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Background: Systemic lupus erythematosus (SLE) may cause pathogenic changes
in the placentas during human pregnancy, such as decreased placental weight,
intraplacental hematoma, ischemic hypoxic change, placental infarction, and decidual
vasculopathy, which contribute to high maternal and fetal mortality and morbidity.
Sex-specific adaptations of the fetus are associated with SLE pregnancies. The present
study aimed to determine the transcriptomic profiles of female and male placentas from
women with SLE.

Methods: RNA sequencing (RNA-seq) was performed to identify differentially expressed
protein-coding genes (DEGSs) in placentas from women with SLE vs. normal term (NT)
pregnancies with female and male fetuses (n = 3-5/sex/group). Real-time-quantitative
PCR was performed (n = 4 /sex/group) to validate the RNA-seq results. Bioinformatics
functional analysis was performed to predict the biological functions and pathways of
SLE-dysregulated protein-coding genes.

Results: Compared with NT-female (NT-F) placentas, 119 DEGs were identified
in SLE-female (SLE-F) placentas. Among these 119 DEGs, five and zero are
located on X- and Y-chromosomes, respectively, and four are located on the
mitochondrial genome. Compared with NT-male (NT-M) placentas, 458 DEGs
were identified in SLE-male (SLE-M) placentas, among which 16 are located
on the X-chromosome and zero on the Y-chromosome and mitochondrial
genome. Twenty-four DEGs were commonly dysregulated in SLE-F and -M
placentas. Functional analysis showed that SLE-dysregulated protein-coding
genes were associated with diverse biological functions and pathways, including
angiogenesis, cellular response to growth factor stimulus, heparin-binding, HIF
(hypoxia-inducible factor)-1 signaling pathway, and Interleukin-17 (IL-17) signaling
pathway in both SLE-F and -M placentas. Biological regulations were differentially
enriched between SLE-F and -M placentas. Regulation of blood circulation,
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response to glucocorticoid, and rhythmic process were all enriched in SLE-F, but not
SLE-M placentas. In contrast, tumor necrosis factor production, Th17 cell differentiation,
and MDA (melanoma differentiation-associated gene)-5 signaling pathway were enriched
in SLE-M but not SLE-F placentas.

Conclusion:

This report investigated the protein-coding gene profiles of placenta

tissues from SLE patients using RNA-seq. The results suggest that the SLE-dysregulated
protein-coding genes in placentas may contribute to the pathophysiological progress of
SLE pregnancies in a fetal sex-specific manner, leading to adverse pregnancy outcomes.

Keywords: systemic lupus erythematosus, protein-coding RNA, placenta, pregnancy, fetal sex

INTRODUCTION

Systemic lupus erythematosus (SLE) is a chronic autoimmune
disease that predominantly affects women of reproductive age,
typically causing damages to multiple organ systems (1, 2). SLE
pregnancies are associated with maternal complications (e.g.,
lupus flare, hypertension, preeclampsia, and eclampsia) and fetal
complications (e.g., stillbirth, spontaneous abortion, fetal growth
restriction, neonatal lupus, and neonatal deaths), and increase the
induced abortion rate (3-5).

SLE pregnancies are associated with many placental
dysfunctions, (e.g., decreased placental weight, intraplacental
hematoma, chronic villitis, thickening of the trophoblast
basement membrane, ischemic hypoxic change, placental
infarction, decidual vasculopathy, and fetal thrombi) (3, 6).
Many mechanisms underlying SLE-induced placental and
fetal dysfunction have been proposed. The fetal-placental
immune system could in turn, interact with the maternal
immune system and mediate maternal immune response (7).
For example, anti-DNA antibodies in SLE pregnancies may
inhibit trophoblast attachment and migration via cross-
reacting with laminin (8). Antiphospholipid antibodies may
also alter the placental phospholipid membrane and cause
infarctions and edema/swelling (9, 10). In addition, anti-
SSA  (Sjogren’s-syndrome-related antigen A) and anti-SSB
(Sjogren’s-syndrome-related antigen B) antibodies can cause
neonatal lupus and induce fetal injury after crossing the placenta
(11). Thus, defects in the placental and fetal responses to
autoimmune processes and inflammation are closely related to
SLE pregnancy.

Sex-specific adaptations of the fetus have been reported
in many complicated pregnancies such as SLE, asthma, and
preeclampsia (12-14). Specifically, a lower proportion of male
fetuses were born to women with SLE, which may be partially
attributed to different chronic inflammation responses between
male and female fetuses in early gestation (13). During asthma
pregnancy, significantly reduced birth weights were observed in
women with female, but not male fetuses (12), suggesting that the
inflammatory activities of asthma impacted female, but not male
fetuses. Recently, Zhou et al. demonstrated that preeclampsia
impaired fetal endothelial function in a fetal sex-dependent
manner (14). Given that the placenta is a key organ that closely
regulates fetal growth and function, a sex-specific dysregulation

of placental growth and function might contribute to the adverse
pregnancy outcomes induced by SLE.

Different mechanisms may govern the fetal sex-specific
adaptations in various complicated pregnancies. For example,
Murphy et al. (12) have reported that female but not male
fetuses born to mothers with asthma are associated with a
significant increase of maternal circulating monocytes and
decreases in placental steroid hydroxylase activity and fetal
estriol. Zhou et al. (14) have also reported that fetal-sex specific
expression of genes accompanied by preeclampsia-impaired fetal
endothelial function. However, mechanisms controlling sex-
specific adaptations of SLE pregnancies remain unknown.

In this study, we hypothesized that SLE alters gene expression
of placentas, disturbing placental biological functions in a sex-
specific manner. We determined the expression profiles of
protein-coding genes of placentas from SLE and normal term
(NT) pregnancies using RNA sequencing (RNA-seq). Real-time
quantitative PCR (RT-qPCR) was conducted to verify RNA-
seq results. Functional analysis was conducted to describe
the underlying biological functions of differentially expressed
protein-coding genes (DEGs) in female and male placentas from
SLE pregnancies.

MATERIALS AND METHODS
Ethical Approval

All procedures were conducted in accordance with the
Declaration of Helsinki. Two sets of placental tissues were
collected from two hospitals. The first set (SLE, n = 10
with five female and five male fetuses) was collected in Qilu
Hospital, Shandong University. The tissue collection protocol
was approved and carried out in accordance with the regulation
of the Institutional Review Board of Qilu Hospital, Shandong
University. SLE was defined according to the American College
of Rheumatology classification criteria (15). The SLE disease
activity index (SLEDAI) (16) was used to assess the disease
activity of SLE patients. SLEDAI scores were assessed within
1 week before delivery. The second set (NT, n = 10 with five
female and five male fetuses) was collected in Shanghai First
Maternity and Infant Hospital affiliated with Tongji University.
The tissue collection protocol was approved and carried out
in accordance with the regulation of the Ethical Committee
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of Shanghai First Maternity and Infant Hospital affiliated with
Tongji University. All individuals included in this study were
Han Chinese without information on their ancestries. Smokers
and patients with cancer or diabetes mellitus were excluded.

RNA Isolation and Quality Control

Placental tissues were obtained within 30 min after vaginal
delivery or cesarean section delivery. Placental villi were dissected
beneath the chorionic and basal plates (~1 x 1cm). Placental
tissues were snap-frozen in liquid nitrogen and stored at
—80°C. Total RNA was isolated from placental tissues using
the RNeasy mini kit (Qiagen, Germany). The concentration
and quality of RNA samples were assessed using a NanoDrop
One spectrophotometer (Thermo Fisher Scientific, USA) and
Agilent 2100 Bioanalyzer (Agilent Technologies, USA). Samples
with RNA integrity number (RIN) values > 7.0 were used
for sequencing.

RNA-Seq and Bioinformatics Analysis of

Data

We performed RNA-seq analysis of total RNA samples from
placentas (n = 3-5/sex/group; Supplementary Table1) as
described in supplementary methods. RNA-seq strand-specific
libraries were constructed using the VAHTS Total RNA-seq
(H/M/R) Library Prep Kit (Vazyme, China) following the
manufacturer’s instructions. Purified libraries were quantified
and validated by Qubit 2.0 Fluorometer and Agilent 2100
bioanalyzer to confirm the insert size and calculate the mole
concentration. The library construction and sequencing were
performed by Sinotech Genomics Co., Ltd Shanghai, China).
Overall, more than 66 million reads per sample were generated.
Reads with non-canonical letters or low quality and sequences
shorter than 25 nucleotides were removed. Reads were trimmed
off using FASTQ software (17). Trimmed reads were mapped
to the GRCH38 genome using the HISAT2 software (18).
DEGs were identified and analyzed using Cuffdiff (19) and R
package edgeR (20), respectively. The fold change (FC) was
estimated according to the Fragments Per Kilobase of transcript
sequence per Millions base pairs sequenced (FPKM) values
(21, 22). The P-value significance threshold was set according
to the Benjamini-Hochberg false discovery rate (FDR). DEGs
were selected using the following criteria: FC > |2| and FDR
adjusted P-value (g-value) < 0.05 (14), were considered as
significantly modulated and recognized as SLE-dysregulated
genes. The RNA-seq data have been uploaded and deposited
in NCBI (National Center for Biotechnology Information)
Gene Expression Omnibus (GEO) (https://www.ncbinlm.nih.
gov/geo/, accession number: GSE177029).

Functional Analysis of SLE-Dysregulated

Genes

The Metascape online analysis tool (https://metascape.org/) was
used to predict the biological functions and signaling pathways of
the SLE-dysregulated genes (23). Biological terms were selected
using the following criteria: P-value < 0.01, enrichment factor
>1.5, and term count > 3. The most statistically significant
(lowest p-value) biological terms within each cluster were chosen

to represent the cluster in bar graphs. A subset of representative
terms from the cluster was selected and converted as a network
plot. Terms with a similarity score (23) > 0.3 were connected by
an edge, and the thickness of the edge represents the similarity
score. Cytoscape (v3.1.2) was used to visualize the network (24).

RT-PCR

Total RNA (400 ng/sample) was transcribed into complementary
DNA (cDNA) using the HiScript II Q RT SuperMix for qPCR
(Vazyme Biotech, cat#: R222-01). Diluted cDNA corresponding
to 4 ng of original total RNA was utilized as the template in each
RT-qPCR reaction. To validate the RNA-seq results, 10 candidate
genes were selected for RT-qPCR analysis (25) (n = 4 /sex/group;
Supplementary Table 1) using NuHi Robustic SYBR Green Mix.
We chose these candidate genes based on the fold changes in
SLE vs. NT, relevance to placental function (i.e., angiogenesis
and immune responses), expression abundances, and different
expression patterns in SLE-F and -M placentas according to
RNA-seq data. Primers are listed in Supplementary Table 2. Data
were normalized to GAPDH and then analyzed using the 2~ 44¢T
method (25, 26).

Correlation Analysis of SLE-Dysregulated
Genes and SLEDAI Scores

After RT-qPCR verification, relative expression levels of SLE-
dysregulated genes were used to analyze the correlation with
SLEDAI scores.

Statistical Analyses

Microsoft Excel (2016) for Windows and SigmaPlot (13.0)
for Windows were used for statistical analyses. Data were
represented as the medians =+ standard deviation (SD) or
medians with range. Data were analyzed using students t-
test or Mann-Whitney Rank Sum Test when applicable. The
relationship between the relative expression levels of genes and
SLEDALI scores was analyzed by Pearson’s correlation coeflicient.
P-values < 0.05 were considered statistically significant.

RESULTS

Patient Characteristics

All SLE patients received maintenance corticosteroids
(prednisone < 15mg daily) and hydroxychloroquine (<
400 mg daily) during pregnancy. Three patients in the SLE group
were antiphospholipid positive and were on aspirin (100 mg
daily) during pregnancy. One SLE patient was positive for
anti-SSA antibody. None of the newborns developed neonatal
lupus. Patient ages and body mass index (BMI) were similar
between NT and SLE pregnancies. However, the newborn body
weight for SLE-F was significantly lower than that for NT-F
(P = 0.026) (Table 1 and Supplementary Table 1). There was
one sample from the SLE group with a growth-restricted male
fetus (27). Two patients each in SLE and NT group underwent
scheduled Cesarean section delivery. Demographic and clinical
characteristics are shown in Table 1 and Supplementary Table 1.
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TABLE 1 | Clinical characteristics.

Characteristics SLE (n =10) NT (n =10) P
Age (years), median (range) 29.0 (26-36) 30.5 (28-33) 0.667
BMI, median (range) 25.4 (23.0-32.3) 28.0(21.8-32.7) 0.663
Gestation age (weeks), median (range) 38.5 (34.9-39.7) 39.1 (38.6-40.1) 0.058
Fetal weight (grams), median (range) 2950.0 (2150.0-3850.0) 3402.0 (2895.0-3730.0) 0.026
Disease duration (months), median (range) 40.0 (10-167)

SLEDAI score, median (range) 2.5 (0-6)

ANA > 1:320, yes/no (n) 10/0 - -
Anti-dsDNA, yes/no (n) 2/8 - -
Anti-SSA/SSB 1/9 - -
Anti-phospholipid, yes/no (n) 3/7 - -
Preeclampsia, yes/no (n) 0/10 - -
Proteinuria, yes/no (n) 3/7 - -
Hypocomplementemia, yes/no (n) 3/7 - -

SLE, systemic lupus erythematosus; NT, normal term; BMI, body mass index; SLEDAI, systemic lupus erythematosus disease activity index; ANA, antinuclear antibody; SSA,

Sjogren’s-syndrome-related antigen A; SSB, Sjogren’s-syndrome-related antigen B.

Distinct Transcriptional Profile in Placentas

From SLE Pregnancies

Compared with NT, SLE dysregulated 119 protein-coding genes
in female placentas (Figure 1A; Supplementary Table 3), among
which five and zero are located on the X- and Y-chromosomes,
respectively, and four are located on the mitochondrial genome.
Compared with NT, SLE dysregulated 458 protein-coding genes
in male placentas (Figure 1A; Supplementary Table 3), among
which 16 are located on the X-chromosomes and zero are located
on the Y-chromosome or mitochondrial genome (Figure 1A;
Supplementary Tables 3, 4).

Compared to NT-F 77 and 42 genes were upregulated
and downregulated in SLE-F placentas, respectively (Figure 1B;
Supplementary Table 3). Compared to NT-M, 438 and 20
genes were upregulated and downregulated in SLE-M placentas,
respectively (Figure 1C; Supplementary Table 3). Twenty-four
genes were commonly dysregulated in SLE-F and -M placentas
(Supplementary Table 3), among which 2lwere commonly
upregulated in SLE-F and -M placentas. One (MATR3)
was upregulated in SLE-F placentas but downregulated in
SLE-M placentas, while two (CP and LGALS3BP) were
upregulated in SLE-M placentas but downregulated in SLE-F
placentas (Supplementary Table 3). None of these commonly
dysregulated genes is on the X- chromosome, Y-chromosome or
mitochondrial genome.

The correlation RT-qPCR and RNA-seq results was performed
using the fold change (SLE/NT) of 10 selected genes in RT-
qPCR and RNA-seq analyses. RT-qPCR data were correlated
significantly with RNA-seq analysis (r = 0.637, P < 0.05)
(Figures 1D,E). Specifically, CTGF, VEGFA, and GH2 were
upregulated in SLE-F and SLE-M placentas. MMPI was
downregulated in SLE-F but upregulated in SLE-M placentas.
APOLDI was upregulated in SLE-F but not in SLE-M placentas.
FN1, PLACI, and PSG4 were upregulated in SLE-M but not in
SLE-F placentas. SLE did not alter C3 and DUSPI expression in
female and male placentas.

Functional and Pathway Analyses of

SLE-Dysregulated Genes in Placentas
SLE-dysregulated protein-coding genes were associated
with diverse biological functions and pathways (284
for SLE-F placentas and 422 for SLE-M placentas)
(Supplementary Tables 5, 6). Sixty-two biological functions
and pathways were commonly enriched in both SLE-F
and SLE-M placentas (Supplementary Tables5, 6). These
biological functions and pathways included angiogenesis,
cellular response to growth factor stimulus, heparin-binding,
kidney development, mononuclear cell differentiation, pathways
in cancer, response to calcium ion, HIF (hypoxia-inducible
factor)-1 signaling pathway, IL-17 signaling pathway,
and PI3K-Akt signaling pathway (Figures2A,C; Table 2,
Supplementary Tables 5, 6).

Differential pathway regulations were observed between SLE-
F and -M placentas. Regulation of blood circulation, regulation
of cellular response to stress, response to glucocorticoid,
response to temperature stimulus, response to toxic substance,
response to testosterone, rhythmic process, smooth muscle
cell proliferation, GnRH (gonadotropin-releasing hormone)
signaling pathway, and estrogen signaling pathway were
enriched in SLE-F but not SLE-M placentas (Figures 2B,D;
Table 2, Supplementary Tables 5, 6). In contrast, G protein-
coupled chemoattractant receptor activity, tumor necrosis
factor production, T cell mediated immunity, Thl7 cell
differentiation, IL-27-mediated signaling pathway, MDA
(melanoma differentiation-associated gene)-5 signaling pathway,
phospholipase D signaling pathway, transforming growth
factor beta receptor signaling pathway, type I interferon
signaling pathway, and Wnt signaling pathway were enriched
in SLE-M, but not SLE-F placentas (Figures2B,D; Table 2,
Supplementary Tables 5, 6). Figures 2E,F were networks
that exhibited the interactions among cluster of genes
enriched in biological processes and pathways mentioned
above.
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FIGURE 1 | SLE differentially dysregulates transcriptomic profiles of female and male placentas. (A) Circos plot illustrating the chromosome location of differentially
expressed protein-coding genes between SLE-F vs. NT-F (pink dots) and SLE-M vs. NT-M (blue dots). Each dot represents one differentially expressed gene. The
letters and numbers in the outer layer represent the chromosome location. For the scatter plot tracks, dots outside and inside of the centerline represent upregulated
and downregulated genes, respectively. (B,C) Volcano plots showing differentially expressed genes between SLE-F vs. NT-F, and SLE-M vs. NT-M in RNA-seq. Gray
dots: no significant difference; pink and green dots: > two-fold upregulation and downregulation, respectively (FDR-adjusted P-value < 0.05) in SLE vs. NT; n =
3-5/group. (D,E) RT-qPCR validation of SLE-dysregulated genes in female and male placentas. ‘P < 0.05 vs. NT, n = 4/group. MT, mitochondrial DNA; SLE, systemic
lupus erythematosus; APOLD1, apolipoprotein L domain containing 1; C3, complement C3; CTGF, connective tissue growth factor; DUSP1, dual specificity
phosphatase 1; GH2, growth hormone 2; PLAC1, placenta specific 1; FN1, fibronectin 1; PSG4, pregnancy-specific beta-1-glycoprotein 4; VEGFA, vascular
endothelial growth factor A; MMP1, matrix metallopeptidase 1. RNA-seq, RNA sequencing; FDR, false discovery rate. Circos plot showing the location DE-genes was

Distinct transcriptional profiles in placentas from SLE
pregnancies also showed that no significant correlation was
found between the relative expression levels of SLE-dysregulated
genes and SLEDAI scores (P > 0.05, Supplementary Table 7).

DISCUSSION

To our knowledge, this is the first report that profiles the protein-
coding gene expression of human placental tissues from SLE
pregnancies using RNA-seq analysis. Overall, more upregulated
DEGs were identified than those downregulated. We have further
demonstrated that the expression profiles are differentially
dysregulated between SLE-F and -M placentas and are associated
with differently regulated biological functions and pathways.
These data provide clear evidence that SLE differentially regulates
the expression of placental protein-coding genes in a fetal sex-
dependent manner which may lead to dysregulated placental
biological functions.

The mechanisms underlying the fetal sexual dimorphisms of
SLE-dysregulated protein-coding gene profiles remain elusive.
Expression of DEGs on X-chromosomes is likely to be a
major factor that governs these fetal sexual dimorphisms since
4% of DEGs (5 from SLE-F placentas and 16 from SLE-M
placentas) are located on the X-chromosome, but no DEGs are

on the Y-chromosome. Given that SLE affects women more
frequently than men, our current data suggest that the important
contribution of X-chromosome-linked genes expression may be
associated with the female sex bias in SLE (28). This is in line with
a previous study that has shown that a large number of genes
that may contribute to the hyperresponsiveness of the female
immune system are located on the X chromosome (29). Sex
hormones could be another factor that mediates the fetal sexual
dimorphisms, as sexual hormones levels are different in the
umbilical vein blood of female and male fetuses (30). However,
no significant differential expression of androgen or estrogen
receptors in SLE-F or -M placentas were detected in this study.
Differential regulation of the mitochondrial genome
may also contribute to sexual dimorphisms since our data
showed that 4 (MT-ND2, MT-ND3, MT-CYB, and MT-ATPS;
Supplementary Tables 3, 4) SLE-dysregulated genes are located
on the mitochondrial genome of SLE-F, but not SLE-M placentas,
which comprise 30.8% of mitochondrial protein-coding genes.
The primary function of mitochondria is to generate the chemical
energy to power cellular responses, which is achieved through the
electron-transport chain and oxidative phosphorylation (31). The
above four SLE-dysregulated mitochondrial genes participate in
encoding polypeptides of the oxidative phosphorylation system
(31), suggesting that mitochondrial genes might be actively

Frontiers in Medicine | www.frontiersin.org

March 2022 | Volume 9 | Article 798907


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Lietal

Sexual Dimorphisms in SLE Placentas

A Commonly enriched GOs ~ mSLE-F = SLE-M c
angiogenesis (GO:0001525)

biomineral tissue development (GO:0031214)

cellular response to growth factor stimulus (GO:0071363)
extracellular matrix (G0:0031012)

heparin binding (GO:0008201)

kidney development (GO:0001822)

‘mononuclear cell differentiation (GO:1903131)

regulation of body fluid levels (G0:0050878)

regulation of cell adhesion (G0:0030155)

regulation of proteolysis (GO:0030162)

regulation of response to wounding (GO:1903034)
response to bacterium (G0:0009617)

response to calcium ion (G0:0051592)

response to extracellular stimulus (G0:0009991)

response to nutrient levels (G0:0031667)

0
-10a10 (P-value)
B Un-commonly enriched GOs wSLE-F =SLE-M D

T coll mediated Immunity (GO:0002456)

)
double-stranded RNA binding (GO:0003725)
tumor necrosis factor production (G0:0032640)
chemokine binding (G0:0019956)

ot (« )
endocrine system development (60:0035270)
coagulation (GO:0050817)

MDAS signaling pathway (60:0039530)

reguiation of innate immune fesponse (30:0045088)
eytokine binding (G0:0019955)

enzyme inhibitor activiy (GO:0004857)

response to virus (GO:0009615)

type | interforon signaling pathway (60:0060337)
interleukin-27-mediated signaling pathway (GO:0070106)

Commonly enriched KEGGs

AGE-RAGE signaling pathway in diabetic
complications (ko04933)

HIF-1 signaling pathway (hsa04066)
IL-17 signaling pathway (ko04657)
Leishmaniasis (ko05140)

Oxytocin signaling pathway (ko04921)
Pathways in cancer (hsa05200)

PI3K-Akt signaling pathway (ko04151)
Retrograde endocannabinoid signaling
(hsa04723)

Rheumatoid arthritis (ko05323)

Un-commonly enriched KEGGs
Calcium signaling pathway (hsa04020)

TNF signaling pathway (ko04668)

P53 signaling pathway (hsa04115)

Chemokine signaling pathway (hsa04062)
Toll-like receptor signaling pathway (hsa04620)
CAMP signaling pathway (ko04024)
Phospholipase D signaling pathway (hsa04072)
Wnt signaling pathway (hsa04310)

Th1 and Th2 cell differentiation (ko04658)

uSLE-F uSLE-M

2 0 2
-log10 (P-value)

uSLE-F = SLE-M

Antigen and

MAPK cascade (G0:0000165)

hythmic process (GO:0048511)
cellular response to lpid (G0:0071396)

'ONA-binding transcription activator activiy (G0:0001216)
response to testosterone (G0:0033574)

regulation of blood circulation (GO:1903522)

‘smooth muscle coll proliferation (60:0048659)

regulation of cellular response to stress (G0:0080135)
behavior (0:0007610)

response to toxic substance (GO:0009636)

response to vitamin (G0:0033273)

response to temperature stimulus (G0:0009266)

cellular response to alcohol (G0:0097306)

-

-log10 (P-value)

GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.

Th17 cell differentiation (ko04659)
Cell adhesion molecules (CAMs) (hsa04514)
Parkinson's disease (hsa05012)

Cytokine-cytokine receptor interaction (hsa04060)
Focal adhesion (hsa04510)

Oxidative phosphorylation (hsa00190)

Estrogen signaling pathway (hsa04915)
Neuroactive ligand-receptor interaction (hsa04080)
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FIGURE 2 | Enrichment analysis of dysregulated protein-coding genes in SLE-F and -M placentas. (A) Commonly enriched GOs terms from both SLE-F and -M
placentas. (B) Un-commonly enriched GO terms from SLE-F and -M placentas, respectively. (C) Commonly enriched KEGG terms from both SLE-F and -M
placentas. (D) Un-commonly enriched KEGG terms from SLE-F and -M placentas, respectively. (E) Network of GO and KEGG enriched terms from SLE-F placentas
colored by P-value, where terms containing more dysregulated genes indicate a more significant P-value. (F) Network of GO and KEGG enriched terms from SLE-M
placentas colored by P-value, where terms containing more genes tend to have a more significant P-value. SLE, systemic lupus erythematosus; F, female; M, male;

2 0 2
-log10 (P-value)

involved in the pathogenesis of SLE placentas. Mitochondrial
dysfunction has been demonstrated to be associated with SLE
pathogenesis (32-34). The mitochondrial dysfunction may
increase not only oxidative stress but also cell apoptosis in
SLE patients and defective bioenergetics (33). Oxidative stress
induced by mitochondrial dysfunction is considered an essential
downstream contributor for SLE pathogenesis (34). A study
has shown that CD4+ T cells from an SLE mouse model have
higher basal and activated mitochondrial oxidative metabolism,
while inhibition of mitochondrial respiratory-chain complex 1
by treating SLE mice with metformin can prevent autoimmune
activation (32). Our findings are in line with the above reports
and support the notion that the mitochondrial genome of SLE
may contribute to fetal sexual dimorphisms, and mitochondrial
dysfunction may be present in SLE placentas.

We have also demonstrated that SLE dysregulates biological
processes within placentas in a fetal sex-dependent manner. For
instance, regulation of blood circulation was enriched in SLE-
F but not in SLE-M placentas. In addition, published studies
reported that age-standardized cardiovascular disease incidence,
prevalence, and mortality rates are lower in women than men
(35, 36). Similar results were reported in SLE cohorts that male
lupus patients had more cardiovascular damage than their female
counterparts (37). Therefore, the enrichment of regulation of

blood circulation suggests a possible protective adaptation of
cardiovascular diseases in SLE-F placentas.

Our findings revealed that MDA-5 was upregulated in SLE-
M, but not SLE-F placentas in association with enrichment
of MDA-5 [melanoma differentiation-associated gene-5, gene
name: [FIHI (interferon induced with helicase C domain 1)]
signaling pathway only in SLE-M, but not SLE-F placentas.
The relationship between MDA-5 and SLE has been proposed
by several groups (38, 39). For example, the single nucleotide
polymorphisms (SNP) in MDA-5 has been implicated in the
pathogenesis of SLE in Africa-Americans, American, Asian,
Brazilian, European, and European-Americans (39). MDA-5 has
also been demonstrated to be associated with increased sensitivity
to serum IFN-a and anti-dsDNA antibodies among SLE patients
(38). Our results showed, for the first time, the aberrant
expression of MDA-5 in human SLE placentas. Therefore, it is
necessary to further investigate the relationship between MDA-
5 and SLE pregnancy, especially the function of MDA-5 in
SLE placentas.

SLE-F and -M placentas share some common SLE-
dysregulated biological processes, e.g., angiogenesis, innate
immune responses, and inflammation. This is consistent with
the previous observation since these biological processes are
essential in placental development and function (40). These
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TABLE 2 | SLE dysregulated biological functions in female and male placentas.

Biological functions

Female placentas

Male placentas

P-value DEG number in SLE vs. NT P-value DEG number in SLE vs. NT

Angiogenesis 4.24 x 10-° 11 1.44 x 1078 31
Cellular response to growth factor stimulus 3.08 x 10°° 12 1.89 x 10710 37
Heparin binding 515 x 102 4 8.41 x 1078 15
HIF-1 signaling pathway 1.56 x 1073 4 3.14 x 1078 7
IL-17 signaling pathway 6.91 x 1072 6 3.02 x 10~/ 11
Regulation of blood circulation 6.64 x 1074 3

Response to glucocorticoid 3.69 x 107° 6

Rhythmic process 3.86 x 107° 8

GnRH signaling pathway 6.71 x 1078 4

Estrogen signaling pathway 3.19 x 108 3

Tumor necrosis factor production 2.62 x 1078 9
Th17 cell differentiation 1.58 x 1077 12
IL-27-mediated signaling pathway 1.14 x 10710 6
MDA-5 signaling pathway 6.16 x 1074

Type | interferon signaling pathway 5.95 x 1079 10

SLE, systemic lupus erythematosus; NT, normal term; DEG, differentially expressed gene; HIF, Hypoxia-inducible factor; IL, interleukin; GnRH, Gonadotropin-releasing hormone; Th, T

helper; MDA, melanoma differentiation-associated gene-5.

data demonstrate that aberrant functions of angiogenesis, innate
immune responses, and inflammation may be present in SLE
placentas. Specifically, our observations agree with the study that
observed a significant increase in angiogenic activity in the serum
samples of SLE patients, which was positively associated with
SLE disease activity (41, 42). Guilherme et al. reported that serum
Vascular Endothelial Growth Factor A (VEGFA) levels were
significantly higher in pregnant women with active SLE nephritis
than patients with inactive SLE or preeclampsia (42). VEGFA
has been demonstrated to be the most potent pro-angiogenic
factor and therefore is actively involved in the development of
inflammation (43). The gene encoding VEGFA is located on
chromosome 6 at 6p21.1, one of the major SLE susceptibility loci
(44). Another pro-angiogenic counterpart of VEGFA, which is
higher in SLE placentas in this study, is CTGF. CTGE, also known
as Cellular Communication Network (CCN) Factor 2, belongs
to the CCN family. CTGF gene is located on chromosome 6 at
6q23.2, which is also closely associated with SLE (45). CTGF
is a key regulatory and signaling molecule associated with
numerous biological processes, including angiogenesis, wound
healing, cell proliferation, tissue regeneration, and fibrosis
through interaction with many factors, such as VEGFA and
TNF-a (46, 47). Based on our RT-qPCR results, VEGFA and
CTGF mRNA levels were significantly higher in SLE placentas,
suggesting that placental angiogenic activity is disrupted in SLE,
just like in preeclampsia (48).

Although defined as an autoimmune disease, SLE is
characterized by chronic and acute inflammation conditions
in multiple organs with the generation of autoantibodies
abnormally produced by one’s immune system (49). Torricelli
et al. reported that IL-17 was increased in serum from
pregnant women with SLE (50). Our RNA-seq analysis
also showed that the levels of ILI7D, but not other IL17

family members (e.g., IL17A, IL17B, IL17C, and ILI7F)
was elevated in SLE-M placentas, while the IL-17 signaling
pathway was enriched in both male and female placentas,
supporting that IL-17 signaling pathway is actively involved
in the dysregulation of placental immune response in
SLE placentas.

Correlation analysis in this study failed to show any
correlation between DEGs and SLEDAI scores. However, a small
case number (n = 8) and narrow SLEDAI scores (ranging from 0
to 6) of SLE patients recruited in this study may have prevented
us from elucidating any correlations.

In conclusion, this is the first report of protein-coding gene
profiles of placentas tissues from SLE pregnancies with female
and male fetuses using RNA-seq analysis. The results indicate that
the differential expression of protein-coding genes in the female
and male placenta may contribute to the different pathogenesis
of SLE pregnancies. There are several limitations in this study,
including a relatively small sample size which might not address
all sex differences in SLE placental gene expression. In addition,
SLEDALI scores of the recruited SLE patients were relatively low,
ranging from 0 to 6. Thus, while these low SLEDAI scores
may provide a valuable resource, recruiting a large cohort of
SLE patients with a broader range of SLEDATI scores is needed
to establish a more reliable correlation between DEGs and
SLEDAI scores.
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