32% of gene expression (10/ 31 genes) (Figure 3A) known to be associated with 

GDM. Interestingly, the siOGT model also overlapped in 21% of preE gene deregulations, 

highlighting potentially shared pathways between preE and GDM and the involvement of 

OGT in both pathologies for future consideration (Figure S2).

The limitation to Alliance of Genome Resources database was the lack in reporting 

tissue-specificity for the GDM-related genes. Thus, we cross-referenced the siOGT 
deregulated genes with published studies specifically on GDM transcriptional changes in 

the human placenta [40–42] or purified trophoblasts [43]. While neither OGT nor OGA was 

significantly deregulated in any of the studies, none reported or stratified their analysis by 

fetal sex. Nevertheless, 100 shared deregulated genes (Figure 3B, Table S4) were commonly 

found between these studies and ours.

GO enrichment of the shared genes highlighted the following categories: hemostasis, 

cytokine signaling, peptide and steroid hormone signaling, developmental processes, and 

response to nutrients (Figure 3C). For each GO term, we mapped a complex web of 

transcriptional changes, integrating hormonal, immune, and inflammatory mechanisms all 

deregulated in siOGT BeWo cells (Figure S3).

Knockdown of OGT in primary human syncytiotrophoblast culture reveals dimorphic 
expression of essential placental hormones based on fetal sex.

We specifically focused on hormonal expression as the placenta is a major endocrine organ 

responsible for secreting many hormones that drive metabolic adaptations in pregnancy. We 

found that the downregulation of OGT in the BeWo model led to the upregulation of human 

choriogonadotropin hormone (hCG), placental growth hormone (GH2) and an estrogen-

conversion gene (HSD17B), all known to increase insulin resistance [44–51](Figure 4A, 

Figure S3F). Conversely, there was downregulation of Leptin (LEP) and the Leptin Receptor 

(LEPR), which have compensatory roles against insulin resistance [50,52].
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However, major limitations to the BeWo cells are (1) they are only representative of male 

placental cells, and (2) they are trophoblast-like and thus may have inherent discrepancies 

with placental SCTs. Consequently, we aimed to confirm our findings in primary human 

male and female SCTs.

We purified cytotrophoblasts from human female and male placentas and allowed 

syncytialization within 48 hours of culture. Syncytiotrophoblast traits were confirmed by 

expression of CYP19A1, Galectins (LGALS), and Glial Cells Missing Transcription Factor 

1 (GCM1) by qPCR and immunostaining of cytokeratin 7 (Figure S5). The cells were then 

transfected with siOGT or siCtrl, and knockdown efficiency was confirmed by qPCR (Figure 

4B).

Gene expression in the siOGT-treated male SCT culture was similar to that in the BeWo 

model. In particular, GH2 and hCG followed the same significant upregulation (Figure 

4E/F). No decrease in LEP was observed, likely due to the variability amongst the samples 

suggestive of additional confounding factors that influence basal Leptin levels.

Gene expression in the treated female SCT culture had notable differences in that all 

hormone levels (GH2, hCG, LEP) of interest were not impacted by downregulation of OGT 

(Figure 4E/F). Moreover, OGA expression in female cells did not trend down with siOGT, 

highlighting a possible sexual dimorphism in regulation of O-GlcNAc enzymes in primary 

SCTs (Figure 4C).

Transcriptomic changes in siOGT cells can be explained by common transcription factors.

To offer some mechanistic insight and potential clinical application as biomarkers, we 

further constructed a regulatory network from the deregulated genes in the siOGT 
BeWo model. We interrogated the TRRUST database with the list of significantly 

deregulated genes in siOGT (AdjpValue<0.05) associated with hormone-related GO terms 

(GO:0042445, GO:0005179, GO:0046879). Transcription factors such as SP1, STAT1, and 

NFKB1 were found to be responsible for a large portion of deregulated genes and were 

also themselves significantly deregulated in the siOGT BeWo model (Figure 5A/B). Other 

transcription factors like CEBPA/B, REST, CREB1, RELA, TFAP2A, and FOXO1 were 

responsible for regulating the transcription of many deregulated genes in siOGT but were 

themselves not significantly altered (Figure 5A/B). All but CEBPA were identified as O-

GlcNAcylated (Figure 5A), while most were expressed in placentas (Figure 5C). Finally, 

NR5A1, JUN, and GATA4 were poorly represented in placentas despite their association 

with a small percentage of deregulated genes, suggesting that they are unlikely to be relevant 

to placental deregulation toward GDM (Figure 5).

DISCUSSION

Sex differences exist throughout life, particularly when gestational exposures can impact 

disease susceptibility [53]. Pregnancies with male and female fetuses have differing obstetric 

risk profiles, including miscarriage, preterm birth, and placenta insufficiency [54–56]. As the 

placenta mediates fetal growth and underlies many pregnancy complications, sex differences 

arising in utero can influence placenta development and function.
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This study shows that X-linked genes can broadly impact placenta trophoblast functions 

to differentially activate hormonal, endocrine, and immunologic pathways diving toward 

insulin resistance and likely, maternal gestational diabetes. Our findings corroborate the 

clinical data supporting the risk of carrying a male fetus for gestational diabetes.

Our study focused on the X-linked gene OGT involved in the O-GlcNAcylation pathway, 

which can escape X-inactivation in the placenta and, consequently, results in higher levels 

of the enzyme in female versus male placentas [23–26]. In studies on murine prenatal stress, 

males’ placental OGT and O-GlcNAcylation levels were more impacted than females. With 

extra copies of OGT available, it was hypothesized that female offspring might have more 

flexibility to rapidly respond to maternal stress [27] or, in the case of gestational diabetes, 

prolonged exposure to hyperglycemic stress [57–60]. It also seems that murine O-GlcNAc-

specific regulation of placental H3K27me3 establishes female resilience to prenatal stressors 

[61].

In this context, we hypothesized that male placental OGT and O-GlcNAcylation levels might 

be more affected by stressors leading to the induction of GDM. Using matched human 

placental tissue of male or female origins, we show that, as expected, OGT and OGA are 

downregulated in GDM placentas of male, but not female, origin. We are confident that 

this OGA decrease is driven by OGT-dependent intron retention of OGA as previously 

demonstrated in the literature [39]. Our novel observation of the sexual dimorphism in O-

GlcNAc enzyme regulation further strengthens our hypothesis that O-GlcNAcylation plays a 

role in the sex-specific risk to GDM development.

Previous studies have investigated the function of O-GlcNAcylation in the placenta using 

deletion models of Ogt in trophoblast lineage in murine models. Consequences of this 

deletion included increased responsivity of the hypothalamic-pituitary-adrenal stress axis in 

male offspring and increased insulin resistance to high-fat-diet in females [34,62]. However, 

rodent models are imperfect simulations of human placental biology and pathophysiology 

due to the limited endocrine function inherent to mouse placenta. It secretes a significantly 

lower level of steroids, including a complete absence of GH2, while main hormone 

production remains in traditional endocrine organs, e.g., corpus luteum (progesterone) or the 

pituitary gland (GH) [63]. This lack of endocrine function in mice placentas accentuates the 

role of hormones in human pregnancy complications like GDM, a condition that mice never 

spontaneously develop [64]. However, mice supplemented with human placenta hormones 

develop similar insulin resistance as humans (GH2 [45,46], hPL [48,65], steroid hormones 

[66–71]). Thus, human-based models are needed to capture the placenta endocrine role in 

maternal disease accurately.

To this end, we not only showed that the human BeWo cell line could be an adequate 

surrogate to human SCT cells but also used it to study the downstream transcriptional impact 

of OGT downregulation as it would relate to GDM development. Using siOGT on BeWo 

cells to model the downregulation of OGT observed in human male GDM placenta, we 

found a 30% overlap in gene expression with previously published GDM-associated genes. 

Notable among the shared genes are the transcription factor 7-like 2(TCF7L2) and cdk5 

regulatory associated protein 1-like 1 (CDKAL1), two of the most potent genes associated 
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with T2DM, consistently replicated in multiple populations and implicated in impaired 

glucose-mediated insulin secretion [72,73].

Interestingly, cross-referencing the deregulated genes in our siOGT BeWo model with other 

transcriptomic profiling of GDM placentas [40–43] revealed altered placental hormone 

signaling. Indeed, while proper hormones secretion is necessary to reach a natural state of 

mild insulin resistance in pregnancy to meet fetal nutritional needs [44,74–87], dysregulation 

of hormonal secretion, particularly placental growth hormone [44–46], prolactin [48,65], 

estrogens and progesterone [47,88,89] and cytokines [40,90], are thought to influence the 

development of GDM. It is the placenta production of such hormones [44–48,65,67,79,87–

89,91–94] unique to pregnancy, which has been suggested to contribute to the key clinical 

characteristic of transiency in GDM, vastly different from the slow progression in T2DM.

Following siOGT, we noted an increase in placental growth hormone, a potent insulin 

antagonist that stimulates maternal lipolysis and hepatic gluconeogenesis [95]. Its rise 

in the second half of gestation, corresponding to the emergence of insulin resistance 

during pregnancy, is thought to participate in GDM etiology. Physiologically, this rise in 

insulin resistance is countered by the upregulation of maternal insulin production driven by 

placenta-produced prolactin. The surge in hPL parallels an increase in beta-cell replication 

in pregnancy, which has been attributed to the role of hPL in prolonging beta-cell survival 

in isolated human and rodent islets [96,97]. However, siOGT cells did not compensate for 

the increased GH2 production with a change in hPL. Additionally, the significant decrease 

in Leptin and Leptin receptors in the siOGT BeWo model further contributed toward a 

decompensatory capacity to respond to GH2-driven insulin resistance. Leptin is consistently 

shown to be insulin-sensitizing [50,52], and its rise in pregnancy is driven by placental 

trophoblasts [98]. Thus, we demonstrated that downregulation of OGT may contribute 

to insulin resistance due to GH2 hyperproduction in placenta trophoblasts while limiting 

compensatory insulin sensitivity measures (hPL and leptin), altogether driving toward a 

hormonal diabetogenic profile.

Most of our findings were confirmed in primary human male SCTs, while female 

SCTs behaved significantly different, further demonstrating the downstream sex dimorphic 

expression when OGT was downregulated. We observed the increased expression of GH2 

and hCG in male SCT after OGT downregulation, which was consistent with our siOGT 
BeWo model. However, expression levels of placental hormones were unchanged in human 

female SCT. This confirmed our suspicion that BeWo cells, being of male origin, might not 

be representative of the female placenta.

We also noticed significant upregulation of SCT markers following siOGT in male SCT 

cells not seen in female, suggesting that differences in SCT differentiation and by extension, 

morphology could contribute to the sexual dimorphism we observed. Interestingly, it was 

previously shown that O-GlcNAcylation stimulated trophoblast differentiation to invasive 

trophoblast [99] but comparison with our study is challenging. Indeed, this study was 

performed in mice, who have major differences in placental secretion, and conjointly 

in placental choriocarcinoma cells (BeWo) treated with OGA inhibitors, which present 

significant differences with our protocol.
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Taken together, our data supports an evolutionary disadvantage in hormonal glucose 

homeostasis for the male through the O-GlcNAc pathway. In placentas affected by GDM, 

OGT/OGA expressions were differentially downregulated only in males. Even when we 

experimentally downregulate OGT expression in female SCT, placental hormonal expression 

remained unchanged, contrary to the deregulatory patterns in males.

In our constructed regulatory network of hormonal genes in trophoblast cells, we 

identified several critical O-GlcNAc-regulated transcriptional factors (TFs) for future 

focus. While some are widely studied and ubiquitous, like SP1[100], TFAP2A is an O-

GlcNAcylated, highly placental-specific transcription factor responsible for 6% of hormonal 

gene regulations in our model [105,106]. Its role in regulating the expression of placental 

endocrine genes, including hCG [101], CYP11A1 [102], and HSD17s [103], is particularly 

relevant as they are altered by the downregulation of OGT. Interestingly, abnormal TFAP2A 

protein levels have been found in pathologic placentas, including preE, GDM, chronic 

hypertension, and fetal growth restriction [104]. Thus, the O-GlcNAc-dependent regulation 

of TFAP2A might lead to broad downstream placental hormonal changes characteristic of 

GDM.

We acknowledge the limitations of the current study, including the limited availability 

of matching samples for healthy and GDM placentas for each sex. However, the tight 

range in OGT/OGA expression, particularly in our population of interest (e.g. male GDM), 

lends confidence to the significance of our finding. We initially chose the BeWo cell 

line for ease of access to a large material quantity and increased statistical power from 

large experimental replicates. We suspected that using BeWo as an SCT surrogate could 

incorporate inherent differences between choriocarcinoma cells and natural SCT into our 

study findings. To overcome these limitations, we established proof-of-concept experiments 

on primary human male and female SCTs. Expectedly, results observed from the BeWo 

cells was only confirmed in human male SCT cultures. This shortcoming should serve 

as an important consideration for future studies based on cell lines, as results may not 

be generalizable not only due to in vitro limitations but also the sex origin of cell lines. 

Again, despite the limited sample size for the primary SCT cultures, we confirmed the 

differential impact of OGT downregulation based on sex. Thus, our hypothesis was validated 

in three different models and suggested that the O-GlcNAc pathway could be linked to GDM 

development through a sex-dimorphic regulation of placental hormones.

In summary, our study provides new insights into the sex dimorphic in O-GlcNAc-dependent 

signaling and how such differential responses can drive placental physiology toward 

pregnancy complications like GDM. Understanding the biological mechanisms underlying 

the sex differences in placenta pathophysiology becomes important as gestational diseases 

like preE and GDM—previously thought to be transient—have lasting effects on the health 

of the offspring and mother decades after the event. As medical practice evolves towards 

precision medicine, incorporating fetal sex and O-GlcNAcylation into clinical consideration 

can improve future diagnostic and targeted treatment for pregnancy complications.
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HIGHLIGHTS

• O-GlcNAc transferase (OGT) decreases in gestational diabetes (GDM) male 

placentas.

• OGT downregulation in placenta cell models prompted transcriptional 

signatures of GDM.

• Placental hormones involved in GDM development are deregulated following 

OGT knocked down.

• O-GlcNAcylation links fetal sex to placental deregulation in GDM 

development.
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Figure 1: GDM correlates with downregulation of O-GlcNAc enzymes in male placentas. O-
GlcNAcylation of proteins.
(A) 2–3% of glucose (Glc) entering cells is shuttled through the Hexosamine Biosynthesis 

Pathway (HBP) to produce UDP-GlcNAc, the nucleotide donor for O-GlcNAcylation. O-

GlcNAc transferase (OGT) adds the GlcNAc residue to serine or threonine (S/T) residues. 

O-GlcNAcase (OGA) removes the sugar residue. (B/C) Expressions of OGT (B) or OGA 
(C) were measured in healthy or Gestational diabetes (GDM) placentas by qPCR and 

reported on ACTIN (n=4–5/group). (D/E) OGT and OGA expression were measured by 

qPCR in BeWo cells transfected with siRNA against OGT (D) or OGA (E) for 48h. 

Relative expression was calculated using the −2ΔΔCt method (n=3/group). Significance was 

calculated by student t-test; ns ≥ 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 

0.0001. (F) O-GlcNAcylation levels in BeWo cells transfected with siRNA against OGT for 

48h. Total protein stain was used as the loading control.
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Figure 2: Modulating OGT in male placental cells leads to important changes in the 
transcriptome.
(A) Heatmap of the deregulated genes in siOGT vs. siCtrl Bewo cells. Genes shown have an 

adjPValue<0.05 and abs(Log2FC)>1 (n=3/group). (B) Network representation of enriched 

GO terms (FDR<0.05) using deregulated genes (AdjPValue<0.05) in siOGT vs. siCtrl Bewo 

Cells.
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Figure 3: OGT siRNA in BeWo cells lead to transcriptional changes common with GDM 
placentas.
(A) GDM signature genes were found in the Alliance of Genome Resources under DOID: 

11714. (B) Venn diagram representing commonly deregulated genes in placentas from 

reference GDM studies. (C) GO enrichment tree of the 100 deregulated genes found in our 

study and previously identified deregulated in GDM placentas.
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Figure 4: Placental hormone expression is deregulated by siOGT, particularly in male cells.
(A) Expression (TPM) of hormone-related genes from BeWo cells treated with 

siOGT measured by RNA-sequencing (n=3/group). (B-G) Transcript levels in primary 

syncytiotrophoblasts from male and female placentas. The following transcripts have been 

measured by qPCR and reported on ACTIN: (B) OGT, (C) OGA, (D) human placental 

lactogen (hPL), (E) human chorionic gonadotropin (hCG), (F) Placental Growth hormone 

(GH2) and (G) Leptin (n=3/group). Significance was calculated by student t-test; ns ≥ 0.05, 

* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Figure 5: Common transcription factors explained hormonal changes in expression levels after 
siOGT in BeWo cells.
(A) TRRUST analysis highlighted the transcription factor responsible for regulating 

hormones-related genes deregulated in siOGT. Blue Square represents the O-GlcNAcylation 

status assessed with the O-GlcNAcylated database. (B) RNA-sequencing expression of 

transcription factors identified by the TRRUST database. TPMs are represented for 

biological replicate (n=3/group), and significance was analyzed by regular T-Test. *** p 

< 0.001. (C) Tissue expression for each transcription factor was assessed in BioGPS and 

normalized by transcription factors.
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Table 1:

Demographics and clinical characteristics of healthy and GDM placentas used.

Group Age Race BMI GCT GA at diagnosis (weeks) Medication

MALE

 Health

#1 19 Black 26.4 89 - -

#2 25 Black 33.2 90 - -

#3 23 Black 26.9 130 - -

#4 28 White 28.3 97 - -

#5 25 White 29.5 91 - -

Average 24 28.86 99.4

 GDM

#6 32 White 32.6 153 27 NPH

#7 30 White 38.1 246 24 Detemir

#8 31 Asian 25.7 211 25 NPH

#9 40 Black 28.4 234 25 NPH

Average 33.25 31.2 211 25.25

Male Healthy vs. GDM p=0.0159(*) p=0.7302(ns) p= 0.0159(*)

FEMALE

 Healthy

#10 23 Black 24.9 46 - -

#11 25 Black 20.5 116 - -

#12 27 Black 28.8 83 - -

#13 29 White 24.1 94 - -

#14 29 White 26.9 114 - -

Average 26.6 25.04 90.6

 GDM

#15 30 White 30.3 189 26 NPH

#16 39 White 33.8 173 15 NPH

#17 34 White 29.1 187 29 Metformin

#18 35 Asian 25.4 190 26 NPH

#19 38 Black 45.3 170 27 Glargine

Average 34.5 29.65 184.75 24

Female Healthy vs. GDM 0.0079(**) p=0.0317(*) p=0.0079(**)

GCT = 1-hour glucose challenge test; GA = gestational age; NPH: neutral protamine Hagedorn Insulin. Significance was calculated between 
healthy and GDM values with a Mann-Whitney test.
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