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SUMMARY

Type 2 diabetes mellitus (T2DM) represents a common complication during pregnancy that affects feto-
placental development. We demonstrated the existence of impaired trophoblast syncytialization under
hyperglycemic conditions. However, the exact mechanism remains unknown. RNA N6-methyladenosine
(m6A) is an emerging regulatory mechanism of mRNA and participates in various biological processes.
We described the global m6A modification pattern in T2DM placenta by the combined analysis of meth-
ylated RNA immunoprecipitation sequencing (MeRIP-Seq) and RNA sequencing (RNA-Seq). Both the m6A
modification and expression of SIK1, which is critical for syncytialization, were significantly decreased in
trophoblast exposed to hyperglycemic conditions. In addition, the m6A demethylase fat mass and
obesity-associated protein (FTO) affects the expression andmRNA stability of SIK1 by binding to its 30-un-
translated region (UTR) m6A site. This work reveals that the FTO-m6A-SIK1 axis plays critical roles in regu-
lating syncytialization in the placenta.

INTRODUCTION

The placenta is a dynamic and complex organ essential for the maintenance of pregnancy and the development of the fetus. Mononucleated

cytotrophoblast (CTB) fusion leading to the formation of amultinucleated syncytiotrophoblast (STB) layer or syncytium is a process referred to

as syncytialization. Syncytialization is one of the hallmarks of placental development, ensuring placental hormone synthesis and nutrient ex-

change between the maternal and fetal circulation and constituting a biophysical barrier against infections.1,2 Approximately two weeks after

conception, syncytialization starts and subsequently continues until the end of pregnancy.1,3 Trophoblast fusion is associated with the down-

regulation of E-cadherin and the upregulation of human chorionic gonadotropin (hCG) and syncytin-2 (SYNC-2).1 Although this biological

process is highly regulated, aberrations in syncytialization may have deleterious effects on pregnancy support.

Pregestational diabetes mellitus (PGDM), which includes the occurrence of either type 1 diabetes mellitus (T1DM) or type 2 diabetes mel-

litus (T2DM), creates an unfavorable environment for embryonic and fetoplacental development.4,5 Different durations, degrees, and timings

in the onset of hyperglycemic conditions during pregnancy might lead to diverse outcomes, and earlier exposure, particularly during placen-

tation and fetal organogenesis, has more severe and greater long-term consequences than later exposure. Due to its adverse effects on

placentation, a severe hyperglycemic environment may lead to reduced placental size and intrauterine growth retardation, despite an excess

supply of maternal nutrients.6,7 Some evidence has suggested the effects of hyperglycemia on trophoblast proliferation, apoptosis and cell

cycle control during pregnancy,8 and SYNC-2 and its receptor have also been shown to be reduced in the hyperglycemia-exposed placenta.9

However, the exact mechanism of the effect of hyperglycemia on syncytialization is not yet fully understood.

The regulation of the transcriptome is key to supporting diverse biological processes, and m6A methylation, one of the most prevalent

epitranscriptomic modifications in eukaryotes, can modify RNAs dynamically and reversibly.10 The installation of m6A on mRNAs is catalyzed

by the RNAmethyltransferase complex, which ismainly composedofmethyltransferase-like 3 (METTL3),METTL14,Wilms’ tumor 1-associated

protein (WTAP) and RNA-binding motif protein 15 (RBM15) are known as writers. Demethylation is mediated by the erasers (fat-mass and

obesity-associated protein (FTO) and alkylation repair homolog protein 5 (ALKBH5)).11 In addition, m6A is recognized by m6A-binding pro-

teins, such as the YT521-B homology (YTH) domain family (YTHDF1/2/3), YTH domain containing (YTHDC1/2), and heterogeneous nuclear

ribonucleoprotein A2B1 (HNRNPA2B1), also known as readers.12 Recently, the effects of m6Amodification on some common diseases during

pregnancy have been reported, including preeclampsia,13,14 spontaneous abortion,15,16 gestational diabetes mellitus,17 and obesity.18,19
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Furthermore, a previous study found that the m6A level was decreased in the blood of patients with type 2 diabetes,20 but the underlying

molecular mechanisms involved in the modulation and biological function of m6Amodification within the placenta of women with type 2 dia-

betes remain unknown.

Here, we aimed to identify gene-specific expression changes inm6A that may regulate placental gene expression by comparing placentas

fromwomenwith type 2 diabetes to those fromwomenwith normal pregnancies. To this end, we usedmethylated RNA immunoprecipitation

sequencing (MeRIP-seq) to explore its involvement in placental development and function. Furthermore, we also explored whether tropho-

blast syncytialization and its related gene expression were regulated by m6Amodification during the forskolin (FSK)-induced fusion of BeWo

cells to validate the underlying mechanism of abnormal placental development in type 2 diabetes.

RESULTS

Impaired syncytialization due to hyperglycemic exposure

Wemeasured trophoblast syncytialization in the placenta of womenwith type 2 diabetes.We found that the immunohistochemical signals for

b-hCG and SYNC-2 were mainly in STBs, and the signal intensity was stronger in the CTRL placenta (p < 0.001, Figure 1A, B). Then, we also

evaluated syncytialization using the FSK-induced in vitro trophoblast fusion model exposed to hyperglycemia. We found that following the

duration of FSK treatment, the mRNA expression of b-hCG and SYNC-2 increased gradually along with the induction time, and it was

decreased in BeWo cells exposed to hyperglycemia between 48 h and 96 h (p < 0.05, Figure 1C). We also found that after 48 h of FSK treat-

ment, the protein levels of b-hCG and SYNC-2 were decreased with 25 mmol/L glucose compared with 5.5 mmol/L glucose (Figure 1D). In

addition, in BeWo cells treated with DMSO (FSK (�)), E-cadherin staining was detectedmainly around individual cells. However, when treated

with 20 mMFSK, BeWo cells gradually lost E-cadherin staining and becamemultinucleated, which indicated that cell fusion had occurred. Our

results suggested that in BeWo cells treated with 25 mM glucose, the fusion index was lower than that of cells treated with 5.5 mM glucose

(p < 0.05, Figure 1E). These results support the occurrence of impaired syncytialization function in hyperglycemia.

m6A RNA methylation is altered in trophoblasts exposed to hyperglycemia

m6A levels in total RNA were significantly lower in placenta samples of women with type 2 diabetes than in the CTRL group (p < 0.05, Fig-

ure 2A). Treatment with 25 mM glucose induced a significant decrease in m6A methylation compared to 5.5 mM glucose treatment in BeWo

cells (p< 0.001, Figure 2B). These results suggest thatm6A levels are sensitive to hyperglycemia, whichmay be related to trophoblast dysfunc-

tion during type 2 diabetes.

Then, we performed MeRIP-seq and RNA-seq in selected placentas (n = 5) of the two groups. In this experiment, each sample produced

approximately 40 M MeRIP-seq, with 6962 m6A special peaks occurring in the T2DM group and 6984 special peaks in the CTRL group (Fig-

ure 2C). Each gene may have one or more modified peaks. The identified m6A peaks were mainly concentrated near the stop codon and the

30-UTRs (Figure 2D, E). Additionally, the m6A peaks were both characterized by the GKACU (K = G/U) motif (Figure 2F). All significantly differ-

entially methylated sites (fold change R2 or <0.5, and p < 0.00001) between the two groups are shown in Data S1.

GO analysis revealed that the abnormally regulated peaks in the T2DM group were significantly involved in the regulation of signal trans-

duction, developmental processes, and transmembrane transport (Figures S1A and S1B). Kyoto Encyclopedia of Genes and Genomes

(KEGG) pathway analysis suggested that the upregulated peaks in the T2DM group were significantly associated with the MAPK signaling

pathway, calcium signaling pathway, PI3K-Akt signaling pathway, and others. The downregulated peaks were significantly associated with

the synaptic vesicle cycle, insulin resistance, glucagon signaling pathway, and others (Figure 2G).

The m6Amodification of SIK1, which is related to syncytialization, is significantly decreased in the placenta of women with

type 2 diabetes

We focused on the geneswith alteredmethylatedm6Apeaks that were related to placental development and trophoblast function, and these

genes are listed in Table 1. To explore the targets of m6A modification that exert pivotal functions in the placenta of women with type 2 dia-

betes, we performed a combined analysis of MeRIPseq and RNA-seq data. Then, the significantly differentially expressed genes (fold change

R2 or <0.5, and p< 0.05) between the two groups were identified using a volcano plot (Figure 3A), and these included 236 upregulated genes

and 235 downregulated genes (Data S2). Based on the combined analysis, genes with significant differences in m6A levels and gene expres-

sion were divided into four groups which included 15 hypermethylated m6A peaks in mRNA transcripts that were significantly upregulated

(11; hyper-up) or downregulated (4; hyper-down) and 28 hypomethylated m6A peaks in mRNA transcripts that were significantly upregulated

(4; hypo-up) or downregulated (24; hypo-down) (Figure 3B, Data S3). The data visualization analysis of specific modifications is shown in

Figure 3C.

Based on gene function, we ultimately selected SIK1,21 ADAMDEC1,22 TET123 and AR,24 which are related to syncytialization. The enriched

KEGG pathways of the MAPK and PI3K-Akt signaling pathways were also involved in syncytialization.25 To verify the sequencing analysis, we

demonstrated that m6A levels of SIK1-site (p < 0.01) and ADAMDEC1-site (p < 0.0001) were significantly downregulated in the T2DM group,

and TET1-site (p < 0.01), AR-site1 (p < 0.01), and AR-site2 (p < 0.0001) were significantly upregulated in T2DM group (Figure 4A), which was

consistent with the results of MeRIP-Seq. In addition, we verified the different m6A-methylation statuses of ASCL2, DIO2, FGFR2, HGF and

MYC, which are also involved in placental development (Figures S2A-S2E).26–29 The mRNA levels of SIK1, ADAMDEC1, and TET1 were signif-

icantly lower and themRNA level of ARwas significantly higher in BeWo cells treatedwith 25mMglucose, and themRNA levels of SIK1 andAR
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in the placenta of women with type 2 diabetes showed the same trend (Figure 4B, C). Considering the low expression of AR in the term

placenta and the combined analysis, our subsequent experiments mainly focused on SIK1. The expression of SIK1 protein in the placenta

of women with type 2 diabetes was significantly lower, and the same trend was also shown in BeWo cells treated with 25 mM glucose (Fig-

ure 4D, E). Additionally, we found that hyperglycemia affected the stability of SIK1mRNA (p< 0.05, Figure 4F). In FSK-induced BeWo cells, the

expression of SIK1 was also decreased when exposed to hyperglycemia (p < 0.05, Figure 1C, D). Moreover, to validate the importance of the

SIK1 gene in BeWo fusion, we used siRNA to knockdown SIK1 in BeWo cells. Our results showed that the FSK-induced upregulation of b-hCG

and SYNC-2 expression was reduced in SIK1-knockdown cells (SIK1 si) (Figure 4G, H). In addition, our results showed that cell fusion was

blocked in SIK1 si BeWo cells after FSK treatment (Figure 4I).

Hyperglycemia-associated upregulation of the demethylase FTO suppresses SIK1 expression and cell fusion

The hyperglycemia-related decrease in global and SIK1 mRNA m6A methylation could be mediated by the imbalance of m6A writers and

erasers. Previously, we have demonstrated that hyperglycemia could upregulate the expression and nuclear translocation of METTL3 in tro-

phoblasts.30 In this study, our results showed that the expression and nuclear location of FTO (p < 0.05) were significantly upregulated in tro-

phoblasts from the placenta of women with type 2 diabetes (Figure 5A). No statistically significant differences were observed in the mRNA

levels of otherm6Amodification-related proteins in the placentas of the two groups (p> 0.05, Figure S3A). In the group of BeWo cells treated

with 25 mM glucose, we observed that the expression of FTO was significantly increased (Figure 5B). The mRNA levels of METTL14 and

ALKBH5 were also significantly increased in BeWo cells treated with 25 mM glucose, while the mRNA level of WTAP was significantly

decreased (Figure S3B).

Next, we examined the regulatory effect of FTO on SIK1 and observed a significant decrease in the mRNA and protein expression of SIK1,

as well as a decrease in the stability of SIK1 mRNA, upon the overexpression of FTO (Figures 5C and 5D). In addition, the suppression of SIK1

expression during exposure to hyperglycemia (25 mM glucose) was rescued by transfection with FTO-siRNA (Figure 5E). Through the dual-

luciferase reporter assay, we found that FTO regulated the expression of SIK1 via recognition of SIK1 mRNA m6A motifs in the 30-UTR.
Compared to the co-transfection MUT group, the relative luciferase activity was lower in the FTO-DN plasmid and WT-SIK1 cotransfection

group (p < 0.05, Figure 5F), indicating that there was a direct interaction between FTO and SIK1. These results indicated that hyperglycemia

regulates SIK1 expression in BeWo cells, which is related at least in part to the upregulation of FTO.

To further explore the role of FTO in trophoblast syncytialization, we next treated BeWo cells transfected with negative control (CTRL) or

FTO-DN plasmid (FTOOE) with 20 mMFSK for 48 h. Figure 5G indicates that the FSK-inducedmRNA upregulation of b-hCG and SYNC-2 was

reduced in FTOOE BeWo cells compared with CTRL cells. The protein expression showed consistent changes (Figure 5H). The fusion index,

which was reflected by E-cadherin staining, was also decreased in FTO OE BeWo cells (p < 0.05, Figure 5I). The upregulated expression of

SIK1 induced by FSK treatment was also inhibited by FTOoverexpression (Figure 5G, H). Our results indicated that FTOoverexpression could

repress FSK-induced cell fusion in BeWo cells.

DISCUSSION

The present study indicated that there was a potential mechanism of impaired syncytialization associated with m6A methylation in placental

tissue samples from type 2 diabetes patients. ThemRNA stability and expression of SIK1, the key factor in syncytialization, was downregulated

by elevated FTO in trophoblasts exposed to hyperglycemia via a m6A methylation-dependent mechanism, which may subsequently lead to

impaired trophoblast fusion.

The trophoblast syncytialization process is associated with the enrichment of genes involved in the transport of amino acids, iron and

glucose, and an impaired syncytialization process might be related to abnormal placental function.31–33 Only a few studies have reported

that SYNC-2 and its receptor were decreased in placental tissue exposed to hyperglycemia.9 Here, we provide evidence that severe hyper-

glycemia affects syncytialization by morphological and functional differentiation using an in vitro trophoblast fusion model. Both of the fusion

index and the expression of the markers for syncytialization, b-hCG and SYNC-2, were decreased when exposed to hyperglycemia. Kuc S

et al.34 also proposed that while hyperglycemia is thought to trigger excessive fetal growth, impaired early placentation might be the reason

for the normal birthweight instead of macrosomia in PGDM offspring. Defective syncytialization might lead to nutrient transfer imbalance,

ultimately compromising fetal development.

Figure 1. Impaired syncytialization due to hyperglycemic exposure

(A) Immunohistochemical localization and expression of b-hCG in the placenta of the T2DM group and CTRL group at 4003 magnification (Scale bar, 20 mm).

(B) Immunohistochemical localization and expression of SYNC-2 in the two groups at 4003 magnification.

(C) BeWo cells were treated with 20 mMFSK for 24 h, 48 h, 72 h, and 96 h or DMSO at 5.5 mMor 25mMglucose, and themRNA expression of b-hCG, SYNC-2, and

SIK1 was analyzed by real-time quantitative polymerase chain reaction (RT‒qPCR).
(D) Western blotting (WB) detection of the protein expression of b-hCG, SYNC-2, and SIK1 in BeWo cells treated with 20 mM FSK for 48 h or DMSO at 5.5 mM or

25 mM glucose.

(E) E-cadherin was examined by immunofluorescence (green) and nuclei were stained with DAPI (blue). The multinucleated cells are shown in the red dotted

frame and their nuclei are marked with red asterisks (Scale bar, 25 mm). Cell fusion at 24 h, 48 h, 72 h, and 96 h was evaluated and quantified via the fusion

index, as described in the STAR Methods. Results were analyzed using unpaired t-test (for parametric data) or the Mann–Whitney test (for nonparametric

data) and data are represented as mean G SD. *p < 0.05, ***p < 0.001. T2DM: Type 2 diabetes mellitus in pregnancy; CTRL: healthy control; CTB:

cytotrophoblast; STB: syncytiotrophoblast; IOD: integrated optical density; FSK: forskolin; DMSO: dimethyl sulfoxide.
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To date, knowledge of the specific regulatory mechanism of dysfunction in syncytialization is limited. In the preeclampsia placenta, markedly

enhanced cystathionine g-lyase (CSE) O-GlcNAcylation increases H2S production, repressing trophoblast syncytialization by hampering AR

dimerization.24 In addition, deletion of RBM15 causes defects in the spongiotrophoblast and STB layers.35 As the most common modification

of mammalian mRNA, m6A methylation regulates many aspects of RNA-associated metabolism process, such as RNA transcription, splicing,

degradation, and translation.12 Although m6Amodification has recently been reported to be associated with the proliferation, invasion, migra-

tion, and apoptosis of trophoblastic cells,36 studies on the effect of m6A modification on syncytialization are lacking. We found that both the

expression and m6A modification of SIK1 were significantly decreased in the placenta of women with type 2 diabetes. SIK1, a member of the

salt-inducible kinase family, is a serine/threonine protein kinase that belongs to the adenosine monophosphate-activated protein kinase

(AMPK) subfamily and has emerged as a key regulator of metabolism. Two important groups of substrates for SIKs are cyclic adenosine mono-

phosphate (cAMP)-response-element binding protein (CREB)-regulated transcriptional coactivators and the class 2a histone deacetylases

(HDACs).37,38 Aprevious study indicated that SIK1plays a role in trophoblast fusion21 and that the cAMP/cREB signaling pathway is a keypathway

during syncytialization of trophoblast cells.25We also verified that hallmarks of trophoblast syncytializationwere disrupted in the absence of SIK1.

In this study, we further clarified that the altered expression of SIK1was related to FTO-mediatedm6Ademethylation under hyperglycemic

conditions and that the overexpression of FTO affected FSK-induced syncytialization in BeWo cells, which is potentially part of the putative

mechanism by which hyperglycemia affects syncytialization. FTO belongs to the AlkB family of nonheme Fe(II)/a-ketoglutarate (a-KG)-depen-

dent dioxygenases, which catalyze a wide range of biological oxidation reactions, including the demethylation of m6A.39 Previous studies

suggested that m6A was significantly decreased in T2DM patients (nonpregnant patients), and FTO was positively correlated with serum

glucose.20 FTO is highly expressed in the placenta and is closely correlated with fetal growth and development in different maternal nutri-

tional states.40–42 FTO is potentially involved in the cellular sensing of amino acids through the mTORC1 pathway, which might regulate fetal

growth.43 In addition, FTO expression was significantly downregulated in the trophoblasts of spontaneous abortion patients with aberrant

m6A accumulation, which was correlated with oxidative stress.15 In addition, we previously showed the upregulation of METTL3 in the

placenta of women with type 2 diabetes and BeWo cells treated with 25 mM glucose.30 Altogether, the hyperglycemia-related decrease

in m6Amethylation may be regulated not only by the increase in the expression and subcellular localization of FTO but also by the variations

in other m6A-related proteins, which might be counterbalanced by the concomitant increased expression of METTL3. Our results thus eluci-

date the potential pathogenic role of m6A modification in type 2 diabetes that is associated with placental dysfunction.

In conclusion, we have described the m6A RNA methylation landscape of the placenta of women with type 2 diabetes, and our findings

suggest that the m6A eraser FTO-mediated m6A modification of SIK1 modulates human CTB syncytialization, which might be involved in

Figure 2. Overview of the m6A methylation landscape in placenta samples

(A, B) The EpiQuik M6A RNA Methylation Quantification Kit was used to detect m6A levels in the RNA samples from the placentas and BeWo cells.

(C) Venn diagram displaying the special and common m6A peaks in the T2DM and CTRL groups.

(D) Metagene plots displaying the region of average m6A peaks throughout the transcripts of the two groups.

(E) Pie charts showing the distribution of m6A peaks in the two groups.

(F) Sequence motifs of the m6A-containing peak regions.

(G) The significantly enriched T2DM-related signaling pathways for the altered m6A peak transcripts (left: up; right: down). The results were analyzed by unpaired

t test, and p < 0.05 was considered significant. Quantitative data are expressed as the mean G SD. *p < 0.05, ***p < 0.001. MeRIP-seq: m6A RNA

immunoprecipitation sequencing; T2DM: Type 2 diabetes mellitus in pregnancy; CTRL: healthy control; UTR: untranslated region; CDS: coding sequence.
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hyperglycemia-associated impaired placental function. However, the exact correlations between m6A levels and glycemic status and more

hyperglycemia-related precise regulatory mechanisms of m6A methylation-modified RNA affecting the biological behaviors of trophoblasts

remain to be discovered.

Limitations of the study

We also acknowledge the limitations of this study. While the FSK-induced fusion of BeWo cells is a well-established trophoblast cell line for

the study of syncytialization, it does not reflect all the features of villous CTBs and STBs. More in vivo and in vitro models, such as human

trophoblast stem cells, primary human trophoblasts, and organoids, are needed to generalize this conclusion.44,45

Table 1. Differentially m6A-modified genes related to placental development and trophoblast function

Gene name Chr

MeRIP-seq RNA-seq

Peak start Peak end FC RDR p-value FC RDR p-value

LHX6 chr9 124966221 124966420 20.00 up 7.27E-09 2.12 up 0.0643

MEF2C chr5 88026027 88026051 0.07 down 1.14E-07 1.58 up* 0.00405

FPR2 chr19 52271630 52271785 0.09 down 2.36E-08 0.95 down 0.959

ATP6V0D2 chr8 86999581 86999629 0.09 down 1.28E-07 2.61 up 0.271

ADAMDEC1 chr8 24249881 24249893 0.11 down 1.93E-08 1.39 up 0.730

AR chrX 66765441 66765680 7.04 up 2.19E-06 14.96 up* 0.000870

DIO2 chr14 80678481 80678521 0.20 down 2.03E-07 0.33 down 0.126

AR chrX 66946561 66946960 4.42 up 2.49E-07 14.96 up* 0.000870

TRPV4 chr12 110234329 110234509 3.99 up 6.30E-06 1.02 up 0.918

TFEB chr6 41703087 41703265 3.67 up 3.35E-08 1.02 up 0.938

ASCL2 chr11 2291821 2292160 0.29 down 3.03E-07 0.29 down 0.0627

TET1 chr10 70333641 70333880 3.39 up 4.28E-08 1.21 up 0.349

SIAH1 chr16 48419141 48419229 3.34 up 9.32E-06 1.01 up 0.960

F2RL1 chr5 76128801 76129420 0.34 down 6.27E-07 0.68 down 0.674

PRDM1 chr6 106553461 106553760 2.46 up 8.15E-07 1.17 up 0.771

CYP1B1 chr2 38297841 38298400 2.27 up 2.53E-06 2.38 up 0.173

SIK1 chr21 44836401 44836960 0.49 down 8.50E-07 0.47 down* 0.00171

HGF chr7 81392061 81392312 2.03 up 6.04E-07 1.92 up 0.0624

MeRIP-seq: m6A RNA immunoprecipitation sequencing; Chr: Chromosome; FC: fold change; RDR: regulation. *p < 0.05 for RNA-seq.

Figure 3. Conjoint analysis of MeRIP-seq and RNA-seq data

(A) Volcano plots displaying the mRNAs that were differentially expressed between the two groups (FC R 2 or <0.5, and p < 0.05).

(B) Four-quadrant graph showing the distribution of transcripts with a significant change in both m6A level and mRNA expression in the T2DM group.

(C) Data visualization analysis of SIK1 mRNA m6A modifications in the T2DM and CTRL groups. MeRIP-seq: m6A RNA immunoprecipitation sequencing; T2DM:

Type 2 diabetes mellitus in pregnancy; CTRL: healthy control; FC: fold change.
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Figure 4. Verification of m6A methylation status, gene expression, and protein expression and the key role of SIK1 in syncytialization

(A) The m6A levels at specific sites of SIK1, ADAMDEC1, TET1 and AR.

(B) The mRNA levels of SIK1, ADAMDEC1, TET1 and AR in the placentas of the T2DM and CTRL groups.

(C) The mRNA expression of SIK1, ADAMDEC1, TET1 and AR in BeWo cells treated with 5.5 mM glucose or 25 mM glucose.

(D) Immunohistochemical localization and expression of SIK1 in the placentas of the T2DM and CTRL groups at 4003 magnification (Scale bar, 20 mm).

(E) The protein expression of SIK1 in BeWo cells treated with 5.5 mM glucose or 25 mM glucose.

(F) The effect of hyperglycemia on the mRNA stability of SIK1 in BeWo cells.

(G) Control-siRNA BeWo cells (NC si) and SIK1-knockdown BeWo cells (SIK1 si) were treated with 20 mM FSK or DMSO for 48 h, and the mRNA expression of

b-hCG and SYNC-2 was analyzed by real-time quantitative polymerase chain reaction (RT‒qPCR).
(H) The protein expression of b-hCG, SYNC-2 and SIK1 was analyzed by Western blotting (WB) in above-mentioned BeWo cells.

(I) E-cadherin was examined by immunofluorescence (green), and nuclei were stainedwith DAPI (blue). Themultinucleated cells are shown in the red dotted frame

and their nuclei are marked with red asterisks (Scale bar, 25 mm). Results were analyzed using unpaired t-test (for parametric data) or the Mann–Whitney test (for

nonparametric data) and data are represented as meanG SD. *p < 0.05, **p < 0.01, ****p < 0.0001. T2DM: Type 2 diabetes mellitus in pregnancy; CTRL: healthy

control; IOD: integrated optical density; FSK: forskolin; DMSO: dimethyl sulfoxide.
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Figure 5. The expression of FTO and its regulatory effects on SIK1 and cell fusion

(A) Immunohistochemical localization and expression at 4003 magnification and mRNA levels of FTO (Scale bar, 20 mm).

(B) mRNA expression and protein expression of FTO were quantified in BeWo cells by real-time quantitative polymerase chain reaction (RT‒qPCR) andWestern

blotting (WB), respectively, after 48 h of 5.5 or 25 mM glucose treatment.

(C) The mRNA and protein expression levels of SIK1 in BeWo cells overexpressing FTO.

(D) The effect of FTO overexpression on the mRNA stability of SIK1 in BeWo cells.

(E) Effect of FTO inhibition on the mRNA expression of SIK1 in BeWo cells after 48 h of 25 mM glucose treatment.

(F) Relative luciferase activity of luciferase vectors with WT or MUT (A-to-T mutation) m6A sites in the SIK1 gene after cotransfection with negative (CTRL) or FTO-

DN plasmid (FTO OE) into BeWo cells. Firefly luciferase activity was measured and normalized to Renilla luciferase activity.

(G andH) BeWo cells transfected with negative (CTRL) or FTO-DN plasmid (FTOOE) were treated with 20 mMFSK or DMSO for 48 h, and themRNA levels (G) and

protein levels (H) of b-hCG, SYNC-2, and SIK1 were analyzed by real-time quantitative polymerase chain reaction (RT‒qPCR) and Western blotting (WB),

respectively.
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Figure 5. Continued

(I) E-cadherin was examined by immunofluorescence (green), and nuclei were stainedwith DAPI (blue). Themultinucleated cells are shown in the red dotted frame

and their nuclei are marked with red asterisks (Scale bar, 25 mm). The fusion index was used to evaluate and quantify cell fusion in FSK-induced BeWo cells

transfected with negative control (CTRL) or FTO-DN plasmid (FTO OE). Results were analyzed using unpaired t-test (for parametric data) or the Mann–Whitney

test (for nonparametric data) and data are represented as meanG SD. *p < 0.05, **p < 0.01, ***p < 0.001. T2DM: Type 2 diabetes mellitus in pregnancy; CTRL:

healthy control; IOD: integrated optical density; OE: overexpression; FSK: forskolin; DMSO: dimethyl sulfoxide.
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Garcı́a-González, M.M., Martı́nez-Pascual,
M., Avellı́, P., Martı́nez-Martı́nez, R., Fàbrega,
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-b-actin (13E5) Cell Signaling Technology Cat#: 4970; RRID: AB_10694076

Rabbit polyclonal anti-FTO Proteintech Cat#: 27226-1-AP; RRID: AB_2880809

Rabbit polyclonal anti-SIK1 Proteintech Cat#: 51045-1-AP; RRID: AB_2187322

Rabbit polyclonal anti-b-hCG Proteintech Cat#: 11615-1-AP; RRID: AB_2877783

Rabbit Polyclonal anti-SYNC-2 (N-term) Abcepta Cat#: AP13018A; RRID: AB_10821694

Anti-Rabbit IgG-HRP Cell Signaling Technology Cat#: 7074; RRID: AB_2099233

Rabbit monoclonal anti-E-cadherin Cell Signaling Technology Cat#: 3195; RRID: AB_2291471

Goat Anti-Rabbit IgG H&L (Alexa Fluor 488) Abcam Cat#: ab150077; RRID: AB_2630356

Chemicals, peptides, and recombinant proteins

Forskolin (FSK) Selleck S2449

D-glucose Sigma-Aldrich G8270

D-mannitol Sigma-Aldrich M1902

Actinomycin D MedChemExpress HY-17559

Critical commercial assays

Dual-Luciferase Reporter Assay System Promega E1910

GenSeq m6A RNA IP Kit GenSeq GS-ET-00110

NEBNext� Ultra II Directional RNA Library Prep Kit New England Biolabs E7530

Deposited data

Raw and analyzed data This paper GSA-Human: HRA004981

Experimental models: Cell lines

Human choriocarcinoma BeWo cells NICR 1101HUM-PUMC000156

Oligonucleotides

Primers for qRT-PCR, see Table S3 This paper N/A

Primers for MeRIP-qPCR, see Table S4 This paper N/A

siRNA targeting sequence: FTO:

CAGGAACCUUGGAUUAUAUTT

This paper N/A

siRNA targeting sequence: SIK1:

CAGGAACCUUGGAUUAUAUTT

This paper N/A

siRNA targeting sequence: a noncoding

scrambled sequence:

UUCUCCGAACGUGUCACGUTT

This paper N/A

Recombinant DNA

Plasmid: FTO and negative control This paper N/A

WT or MUT SIK1-30-UTR inserted downstream

of firefly luciferase in a GV272 vector

This paper N/A

Software and algorithms

ImageJ NIH https://imagej.net/NIH_Image

GraphPad Prism 9 Graphpad https://www.graphpad.com/scientific-software/prism/

SPSS software version 26.0 IBM https://www.ibm.com/products/spss-statistics

Image-Pro Plus 6.0 Media Cybernetics https://mediacy.com/image-pro/

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Huixia Yang

(yanghuixia@bjmu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The raw sequence data reported in this paper have been deposited in the Genome Sequence Archive (Genomics, Proteomics & Bioinformat-

ics 2021) in National Genomics Data Center (Nucleic Acids Res 2022), ChinaNational Center for Bioinformation/Beijing Institute of Genomics,

Chinese Academy of Sciences (GSA-Human: HRA004981), which are publicly accessible at https://ngdc.cncb.ac.cn/gsa-human.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human participants

Term human placenta samples from Han Chinese women with poorly controlled type 2 diabetes (T2DM, n = 12; age 27–40 years, mean 35.3

years) and normal pregnancies (CTRL, n = 15; age 29–41 years, mean 34.8 years) were obtained from Peking University First Hospital, and

individual women gave their informed consent for use of the placenta specimens. The Ethics Committee of Peking University First Hospital

approved this study (reference no. 2013-572). Type 2 diabetes was defined using the International Federation of Gynecology and Obstetrics

guidelines.4 In this study, poorly controlled glycemia was defined as hemoglobin A1c (HbA1c) or glycated albumin (GA) levels greater than 6%

or 16%, respectively, at least once throughout pregnancy. The clinical characteristics of all study participants are shown in Tables S1 and S2.

The villus tissue from thematernal surface of the placenta and full-thickness placental tissue were dissected from a region 5 cm away from the

umbilical cord insertion within 0.5 h after cesarean section delivery for subsequent detection.

Cell lines

Human choriocarcinoma BeWo cells (RRID: CVCL_0044), which are used extensively in models of trophoblast differentiation and syncytializa-

tion, were purchased from the National Infrastructure of Cell Line Resource (NICR).45,50 Cells were grown in Roswell Park Memorial Institute

(RPMI) 1640 medium (Sigma, St. Louis, MO, USA) containing 10% fetal bovine serum (FBS) (Sigma Aldrich, St. Louis, MO, USA) and 1% anti-

biotic-antimycotic (Gibco, Grand Island, NY, USA) at 37�C in 5%CO2. This cell line was authenticated with STR profiling andwas also checked

free of mycoplasma contamination by polymerase chain reaction (PCR) and culture.

To mimic normal and abnormal glycemia states that may be encountered among pregnant women with type 2 diabetes, BeWo cells were

cultured in the 25 mM D-glucose (hyperglycemia) (Sigma Aldrich) and 5.5 mM D-glucose + 19.5 mM D-mannitol (osmotic control) (Sigma Al-

drich) added to RPMI 1640 with no glucose (ThermoFisher, Scientific, Wilmington, MA, USA). In addition, BeWo cells were treated with FSK

(20 mM, Selleck, Houston, Texas, USA) to achieve cell fusion, and BeWo cells treated with dimethyl sulfoxide (DMSO, Sigma Aldrich) served as

the control.

METHOD DETAILS

RNA m6A quantification

The m6A RNAmethylation status of total RNA was detected using the EpiQuik�m6A RNAMethylation Quantification Kit (Colorimetric, Epi-

gentek, Farmingdale, NY, USA) according to the manufacturer’s instructions. Briefly, 200 ng of total RNA accompanied by a negative control

and m6A standard were bound to 96-well plates, followed by diluted capture anti-m6A antibody solution and detection antibody solution.

The optical density at 450 nm was measured to quantify the amount of m6A.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Cutadapt software (v1.9.3) Martin et al.46 N/A

HISAT2 software (v2.0.4) Kim et al.47 N/A

MACS software (1.4.2) Zhang et al.48 N/A

DiffReps software Shen et al.49 N/A
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RNA extraction and real-time quantitative PCR (RT‒qPCR)

We reverse-transcribed total RNA (2 mg) from placental tissue and cells into complementary DNA (cDNA) using FastKing gDNADispelling RT

SuperMix (Tiangen Biotech, Beijing, China) and we carried out RT‒qPCR using SYBRGreen Real-Time PCRMasterMix (Bimake, Houston, TX,

USA) with b-actin as an internal control. The sequences of primers used in the study are shown in Table S3.

Western blotting (WB)

Cells were harvested and lysed in RIPA (Bioss, Beijing, China) lysis buffer. Approximately 30 mg of protein was separated by 12% sodium do-

decyl sulfate -polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred onto PVDF membranes (Millipore, Bedford, MA, USA).

Membranes were incubated with the following primary antibodies: FTO (Proteintech, Wuhan, China; 1:1000; RRID: AB_2880809), SIK1 (Pro-

teintech; 1:1000; RRID: AB_2187322), b-hCG (Proteintech; 1:1000; RRID: AB_2877783), SYNC-2 (Abcepta, San Diego, USA; 1:1000; RRID:

AB_10821694), and b-actin (Cell Signaling Technology, Danvers, USA; 1:2000; RRID: AB_10694076). After incubation with HRP-conjugated

secondary antibodies (Cell Signaling Technology; 1:2000; RRID: AB_2099233) at room temperature (RT) for 90 min, the signals were identified

by an enhanced chemiluminescence reagent (Merck Millipore).

Immunohistochemistry

The paraffin-embedded blocks of full-thickness placental tissues were cut into 4 mm-thick sections. After deparaffinization, hydration, antigen

retrieval and endogenous peroxidase clearance, the slides were incubated overnight at 4�C in a humidified chamber with rabbit polyclonal

antibodies against FTO (Proteintech; 1:2000), SIK1 (Proteintech; 1:500), b-hCG (Proteintech; 1:1000) or SYNC-2 (Abcepta, San Diego, USA;

1:500) followed by incubation with HRP-conjugated secondary antibody. We detected signals using a diaminobenzidine kit (ZSGB-BIO, Bei-

jing, China) and analyzed the digital images using Image-Pro Plus 6.0. The average optical density (integrated optical density [IOD]/area) of

each image was used to reflect protein expression.

MeRIP-seq and data analysis

MeRIP-Seq was performed by Cloudseq Biotech Inc. (Shanghai, China) according to the published procedure51 with slight modifications.

Briefly, m6A RNA immunoprecipitation was performedwith theGenSeqTMm6ARNA IP Kit (GenSeq Inc., China) following themanufacturer’s

instructions. Both the input sample (without immunoprecipitation) and them6A IP samples were used for RNA-seq library generation with the

NEBNext� Ultra II Directional RNA Library Prep Kit (New England Biolabs, Inc., USA). The library quality was evaluated with a BioAnalyzer

2100 system (Agilent Technologies, Inc., USA). Library sequencing was performed on an Illumina NovaSeq instrument with 150 bp paired-

end reads.

Paired-end reads were harvested from an IlluminaNovaSeq 6000 sequencer and were quality controlled byQ30. After 30 adaptor trimming

and low-quality read removal, cutadapt46 software (v1.9.3) was used. First, clean reads of all libraries were aligned to the reference genome

(UCSC HG19) by HISAT247 software (v2.0.4). Methylated sites on RNAs (peaks) were identified by MACS (1.4.2)48 software with default param-

eters. AndDiffReps49 software identified differentially methylated genes between T2DM andCTRL placenta (n=5) with the criteria of a P value

% 0.00001 and a fold changeR2 or < 0.5. The peaks that overlap with exon regions were screened using bedtools intersect and annotated

accordingly. Gene Ontology (GO) and pathway enrichment analyses were performed using the differentially-methylated protein-coding

genes.

RNA sequencing

RNA sequencing was performed by Cloudseq Biotech Inc. according to themanufacturer’s protocol. The constructed sequencing library was

quality-controlled and quantified by the BioAnalyzer 2100 system (Agilent Technologies), and then library sequencing was performed on an

Illumina NovaSeq instrument with 150 bp paired-end reads. The significantly differentially expressed genes between the two groups were

identified with the criteria of a P value % 0.05 and a fold change R2 or < 0.5.

Gene-specific m6A qPCR (MeRIP-qPCR)

Total RNA from the placentas of the two groups was fragmented to approximately 100 nt in length, and the fragmented RNA was incubated

with m6A antibody-coated beads. Methylated RNAs bound to magnetic beads were eluted and purified. The m6A modification of target

genes was verified by qPCR, and the primers used for detection of m6A-enriched gene mRNA are listed in Table S4.

Cell transfection

BeWo cells were transfected with small interfering RNAs (siRNAs) (GenePharma, Suzhou, China) targeting FTO (100 nM; 50 CAGGAA

CCUUGGAUUAUAUTT 30), SIK1 (100 nM; 50 GGAACCAGCUCUGACAGUUTT 30), or a noncoding scrambled sequence (100 nM; 50

UUCUCCGAACGUGUCACGUTT 30) using Lipofectamine RNA iMax (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s proto-

col. For FTO overexpression (OE) experiments, BeWo cells were transfected with FTO-DN and pc-DNA (as the negative control) plasmids by

using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s instructions.
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mRNA stability

BeWo cells were treated with actinomycin D (5 mg/mL;MedChemExpress) in mediumwith different treatments and collected at 0, 6, and 12 h.

Then, the total RNA was extracted for qPCR as described above. The mRNA expression for each group at the indicated time was calculated

and the data were normalized to b-actin.

Immunofluorescence and image analysis

The cells were fixed onto slides with 4% formaldehyde for 10 min and then permeabilized with Saponin/Triton X-100 (Beyotime Biotech-

nology, Shanghai, China) for 10 min. The cells were stained with diluted primary antibodies against E-cadherin (Cell Signaling Technology;

1:400; RRID: AB_2291471) for 12-18 h at 4�C and diluted Alexa Fluor 488-labeled rabbit secondary antibody (Abcam; 1:1000; RRID:

AB_2630356) for 1 h at RT. Then, the cells were stained with DAPI, and the slides were sealed with coverslips. Confocal laser scanning micro-

scopy was performed using a Leica SP8 confocal microscope and images were recorded with a 633 oil immersion objective. To quantify cell

fusion, we counted both the total number of nuclei and the number of nuclei in multinucleated cells (containing two or more nuclei) and the

percentages of fused cells (fusion index) were calculated as the ratio of the number of nuclei within multinucleated cells to the total nuclei.52

Dual-luciferase reporter assays

The DNA fragments of the SIK1-30-untranslated regions (UTRs) containing the wild-type m6A motifs, as well as mutant motifs (m6A was re-

placed by T), were directly synthesized by GeneChem (Shanghai, China). Wild-type (WT) SIK1 and mutant (MUT) SIK1-30-UTR were inserted

downstream of firefly luciferase in a GV272 vector. For the dual-luciferase reporter assay, WT or MUT SIK1-30-UTR and FTO-DN or pc-DN

(CTRL) plasmids were cotransfected into BeWo cells in 6-well plates. The relative luciferase activities were assessed 48 h after transfection

by the Dual-Luciferase Reporter Assay System (Promega, Madison, USA). Each group was repeated in triplicate.

SIK1-30-UTR with wild-type m6A sites

GGCTGCTCCCAGGCCCCCCAGCCGGCCCCTGCCCCGTTTGTGATCGCCCCCTGTGATGGCCCTGGGGCTGCCCCGCTCCCCAGCAC

CCTCCTCACGTCGGGGCTCCCGCTGCTGCCGCCCCCACTCCTGCAGACCGGCGCGTCCCCGGTGGCCTCAGCGGCGCAGCTCCT

GGACACACACCTGCACATTGGCACCGGCCCCACCGCCCTCCCCGCTGTGCCCCCACCACGCCTGGCCAGGCTGGCCCCAGGTTGTG

AGCCCCTGGGGCTGCTGCAGGGGGACTGTGAGATGGAGGACCTGATGCCCTGCTCCCTAGGCACGTTTGTCCTGGTGCAGTGAGGG

CAGCCCTGCATCCTGGCACGGACACTGACTCTTACAGCAATAACTTCAGAGGAGGTGAAGACATCTGGCCTCAAAGCCAAGAACTTTC

TAGAAGCGAAATAAGCAATACGTTAGGTGTTTTGGCTTTTTAGTTTATTTTTGTTTTATTTTTTTCTTGCACTGAGTGACCTCAACTTTGAGT

AGGGACTGGAAACTTTAGGAAGAAAGATAATTGAGGG.

SIK1-30-UTR with mutated m6A sites

GGCTGCTCCCAGGCCCCCCAGCCGGCCCCTGCCCCGTTTGTGATCGCCCCCTGTGATGGCCCTGGGGCTGCCCCGCTCCCCAGCAC

CCTCCTCACGTCGGGGCTCCCGCTGCTGCCGCCCCCACTCCTGCAGACCGGCGCGTCCCCGGTGGCCTCAGCGGCGCAGCTCCT

GGTCACACACCTGCACATTGGCACCGGCCCCACCGCCCTCCCCGCTGTGCCCCCACCACGCCTGGCCAGGCTGGCCCCAGGTTGTG

AGCCCCTGGGGCTGCTGCAGGGGGTCTGTGAGATGGAGGTCCTGATGCCCTGCTCCCTAGGCACGTTTGTCCTGGTGCAGTGAGGG

CAGCCCTGCATCCTGGCACGGTCACTGTCTCTTACAGCAATAACTTCAGAGGAGGTGAAGACATCTGGCCTCAAAGCCAAGATCTTTC

TAGAAGCGAAATAAGCAATACGTTAGGTGTTTTGGCTTTTTAGTTTATTTTTGTTTTATTTTTTTCTTGCACTGAGTGACCTCAACTTTGAGT

AGGGTCTGGAATCTTTAGGAAGAAAGATAATTGAGGG.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using SPSS software version 26.0 and the quantitative data are shown as the mean G standard deviation

(SD). The datawas evaluated using an unpaired Student’s t tests (for parametric data) or theMann–Whitney test (for nonparametric data) when

analyzing two groups. When three or more groups were compared, one-way ANOVA with least—significant difference (LSD) was used for

parametric data and Friedman’s tests was used for nonparametric data. Significance was defined as *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001.
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