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The mutation of NSUN5 R295C promotes
preeclampsia by impairing decidualization
through downregulating IL-11Ra

Hongya Zhang,1 Huihui Li,2 Jiatong Yao,1 Miaomiao Zhao,1 and Cong Zhang1,3,4,5,6,*
SUMMARY

Preeclampsia (PE) is a pregnancy-specific hypertensive disorder that severely impairs maternal and fetal
health. However, its pathogenesis remains elusive. NOP2/Sun5 (NSUN5) is an RNA methyltransferase.
This study discovered a significant correlation between rs77133388 of NSUN5 and PE in a cohort of
868 severe PE patients and 982 healthy controls. To further explore this association, the researchers
generated single-basemutant mice (NSUN5 R295C) at rs77133388. The pregnant NSUN5 R295Cmice ex-
hibited PE symptoms. Additionally, compared to the controls, the decidual area of the placentawas signif-
icantly reduced in NSUN5 R295C mice, and their decidualization was impaired with a significantly
decrease in polyploid cell numbers after artificially induced decidualization. The study also found a
decrease in phosphorylated JAK2, STAT3, and IL-11Ra, Cyclin D3 expression inNSUN5 R295Cmice. Over-
all, these findings suggest that NSUN5 mutation potentially alters decidualization through the IL-11Ra/
JAK2/STAT3/Cyclin D3 pathway, ultimately impairing placental development and contributing to PE
occurrence.

INTRODUCTION

Preeclampsia (PE) is a disease characterized by a new onset of maternal hypertension (R140/90mmHg) and/or proteinuria (R0.3 g/L) after

20 weeks of gestation. This condition is a significant cause of maternal and fetal mortality and morbidity.1 The global incidence rate of PE

is 5%–8% of pregnancies.2 Annually, it is estimated that approximately 46,000 maternal deaths and 500,000 fetal and newborn deaths are

caused by this condition.3 Severe PE (sPE) can lead to eclampsia, stroke, clonus, severe headaches, pulmonary edema, hematological com-

plications, acute renal injury, and uteroplacental dysfunction.3,4 Furthermore, it increases the risk of long-term chronic diseases for mothers

and children.5 Despite extensive research, the biological basis of this disorder remains complex and multifactorial and not fully understood.

Currently, the only definitive treatment available for this condition is the delivery of the placenta.6

In 2014, Redman proposed a widely accepted ‘‘six-stage model’’ to explain the pathogenesis of PE.7 According to this model and most

studies, placental damage is the cause of the emergence of PE clinical symptoms. Other studies have suggested that alterations in the renin-

angiotensin-aldosterone axis, immunemaladaptation, oxidative stress, inadequate trophoblast invasion, and genetic factors contribute to PE

occurrence.8–10 However, it should be noted that decidualization is the basis for placentation and growth.11 When the mouse embryo im-

plants, the rapid growth of the endometrial stromal cells is the earliest and most striking event in the uterine milieu, leading to the formation

of special cells termed decidual cells. This process, known as decidualization is characterized morphologically by the transformation of elon-

gated fibroblast-like cells into an enlarged polygonal or round shaped population involving complex cytoskeletal rearrangements.12 The for-

mation of decidua is critical for the initiation and maintenance of pregnancy.13 An increasing number of studies have shown that abnormal

decidualization is an important factor in the occurrence of PE.14–17

NSUN5 is a conserved RNA methyltransferase that belongs to the Nop2/sun domain family.18 Previous studies have reported the role of

NSUN5 in human cancer, particularly in colorectal cancer, where it acts as a promotor of tumor development by regulating cell cycle pro-

cesses.19 Additionally, the loss of NSUN5 leads to impairments in global protein synthesis and normal growth.18 Moreover, NSUN5 is critical

for the normal morphology of the tetralogy of Fallot.20 Its deletion is associated with the agenesis of corpus callosum observed in Williams-

Beuren syndrome.21 Recent research suggests that NSUN5 plays an essential role in suppresses ferroptosis in bone marrow-derived
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Table 1. The baseline clinical characteristics of the study subjects in the severe preeclampsia (sPE) and healthy controls (HCs)

Variables sPE (n = 868) HCs (n = 982) p value

Maternal age (years) 30.3 G 5.6 27.2 G 4.5 >0.05*

SBP (mmHg) 164.8 G 13.7 118.7 G 10.1 <0.01*

DBP (mmHg) 108.1 G 14.0 75.2 G 7.4 <0.01*

Gestational age at delivery (weeks) 36 G 2.9 39.G1.3 <0.01*

Birth weight (g) 2634.9 G 759.6 3408.7 G 391.3 <0.01*

Proteinuria (+) ++�+++ NA NA

Note: SBP, systolic blood pressure; DBP, diastolic blood pressure; NA, not applicable. *Student’s t-test.
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mesenchymal stem cells through interaction with TRAP1.22 However, little is known about the function of NSUN5 in other diseases and bio-

logical processes, particularly in the context of PE and decidualization.

Each person possesses multiple differences in the diploid genome. Most of which are a result of single base substitution polymorphisms,

known as single nucleotide polymorphisms (SNPs).23 These SNPs are single nucleotide variations in genome that can interrupt transcription

and posttranscriptional activities, like protein binding and polyadenylation. Identifying SNPs associated with the development of complex

disease is a significant pursuit in contemporary genetics studies.24 With technologies that enable the analysis of hundreds of thousands of

SNPs, along with insights into the structure of genomic variation in human genome,25 it is possible to search for common genetic variations

linked to disease risk. Several studies have successfully identified SNPs associated with vulnerability to diseases, such as breast cancer,26 pros-

tate cancer,27 and type 2 diabetes.28

To investigate the pathogenesis of PE, we conducted exome sequencing using the Human Exome BeadChip assays, and performed SNP

screening using MassARRAY SNP genotyping on the peripheral blood of 370 sPE cases/482 healthy controls (HCs) and 498 sPE/500 HCs),

respectively. After data analysis, we discovered that rs77133388 of NSUN5 is significantly associated with an increased risk of PE. Using

the CRISPR/Cas9 system, we created single-base mutant mice at rs77133388 in exon 7 of NSUN5 to explore its role in the development of

PE. Pregnant mice with the NSUN5 R295C mutation exhibited symptoms of PE that resulted from impairing decidualization through IL-

11Ra/JAK2/STAT3/Cyclin D3 pathway via direct binding of NSUN5 to IL-11Ra. Our study offers insights into the PE pathogenesis and pro-

vides a solid foundation for the prevention and treatment of this disease.
RESULTS

The baseline clinical characteristics of the study population

The clinical characteristics of PE and HCs are shown in Table 1. There was no significant difference in maternal age between the PE and HC

groups (p＞0.05). However, the systolic blood pressure and diastolic blood pressure of PE group were found significantly higher than those of

HC group (p < 0.05), whereas the gestational age at delivery and the birth weight were significantly decreased in PE group (p < 0.05). In addi-

tion, proteinuria was not observed in women from the HC group.
Exome sequencing and MassARRAY SNP genotyping

DNA samples from 370 women with PE and 482 HCs were extracted and selected for Human Exome BeadChip assays. This analysis revealed

270241 SNPs. After preliminary screening, a total of 263039 SNP loci and 851 pregnant women (369 with sPE and 482 HCs) qualified for further

analysis. Logistic regression was then performed to investigate the relationship between each SNP and sPE. Further screening of these SNPs

in combination with their functions identified 21 promising susceptibility sites, including rs77133388 of NSUN5.29 To validate rs77133388 of

NSUN5 and search for candidate genes, MassARRAY SNP genotyping was then performed on theNSUN5 rs7713338846, along with 45 other

promising SNPs associated with PE pathogenesis in the peripheral blood of pregnant women (498 with sPE and 500 with HCs). Genetic poly-

morphism analyses were then conducted, revealing that the polymorphisms of four SNPs among the 46 were significant in the sPE group

compared to the HCs. The four significant SNP allelic frequencies were presented in Table 2. The data showed that the allele frequency

of NSUN5 rs77133388 differed significantly between sPE and HCs (p < 0.05, OR = 1.748, 95%CI = 0.986–3.159). Therefore, both exon

sequencing and MassARRAY SNP genotyping screened and confirmed that NSUN5 rs77133388 was significantly different in the peripheral

blood of sPE patients compared to that of HCs. Consequently, NSUN5 rs77133388 was selected for further study to determine its role in the

occurrence and development of PE. The detection and screening strategies used to ultimately selectNSUN5 rs77133388 as the research sub-

ject are shown in Figure S1.
NSUN5 point mutation causes PE

To further understand the impact of thismutation on pregnancy-induced hypertension (PE), amousemodel, NSUN5R295C, with a single base

mutation was created using the CRISPR/Cas9 system. By microinjecting synthesized RNAs and single-strand oligodeoxynucleotide donor se-

quences into mouse zygotes, defined point mutation was introduced into the mouse genome, leading to the substitution of a single amino
2 iScience 27, 108899, February 16, 2024



Table 2. The analysis of the variants in the studied population cohorts

No. GENE SNP GROUP GENOTYPE Allele frequency Total c2 p OR AT 95%CI

1 CYP2C9 rs1057910 A/C 7.82% 7.477 0.0043 2.003(1.208–3.383)

HCs 27 5.40% 500

sPE 51 10.26% 497

2 EGLN3 rs1680695 G/T 35.29% 60.558 0.0005 1.647 (1.229–2.208)

HCs 159 33.13% 480

sPE 171 37.58% 455

3 NSUN5 rs77133388 A/G 5.92% 4.023 0.0416 1.748 (0.986–3.159)

HCs 22 4.4% 500

sPE 37 7.44% 497

4 PDK1 rs11904366 G/T 8.84% 17.062 3.66E-05 2.887 (1.697–5.033)

HCs 23 5.01% 459

sPE 53 13.22% 401

Note: sPE, severe preeclampsia; HCs, Healthy controls; OR, odds ratio; 95%CI, 95%confidence interval.
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acid in NSUN5 protein (see Figure S2.). Heterozygous NSUN5 R295Cmice were obtained, and NSUN5 R295C homozygous mice were further

obtained by hybridization between the heterozygousmice. Comparedwith non-pregnant NSUN5 R295Cmice, pregnant NSUN5 R295Cmice

showed increased systolic blood pressure at embryo (E) 16.5 (Figure 1A), similar to late pregnancy hypertension in women with PE. However,

diastolic blood pressure did not increase (Figure 1B). Proteinuria is a hallmark of PE, and the urinary protein (albumin/creatinine) levels in

NSUN5 R295C mice increased at E18.5 (Figure 1C). Histological analysis revealed glomerular swelling in the kidneys of NSUN5 R295C

mice at E18.5 (Figure 1D). Further analysis using electron microscopy revealed the presence of thickened basement membranes (red arrows)

and shortened foot processes (black arrows) (Figure 1E). The thickness of the basement membranes (Figure 1F) was significantly elevated,

whereas the length of the foot processes (Figure 1G) was significantly reduced. The pups and placentas at E18.5 are displayed in

Figures 1H and 1I, respectively. The total litter weight (Figure 1J) and placental weight (Figure 1K) of NSUN5 R295C pregnant mice were

reduced. These findings suggest that NSUN5 R295C pregnant mice exhibit PE symptoms.
Nsun5 mutation inhibits decidualization and results in abnormal placental development

To investigate the cause of PE caused by NSUN5mutation, we initially observed the morphological changes of the placenta by H&E staining.

Compared to the placenta of wild type (WT) mice, the placentas of NSUN5 R295Cmice weremarkedly smaller at E18.5 (Figure 2A). On further

examination, we discovered that the smaller placentas had already formedby E14.5 (Figure 2B). According to the structure of the placenta, we

measured and calculated three distinct regions of the placenta. Statistical analysis revealed that the total area of the placenta of NSUN5

R295C was significantly reduced at both E18.5 and E14.5 compared to that of WT mice (Figure 2C). Among these regions, only the decidual

area of NSUN5 R295Cwas considerably reduced (Figure 2D), while the labyrinth area (Figure 2E) and the junctional zone area (Figure 2F) were

unaffected. These findings suggest that NSUN5 R295C inhibits decidualization, hence leading to abnormal placental development.
Decidualization defects of NSUN5 R295C mice

To investigate abnormal placental development in NSUN5 R295C mice, we examined the decidualization status during embryonic develop-

ment. We observed that compared toWTmice, the implantation sites were smaller in NSUN5 R295Cmice (Figures 3A and 3B). H&E staining

revealed a significant reduction in the number of polyploidy cells in NSUN5 R295C endometrium compared toWTmice during normal preg-

nancy (Figures 3C and 3D). To further explore the role of decidualization in placental development, we induced decidualization by intralumi-

nal injection of sesame oil into the uteri of pseudopregnant WT and NSUN5 R295Cmice at E3.5. We observed that the NSUN5 R295C uterus

had a smaller deciduoma, which was pronounced in pseudopregnant WT mice at E7.5 (Figures 3E and 3F). In addition, during pseudopreg-

nancy, the NSUN5 R295C mutation significantly reduced the number of polyploid cells induced by oil (Figures 3G and 3H). These findings

suggest that the NSUN5 R295C mutation impairs decidualization and polyploidy.
NSUN5 R295C downregulates the expression level of Il-11ra

To further investigate the mechanism underlying impaired decidualization in NSUN5 R295C mice, RNA-seq was conducted using the decid-

uoma obtained from pseudopregnant WT and NSUN5 R295C uterus at E7.5. A total of 130 downregulated and 44 upregulated differentially

expressed genes (DEGs) were identified, with a fold change cutoff of 0.585 (or log2FC <�0.585) and FDR < 0.05. The heatmap of the DEGs in

NSUN5 R295C and WT mice is presented in Figure 4A. The DEGs were classified using the Gene ontology (GO) database based on the cat-

egories of biological processes (BP), cellular component (CC), and molecular function (MF). The top fifteen GO terms for the DEGs are
iScience 27, 108899, February 16, 2024 3



Figure 1. The mutation in Nsun5 causes PE

(A) Changes in systolic blood and (B) diastolic blood pressure in NSUN5 R295C and wild type (WT) pregnant mice. For each genotype, n = 7–11.

(C) Proteinuria measured by the urine albumin/creatinine ratios for pregnant NSUN5 R295C and WT mice at E18.5. For each genotype, n = 6–9.

(D) Representative images of H＆E-stained kidney sections of pregnant NSUN5 R295C and WT mice at E18.5 showing glomerular swelling. Scale bars: 20 mm.

(E) Thickened glomerular basement membranes (red arrows) and shortened podocyte foot processes (black arrows) in NSUN5 R295C mice compared to WT at

E18.5 under electron microscopy. The magnifications are 3,0003 and 10,0003, respectively. Scale bars: 2 mm and 0.5mm. The quantification of the thickness of

basement membranes (F) and the length of foot processes (G).

(H) Representative photos of the pup sizes at E18.5.

(I) Representative photos of placenta sizes at E18.5.

(J and K) The weight of individual pups (J) and placentas (K) are reduced in NSUN5 R295C mice compared to WT mice, respectively. For each genotype, n = 8.

Data are represented as mean G SEM analyzed using the Student’s t test, *p < 0.05, **p < 0.01.
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displayed in Figures 4B, S3A, and S3B. The dysregulated genes enriched in BP terms include the regulation of the immune systemprocess and

maternal process involved in female pregnancy. The DEGs are also presented as a volcano plot, which shows a significant downregulation in

the expression level of Il-11ra (Figure 4C). This gene belongs to the BP of maternal process involved in female pregnancy (Figure 4B). The

interleukin-11 receptor a chain (IL-11ra) is responsible for binding to IL-11, a pleiotropic cytokine belonging to the IL-6-type cytokine family.

It signals through IL-11ra and signal transducers and activators of transcription (STAT) 3, and regulates cell cycle, invasion, and migration in

various cell types.30,31 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was conducted to identify the potential biolog-

ical functions of the significant DEGs. The results revealed fifteen signaling pathways, including hematopoietic cell lineage, ferroptosis, and

Janus kinase and signal transducers and activators of transcription (JAK-STAT) signaling pathway, are associated with the downregulated

DEGs (see Figure S3C). In the bubble pattern, the BP of maternal process involved in female pregnancy and JAK-STAT signaling pathway

are also enriched (Figures S3D and S3E).

As identified from the previous results, Il-11ra is closely associatedwith defective decidualization. IL-11Ra has previously been shown to be

closely related to female reproduction, and IL-11Ra�/�mice are infertile due to decidualization defects.32 Therefore, IL-11Rawas further stud-

ied. The expression of IL-11Ra in deciduoma was then determined using immunohistochemistry at E7.5. The results showed that the IL-11Ra

level was significantly downregulated in the deciduoma of NSUN5 R295C mice compared with that of WT mice (Figures 4D and 4E). The

mRNA level of Il-11ra was also significantly decreased in NSUN5 R295Cmice (Figure 4F). The western blotting results indicated that the level

of IL-11Ra in the decidua of the NSUN5 R295C was also significantly reduced when compared to that of WT mice (Figures 4G and 4H). IL-11
4 iScience 27, 108899, February 16, 2024



Figure 2. The mutation in Nsun5 results in decidualization defects during pregnancy

(A and B) Placental sections from WT and NSUN5 R295C embryos at E18.5 (A) and E14.5 (B) by H＆E staining. Decidua: De; Labyrinth: Lab; Junctional zone: Jz.

Scale bars: 500 mm, 200mm, and 100mm.

(C–F) Reduced total placental area and decidual area in NSUN5 R295C mice at E18.5 and E14.5. The labyrinth area and junctional zone area are normal (n = 6–9

per genotype). (C) Total placental area of WT and NSUN5 R295C embryos at E18.5 and E14.5. (D) The area of the decidua. (E) The area of the labyrinth.

(F) The area of the junctional zone. Data are represented as mean G SEM analyzed using the Student’s t test, *p < 0.05, **p < 0.01.
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signals through a heterodimer complex of IL-11Ra and glycoprotein 130 (GP130).33 Therefore, we alsomeasured themRNA and protein levels

of GP130 and found that its expression remained unchanged (see Figure S4). These data suggest that the observed effect is attributed to a

decrease in IL-11Ra levels rather than a decrease in GP130 expression.
Downregulated Cyclin D3 caused by insufficient phosphorylation of JAK2 and STAT3 participates PE development

In the previous bioinformatics analysis and studies, it was observed that the DEGswere enriched in the JAK-STAT signaling pathway and that the

expression levels of IL-11Rawere significantly reduced in the deciduoma of NSUN5 R295Cmice compared to that ofWTmice. IL-11 triggers the
iScience 27, 108899, February 16, 2024 5



Figure 3. Nsun5 mutation leads to defects in artificially induced decidualization

(A) Visualization of uterine morphology in normal pregnancy (E7.5) of NSUN5 R295C and WT mice.

(B) Reduced implantation site weight in NSUN5 R295C mice at E7.5 (n = 5–9 per genotype).

(C) Representative images of the uterus at E 7.5 of normal pregnant NSUN5 R295C andWTmice shown in H＆E stained sections. Red arrows: polyploid decidual

cells. Scale bar: 25mm.

(D) Decreased number of polyploid decidual cells in the decidua of normal pregnant NSUN5 R295C mice compared to WT at E 7.5, calculated based on 27

determinations of WT and 18 determinations of NSUN5 R295C mice (n = 6 per genotype).

(E) Oil-induced deciduoma at E7.5 in pseudopregnant NSUN5 R295C andWTmice after artificially induced decidualization. Left side, injected with oil. Right side,

without oil injection.

(F) The ratio of oil-treated to untreated uterine horn weight at E7.5 after decidualization stimulation at E3.5.

(G) Representative images of H＆E stained uterine endometrium at E7.5 of pseudopregnant NSUN5 R295C and WT mice after artificially induced of

decidualization. Red arrows: polyploid decidual cells. Scale bar: 25mm.

(H) Decreased number of polyploid decidual cells in the decidua of pseudopregnant NSUN5 R295C mice compared to WT at E 7.5, calculated based on 21

determinations of WT and 18 determinations of NSUN5 R295C mice (n = 5 per genotype). Data are represented as mean G SEM analyzed using Student’s t

test. *p < 0.05; **p < 0.01.
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Figure 4. The mutation of Nsun5 reduces Il-11ra expression

(A) The heatmap of global RNA-seq transcriptomic results revealed differentially expressed genes (DEGs) in the deciduoma obtained from pseudopregnant WT

and NSUN5 R295C uterus at E7.5.

(B) GO-BP analysis of the consistent DEGs. The top 15 enriched GO terms are shown in biological process (BP) with a p < 0.05.

(C) Statistical significance (-log 10 FDR) vs. gene expression log2 fold change (FC) is displayed as a volcano plot of global RNA-seq results. The label indicates:

upregulated (red dots); downregulated (blue dots); not significant genes (gray dots).

(D) Immunohistochemistry showed that the staining intensity of the IL-11Ra positive cells is decreased in the deciduoma of pseudopregnant NSUN5 R295Cmice

compared to WT at E 7.5. Scale bar: 50mm.

(E) The decidual tissue of pseudopregnant mice (n = 5 for each genotype) was photographed and examined. Average optical density (AOD) was used for the

quantitative analysis of immunohistochemistry staining, and the data are shown in bar graphs.

(F) The mRNA expression levels of Il-11ra in the decidua of NSUN5 R295C mice were lower than those in WT mice (n = 8 per genotype).

(G) Results of western blotting showed that the protein level of IL-11Ra was decreased in the decidua of NSUN5 R295C mice compared to those in WT.

(H) The results of western blotting were quantified and displayed in bar graphs (n = 6 per genotype). Data are represented as mean G SEM analyzed using

Student’s t test. *p < 0.05; **p < 0.01.
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JAK-STAT signaling pathway by forming a heterodimer complex with glycoprotein 130 to induce cellular responses.34 Additionally, Cyclin D3, a

cell cycle regulator essential for decidual cell growth, is regulated by IL-11 signal.35 Hence, to determine the role of IL-11Ra in the progression of

PE, the expression of JAK2, STAT3,CyclinD3, andP21 in the deciduoma at E7.5was investigated. The qPCRanalysis revealed that the expression

levels of Cyclin D3 and P21 were significantly reduced in the NSUN5 R295C mice, while the expression level of Jak2 and Stat3 remained un-

changed (Figure 5A). Further, western blot analysis demonstrated that the phosphorylation levels of JAK2 and STAT3, as well as Cyclin D3 levels

in the E7.5 deciduomaofNSUN5R295Cmice, were significantly downregulated (Figure 5B). Further, western blot analysis demonstrated that the

phosphorylation levels of JAK2 and STAT3, as well as Cyclin D3 levels in the E7.5 deciduoma of NSUN5 R295C mice, were significantly down-

regulated (Figures 5C–5E). These findings suggest that Cyclin D3 expression in the decidua depends on IL-11 and JAK-STAT signaling.

To investigate the mechanism by which NSUN5 promotes PE, RIP was employed to identify its target transcripts. The results revealed that

NSUN5 binds to Il-11ra mRNA in the deciduoma of pseudopregnant mice at E7.5 (Figures 5F and 5G), suggesting that Il-11ra is a potential

target or substrate of NSUN5. Overall, these findings suggest that NSUN5 mutation leads to a reduction in IL-11Ra, thereby downregulating

the phosphorylation of JAK2 and STAT3. The subsequent insufficient activation of JAK2 and STAT3 inhibits Cyclin D3 expression and decidu-

alization, eventually leading to the development of PE, as shown in Figure 5H.
DISCUSSION

In this study, we conducted exome sequencing using Human Exome BeadChip assays and gene analysis using MassARRAY SNP genotyping

on the blood of 868 patients with sPE and 982 matched control subjects. We found that the SNP rs77133388 of NSUN5 is significantly
iScience 27, 108899, February 16, 2024 7



Figure 5. The mutation of Nsun5 suppresses JAK/STAT signal pathway and downregulates Cyclin D3

(A) QPCR results showing the expressions of Jak2, Stat3, Cyclin D3, and P21 in the decidua of NSUN5 R295C and WT mice at E7.5.

(B) The expressions of JAK2, P-JAK2, STAT3, P-STAT3, and Cyclin D3 analyzed by western blot (n = 6 per genotype). The protein levels of P-JAK2, P-STAT3, and

Cyclin D3 were decreased in the decidua of NSUN5 R295C mice when compared to those in WT mice.

(C–E) The results of western blotting were quantified and shown in bar graphs. (C) The bar graphs show the relative density of P-JAK2 and JAK2 according to the

statistical analysis of the results of three independently repeated experiments. (D) The bar graphs show the relative density of P-STAT3 and STAT3 according to

the statistical analysis of the results of three independently repeated experiments. (E) The bar graph shows the relative density of Cyclin D3 according to statistical

analysis of the results of three independently repeated experiments.

(F and G) NSUN5 binds to Il-11ra mRNA in decidua as revealed by RNA immunoprecipitation (RIP).

(H) Schematic diagram showing themechanisms of NSUN5-IL-11Ra interaction. NSUN5mutation leads to IL-11Ra down expression. Insufficient phosphorylation

of JAK2 and STAT3 downregulates Cyclin D3, resulting in decreased polyploidization, and eventually leading to PE development. Data are represented as

mean G SEM analyzed using Student’s t test. *p < 0.05; **p < 0.01.
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associatedwith PE risk. Next, we generated single basemutantmice at rs77133388 in exon7 ofNSUN5. PregnantNSUN5R295Cmice showed

typical symptoms of human PE, including hypertension, proteinuria, and reduced fetal and placental weight. Further study revealed that preg-

nant NSUN5 R295C mice had smaller placenta due to insufficient decidualization, while pseudopregnant NSUN5 R295C mice had a dramat-

ically reduced number of polyploid cells at E7.5. Transcriptome analysis of the deciduoma at E7.5 uncovered that the DEGs were enriched in

the JAK-STAT signaling pathway, and IL-11Ra level was markedly decreased in NSUN5 R295C mice. Mechanism studies showed that

decreased IL-11Ra expression inhibits the activation of JAK2 and STAT3, which leads to reduced Cyclin D3 expression, subsequently, impair-

ing the polyploidization of decidual cells, consequently contributing to the occurrence of PE.

PE, the primary cause of patient mortality, elevates the risk of chronic diseases in both mother and infant, significantly diminishing their

quality of life.2,36 Nevertheless, the pathogenesis of PE currently remains unclear. Previous studies on the etiology of PE have largely concen-

trated on the placenta, including placental ischemia and dysfunction. However, the endometrium is the foundation of placentagenesis.

Recently, an increasing number of studies have shown that abnormal decidualization constitutes a crucial factor in the development of

PE.14,15,37–40 Several studies have detected impaired decidualization as the chief characteristic of PE, prompting shallow trophoblasts inva-

sion.14,41 In addition, Garrido-Gomez et al. reported that the decidualization defects observed in patients with sPE at delivery persisted for

years postpartum.14 In this study, we first investigated the role of NSUN5 in the pathogenesis of PE and discovered that a single base muta-

tion,NSUN5 rs77133388, is substantially correlated with PE. This mutation causes abnormal decidualization and thus contributes to the devel-

opment of PE, presenting a perspective for studying the pathogenesis of PE.

NSUN5 belongs to the NOP2/Sun RNA methyltransferase (NSUN) protein family,42 several members of which have putative m5C methyl-

transferase activity. Some NSUN family proteins are associated with the regulation of protein translation, RNA processing, metabolism, and
8 iScience 27, 108899, February 16, 2024
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cell differentiation.43–45 Studies have shown that NSUN2 and NSUN4 participate in cell proliferation and differentiation, and protein biosyn-

thesis,46 while NSUN3 regulates embryonic stem cell differentiation by promotingmitochondrial activity.47 NSUN5 deficiency has been linked

to a reduction in protein synthesis during mammalian development,18 and lack of Nsun5 has been shown to inhibit ovarian function by

decreasing the number of follicles.48 However, it is not yet clear whether NSUN5 is involved in decidualization. Here, we reported that

NSUN5 mutation results in insufficient decidualization and a reduced number of polyploid cells at E7.5. Previous studies have shown that

polyploidization is a hallmark of mature decidual cells, and its attenuation during decidualization can lead to embryonic death before placen-

tation.49 Our results also suggested that polyploidization is critical for decidualization, and polyploidization deficiency leads to a flawed de-

cidualization response. Moreover, our findings provide mechanistic insight into howNSUN5mutation influences decidualization through the

JAK2/STAT3 signaling pathway, which promotes the pathogenesis of PE.

In the present study, a comprehensive transcriptome analysis was conducted on deciduoma obtained from pseudopregnant WT and

NSUN5 R295C uterus at E7.5. A total of 174 DEGs were identified, of which 44 genes were upregulated and 130 genes were downregulated.

Further analysis of the DEGs using GO and KEGG showed a significant enrichment of BP in multiple biological processes. Additionally, the

JAK-STAT signaling pathwaywas found be significantly downregulated. Previous studies have supported our finding that signalsmediated by

IL-11Ra are specifically required for normal female reproduction.50 Evdokia Dimitriadis et al. have also demonstrated that targeted inhibition

of IL-11Ra impairs proliferation and invasion of human endometrial cancer cell in vitro.51 Moreover, studies have demonstrated that admin-

istering IL-11 to mice leads to the development of features similar to those seen in PE. IL-11 has been shown to increase the levels of preg-

nancy-associated plasma protein A2, which compromises trophoblastic invasion, spiral artery remodeling, and placentation.52 Leukemia

inhibitory factor and IL-11 are essential regulators in the establishment of pregnancy.53 Within cytokine families, there is evidence of pleiot-

ropy, redundancy, and even duality, where multiple cytokines often possess similar, overlapping, and sometimes contrasting functions.

Nevertheless, these discoveries indicate that the IL-11Ra-JAK-STAT pathway may have a fundamental role to play.

IL-11 signals through IL-11Ra and subsequently recruits GP130, ultimately resulting in the activation of the JAK/STAT pathway.54 IL-11 is a

cytokine that activates cells by binding to the IL-11R, and the presence of soluble IL-11R can mediate trans-signaling.55 Christoph Garbers

et al. analyzedprominent IL-11Rmutations in patients and confirmed that theywere detrimental to IL-11 signaling.56 According to the findings

of Lorraine et al., IL-11 and IL-11Ra expression is prominent post-implantation, and in IL-11Ra�/� mice, sterility can be attributed to defective

decidualization.57 Our research aligns with their findings, showing that the downregulation of IL-11Ra rather than GP130 leads to the reduc-

tion in the expression level of P-JAK2, P-STAT3, Cyclin D3, and P21, resulting in impaired decidualization. Additionally, we demonstrated that

NSUN5 binds to IL-11RamRNA. Based on these findings, we concluded that NSUN5mutation inhibits decidualization and contributes to the

development of PE by regulating the JAK2/STAT3 signaling pathway.

Inmammals, the JAK/STATpathway serves as amajor signalingmechanism for a various cytokines and growth factors. STATs get activated

by tyrosine kinases belonging to the JAK family. Once activated, they dimerize andmove to the nucleus, where they regulated the expression

of specific genes. This orchestrating leads to hematopoiesis, inflammation induction, and immune response control.34 Previous studies

confirmed that changes in the JAK2/STAT3 pathway can impact the expression of cytokines such as TNF-a and IL-6,58 and contributes to brain

damage due to ischemia/reperfusion.59 Our research shows that inhibiting JAK2/STAT3 pathway can restrict decidualization by reducing Cy-

clin D3, resulting in the development of PE. It is known that P-STAT3 translocates to the nucleus and directly regulates the transcription of

target genes by binding to DNA. Previous reports have indicated that Cyclin D3 promotes the development of polyploidy during stromal

cell decidualization.35,60,61

Our finding carries significant clinical implication as they shed light on the crucial role of NSUN5 R295C in decidual dysfunction. It is worth

noting that thismutation validates the clinical relevance of themodel as there is a significant difference in the genotypic and allelic frequencies

of NSUN5 SNP rs77133388 in cases and controls from clinical data. We utilized the CRISPR/Cas9 system62 to create a single amino acid

substituted mouse model that resulted in single amino acid substitutions in the proteins of interest. This technique facilitates the elucidation

of in vivo contexts of findings in cultured cell systems, and in vivo screening for the relevant mutations found in human patients with various

diseases.63 Impaired NSUN5 expression or function in the pregnant decidual tissue represents an important mechanism underlying PE. We

carefully select suitable methods to test decidualization, including artificially induced decidualization, histological analysis, microscopy and

imaging, as well as functional assays. By employing these methods, we are capable of evaluating the extent of decidualization from various

perspectives and levels, and understanding the influence of decidualization on PE, both with and without embryos. Further investigations to

understand impaired decidual NSUN5 expression in PE patients may aid in developing strategies to enhance the NSUN5/IL-11Ra/JAK/STAT

pathway and treat this life-threatening disease.
Limitations of the study

This study has some limitations. Firstly, in order to address potential overfitting issues that may arise from analyzing a single dataset in the

modeling process, we employed several strategies. These included making efforts to obtain a larger number of samples for training and

reducing model complexity by utilizing multivariate logistic regression analysis. However, it is important to note that completely preventing

model overfitting can be challenging. Secondly, it is currently unknown whether the m5C modification of NSUN5 plays a role in regulating

decidual genes during the development of PE. Lastly, the regulation of IL-11 and IL-11Ra production appears to be complex and likely depen-

dent on tightly regulated local microenvironments, as well as the interplay between individual positive and negative regulators. Therefore,

conducting large-scale clinical trials is necessary to further investigate the relationship between rs77133388 of NSUN5 and the occurrence

of PE, as well as to determine the precise underlying mechanism.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-IL-11Ra Antibody HuaBio Cat. NO: HA600056;

Lot.: HO0702

IL6ST Rabbit pAb ABclonal Cat. NO: A18036; RRID: AB_2861832

NSUN5 Polyclonal Antibody Thermo Fisher PA5-54228; RRID: AB_2644824

JAK2 Rabbit pAb ABclonal Cat. NO: A19629; RRID: AB_2862706

Phospho-JAK2-Y1007 Rabbit pAb ABclonal Cat. NO: Ap0917; RRID: AB_2863830

STAT3 Rabbit mAb ABclonal Cat. NO: A19566; RRID: AB_2862671

Phospho- STAT3-Y705 Rabbit mAb ABclonal Cat. NO: AP0705; RRID: AB_2863810

Anti-Cyclin D3 Antibody HuaBio Cat:ET1612-4; RRID: AB_3070113

Rabbit monoclonal antibody Anti-actin HuaBio Cat:ET1701-80; RRID: AB_2943481

Antibody Anti-Rabbit IgG HuaBio Cat: HA1002;

Lot: HL0421

Goat anti-Rabbit IgG HRP HuaBio Cat: HA1001; RRID: AB_2819166

Critical commercial assays

Mouse Albumin ELISA Kit Sigma-Aldrich E99-134; RRID: AB_2892029

Creatinine (urinary)Colorimetric Assay Kit Cayman Chemical Item:500701;

Batch:0584517

RNA Immunoprecipitation Kit Geneseed Cat#: P0101;

Lot#: 20220606-015

Deposited data

Mouse deciduoma RNA-seq This paper GEO: GSE249593

Experimental models: Organisms/strains

C57BL/6 mice Shandong normal university NA

Software and algorithms

Illumina Genome Studio software Illumina V2011

Agena Bioscience Assay Design Suite Agena Bioscience version 3.1

MassARRAY Typer 4.0 software Agena Bioscience Typer 4.0
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Cong Zhang

(zhangxinyunlife@163.com)
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Materials availability

This study did not generate new unique reagents.

Data and code availability

� The data have been deposited at the NCBI Gene Expression Omnibus (GEO) repository and are publicly available as of the date of

publication. Accession numbers are listed in the key resources table.
� This study does not report original code.

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

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

The NSUN5 (R295C) mutation was introduced into mice using CRISPR-Cas9 techniques. The Cas9-guide RNA (gRNA) target sequences were

designed to the intron7 regions to facilitate DNA breaks and homologous recombination. The in vitro transcribed nuclease Cas9 mRNA,

gRNA, and the oligo donor carrying the desired mutation (CGT/TGT, R295/C295) were co-injected into fertilized mouse eggs of

C57BL/6 background and transplanted into the oviducts of recipient mice. The pups were identified through PCR followed by sequence anal-

ysis using primers (NSUN5 R295C-F: GACTCACAACCTGTTCTATCT; NSUN5 R295C-R: GGCATCTCCAGTATCCAAG). Each reaction mix

contained 12.5mL of 2X buffer, 1mL of primermix, 5mL of DNTP, 0.5mL of KODFX, 2mL of DNA template, and 4mL of ddH2O. The PCR conditions

were set as follows conditions: initial denaturation at 94�C for 2min, 35 cycles of 98�C for 10s, 60�C for 30s, and 68�C for 20s, followed by a final

extension at 68�C for 10 min. Themice were housed in the Animal Center of ShandongNormal University at 23G2�C and provided ad libitum

access to food and water under a 12/12h light/dark cycle. We selected adult male and female mice with a C57BL/6J genetic background for

co-breeding. Then pregnant female mice were chosen for the experiment. All animal experiments were carried out in compliance with the

Guidelines for the Care and Use of Laboratory Animals of Shandong Normal University and were authorized by the Animal Ethics Committee

of Shandong Normal University.

Human subject

A total of 482 individuals with healthy pregnancies, matched in age and gestational week, were recruited alongside 370 individuals with sPE

for exome sequencing using Human Exome BeadChip assays. Following exome sequencing, 500 HCs and 498 individuals with sPE were

selected for SNP screening using MassARRAY SNP Genotyping assays. All the pregnant women were Han Chinese women between the

ages of 18 and 45. A normal pregnancy was defined as a pregnancy resulting in a healthy newborn delivered at term (>37 weeks of gestation)

with normal blood pressure and no complications. The sPE was defined as a PE patient with systolic blood pressure R160 mm Hg and/or

diastolic blood pressureR110 mmHg, with or without proteinuria. Exclusion criteria includedmajor fetal chromosomal or congenital abnor-

malities, autoimmune diseases, chronic hypertension, cardiovascular and metabolic diseases, multiparous pregnancies, stillbirth, and renal

diseases. All samples were collected from the Provincial Hospital Affiliated to Shandong University, the First Affiliated Hospital of Nanjing

Medical University, and the Second Affiliated Hospital of Nanjing Medical University between December 2009 and February 2015. Written

informed consent was obtained from all participants at recruitment, and the study was approved by the relevant ethics committees.

METHOD DETAILS

Exome sequencing and SNP selection

In previous study, we extracted DNA samples from 370 sPE cases and 482 HCs from peripheral blood using Wizard� Genomic DNA Purifi-

cation Kit (Promega Biotech Co., Ltd, Beijing, China), following the manufacturer’s protocol as previously reported.29 The Human Exome

BeadChip (Illumina, San Diego, California, USA) was then utilized to assay the intact genomic DNA. By reading the raw data of the chip scan-

ning through Illumina Genome Studio software (V2011), age-adjusted multivariable logistic regression analysis was conducted to identify

SNPs with a significant association with PE by obtaining a P-value of <0.05.29 We combined the functions of the SNPs and identified 21 sus-

ceptibility genes through data analysis,29 which includes NSUN5 rs77133388.

MassARRAY SNP genotyping and data analysis

To validate candidate genes, we conducted MassARRAY SNP genotyping to screen 46 promising SNPs (includingNSUN5 rs77133388) in the

peripheral blood of pregnant women (498 sPE/500 HCs). The amplification and extension primers were designed using Agena Bioscience

Assay Design Suite version 3.1 (Agena Bioscience, San Diego, California, USA). Primary multiplex PCRs were run on a GeneAmp 9700 PCR

machine (Applied Biosystems, Carlsbad, California, USA). Each reaction mix contained 0.5mL of 103PCR buffer, 1mL of primer mix, 0.4mL

of MgCl2, 0.1mL of dNTP, 0.2mL of Hotstar, and 20 ng of DNA template. The PCR conditions were set as follows: initial denaturation at

94�C for 4 min; 45 cycles of 94�C for 20s, 56�C for 30s, and 72�C for 60s; followed by a final extension at 72�C for 3 min.

The shrimp alkaline phosphatase enzyme was utilized to dephosphorylate any unused dNTPs from the primary PCR before the second

allele-specific primary extension PCR. In the second PCR, 2mL of the reconstituted extension primer cocktail was added to each reaction

well, and the following conditions were set: initial denaturation at 94�C for 30 sec, 40 cycles of one step at 94�C for 5 sec with 5 sub-cycles
14 iScience 27, 108899, February 16, 2024
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of 52�C for 5 sec and 80�C for 5 sec, and a final extension at 72�C for 3 min. The extension products were conditioned using resin, and 10 nL

was dispensed into a 384-well samplemicrotiter plate using theMassARRAYNanodispenser RS1000 (AgenaBioscience). Themodule controls

the MassARRAY Analyzer Compact to acquire spectra from SpectroCHIPs. As each SpectroCHIP is processed by the Compact, the spectral

data is automatically processed, and saved to theMassARRAYdatabase. Themass spectrawere then acquired and analyzedwithMassARRAY

Typer 4.0 software. The average concordance rate for the 46 SNPs was higher than 98.7% based on 96 blind comparisons.

Tomitigate the impact of potential confounding effects whichmight introduce bias, we employed the followingmethods: 1) Matching and

restriction, which involve the stringent selection of patients with sPE and normal pregnant women. This ensures that the two groups are similar

in terms of factors like age and weight, thereby minimizing the influence of other potential factors. 2) We employed multivariate logistic

regression analysis to analyze the structured data and derive the corresponding P-values. This helps reducemodel complexity and effectively

accounts for the influence of various confounding factors. 3) We select values with a minor allele frequency (MAF) between 0.01 and 0.05, and

P-values less than 0.05, as the optional range.MAF values that are too small result in poor reliability, while values that are too large often have

no survival selection differences. 4) We remove sites with poor quality and those that are not in the exon region. Even for exon chip, there are

still many sites outside of the exon region. 5) We search for sites with odds ratios (OR) >1 and P<0.05, or OR<1 and P<0.05. Find literature

corresponding to each gene and assess the relationship between the gene and PE.29
Mouse biometric measurements

Blood pressure was measured using the intelligent and non-invasive Blood Pressure Meter BP-2010 (Softron Biotechnology, Beijing, China).

Gestation timing was established bymating themice and checking for vaginal plugs. Themorning on which a plug was observed wasmarked

as E0.5. The females were preconditioned by measuring their baseline blood pressure at the same time every day (2 p.m.) before they were

mated with males. The blood pressure of the mated mice was then measured at 2 p.m. on E8.5, E10.5, E12.5, E14.5, and E18.5. During the

measurement process, themicewere immobilized in a holder on a heating platform tomaintain their tail skin temperature at 38�C throughout

the measurement process, according to the following parameters: five preconditioning data and 10 regular data. The blood pressure value

was determined by taking the average of the five preconditioning data and 10 regular data, after removal of any outliers.64 All measurements

for eachmouse, from preconditioning to routine cycles after pregnancy, were conducted in the same channel with the same cuffs to minimize

inter-channel and cuff variation. Mouse Albumin ELISA Kit (Sigma-Aldrich, Saint Louis, Missouri, USA) and Creatinine (urinary) Colorimetric

Assay Kit (Cayman Chemical, Ann Arbor, Michigan, USA) were used according to the manufacturer’s instructions. Concentrations were deter-

mined by measuring the absorbances of the samples and standards at a wavelength of 450 nm with a microplate reader (Molecular Devices,

Silicon Valley, California, USA). The albumin-to-creatinine ratio was then calculated.
Transmission electron microscopy (TEM)

For TEManalysis, we isolated 1mm3 kidney samples, whichwere then fixed in 2.5%glutaraldehyde at room temperature for 2-3 h and stored at

4�C. Subsequently, the samples were rinsed five times for 15 min each time using a sodium dihydrogen phosphate and disodium hydrogen

phosphate buffer (0.1M, pH=7.4), followed by fixation in 1% osmium tetroxide for 1.5 h in the dark. The samples were then dehydrated using

ethanol and acetone, penetrated with resin, and embedded with resin. Ultrathin tissue sections (65nm) were then prepared and stained with

2% uranyl acetate and lead citrate for 25 min and 7 min, respectively. Finally, the sections were washed, baked under infrared light for 10 min,

and observed using a transmission electron microscope (Hitachi Limited, Tokyo, Japan). Each group consisted of at least three mice.
Artificially induced decidualization

The vasectomized males were prepared by removing 0.5 cm of their vasa deferentia while they were under anesthesia induced by 4% chloral

hydrate. The males’ sterility was confirmed by mating them with fertile females and observing the absence of pregnancy in the females with

copulatory plugs. To prepare pseudopregnant females, the vasectomized males were then mated with the females in a 1:2 ratio. At E4, the

pseudopregnant females were anesthetizedwith chloral hydrate and one uterine horn was injected with 25mL of sesame oil (Sigma-Aldrich) to

induce decidualization, while the other remained untreated to serve as a control. The mice were sacrificed at E7.5, and the weight of the oil-

injected uterine horns was compared to the untreated controls, and ratios were calculated for each mouse. The tissues were collected from

the uterine horns and either fixed in 4% paraformaldehyde (Servicebio Biotechnology Co., Ltd., Wuhan, Hubei, China) or snap-frozen in liquid

nitrogen for storage until further analysis.65
RNA sequencing (RNA-Seq) and data analysis

Total RNA was extracted from the samples using the Trizol reagent (Invitrogen, Carlsbad, California, USA), followed by rRNA removal. The

RNA libraries were constructed using the TruSeq Stranded Total RNA Library Prep Kit (Illumina), following the manufacturer’s instructions. To

ensure optimal quality, the libraries were quality-controlled with Agilent 2200 and sequenced using NovaSeq 6000 (Illumina) with a 150 bp

paired-end run. To obtain clean reads, adapter sequences and low-quality reads were eliminated from the raw reads before read mapping.

The clean reads were then aligned to themouse genome (NCBI) with the Hisat2.66 Fold change and P-values were calculated based on RPKM,

and differentially expressedmRNAwas identified. P-value and FDR analysis were subjected to the following criteria: i), fold change>2 or < 0.5;

ii), P<0.05, FDR<0.05. Gene ontology (GO) analysis was performed based on the differentially expressed mRNAs.67 GO annotations were
iScience 27, 108899, February 16, 2024 15
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downloaded from NCBI (http://www.ncbi.nlm.nih.gov/), UniProt (http://www.uniprot.org/), and Gene Ontology (http://www.geneontology.

org/). Fisher’s exact test was applied to identify the significant GO categories (P < 0.05).
Histological analysis and immunohistochemistry

The placenta, kidney, and artificially induced decidua of mice were dissected and fixed in 4% paraformaldehyde at 4�C overnight. The fixed

tissues were then embedded in paraffin and sectioned at a thickness of 7 mm. Subsequently, the sections were dewaxed with xylene and re-

hydrated using an alcohol gradient (100%, 95%, 85%, 75%, 65%, 55%) before being stained with hematoxylin and eosin (H&E) (Solarbio

Science &Technology Co., Ltd., Beijing, China) for 10 sec each. Finally, the samples were dehydrated with an alcohol gradient and transpar-

entized twice with xylene before being mounted with neutral gum (Sinopharm Chemical Reagent Co., Ltd, Shanghai, China). Morphological

observation and polyploid analysis of decidual cells were conducted using an automatic digital slide scanner (3D HISTECH, Budapest,

Hungary).

For immunohistochemistry, the tissue sections were first dewaxed and rehydrated using xylol and a graded alcohol series containing

decreasing concentrations of ethanol. The antigen retrieval process was then initiated by heat treatment in citrate buffer. To prevent inter-

ference from endogenous peroxidase activity, the sections were treated with 3%H2O2 for 15 min, followed by blocking with primary antibody

diluent (Servicebio Biotechnology) for 1 h. The sections were then incubated with rabbit anti-IL-11Ra antibody (1:200, HuaBio Biotechnology

Co., Ltd, Hangzhou, Zhejiang, China) overnight at 4�C. After washing the sections three times with PBS, the sections were incubatedwith goat

anti-rabbit secondary antibody (1:200, ZSGB-BIO Biotechnology Co., Ltd. Beijing, China) for 1 h at room temperature. Next, the sections were

washed three times with PBS and developed using a DAB kit (ZSGB-BIO) to generate positive signals. Hematoxylin was used for counterstain-

ing, and the subsequent steps of dehydration, transparentization, and mounting were performed as outlined earlier in this section. Images

were captured using an automatic digital slide scanner (3D HISTECH), and the quantification of the staining results was expressed as the

average optical density (AOD), analyzed through ImageJ 1.4.3.67 software (Media Cybernetics, Silver Spring, MD, USA).
Quantitative polymerase chain reaction (qPCR) analysis

Total RNA was extracted using TRIzol reagent (Invitrogen) and reverse transcribed with a cDNA synthesis kit (Yeasen Biotechnology Co., Ltd,

Shanghai, China) following themanufacturer’s instructions. The resulting cDNAswere then amplified through qPCRwith the addition of SYBR

GreenMasterMix (Yeasen) in a Light Cycler Real-Time PCR instrument (Roche, Basel, Switzerland) following the specifications provided by the

manufacturer. QPCR was conducted under the following conditions: a 5 min period at 95�C, followed by 35 cycles of 30 sec at 95�C, 30 sec at
58�C, 30 sec at 72�C, and a 10min extension at 72�C. Gene expression changes were normalized toActb and analyzed by the 2�DDCt method.

The primer sequences can be found in Table S1.
Western blot

The total proteins extracted from the tissue were obtained using RIPA buffer (Beyotime Biotechnology Co., Ltd., Shanghai, China), which con-

tained PMSF (BeyotimeBiotechnology Co., Ltd.) to inhibit protease degradation. Next, the samples were separated via electrophoresis on an

SDS-PAGE gel (Solarbio Biotechnology) and then transferred onto polyvinylidene fluoride membranes (Millipore, Boston, Massachusetts,

USA). Afterward, the membranes were incubated with one of the primary antibodies (IL-11Ra, 1:500 dilution, HuaBio Biotechnology Co.,

Ltd.; GP130, 1:500 dilution, ABclonal,Wuhan, China; NSUN5, 1:500 dilution, Thermo Fisher,Waltham,Massachusetts, USA; JAK2, 1:1000 dilu-

tion, ABclonal; P-JAK2, 1:500 dilution, ABclonal; STAT3, 1:1000 dilution, ABclonal; P-STAT3, 1:500 dilution, ABclonal; CD3, 1:1000 dilution,

HuaBio Biotechnology Co., Ltd.; and b-actin, 1:5000 dilution, HuaBio Biotechnology Co., Ltd.) overnight at 4�C. Next, a horseradish perox-

idase-labeled secondary antibody (Thermo Fisher) was added and incubated for 1 h at room temperature. Lastly, the protein bands were

developed using a chemiluminescence detection kit (Millipore, Bedford, MA, USA), and the relative intensities of the bands were determined

using Quantiscan software (Biosoft, Cambridge, United Kingdom).
RNA immunoprecipitation (RIP) assay

The RIP procedure was carried out using the RNA Immunoprecipitation Kit (Geneseed, Guangzhou, Guangdong, China) in accordance with

the manufacturer’s instructions. Briefly, the collected tissue samples were lysed in RIP lysis buffer, followed by centrifugation at 14000g for

10 min at 4�C. The supernatant was then incubated in RIP buffer containing magnetic beads that had been cross-linked with antibodies tar-

geting NSUN5 (Thermo Fisher) or control IgG (HuaBio Biotechnology Co., Ltd.) at 4�C for 5 h. The beads were then washed and the com-

plexes were incubated with RIP buffer and purified through a column. The protein and RNA obtained were analyzed by Western blot and

qPCR as described above.
QUANTIFICATION AND STATISTICAL ANALYSIS

All data were analyzed using the GraphPad Prism software (GraphPad Software, San Diego, California, USA). The results are presented as

meanG SEM values. The differences between the groups were assessedwith a Student’s t-test and a P-value of less than 0.05 was considered

statistically significant.
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