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Abstract 

Background Fetal sex and placental development impact pregnancy outcomes and fetal–maternal health, 
but the critical timepoint of placenta establishment in first trimester is understudied in human pregnancies.

Methods Pregnant subjects were recruited in late first trimester (weeks 10–14) at time of chorionic villus sampling, 
a prenatal diagnostic test. Leftover placenta tissue was collected and stored until birth outcomes were known, then 
DNA and RNA were isolated from singleton, normal karyotype pregnancies resulting in live births. DNA methylation 
was measured with the Illumina Infinium MethylationEPIC BeadChip array (n = 56). Differential methylation analysis 
compared 25 females versus 31 males using a generalized linear model on 743,461 autosomal probes. Gene expres‑
sion sex differences were analyzed with RNA‑sequencing (n = 74). An integrated analysis was performed using linear 
regression to correlate gene expression and DNA methylation in 51 overlapping placentas.

Results Methylation analysis identified 151 differentially methylated probes (DMPs) significant at false discovery 
rate < 0.05, including 89 (59%) hypermethylated in females. Probe cg17612569 (GABPA, ATP5J) was the most significant 
CpG site, hypermethylated in males. There were 11 differentially methylated regions affected by fetal sex, with tran‑
scription factors ZNF300 and ZNF311 most significantly hypermethylated in males and females, respectively. RNA‑
sequencing identified 152 genes significantly sexually dimorphic at false discovery rate < 0.05. The 151 DMPs were 
associated with 18 genes with gene downregulation (P < 0.05) in the direction of hypermethylation, including 2 genes 
significant at false discovery rate < 0.05 (ZNF300 and CUB and Sushi multiple domains 1, CSMD1). Both genes, as well 
as Family With Sequence Similarity 228 Member A (FAM228A), showed significant correlation between DNA methylation 
and sexually dimorphic gene expression, though FAM228A DNA methylation was less sexually dimorphic. Compari‑
son with other sex differences studies found that cg17612569 is male‑hypermethylated across gestation in placenta 
and in human blood up to adulthood.

Conclusions Overall, sex dimorphic differential methylation with associated differential gene expression in the first 
trimester placenta is small, but there remain significant genes that may be regulated through methylation leading 
to differences in the first trimester placenta.
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Background
The placenta is a transient organ that facilitates the 
growth of the fetus by exchanging nutrients and meta-
bolic biproducts with the maternal circulation. Respon-
sible for the growth and wellbeing of the fetus, it is also 
a source of many pregnancy-related morbidities. Spe-
cifically, the placenta has been implicated in fetal growth 
restriction and hypertensive diseases of pregnancy [1–3]. 
Fetal sex is also known to impact pregnancy related mor-
bidities [4, 5]. Male fetal sex (XY) has been associated 
with increased rates of preterm delivery, preterm prela-
bor rupture of membranes [4], as well as increased rates 
of gestational diabetes [6]. Male fetuses are also larger 
on ultrasound evaluations [7]. Given these differences 

in morbidity and growth profiles of pregnancies with 
male fetuses, further understanding is needed of gene 
expression and the upstream regulatory mechanisms 
responsible for sexually dimorphic placental phenotypes, 
particularly in early pregnancy.

The first trimester is a critical timepoint in placenta 
establishment (placentation). The invasion of tropho-
blast cells into the uterine wall and subsequent remod-
eling of spiral uterine arteries is thought to be involved in 
the progression of placental dysfunction including preg-
nancy loss, growth restriction, and hypertensive disease 
of pregnancy [8]. Further understanding the first trimes-
ter placenta is therefore essential in understanding, and 
some day preventing, pregnancy related morbidities.

Highlights 

• We identify sex differences in first trimester human placenta DNA methylation (n = 56) and total RNA‑sequencing 
(n = 74), with a sample overlap of n = 51.

• At late first trimester, there are 151 differentially methylated probes (DMPs), significantly different between female 
and male placenta at false discovery rate < 0.05. These encompass 11 differentially methylated regions.

• The gene with placental DNA methylation most affected by fetal sex is transcription factor ZNF300, hypermethyl‑
ated in males, and with significantly female upregulated gene expression in first trimester placenta, consistent 
with previous third trimester studies.

• In addition to ZNF300, other genes in significantly differentially methylated regions at first trimester include 
GABPA/ATP5J (hypermethylated in males); ZNF311, CCDC178, ATP5G2, FOXG1 (females); ZNF175 (males); SGCE 
(females); C6orf47-AS1/C6orf47, REC8, and FOXA1 (females).

• We identify 18 genes with significant fetal sex‑associated changes in both placenta DNA methylation and pla‑
centa gene expression. The most significant are ZNF300, tumor suppressor CSMD1, and transcription factor 
ZNF311.

Keywords Placenta, Early pregnancy, Healthy pregnancy, Fetal sex, DNA methylation, Total RNA‑seq, Sexual 
dimorphism

Plain language summary 

Fetal sex and placenta development affect pregnancy outcomes for both the fetus and mother throughout preg‑
nancy, including risk of miscarriages, preterm birth, preeclampsia, and other outcomes. Epigenetics, the “overlay” 
of regulatory signals on DNA which affects how DNA is read, is not well understood in early pregnancy when criti‑
cal placenta developments are happening that affect the rest of pregnancy. Here, we use leftover placenta biopsy 
samples (n = 56) donated by Cedars‑Sinai patients with informed consent to learn about first trimester human 
placenta DNA methylation differences due to fetal sex. Out of the total 743,461 sites analyzed, we identified 151 
sites significantly affected by fetal sex after correcting p‑values to reduce false positives (false discovery rate < 0.05). 
We also performed an analysis to look at multiple sites and identified 11 regions across the genome with significant 
DNA methylation changes due to fetal sex. Furthermore, because DNA methylation is a regulatory mark on DNA 
which typically dampens gene expression, we also compared the DNA methylation sex differences to placental RNA‑
sequencing gene expression analysis using the same tissue from a mostly overlapping patient group (n = 74 total 
sequenced, n = 51 overlap). We identify 18 genes which show both significant DNA methylation differences and gene 
expression changes. The most significant gene was transcription factor ZNF300 with higher DNA methylation in males 
and reduced gene expression in males (and thus higher gene expression in females). This study identifies some sex 
differences that continue until later pregnancy and others that are unique to first trimester.
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We and others have found sexually dimorphic gene 
expression in human placentas using RNA-sequencing 
(RNA-seq) [9–11]. Upstream regulators of gene expres-
sion such as DNA methylation at CpG dinucleotide sites 
is also important to understand and can vary by organs 
and tissues [12]. Other studies have found sex differences 
in methylation patterns and gene expression in term pla-
centas [13, 14]. Inkster et al. looked at 343 term placentas 
and found 162 CpG sites that were differentially methyl-
ated by sex [13]. Andrews et al. looked at 532 term pla-
centas (overlapping Inkster’s cohort) and found 5,212 
CpG sites differentially methylated by sex [14]. First tri-
mester placenta in healthy and normal karyotype preg-
nancies has been more difficult to study, but it is essential 
to understand the methylation profile of normal placen-
tation which impacts the rest of pregnancy. First trimes-
ter placenta tissue was collected from discarded sample 
after chorionic villus sampling (CVS), a prenatal diagnos-
tic test performed in late first trimester most commonly 
for advanced maternal age. Our cohort is composed of 
singleton, normal karyotype pregnancies conceived with-
out fertility treatments, continued until live births. The 
goal of the present study is to evaluate human first tri-
mester placenta for sex differences in DNA methylation 
and to identify which methylation changes alter gene 
expression.

Methods
Subject recruitment and sample procurement
For this sex differences analysis, we used the 56 spon-
taneous subjects from the original n = 138 Sponta-
neous/Medically Assisted/Assisted Reproductive 
Technology (SMAART) DNA methylation cohort, where 
spontaneous refers to pregnancies conceived with-
out fertility treatments [15]. Subjects who were already 
undergoing chorionic villus sampling (CVS) for medi-
cal reasons were recruited with informed consent on the 
day of their clinical visit. Research involvement did not 
affect the amount of tissue collected from the patient or 
other clinical decisions. Chorionic villi (first trimester 
placenta) tissue discarded after prenatal diagnostic test-
ing was placed in 250  µL of RNAlater RNA stabilizing 
solution (QIAGEN) and stored at − 80  °C until further 
processing for research. Genomics DNA and total RNA 
were isolated from the same tissue samples with the All-
Prep DNA/RNA Mini Kit (QIAGEN) and utilized for 
DNA methylation and total RNA-seq projects as previ-
ously described [15, 16]. All protocols were performed in 
accordance with the institutional review board’s guide-
lines at the Cedars-Sinai Medical Center under IRB Pro-
tocols Pro00006806 and Pro00008600. All pregnancies 
were singleton, normal karyotype, and resulted in live 
births. The gestational ages range at CVS was 71–99 days 

(mean 82 ± 6 days standard deviation). Pregnancies deliv-
ered at 39 ± 2  weeks gestation, all full term except two 
preterm births in the male cohort.

Analysis of demographic data
Demographics data collected included maternal/pater-
nal age, race, ethnicity, maternal BMI, fetal race/ethnic-
ity, maternal conditions such as hypertension, diabetes, 
thyroid disease, and other medical conditions. Pregnancy 
outcomes evaluated included gestational age at time of 
CVS, crown rump length (CRL) at time of CVS, gesta-
tional age at delivery, birthweight in grams, and mode 
of delivery. Pregnancy complications included hyper-
tension, diabetes, coagulation disorders, placenta pre-
via, placenta abruption, and other placental problems. 
Demographics analysis was performed to compare the 
cohorts by fetal sex. Means and standard deviations were 
reported for continuous variables and proportions were 
reported as percentages. The student’s T-test was used 
for normally distributed data and Chi-square test was 
used to compare categorical variables. Demographics 
were performed for the DNA methylation cohort (n = 56) 
and the RNA-seq cohort (n = 74).

DNA methylation data and filtering
The Infinium MethylationEPIC BeadChip array was fil-
tered to 743,461 autosomal probes, including 741,145 
CpG sites and 2316 CpH sites, with the following filter-
ing steps. Unreliable or masked probes were dropped 
using Dr Wanding Zhou’s EPIC array manifest file “EPIC.
hg38.manifest.tsv.gz” column MASK_general = TRUE 
[17], release 9/9/2018 available at (https:// zwdzwd. 
github. io/ Infin iumAn notat ion). Non-autosomal probes 
were dropped (chrX, chrY, mitochondrial sites, and NA). 
Probes overlapping a single nucleotide polymorphism 
were dropped, identified using probeType = “rs”. Probe 
annotations such as gene context were added from the 
MethylationEPIC v1.0 B5 manifest (Illumina), available at 
(https:// suppo rt. illum ina. com/ array/ array_ kits/ infin ium- 
methy latio nepic- beadc hip- kit/ downl oads. html).

Principal components analysis
For DNA methylation, principal components analysis 
was performed with R package eigen v4.2.0 for spec-
tral decomposition of a matrix.following methods for 
Eigenstrat software [18, 19]. The input was an M-values 
matrix of all EPIC array probes (for fetal sex verification 
only) or 743,461 autosomal probes (filtered as described 
above). For RNA-sequencing, principal components 
analysis was performed with R packages DESeq2 v1.4.0 
(to normalize counts for sequencing depth and perform 
a variance stabilizing transformation), limma v3.56.1 
(to batch correct for two sequencing runs with function 

https://zwdzwd.github.io/InfiniumAnnotation
https://zwdzwd.github.io/InfiniumAnnotation
https://support.illumina.com/array/array_kits/infinium-methylationepic-beadchip-kit/downloads.html
https://support.illumina.com/array/array_kits/infinium-methylationepic-beadchip-kit/downloads.html
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removeBatchEffect), and base R function prcomp with the 
top 500 most variable genes [20, 21]. Scatter plots were 
created and combined with R packages ggplot2, cowplot, 
and pdftools.

Differentially methylated probes (DMPs), regions (DMRs), 
and gene ontology
The Infinium MethylationEPIC BeadChip array results 
for 56 placentas (25 female, 31 male) at 743,461 probes 
were analyzed in a generalized linear model to compare 
female versus male methylation (M-values) without 
covariates, using the limma v3.56.0 R package function 
lmFit [21]. The P-values were adjusted for multiple com-
parisons using Benjamini-Hochberg’s False Discovery 
Rate method to generate “FDR” values [22]. Probes were 
significantly sexually dimorphic at FDR < 0.05, equiva-
lent to P < 1 ×  10–5 in this study. Enriched gene ontol-
ogy (GO) terms from differentially methylated probes 
(DMPs) at FDR < 0.05 were identified using R package 
missMethyl v1.34.0, which accounts for the number of 
probes per gene and the number of probes analyzed total 
[23]. Additionally, probes reached a stricter “genome-
wide significance” threshold if they met unadjusted 
P-value < 9 ×  10–8, the threshold recommended for the 
EPIC BeadChip array [24]. Quantile–quantile plots were 
created using R package qqman v0.1.9 [25]. Manhattan 
plots were created with the most significant 5000 probes 
by unadjusted P-value with R packages ggplot2, ggre-
pel, and cowplot. The x-axis uses the chromosome and 
GRCh38 start site from the EPIC manifest and the y-axis 
separates probes by either −  log10(P-value) or limma out-
put “logFC” describing direction of methylation. To iden-
tify differentially methylated regions (DMRs) between 
female and male placentas, methylation (M-values) for 
56 placentas at 743,461 probes were input into DMRcate 
v2.14.0 functions cpg.annotate and dmrcate [26, 27]. We 
used the default values for Gaussian kernel bandwidth for 
smoothed-function estimation (lambda = 1000) and scal-
ing factor for bandwidth (C = 2).

RNA‑sequencing and sex differences analysis
We utilized our largest dataset with total RNA-seq of 
spontaneous and healthy first trimester human placentas, 
n = 74 (34 females and 40 males), available at The National 
Center for Biotechnology Information Gene Expres-
sion Omnibus (NCBI GEO) under accession GSE215421 
[16]. The GSE215421 data includes re-sequenced sam-
ples from bulk total RNA-seq projects under accessions 
GSE109082 (n = 39) and GSE131874 (n = 4) [9, 28]. For 
each placenta sample, the RNA and DNA were isolated 
on the same day using the two-column kit, AllPrep DNA/
RNA Mini Kit (QIAGEN), as previously described [9, 15, 
16, 28, 29]. The total RNA and genomic DNA elutions 

were stored at − 80 °C until use for RNA-seq or the Illu-
mina EPIC array. The counts matrix for GSE215421 was 
filtered to compensate for imperfect ribosomal RNA 
(rRNA) depletion during library preparation. Ensembl 
Gene IDs with gene biotype “rRNA” in the Ensembl 
release 91 annotations were dropped for all samples dur-
ing bioinformatics analysis. Ensembl Gene IDs with zero 
counts across all n = 74 samples were also dropped. The 
final counts matrix contained 74 placentas and 55,319 
genes. Differential expression analysis was performed 
using R package DESeq2 v1.40.0 to fit each gene into a 
negative binomial generalized linear model to compare 
females versus males, batch adjusted for two sequenc-
ing runs [20, 30]. The resulting Wald test P-values were 
adjusted for multiple comparisons using the Benjamini–
Hochberg False Discovery Rate (FDR) procedure [22].

Integrated analysis comparing gene expression and DNA 
methylation
DMPs with sex differences at P < 0.01 were matched 
to corresponding genes using the gene symbols and 
Ensembl Transcript IDs in the EPIC manifest (GEN-
CODE release 12), cross-referenced with the Ensembl 
BioMart server using R package biomaRt with GRCh37 
and GRCh38 (Ensembl release 91) to output Ensembl 
Gene IDs corresponding to specific probeIDs. These 
Ensembl Gene IDs were used to merge RNA-seq results 
(n = 74 placentas) to DNA methylation results (n = 56 
placentas), creating a dataset of 35,862 matches (12,560 
unique probeIDs and 7737 unique genes). Using 51 pla-
centas with data from both experiments, gene expression 
was correlated to DNA methylation using a generalized 
linear model with R version 4.3.3 function lm and model 
“gene expression ~ methylation M values”. Specifically, 
gene expression was defined as counts normalized for 
sequencing depth (“baseMeans” from DESeq2), trans-
formed with  log2(x + 1) and then corrected for batch 
using limma::removeBatchEffect.

Results
Demographics
Two largely overlapping placenta cohorts were used 
for first trimester sex differences analyses (Fig.  1A). 
Demographics analyses were performed to compare 
each cohort by fetal sex (Table 1, Additional file 1). The 
methylation cohort included 56 pregnancies (25 car-
rying a female fetus, 31 a male fetus). The methylation 
cohort subjects were mostly Caucasian non-Hispanic 
but had no differences in maternal/paternal age, race, 
ethnicity, BMI, maternal medical conditions, pregnancy 
outcomes, or pregnancy complications (Supplemen-
tal Table S1, Table 1). The RNA-seq cohort included 74 
pregnancies (34 carrying a female fetus, 40 a male fetus). 



Page 5 of 17Gonzalez et al. Biology of Sex Differences           (2024) 15:63  

RNA-seq cohort subjects were mostly Caucasian, non-
Hispanic. However paternal ethnicity was more often 
non-Hispanic (93%) in the male fetus cohort than in the 

female fetus cohort (85%) (p = 0.041). No differences were 
noted in maternal age, race, ethnicity, BMI, maternal 
medical conditions, pregnancy outcomes, or pregnancy 

A

Expected -log10(Pvalue)

Differentially methylated probes
DNA methylation ~ fetal sex
741,145 CpG + 2,316 CpH input
(autosomal chromosomes, 
unmasked, no polymorphisms)

Differentially methylated regions
DMRcate R package
11 sex different regions identified

Correlation analysis, n=51 
Gene expression ~ methylation
Probes P<0.01 in DMP analysis input
Any gene matches input

Differential gene expression
Counts ~ fetal sex + batch
55,319 genes input (non-zero counts,
all chromosomes, no rRNAs)

Late first trimester human placenta, weeks 10-14

Infinium MethylationEPIC 
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Fig. 1 Sample cohorts and quality control. A Summary of the first trimester placenta cohorts and analyses. F = females, M = males. B Principal 
components analysis for the DNA methylation cohort. The pre‑filtered dataset confirms fetal sex. The filtered dataset no longer shows clustering 
by sex. C Quantile–Quantile plot for the differentially methylated probes (DMP) analysis. Points are individual methylation sites (probes). Red line 
at  Pobserved =  Pexpected

Table 1 Brief demographics and pregnancy outcomes

Data given as “mean ± standard deviation” or “count (%)”. Detailed demographics are available in Additional file 1

DNA methylation cohort RNA‑seq cohort

Females
n = 25

Males
n = 31

P value Females
n = 34

Males
n = 40

P value

Maternal age (years) 40 ± 1.9 39 ± 2.2 0.1003 39 ± 2.0 39 ± 2.4 39 ± 2.0

Paternal age (years) 42 ± 5.8 41 ± 4.0 0.2862 41 ± 5.4 41 ± 4.6 41 ± 5.4

Maternal BMI 23 ± 3.8 22 ± 2.8 0.3908 22 ± 3.6 22 ± 2.8 0.5489

Fetal race 20 (80%) Caucasian 29 (95%) Caucasian 0.398 29 (85%) Caucasian 39 (98%) Caucasian 0.055

Fetal ethnicity 18 (72%) non‑Hispanic 27 (87%) non‑Hispanic 0.157 24 (71%) 35 (88%) 0.071

Gestational age at CVS (days) 82 ± 7.3 82 ± 5.5 0.8851 84 ± 6.4 82 ± 5.9 0.2350

Gestational age at delivery 276 ± 7.5 272 ± 18 0.2858 274 ± 8.3 273 ± 16 0.9085

Birthweight (g) 3398 ± 487 3445 ± 728 0.7976 3337 ± 475 3517 ± 676 0.2334
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complications (Supplemental Table  S2, Table  1). Princi-
pal components analysis showed that when sex chromo-
somes were included, samples separated by fetal sex and 
not by other demographics variables (Additional file  2). 
When sex chromosomes were excluded, fetal Hispanic 
samples somewhat clustered in DNA methylation data, 
but were still located within the larger group (Additional 
file 2).

DNA methylation analysis quality control
DNA methylation of first trimester human placentas was 
measured using the EPIC array. The fetal sex of processed 
placenta samples was verified experimentally using a 
principal components analysis starting with all sites on 
the EPIC array, including chromosomes X and Y which 
segregate samples by fetal sex (Fig. 1B, Additional file 2). 
However, sex chromosome DNA methylation cannot 
be accurately compared between female and male sam-
ples due to differences in copy numbers and phenomena 
such as X chromosome inactivation which involves wide 
spans of DNA and histone methylation across one copy 
of the female chromosome X, but not the other. Differen-
tially methylated probes (DMPs) analysis was performed 
to identify sexually dimorphic sites using only autoso-
mal chromosomes, without other sources of unreliabil-
ity such as masked probes or probes at single nucleotide 
polymorphisms. Principal components analysis of the 
final sites shows that placental samples no longer clus-
ter by fetal sex without the sex chromosomes, indicating 
that global placental DNA methylation is largely similar 
between sexes (Fig. 1B, Additional file 2). The Quantile–
Quantile plot of P-values shows a lambda value of 1.1249 
indicating low inflation (Fig. 1C).

Differentially methylated probes (DMPs) affected by fetal 
sex
We identified 151 autosomal differentially methylated 
probes (DMPs) significantly altered between female and 
male placentas at FDR < 0.05 (here equal to P < 1 ×  10–5), 
with a slight majority of 59% (89 DMPs) hypermethylated 
in females, and 62 hypermethylated in males (Additional 
file  3, Additional file  4). Among these 151 DMPs, there 
were 29 CpG sites that reached genome-wide significance 
(P < 9 ×  10–8), with 10 hypermethylated in females and 
19 hypermethylated in males (Table 2). The most signifi-
cantly female hypermethylated probe was cg00167275, 
located in the 5′ untranslated region (5′UTR) and first 
exon of glutamate dehydrogenase 1 (GLUD1), and before 
the transcription start site of double-strand break regula-
tor FAM35A (also called SHLD2). The most significantly 
male-hypermethylated probe was cg17612569, located 
before the transcription start site of transcription fac-
tor subunit GABPA and at different locations of ATP 

synthase subunit ATP5J transcripts (5′UTR, first exon, 
and coding region). No CpH (CpA, CpC, or CpT) probes 
reached FDR < 0.05 significance.

Manhattan plots were created to visualize site sig-
nificance across the genome (Fig.  2A). Chromosome 5 
showed a cluster of 13 probes mapped to the promoter 
region of zinc finger protein 300 (ZNF300) gene, 200 bp 
or 1500  bp upstream of the ZNF300 transcription start 
site (Additional file 4). Twelve sequential ZNF300 probes 
were significantly hypermethylated in male placen-
tas with strong trends, including 9 in a CpG island and 
4 in a south shore (downstream of the CpG island), and 
only the final 13th probe (further downstream from the 
rest) showed female-hypermethylation. Additional clus-
ters of methylation differences were evident across the 
genome, though not all reached genome-wide signifi-
cance (Fig. 2B).

Gene ontology analysis was performed using the 151 
DMPs, resulting in 248 enriched gene ontology terms at 
P < 0.05 (Additional file 5). The five most significant terms 
were “endothelial cell–cell adhesion” (P = 0.000123), 
“presynaptic active zone” (P = 0.000694), “intracellular 
non-membrane-bounded organelle” (P = 0.00204), “non-
membrane-bounded organelle” (P = 0.002047), and “S100 
protein binding” (P = 0.002195) (Fig. 2C).

Differentially methylated regions
A detailed analysis of differentially methylated regions 
(DMRs) was performed to confirm findings on the 
Manhattan plot. We identified eleven DMRs on auto-
somal chromosomes, eight regions hypermethylated 
in female placentas and three regions hypermethylated 
in male placentas (Table  3). The most significant DMR 
was composed of 14 probes in ZNF300, hypermethyl-
ated in males. The longest DMR between female and 
male placentas was male-hypermethylated, located in 
genes GABPA/ATP5J, and composed of 23 probes across 
1543 base pairs. The most significant female-hypermeth-
ylated DMR was located in ZNF311 with 16 probes. 
Another zinc finger domain-containing transcription 
factor, ZNF175, appeared to be among the most male-
hypermethylated genes (Fig.  2B) and was confirmed as 
a significant male-hypermethylated DMR. Chromo-
some 14 had three DMR, all female-hypermethylated, 
including two forkhead box transcription factor genes 
(FOXG1 and FOXA1). Chromosome 6 had two DMRs 
(ZNF311 and C6orf47/C6orf47-AS1), also both female-
hypermethylated. Other DMRs were located on separate 
chromosomes.

Comparison to RNA‑seq sex differences
We previously found ZNF300 gene expression signifi-
cantly upregulated in female placenta, compared to male, 
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in bulk total RNA-seq of n = 39 [9]. We combined addi-
tional bulk total RNA-seq data to perform a new sex dif-
ferences analysis on n = 74 first trimester human placenta 
samples. Differential expression analysis identified 152 
differentially expressed genes (DEGs) between females 
and males at FDR < 0.05, with 48 female-upregulated 
and 104 male-upregulated (Additional file  6). The most 
female-upregulated gene was XIST (167-fold higher in 
females, FDR = 0), an X-linked gene involved in X-chro-
mosome inactivation. The most male-upregulated genes 
were Y-linked protein coding genes RPS4Y1, DDX3Y, 
UTY , EIF1AY, ZFY, USP9Y, KDM5D, and non-coding 
TTTY15 (Fig.  3A). By fold change, the most sexually 
dimorphic autosomal genes were chemokine ligand 9 

(CXCL9, 6.3-fold higher in males, FDR = 0.0021) and 
insulin-like growth factor binding protein 1 (IGFBP1, 
6.27-fold higher in females, FDR = 0.0090) (Fig.  3B). 
By significance, the most sexually dimorphic gene was 
ZNF300 (2.12-fold higher in females, FDR = 2.98 ×  10–8).

DMPs at FDR < 0.05 were matched to the RNA-seq 
results to identify overlapping genes of interest (Addi-
tional file 7). Of the 151 DMPs, 42 were located in genes 
that showed at least nominally significant sex differences 
in RNA-seq (P < 0.05), and 17 DMPs were located in two 
genes significant after adjustment for multiple com-
parisons (FDR < 0.05 in the RNA-seq): ZNF300 which 
was consistently male-hypermethylated, and tumor 
suppressor gene CUB and Sushi multiple domains 1 

Table 2 Differentially methylated probes (DMPs) in first trimester placenta that reach genome‑wide significance (P < 9 ×  10–8)

3′UTR  3′ untranslated region, 5′UTR  5′ untranslated region, Chr chromosome, FDR false discovery rate, logFC log fold change of methylation, Start start position 
within chromosome (GRCh37), TSS200 window of 200 bases before the transcription start site, UCSC University of California Santa Cruz Genome Browser annotation 
for the probe

probeID Chr:Start UCSC gene (context) Relation to 
UCSC CpG 
Island

LogFC and 
direction higher 
methylation

P‑value FDR

cg17612569 21: 27,107,221 GABPA (TSS200); ATP5J (5′UTR, 1stExon, Body) Island − 2.066 Male 4.58E−28 3.41E−22

cg13192180 17: 65,717,569 NOL11 (Body) S_Shelf − 0.902 Male 7.91E−18 2.94E−12

cg00167275 10: 88,854,588 FAM35A (TSS1500); GLUD1 (5′UTR, 1stExon) Island 2.329 Female 5.36E−16 1.33E−10

cg15817705 1: 209,406,063 S_Shore − 0.468 Male 5.33E−14 9.91E−09

cg09516963 12: 68,042,445 DYRK2 (TSS200) Island 0.783 Female 4.41E−12 5.49E−07

cg09241427 11: 70,860,363 SHANK2 (5′UTR) 0.473 Female 4.43E−12 5.49E−07

cg08937153 8: 48,504,810 SPIDR (body) − 0.602 Male 1.55E−11 1.65E−06

cg10661558 21: 15,443,159 Island 0.714 Female 7.50E−11 6.97E−06

cg00804338 13: 114,239,234 TFDP1 (5′UTR, Body) 1.629 Female 3.48E−10 2.87E−05

cg25452172 12: 58,162,751 METTL1 (3′UTR) N_Shelf − 0.330 Male 5.86E−10 4.06E−05

cg20374928 20: 42,087,910 SFRS6 (body) S_Shore 0.467 Female 6.01E−10 4.06E−05

cg15604132 5: 150,285,117 ZNF300 (TSS1500) S_Shore − 1.277 Male 1.24E−09 7.70E−05

cg05994094 18: 31,020,806 C18orf34 (TSS200, TSS1500) Island 1.698 Female 1.99E−09 0.000114

cg08580836 5: 150,284,448 ZNF300 (TSS200) Island − 1.782 Male 2.30E−09 0.000122

cg09829303 7: 134,419,774 0.380 Female 2.46E−09 0.000122

cg14974262 5: 150,284,594 ZNF300 (TSS200) Island −1.412 Male 4.76E−09 0.000217

cg04032578 5: 150,284,619 ZNF300 (TSS200) Island − 1.369 Male 4.96E−09 0.000217

cg12777992 5: 150,284,634 ZNF300 (TSS200) Island − 1.605 Male 5.75E−09 0.000237

cg21228005 5: 150,284,796 ZNF300 (TSS 1500) S_Shore − 2.192 Male 6.39E−09 0.00025

cg18237551 5: 150,284,600 ZNF300 (TSS 1500) Island − 1.469 Male 7.74E−09 0.000288

cg17561788 22: 20,114,683 RANBP1 (3′UTR) N_Shelf − 0.507 Male 1.10E−08 0.000387

cg12385553 22: 17,256,079 − 0.669 Male 1.15E−08 0.000387

cg02343823 5: 150,284,419 ZNF300 (TSS200) Island − 1.341 Male 1.73E−08 0.000558

cg07628841 2: 27,851,430 GPN1 (TSS200, TSS1500); CCDC121 (5′UTR, 1st Exon) 0.748 Female 1.90E−08 0.000587

cg11291313 5: 150,284,530 ZNF300 (TSS200) Island − 1.270 Male 2.10E−08 0.000626

cg09971754 16: 89,557,657 ANKRD11 (TSS1500) Island − 0.864 Male 2.57E−08 0.000736

cg13150358 2: 51,808,957 0.615 Female 3.77E−08 0.001017

cg26486466 5: 150,284,616 ZNF300 (TSS200) Island − 1.179 Male 3.83E−08 0.001017

cg21161307 8: 86,981,879 − 1.213 Male 7.03E−08 0.001802
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Fig. 2 Manhattan plots of the top probes by P‑values. Chromosomes alternate colors and magenta points highlight gene ZNF300. A The top 5000 
probes by P‑values separated by significance. Higher −  log10(P) values means probes are more significantly sex different. Probes reach FDR < 0.05 
(P < 1 ×  10–5) significance above the solid green and genome‑wide significance above the dashed green line at P = 9 ×  10–8. B Only the significant 
probes (FDR < 0.05), plotted for direction of methylation: positive values indicate hypermethylation in female placentas, and negative values indicate 
hypermethylation in male placentas. C Top 10 enriched gene ontology terms for the DMPs, sorted by P‑value
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(CSMD1) which had gene expression 1.78-fold higher 
in males but inconsistent CpG hypermethylation direc-
tions in the gene body (none in the promoter region). 
Probe cg05994094 was genome-wide significant and 
hypermethylated in females and its corresponding gene, 
coiled-coil domain-containing protein 178 (CCDC178), 
had 1.46-fold higher gene expression in males at P < 0.05 
(Fig. 3C), consistent with expectations. Three genes from 
the DMR region analysis were associated with sexu-
ally dimorphic gene expression: ZNF300, ZNF311, and 
CCDC178.

To directly access which DNA methylation sex differ-
ences affect gene expression, we integrated the data-
sets. DNA methylation probes with sex differences at 
P < 0.01 (12,560 probes) were matched to overlapping or 
nearby genes, resulting in 35,862 gene-probe matches 
for a correlation analysis using the 51 overlapping pla-
centas (Additional file 8). Of these, 3083 (5.7%) and 396 
(0.72%) gene-probe matches reached correlation signifi-
cances of P < 0.05 or FDR < 0.05, respectively, indicating 
that methylation sex differences alter expression of a 
small subset of placental genes. When limited to sexu-
ally dimorphic genes identified earlier in the full cohort 
RNA-seq, 152 gene-probe matches (146 unique probes) 
show significant methylation correlation to gene expres-
sion in first trimester placenta (P < 0.01 DNA meth-
ylation, P < 0.05 RNA-seq, and FDR < 0.05 correlation). 
Of these, three genes met FDR < 0.05 in the RNA-seq: 
FAM228A, ZNF300, and CSMD1 (Fig.  3C), indicating 
strong sex differences in the placental transcriptome. 
FAM228A showed a significant inverse (negative) cor-
relation, indicating that female-hypermethylation causes 
male-upregulated expression (Fig.  3D). ZNF300 showed 
an inverse correlation as well. CSMD1 showed a positive 

correlation for the most significant 12 probes (correlat-
ing at FDR < 0.05), suggesting that hypermethylation 
at these sites increases gene expression. The correla-
tion analysis also highlighted proteasome subunit alpha 
type 8 (PSMA8) which showed a significant inverse cor-
relation in eleven FDR < 0.05 probes. ZNF175, a sexu-
ally dimorphic DMR, showed strong inverse correlation 
between placental DNA methylation and gene expression 
(FDR < 0.05), though the gene was not significantly sex 
different in this RNA-seq.

Methylation sex differences across studies
The 151 DMPs were cross-referenced across different 
studies to identify which are uniquely sex different in 
first trimester placenta, which show placental sex differ-
ences later in gestation, and which also show sex differ-
ences in the whole blood of neonates or adults (Figs.  4, 
5). All studies were compared at significance threshold 
FDR < 0.05, and non-significant sites were examined for 
directional trends.

Our DMPs showed good consistency with Andrews 
et  al. [14] sex differences analysis of human placenta 
at different gestational ages, including an independent 
cohort of 22 first trimester placentas at 8–14  weeks. 
We found novel results for 60 DMPs (40%) due to the 
higher number of methylation sites in the EPIC array, 
compared to the older 450  k array. Of 91 (60%) DMPs 
remaining, methylation directions were consistent 
across gestation: 84, 83, 66, and 86 DMPs matched in 
the first, second, third trimester (preterm), and full term 
placenta cohorts, respectively. At FDR < 0.05, we iden-
tified 3, 16, 6, and 71 DMPs with shared significance, 
respectively. The 3 DMPs significant in both first tri-
mester cohorts were cg26605406 (ZNF175), cg20696478 

Table 3 Differentially methylated regions (DMRs) between female and male placentas at first trimester

Chr chromosome, Start/end chromosome positions in the hg19 (GRCh37) human genome context, Min smoothed FDR Minimum false discovery rate of the smoothed 
estimate

Genes Chr Start End Width Mean 
differential/
coefficient

Direction higher 
methylation

Number of 
probes

Min smoothed FDR

ZNF300 5 150,284,416 150,285,753 1338 − 0.180367513 Males 14 1.51E−101

GABPA, ATP5J 21 27,106,440 27,107,982 1543 − 0.010012545 Males 23 1.95E−97

ZNF311 6 28,972,876 28,974,115 1240 0.068131039 Females 16 1.44E−59

CCDC178 18 31,020,209 31,021,065 857 0.077019907 Females 10 9.97E−39

ATP5G2 12 54,070,357 54,071,264 908 0.05002285 Females 15 1.08E−34

FOXG1 14 29,235,904 29,236,535 632 0.071279022 Females 13 4.22E−34

ZNF175 19 52,073,990 52,075,189 1200 − 0.160994092 Males 10 3.35E−33

SGCE 7 94,284,258 94,284,919 662 0.040896097 Females 23 1.41E−31

C6orf47-AS1, C6orf47 6 31,628,050 31,628,440 391 0.047168157 Females 13 3.40E−25

REC8 14 24,640,895 24,641,201 307 0.062290522 Females 9 4.98E−25

FOXA1 14 38,064,490 38,064,532 43 0.02854228 Females 4 3.48E−24
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Fig. 3 RNA‑seq sex differences and correlation to DNA methylation. A, B Volcano plots for RNA‑seq sex differences in placenta, with dashed 
lines at P = 0.05 and FDR = 0.05 (these lines overlap in A due to the y‑axis range). C Violin plots comparing female and male gene expression: 
log2(baseMeans) adjusted for batch. Horizontal lines indicate the mean. Sex differences: *P < 0.05, **FDR < 0.05. D Manhattan plot of correlation 
results with the overlapping cohort (n = 51), comparing gene expression (“expr”) to DNA methylation (“methyl”). Each point is a probe. Probes 
located in the same gene are grouped with rectangles. Non‑significant (“NS”, RNA‑seq P ≥ 0.05) genes are semi‑transparent. Magenta color 
highlights three genes with correlation FDR < 0.05 and RNA‑seq FDR < 0.05 (FAM228A, ZNF300 and CSMD1)
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(ZNF175), cg17612569 (GABPA/ATP5J), all male-
hypermethylated genes significant in our region analy-
sis (Table  2). We identified more significant matches 

with Andrews’ second trimester and full term cohorts, 
possibly because our cohort is at late first trimester 
(10–14  weeks). Inkster et  al.’s [13] full term analysis 
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Fig. 4 Comparison with other sex differences studies, chromosomes 1–7. DMPs FDR < 0.05 in this study are compared to DMPs in Andrews et al., 
Santos et al., Inkster et al., and Grant [13, 14, 32, 33]. DMPs are sorted by chromosome position and labeled “genes_chromosome_probeID”. RNA‑seq 
sex differences in this study are highlighted for significant (FDR < 0.05) and nominally significant (P < 0.05) genes using asterisks, with color bars 
for genes with > 2 DMPs
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includes some overlap with Andrews’ full term cohort 
and showed similar results, with 79 DMPs in the same 
direction (61 DMPs significant) and 66 DMPs with no 

available data. We also examined a sex-stratified com-
parison of second versus third trimester placenta [31], 
but no DMPs overlapped.
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Fig. 5 Comparison with other sex differences studies, chromosomes 8–22. Continuation of Fig. 4, with similar labeling
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We also compared our 151 DMPs to two EPIC array 
studies of preterm placenta and whole blood. In San-
tos et  al.’s [32] sex differences analysis of the Extremely 
Low Gestational Age Newborn (ELGAN) cohort (23–
27 weeks, n = 1171), we found FDR < 0.05 matches for 51 
DMPs in preterm placenta (34%) and 22 DMPs in neo-
natal peripheral blood (15%). In Grant et  al.’s [33] adult 
blood analysis, only 8 DMPs (5%) matched, the lowest 
percent of all compared. One CpG methylation site was 
significantly male-hypermethylated at FDR < 0.05 in all 
studies including adult blood: cg17612569 (GABPA/
ATP5J, chr21) (Fig.  5). Another near-unanimous meth-
ylation site was female-hypermethylated cg06710937 
(chr13) near genes RFESDP1, LINC00621, BASP1P1, and 
IPMKP1, none of which were sex different in our placen-
tal RNA-seq.

Placental female-hypermethylation resulted in higher 
gene expression for males at several genes including: 
GABA-receptor subunit GABRB1 (chr4), transmem-
brane glycoprotein embigin (EMB, chr5), transcription 
factors ZNF311 (chr6) and GTF3C6 (chr6), methionine 
sulfoxide reductase A (MSRA, chr8), the cell cycle regu-
lating transcription factor TFDP1 (chr13), read-through 
product NEDD8-MDP1 (chr14), fibroblast growth factor 
7 (FGF7, chr15), CCDC178 (chr18). Of these transcrip-
tome-altering DMPs, MSRA female-hypermethylation is 
uniquely significantly at first trimester placenta. TFDP1 
and EMB methylation may also be unique to first tri-
mester placenta, but information is lacking across 
gestation. CSMD1 DMPs (chr8) had inconsistent meth-
ylation directions, mostly male-hypermethylated except 
for female-hypermethylated cg12269374 located in the 
gene body. Two DMPs showed female-hypermethylation 
and female-upregulated gene expression: cg16446577 
at peptidase inhibitor PI16 (chr6) which was consist-
ently female-hypermethylated across gestation, and 
cg18685455 (chr6) which corresponds to AHI1 (involved 
in vesicle trafficking) as well as one of several regions 
encoding Y_RNA and is thus difficult to interpret.

Placental male-hypermethylation rarely resulted in 
higher gene expression for female placentas, only seen for 
our most significant result ZNF300 (chr5), and for long 
non-coding gene AP001065.15 also called LINC02575 
(chr21). ZNF300 was consistently male-hypermethyl-
ated across gestation in placenta, but mostly not blood 
except for cg08580836 which was significant in neo-
natal blood [32]. AP001065.15 (cg20877594) was also 
male-hypermethylated in preterm placenta and match-
ing neonatal blood [32]. Three other genes were male-
hypermethylated in placenta but showed nominally 
higher gene expression in males: RAS oncogene fam-
ily member RAB7A (chr3), CSMD1 (chr8) discussed 
above, and nuclear lamin B2 (LMNB2, chr19). RAB7A 

was male-hypermethylated across gestation in pla-
centa, whereas LMNB2 may be unique to first trimester 
placenta.

Discussion
Global DNA methylation sex differences with associated 
gene expression differences are small in the first trimes-
ter placenta, however we identified 151 differentially 
methylated probes (DMPs) and 11 differentially methyl-
ated regions (DMRs) in first trimester placenta. Since we 
conducted DNA methylation and RNA-seq analysis on 
the same cohort, we were able to determine if changes 
in DNA methylation coincided with changes in gene 
expression in the same samples. Of interest, most sig-
nificant DMPs and DMRs do not cause gene expression 
changes in the genes where they are localized, with only 
42 DMPs and 3 DMRs associated with sexually dimor-
phic expression. This suggests that upstream mechanisms 
other than DNA methylation may play a role in sexually 
dimorphic gene regulation in the first trimester placenta 
during placentation.

Three of the 11 DMRs were associated with zinc fin-
ger protein genes (ZNF300, ZNF311, ZNF175), encod-
ing DNA-binding proteins that often function as 
transcription factors. Our most significant result was 
male-hypermethylated ZNF300, found significantly sexu-
ally dimorphic in multiple placental DNA methylation 
and RNA-seq studies across gestation, including our 
previous RNA-seq study as well as other independent 
studies [9, 10, 13, 14, 34]. Placenta sex differences stud-
ies where it was not significant either could not evalu-
ate (P-value = no value) or did not include it in the final 
analysis due to low gene expression in placenta [10, 11, 
28]. ZNF300, though poorly expressed, may contribute 
to sexually dimorphic pregnancy outcomes. Hypermeth-
ylation of the ZNF300 gene in placenta is associated with 
intrauterine growth restriction in twin pregnancies at 
term [35], as well as preeclampsia at term [36]. ZNF300 
is also involved in cellular differentiation, with knock-
down of ZNF300 leading to increased proliferation but 
decreased differentiation of megakaryocytes and erythro-
cytes from a progenitor cell line [37]. ZNF300 therefore 
could be involved in adequate differentiation of placenta 
cells leading to proper establishment of the maternal-
placental unit, though more research is needed. ZNF175 
was also  significantly male-hypermethylated at first tri-
mester here and a previous smaller study, but not signifi-
cant in the second trimester and results were mixed at 
term [13, 14]. Although gene expression trended weakly 
higher in females in our first trimester (this study) and 
Olney et al.’s third trimester total RNA-seq [31], ZNF175 
only reached P < 0.1 and was not significant after adjust-
ment for multiple comparisons in either trimester’s total 
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RNA-seq. However, in our larger independent cohort 
analysis of messenger RNA (mRNA)-seq placental sex 
differences, we do find ZNF175 significantly 1.4-fold 
higher in female first trimester (FDR = 5.35E−6), but not 
significant in third trimester (P > 0.2) [34]. This suggests 
that ZNF175 sex differences in placental gene expression 
exist in early pregnancy but are more subtle, possibly 
only seen in polyadenylated transcripts or larger data-
sets. Differential methylation of ZNF175 may play a role 
in sexually dimorphic placental disease states. ZNF175 
is hypomethylated and overexpressed in placenta of 
patients with preeclampsia, compared to controls [38–
40]. Fetal sex appears to have a gestational age-dependent 
effect on preeclampsia risk, with female fetal sex more 
associated with preterm preeclampsia [6, 41], and oth-
erwise conflicting results depending on study population 
[6, 42–44]. ZNF311 was the most significantly female-
hypermethylated DMR and showed significantly higher 
gene expression in males at first trimester, but loses sex-
ual dimorphism by term [13, 14]. There is limited infor-
mation regarding the role of ZNF311. It is an oncogene 
associated with tumor infiltrating immune cells in glio-
mas [45], and thus may play a role in the immune milieu 
at the maternal–fetal interface.

Genes with differentially methylated CpG sites and cor-
responding differential expression, unique to our dataset 
in the first trimester placenta, include EMB, LMNB2, 
NEDD8-MDP1, and TFDP1. The genes EMB and TFDP1 
contained female-hypermethylated sites and showed 
male upregulated gene expression in first trimester pla-
centa. Both EMB, which encodes the Embigin trans-
membrane glycoprotein, and TFDP1 which encodes a 
member of a family of transcription factors which con-
trol cell cycle regulators, are involved in cell growth 
which may play a role in sexual dimorphic outcomes in 
fetal growth [46]. Additionally, knockout of TFDP1 with 
CRISPR/Cas9 reduces the invasion phenotype of HTR8 
cells, a model of placental extravillous trophoblasts [47], 
and thus TFDP1 alterations may directly affect placenta-
tion. LMNB2 encodes lamin B2, a nuclear-localized pro-
tein involved in cell proliferation and apoptosis [48]. We 
found LAMNB2 gene to be male-hypermethylated with 
higher gene expression in females. Abnormal expression 
of LMNB2 has been identified in multiple types of can-
cers, likely due to the impact on cellular proliferation and 
DNA damage repair [48]. Differential gene expression 
among the sexes may lead to differences in nuclear mem-
brane stability, particularly in syncytiotrophoblasts, and 
cellular proliferation leading to alterations in placental 
function.

In first trimester, CSMD1 gene was male-hypermethyl-
ated and showed a positive correlation with gene expres-
sion. CSMD1 coverage in other placental array studies 

is poor and inconsistent. However, consistent with our 
results in first trimester, Gong et al.  who used term pla-
centa and bisulfite sequencing found male-hypermethyl-
ation of CSMD1, then confirmed higher gene expression 
in males [49]. Furthermore, they found placenta-spe-
cific CSMD1 gene regulation, with DNA methylation 
only sexually dimorphic in placenta but not eight other 
somatic tissues, and a placenta-specific transcript that 
starts downstream of the canonical CSMD1 transcription 
start site. The DMPs we identified in first trimester pla-
centa are still within the gene body and not the promoter, 
indicating an alternative gene regulation method than 
the typical gene suppression by promoter methylation. 
CSMD1 gene expression has multiple tumor-suppressing 
functions through the SMAD pathway (promotes apop-
tosis, reduces cell proliferation and migration) [50], likely 
contributing to trophoblast cell regulation during pla-
centation in first trimester. Notably, a polymorphism in 
CSMD1 (rs2924725) affects COVID-19 hospitalization 
risk differently in females and males [51]. This suggests 
that the function of CSMD1 is vulnerable to site-specific 
differences (either by DNA methylation or polymor-
phism) and that the downstream effect is further influ-
enced by sex.

The most significant pathways of the DMPs included 
two cell–cell adhesion pathways. Cell–cell adhesion is an 
essential pathway for placentation which involves many 
categories of adhesion molecules (e.g. integrins) involved 
in within-placenta cell adhesion such as establishment 
of the syncytiotrophoblasts layer [52], as well as mater-
nal–fetal interactions such as the development of the 
spiral arteries necessary for oxygen and nutrient trans-
fer during pregnancy [53, 54]. Endothelial and epithelial 
cell–cell adhesion regulation specifically  is essential for 
establishment of placental vascular networks, for exam-
ple when trophoblasts (epithelial) invade uterine spiral 
uterine arteries (which begin with an endothelial lining) 
and restructure the cell environment [55, 56]. Defects or 
subtle alterations in cell–cell adhesion can contribute to 
the development of preeclampsia [54].

This placenta DNA methylation sex differences study 
has several strengths, including a larger single cohort 
and a primary focus on characterizing first trimester pla-
centa. The study was designed to minimize confound-
ing variables that affect methylation measurements. 
All placenta samples in this study were normal karyo-
type, collected within a short window of gestational age 
(10–14 weeks) in the same hospital, with DNA and RNA 
simultaneously co-isolated from the same tissue per sub-
ject, and DNA methylation measurements performed 
using the same array by the same facility for all samples. 
Similarly, RNA-seq was performed in the same facility 
for all samples. Previous placenta DNA methylation sex 
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differences studies primarily focused on term placenta, 
with study designs and sample filtering most rigorous 
for term placenta [13, 14]. Due to challenges acquiring 
early pregnancy placenta, when first trimester samples 
were included in previous studies, they were analyzed 
from combined datasets of smaller studies performed on 
different methylation arrays (450k or EPIC), with wider 
allowances for gestational age (8–14  weeks) or no ges-
tational age specified beyond trimester, and inconsist-
ent tissue processing [14, 57, 58]. These allowances were 
necessary to combine enough first trimester samples for 
preliminary analysis, since first trimester samples are 
very limited, but this follow up study was necessary. This 
work provides improved datasets and analyses of placen-
tal sex differences at first trimester, specifically within the 
window of placentation which is a critical timepoint for 
pregnancy development, for both DNA methylation and 
total RNA-seq. Furthermore, all pregnancies resulted in 
live births.

We acknowledge study limitations such as a lack of 
third trimester samples, advanced parental ages, and 
limited racial diversity (most subjects were Caucasian). 
Placental DNA methylation sex differences are already 
well-characterized at later pregnancy and we benefited 
from prior work. Advanced parental ages are due to the 
source of first trimester placenta which was leftover tis-
sue from prenatal diagnostic testing. Advanced maternal 
age does not significantly affect global DNA methylation 
in first trimester placenta, though individual regions are 
altered [59]. Parental age, race and ethnic diversity is lim-
ited by biobank availability, though we have shown here 
and in another mRNA-seq study that placenta samples 
did not separate by parental ages or race [60]. Fetal eth-
nicity (Hispanic versus non-Hispanic) may affect DNA 
methylation and future studies with larger cohorts are 
needed to explore this.

Perspective and significance
This study is the most comprehensive analysis of fetal 
sex and its effect on human placental DNA methyla-
tion and gene expression. Prior studies show that sex 
differences affect pregnancy development and out-
comes, but placenta studies at early pregnancy are 
limited and often subject to batch effects. We charac-
terized DNA methylation using a single unified cohort 
and the most current and comprehensive human DNA 
methylation array available (the Infinium Methylatio-
nEPIC BeadChip array, with twice as many sites as the 
Infinium HumanMethylation450k BeadChip array). 
We performed differential gene expression analysis 
with an overlapping cohort and identified genes with 
DNA methylation differences and corresponding gene 

expression changes. We compared our results to other 
sex differences studies and found that placental sex 
differences across gestation were largely consistent in 
direction of hypermethylation, though not always in 
significance. Several genes were also significant in term 
placenta studies, showing that fetal sex alters placental 
epigenetics and gene expression early and that some 
changes are sustained until delivery. Comparisons with 
blood methylation studies found that placental sex dif-
ferences best matched neonatal blood, but not adult 
blood, further indicating that some sex differences are 
age-dependent. We also identified genes with DNA 
methylation sex differences uniquely present in first tri-
mester placenta, not seen later in gestation or in blood. 
These unique differences may be important for placen-
tation and other processes of early pregnancy. Future 
work is needed to understand the specific functions of 
identified genes within the context of early pregnancy 
and placenta, as most of these genes have been studied 
in other organs in non-pregnant subjects.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13293‑ 024‑ 00629‑9.

Additional file 1. Demographics analysis by fetal sex. Demographics for 
the placenta DNA methylation (Table S1, n = 56) and RNA‑seq (Table S2, 
n = 74) cohorts.

Additional file 2. Principal Components Analyses. Plots for DNA methyla‑
tion (all probes including those on sex chromosomes), DNA methyla‑
tion (only autosomal probes), and RNA‑sequencing (all chromosomes). 
Subjects were color‑coded by (A, B) fetal sex, (C) gestational age at time of 
chorionic villus sampling, (D) maternal age, (E) paternal age, (F) maternal 
BMI, (G) gestational age at delivery, (H, I) fetal ethnicity, (J) fetal race. White 
points indicate unavailable demographics.

Additional file 3. Differentially methylated probe (DMP) analysis results for 
all 743,461 methylation sites analyzed.

Additional file 4. Genome context for DMPs with sex differences at P < 0.01 
in human first trimester placenta, including the 151 DMPs significant at 
FDR < 0.05.

Additional file 5. Gene Ontology (GO) analysis using the 151 DMPs.

Additional file 6. Total RNA‑seq sex differences in first trimester human pla‑
centa, adjusted for two sequencing runs. DESeq2 results annotated with 
Ensembl release 91. Sex and batch details are included for each subject.

Additional file 7. Gene expression matches for DMPs. The 151 DMPs with 
significant sex differences (FDR < 0.05) were matched to total RNA‑seq 
sex differences results (any P value). ProbeIDs were matched to Ensembl 
Gene IDs.

Additional file 8. Correlation analysis comparing DNA methylation data for 
select probes (with sex differences at P < 0.01) and gene expression from 
RNA‑seq (any Ensembl Gene IDs matching those probes).

Acknowledgements
We thank the patients who consented to participate in research and the 
cytogenetics staff who saved discarded tissue for research. We also thank clini‑
cal research coordinators Rae A. Buttle, Erica Sauro, Kerlly Castellano, Ekaterina 
L. Clark, and Anna Dorfman for recruitment work.

https://doi.org/10.1186/s13293-024-00629-9
https://doi.org/10.1186/s13293-024-00629-9


Page 16 of 17Gonzalez et al. Biology of Sex Differences           (2024) 15:63 

Author contributions
Conceptualization: TLG, BEW, ETW, KDT, CAJ, KL, JIR, YDIC, JC, MOG, MDP. Data 
curation: TLG, ETW, KDT, AN. Formal analysis: TLG, ETW, KDT. Funding acquisi‑
tion: MDP. Investigation: TLG, BEW, AS, JCO, GJZ. Methodology: TLG, ETW, KDT. 
Project administration: MDP. Resources: AN, JW. Software: TLG, KDT. Supervi‑
sion: TLG, MDP. Visualization: TLG. writing—original draft preparation: TLG, BEW, 
MDP. Writing—review and editing: TLG, BEW, MDP.

Funding
Research was supported by the National Institutes of Health under awards 
by the Eunice Kennedy Shriver National Institute of Child Health & Human 
Development (R01HD091773 to MDP), The National Institute of Allergy and 
Infectious Disease (R01AI154535 to MDP), the National Institute of Biomedi‑
cal Imaging and Bioengineering (U01EB026421 to MDP), and the Training 
Program in Endocrinology, Diabetes, and Metabolism (T32DK007770 to TLG). 
Infrastructure for the CHARGE Consortium is supported in part by the National 
Heart, Lung, and Blood Institute (NHLBI) grant R01HL105756. This study was 
also supported by the National Center for Advancing Translational Sciences, 
CTSI grant UL1TR001881, and the National Institute of Diabetes and Digestive 
and Kidney Disease Diabetes Research Center (DRC) grant DK063491 to the 
Southern California Diabetes Endocrinology Research Center. The funding 
agencies were not involved in the design, analysis, or interpretation of the 
data reported. The content is solely the responsibility of the authors and does 
not necessarily represent the official views of the National Institutes of Health.

Availability of data and materials
The dataset for DNA methylation will be made available after manuscript 
acceptance. Total RNA‑seq data is available at The National Center for Biotech‑
nology Information Gene Expression Omnibus (NCBI GEO) under accession 
GSE215421.

Declarations

Ethics approval and consent to participate
Patients were recruited with informed written consent. All protocols were 
performed in accordance with the institutional review board’s guidelines at 
the Cedars‑Sinai Medical Center under IRB Protocols Pro00006806 (Prenatal 
repository) and Pro00008600 (Differential gene expression of early placenta).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Department of Obstetrics and Gynecology, Cedars‑Sinai Medical Center, 8635 
West 3rd Street, Suite 160, Los Angeles, CA 90048, USA. 2 David Geffen School 
of Medicine, University of California, Los Angeles, Los Angeles, CA, USA. 3 The 
Institute for Translational Genomics and Population Sciences, Department 
of Pediatrics, The Lundquist Institute for Biomedical Innovation at Harbor‑
UCLA Medical Center, Torrance, CA, USA. 4 Department of Biomedical Sciences, 
Cedars‑Sinai Medical Center, Los Angeles, CA, USA. 5 Division of Rheumatology, 
Department of Medicine, Kao Autoimmune Institute, Cedars‑Sinai Medical 
Center, Los Angeles, CA, USA. 6 Samuel Oschin Comprehensive Cancer Insti‑
tute, Cedars‑Sinai Medical Center, Los Angeles, CA, USA. 7 Division of Endo‑
crinology, Diabetes and Metabolism, Department of Medicine, Cedars‑Sinai 
Medical Center, Los Angeles, CA, USA. 

Received: 19 January 2024   Accepted: 19 June 2024

References
 1. Redman CW, Sargent IL. Latest advances in understanding preeclamp‑

sia. Science. 2005;308(5728):1592–4.
 2. Pijnenborg R, Vercruysse L, Hanssens M. The uterine spiral arter‑

ies in human pregnancy: facts and controversies. Placenta. 
2006;27(9–10):939–58.

 3. Wang ET, Kathiresan ASQ, Bresee C, Greene N, Alexander C, Pisarska 
MD. Abnormal implantation after fresh and frozen in vitro fertilization 
cycles. Fertil Steril. 2017;107(5):1153–8.

 4. Di Renzo GC, Rosati A, Sarti RD, Cruciani L, Cutuli AM. Does fetal sex 
affect pregnancy outcome? Gend Med. 2007;4(1):19–30.

 5. Verburg PE, Tucker G, Scheil W, Erwich JJ, Dekker GA, Roberts CT. Sexual 
dimorphism in adverse pregnancy outcomes—a retrospective australian 
population study 1981–2011. PLoS ONE. 2016;11(7): e0158807.

 6. Broere‑Brown ZA, Adank MC, Benschop L, Tielemans M, Muka T, Gon‑
calves R, et al. Fetal sex and maternal pregnancy outcomes: a systematic 
review and meta‑analysis. Biol Sex Differ. 2020;11(1):26.

 7. Bukowski R, Smith GC, Malone FD, Ball RH, Nyberg DA, Comstock CH, 
et al. Human sexual size dimorphism in early pregnancy. Am J Epidemiol. 
2007;165(10):1216–8.

 8. Whitley GS, Cartwright JE. Trophoblast‑mediated spiral artery remodel‑
ling: a role for apoptosis. J Anat. 2009;215(1):21–6.

 9. Gonzalez TL, Sun T, Koeppel AF, Lee B, Wang ET, Farber CR, et al. Sex differ‑
ences in the late first trimester human placenta transcriptome. Biol Sex 
Differ. 2018;9(1):4.

 10. Olney KC, Plaisier SB, Phung TN, Silasi M, Perley L, O’Bryan J, et al. Sex 
differences in early and term placenta are conserved in adult tissues. Biol 
Sex Differ. 2022;13(1):74.

 11. Braun AE, Muench KL, Robinson BG, Wang A, Palmer TD, Winn VD. Exam‑
ining sex differences in the human placental transcriptome during the 
first fetal androgen peak. Reprod Sci. 2021;28(3):801–18.

 12. Dhar GA, Saha S, Mitra P, Nag CR. DNA methylation and regulation of 
gene expression: guardian of our health. Nucleus. 2021;64(3):259–70.

 13. Inkster AM, Yuan V, Konwar C, Matthews AM, Brown CJ, Robinson WP. A 
cross‑cohort analysis of autosomal DNA methylation sex differences in 
the term placenta. Biol Sex Differ. 2021;12(1):38.

 14. Andrews SV, Yang IJ, Froehlich K, Oskotsky T, Sirota M. Large‑scale 
placenta DNA methylation integrated analysis reveals fetal sex‑specific 
differentially methylated CpG sites and regions. Sci Rep. 2022;12(1):9396.

 15. Gonzalez TL, Schaub AM, Lee B, Cui J, Taylor KD, Dorfman AE, et al. Infertil‑
ity and treatments used have minimal effects on first‑trimester placental 
DNA methylation and gene expression. Fertil Steril. 2023;119(2):301–12.

 16. Lee B, Koeppel AF, Wang ET, Gonzalez TL, Sun T, Kroener L, et al. Differen‑
tial gene expression during placentation in pregnancies conceived with 
different fertility treatments compared with spontaneous pregnancies. 
Fertil Steril. 2019;111(3):535–46.

 17. Zhou W, Laird PW, Shen H. Comprehensive characterization, annota‑
tion and innovative use of Infinium DNA methylation BeadChip probes. 
Nucleic Acids Res. 2017;45(4): e22.

 18. Price AL, Butler J, Patterson N, Capelli C, Pascali VL, Scarnicci F, et al. 
Discerning the ancestry of European Americans in genetic association 
studies. PLoS Genet. 2008;4(1): e236.

 19. Patterson N, Price AL, Reich D. Population structure and eigenanalysis. 
PLoS Genet. 2006;2(12): e190.

 20. Love MI, Huber W, Anders S. Moderated estimation of fold change and 
dispersion for RNA‑seq data with DESeq2. Genome Biol. 2014;15(12):550.

 21. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. limma powers dif‑
ferential expression analyses for RNA‑sequencing and microarray studies. 
Nucleic Acids Res. 2015;43(7):e47.

 22. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical 
and powerful approach to multiple testing. J R Stat Soc Ser B (Methodol). 
1995;57(1):289–300.

 23. Phipson B, Maksimovic J, Oshlack A. missMethyl: an R package for analyz‑
ing data from Illumina’s HumanMethylation450 platform. Bioinformatics. 
2015;32(2):286–8.

 24. Mansell G, Gorrie‑Stone TJ, Bao Y, Kumari M, Schalkwyk LS, Mill J, et al. 
Guidance for DNA methylation studies: statistical insights from the 
Illumina EPIC array. BMC Genom. 2019;20(1):366.

 25. Turner SD. qqman: an R package for visualizing GWAS results using Q‑Q 
and manhattan plots. J Open Source Softw. 2018;3:731.

 26. Peters TJ, Buckley MJ, Statham AL, Pidsley R, Samaras K, Lord RV, et al. De 
novo identification of differentially methylated regions in the human 
genome. Epigenet Chromatin. 2015;8(1):6.

 27. Peters Timothy J, Buckley Michael J, Chen Y, Smyth Gordon K, Goodnow 
Christopher C, Clark SJ. Calling differentially methylated regions from 
whole genome bisulphite sequencing with DMRcate. Nucleic Acids Res. 
2021;49(19): e109.



Page 17 of 17Gonzalez et al. Biology of Sex Differences           (2024) 15:63  

 28. Sun T, Gonzalez TL, Deng N, DiPentino R, Clark EL, Lee B, et al. Sexually 
dimorphic crosstalk at the maternal–fetal interface. J Clin Endocrinol 
Metab. 2020;105(12):e4831–47.

 29. Pisarska MD, Akhlaghpour M, Lee B, Barlow GM, Xu N, Wang ET, et al. 
Optimization of techniques for multiple platform testing in small, pre‑
cious samples such as human chorionic villus sampling. Prenat Diagn. 
2016;36(11):1061–70.

 30. Anders S, Huber W. Differential expression analysis for sequence count 
data. Genome Biol. 2010;11(10):R106.

 31. Bulka CM, Everson TM, Burt AA, Marsit CJ, Karagas MR, Boyle KE, et al. Sex‑
based differences in placental DNA methylation profiles related to gesta‑
tional age: an NIH ECHO meta‑analysis. Epigenetics. 2023;18(1):2179726.

 32. Santos HP Jr, Enggasser AE, Clark J, Roell K, Zhabotynsky V, Gower WA, 
et al. Sexually dimorphic methylation patterns characterize the placenta 
and blood from extremely preterm newborns. BMC Biol. 2023;21(1):173.

 33. Grant OA, Wang Y, Kumari M, Zabet NR, Schalkwyk L. Characterising sex 
differences of autosomal DNA methylation in whole blood using the 
Illumina EPIC array. Clin Epigenet. 2022;14(1):62.

 34. Flowers AE, Gonzalez TL, Wang Y, Santiskulvong C, Clark EL, Novoa A, et al. 
High‑throughput mRNA sequencing of human placenta shows sex differ‑
ences across gestation. Placenta. 2024;150:8–21.

 35. Roifman M, Choufani S, Turinsky AL, Drewlo S, Keating S, Brudno M, et al. 
Genome‑wide placental DNA methylation analysis of severely growth‑
discordant monochorionic twins reveals novel epigenetic targets for 
intrauterine growth restriction. Clin Epigenet. 2016;8:70.

 36. Leseva MN, Binder AM, Ponsonby AL, Vuillermin P, Saffery R, Michels 
KB. Differential gene expression and limited epigenetic dysregula‑
tion at the materno‑fetal interface in preeclampsia. Hum Mol Genet. 
2020;29(2):335–50.

 37. Cai J, Gong R, Yan F, Yu C, Liu L, Wang W, et al. ZNF300 knockdown inhibits 
forced megakaryocytic differentiation by phorbol and erythrocytic differ‑
entiation by arabinofuranosyl cytidine in K562 cells. PLoS ONE. 2014;9(12): 
e114768.

 38. Trifonova EA, Gabidulina TV, Ershov NI, Serebrova VN, Vorozhishcheva AY, 
Stepanov VA. Analysis of the placental tissue transcriptome of normal and 
preeclampsia complicated pregnancies. Acta Naturae. 2014;6(2):71–83.

 39. Yeung KR, Chiu CL, Pidsley R, Makris A, Hennessy A, Lind JM. DNA 
methylation profiles in preeclampsia and healthy control placentas. Am J 
Physiol Heart Circ Physiol. 2016;310(10):H1295–303.

 40. Kaartokallio T, Cervera A, Kyllonen A, Laivuori K, Kere J, Laivuori H, et al. 
Gene expression profiling of pre‑eclamptic placentae by RNA sequenc‑
ing. Sci Rep. 2015;5:14107.

 41. Taylor BD, Ness RB, Klebanoff MA, Tang G, Roberts JM, Hougaard DM, 
et al. The impact of female fetal sex on preeclampsia and the maternal 
immune milieu. Pregnancy Hypertens. 2018;12:53–7.

 42. Jaskolka D, Retnakaran R, Zinman B, Kramer CK. Fetal sex and maternal 
risk of pre‑eclampsia/eclampsia: a systematic review and meta‑analysis. 
BJOG. 2017;124(4):553–60.

 43. Yu T, Chen TS, Liang FW, Kuo PL. Does sex matter? Association of fetal sex 
and parental age with pregnancy outcomes in Taiwan: a cohort study. 
BMC Pregnancy Childbirth. 2020;20(1):348.

 44. Mirzakhani H, Weiss ST. Fetal sex and risk of preeclampsia: dose maternal 
race matter? J Matern Fetal Neonatal Med. 2022;35(17):3379–87.

 45. Ge X, Jiang S, Wang Z, Hu N, Jiang R, Cai Z, et al. Prognostic biomarker 
ZNF311 and its correlation with tumor progression and immune infil‑
trates in glioma. World Neurosurg. 2021;151:e37–46.

 46. Stelzer G, Rosen N, Plaschkes I, Zimmerman S, Twik M, Fishilevich S, 
et al. The GeneCards suite: from gene data mining to disease genome 
sequence analyses. Curr Protoc Bioinform. 2016;54:1–30.

 47. Suhail Y, Maziarz JD, Novin A, Dighe A, Afzal J, Wagner G, et al. Tracing the 
cis‑regulatory changes underlying the endometrial control of placental 
invasion. Proc Natl Acad Sci USA. 2022;119(6): e2111256119.

 48. Li Y, Zhu J, Yu Z, Li H, Jin X. The role of lamin B2 in human diseases. Gene. 
2023;870: 147423.

 49. Gong S, Johnson MD, Dopierala J, Gaccioli F, Sovio U, Constância M, 
et al. Genome‑wide oxidative bisulfite sequencing identifies sex‑
specific methylation differences in the human placenta. Epigenetics. 
2018;13(3):228–39.

 50. Tang MR, Wang YX, Guo S, Han SY, Wang D. CSMD1 exhibits antitumor 
activity in A375 melanoma cells through activation of the Smad pathway. 
Apoptosis. 2012;17(9):927–37.

 51. Luo YS, Li W, Cai Y, Zhang J, Gui H, Zhang K, et al. Genome‑wide screen‑
ing of sex‑biased genetic variants potentially associated with COVID‑19 
hospitalization. Front Genet. 2022;13:1014191.

 52. Watson ED, Hughes M, Simmons DG, Natale DR, Sutherland AE, Cross JC. 
Cell‑cell adhesion defects in Mrj mutant trophoblast cells are associated 
with failure to pattern the chorion during early placental development. 
Dev Dyn. 2011;240(11):2505–19.

 53. Adu‑Gyamfi EA, Czika A, Gorleku PN, Ullah A, Panhwar Z, Ruan LL, et al. 
The involvement of cell adhesion molecules, tight junctions, and gap 
junctions in human placentation. Reprod Sci. 2021;28(2):305–20.

 54. Sundheimer LW, Pisarska MD. Abnormal placentation associated 
with infertility as a marker of overall health. Semin Reprod Med. 
2017;35(3):205–16.

 55. Burton GJ, Charnock‑Jones DS, Jauniaux E. Regulation of vascular growth 
and function in the human placenta. Reproduction. 2009;138(6):895–902.

 56. Varberg KM, Soares MJ. Paradigms for investigating invasive trophoblast 
cell development and contributions to uterine spiral artery remodeling. 
Placenta. 2021;113:48–56.

 57. Nordor AV, Nehar‑Belaid D, Richon S, Klatzmann D, Bellet D, Dangles‑
Marie V, et al. The early pregnancy placenta foreshadows DNA methyla‑
tion alterations of solid tumors. Epigenetics. 2017;12(9):793–803.

 58. Hatt L, Aagaard MM, Graakjaer J, Bach C, Sommer S, Agerholm IE, et al. 
Microarray‑based analysis of methylation status of CpGs in placental DNA 
and maternal blood DNA‑potential new epigenetic biomarkers for cell 
free fetal DNA‑based diagnosis. PLoS ONE. 2015;10(7): e0128918.

 59. Qin M, Chen W, Hua L, Meng Y, Wang J, Li H, et al. DNA methylation 
abnormalities induced by advanced maternal age in villi prime a high‑risk 
state for spontaneous abortion. Clin Epigenet. 2023;15(1):44.

 60. Gonzalez TL, Wertheimer S, Flowers AE, Wang Y, Santiskulvong C, Clark 
EL, et al. High‑throughput mRNA‑seq atlas of human placenta shows 
vast transcriptome remodeling from first to third trimester. Biol Reprod. 
2024;110(5):936–49.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Sexually dimorphic DNA methylation and gene expression patterns in human first trimester placenta
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Highlights 
	Background
	Methods
	Subject recruitment and sample procurement
	Analysis of demographic data
	DNA methylation data and filtering
	Principal components analysis
	Differentially methylated probes (DMPs), regions (DMRs), and gene ontology
	RNA-sequencing and sex differences analysis
	Integrated analysis comparing gene expression and DNA methylation

	Results
	Demographics
	DNA methylation analysis quality control
	Differentially methylated probes (DMPs) affected by fetal sex
	Differentially methylated regions
	Comparison to RNA-seq sex differences
	Methylation sex differences across studies

	Discussion
	Perspective and significance
	Acknowledgements
	References


