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Abstract
Background: Chromosomal aneuploidy is the most common birth defect. However, the developmental mechanism and gene expression profile of fetuses with chromosomal aneuploidy are relatively unknown, and the maternal
immune changes induced by fetal aneuploidy remain unclear. The inability to obtain the placenta multiple times in
real-time is a bottleneck in research on aneuploid pregnancies. Plasma cell-free DNA (cfDNA) carries the gene expression profile information of its source cells and may be used to evaluate the development of fetuses with aneuploidy
and the immune changes induced in the mother owing to fetal aneuploidy.
Methods: Here, we carried out whole-genome sequencing of the plasma cfDNA of 101 pregnant women carrying
a fetus with trisomy (trisomy 21, n = 42; trisomy 18, n = 28; trisomy 13, n = 31) based on non-invasive prenatal testing
(NIPT) screening and 140 normal pregnant women to identify differential genes according to the cfDNA nucleosome
profile in the region around the transcription start sites (TSSs).
Results: The plasma cfDNA promoter profiles were found to differ between aneuploid and euploid pregnancies. A
total of 158 genes with significant differences were identified, of which 43 genes were upregulated and 98 genes
were downregulated. Functional enrichment and signaling pathway analysis were performed based on Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases found that these signal pathways were
mainly related to the coordination of developmental signals during embryonic development, the control of cell
growth and development, regulation of neuronal survival, and immune regulation, such as the MAPK, Hippo, TGFβ, and Rap1 signaling pathways, which play important roles in the development of embryonic tissues and organs.
Furthermore, based on the results of differential gene analysis, a total of 14 immune-related genes with significant
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differences from the ImmPort database were collected and analyzed. These significantly different immune genes were
mainly associated with the maintenance of embryonic homeostasis and normal development.
Conclusions: These results suggest that the distribution characteristics of cfDNA nucleosomes in maternal plasma
can be used to reflect the status of fetal development and changes of the immune responses in trisomic pregnancies. Overall, our findings may provide research ideas for non-invasive detection of the physiological and pathological
states of other diseases.
Keywords: Plasma cell free DNA, Aneuploid fetus, Trisomy pregnancy, Nucleosome footprints, Gene expression
profiles

Background
Chromosomal aneuploidy is the most common type of
birth defect in fetuses and is the leading cause of various
human congenital malformations, such as early miscarriage, perinatal mortality, and severe intellectual disability [1]. NIPT is currently an effective clinical preventive
measure that is based on next-generation sequencing
(NGS) [2, 3], and has a remarkable contribution to the
detection of chromosome aneuploidy, point mutations,
and copy number variations [3]. Studies on the developmental mechanism and gene expression profile of fetuses
with chromosomal aneuploidy are progressing slowly,
and the molecular characteristics of maternal immune
changes induced by fetal aneuploidy are unclear. Of
note, real-time and repeated acquisition of placental and
fetal tissues is a bottleneck in this research area. Several
methods have been used to detect the gene expression
profile of fetuses with aneuploidy, including DNA microarray analysis, serial analysis of gene expression (SAGE),
and the less common quantitative real time polymerase
chain reaction (qRT-PCR) [4–7]. Most of these methods
require DNA or mRNA samples that are obtained from
fetal cells using traumatic methods, such as amniocentesis, umbilical cord puncture, or villus tissue. These
operations are associated with risks to the fetus, such as
abortion and infection [8], which are of remarkable concerns to pregnant women and their families. Therefore,
non-invasive detection methods are needed to obtain the
fetal gene expression profiles, identify differential genetic
phenotypes in trisomy pregnancy, and determine the
potential impact mechanism of the maternal immune
response to fetuses.
Plasma cfDNA is mainly derived from rapidly growing and metabolizing cells in the body and carries the
basic informative characteristics of its source cells and
tissues [9–11]. Plasma cfDNA fragments are released by
apoptotic cells after enzymatic chromatin processing.
DNA still bound to nucleosomes is retained, whereas
naked DNA regions between nucleosomes are digested
[12–14], which can be used to infer the tissue of origin
of cfDNA [11, 15]. Nucleosomes are depleted in promoters upstream of the TSSs and are well positioned near the

TSSs. Nucleosome positioning relative to TSSs is directly
correlated with RNA polymerase II (Pol II) binding [16],
and genome-wide deep sequencing can be used to identify nucleosome occupancy profiles, which can then be
used to simulate the abundance of gene expression [17].
For example, analysis of plasma cfDNA fragments from
tumor patients revealed that the promoter regions of
active genes exhibited depleted nucleosome coverage,
which implied less nucleosome binding in these regions
and increased gene expression [17].
During pregnancy, most of the cfDNA in maternal
plasma is derived from maternal hematopoietic cells and
placental trophoblasts, with only 10% of cell-free DNA
derived from the fetus [18, 19]. Many pregnancy complications and fetal developmental defects are rooted in the
placenta and involve the maternal immune system [20,
21]. Studies revealed that the distribution characteristics
of cfDNA nucleosomes in the plasma of pregnant women
vary at different gestational weeks and physiological and
pathological states [22]. Accordingly, the use of this difference has been attempted to construct a classifier to
predict placental-derived pregnancy syndrome [23, 24].
Simultaneously, the nucleosome footprint of cfDNA has
been shown to distinguish breast cancer patients from
healthy donors and correlates with the efficacy of neoadjuvant chemotherapy [25]. However, the use of nucleosome footprints of cfDNA to study the mechanisms of
aneuploidy fetal in pathology has not been explored.
The distribution characteristics of cfDNA nucleosomes
carry the gene expression profile information of the cells
of their origin. Accordingly, we hypothesized that the
information carried by these nucleosomes may be used
to study gene expression profiles and functional changes
of the immune system in trisomic pregnancies, and thus
may provide ideas for the study of other diseases.
Here, we conducted a retrospective study using wholegenome sequencing of plasma cfDNA from 253 participants (42 trisomy 21, 28 trisomy 18, 31 trisomy 13, and
152 normal controls). First, we compared the plasma
cfDNA footprint profiles between chromosomal aneuploid samples and healthy controls. Differential genes
were further analyzed to identify the biological role via
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functional annotation and enrichment analyses of GO
and KEGG. Our findings indicate that the distribution characteristics of cfDNA nucleosomes in maternal
plasma can reflect the gene expression profiles of the placenta and the immune response of pregnant women, and
may be used as a potential biomarker of the physiological
and pathological states of pregnancy disorders.

Methods
Sample collection and study performance

The study was performed using low-throughput sequencing data of 140 healthy pregnant women and the cfDNA
library of 101 pregnant women with aneuploid fetuses
with trisomy 21, 18, and 13 by Guangzhou Darui Biotechnology Company. The selection of cfDNA sequencing
libraries was based on the gestational age at plasma collection and follow-up results for pregnant women with
trisomic pregnancy. All selected samples were collected
at 12–28 weeks of gestation and the selected participants had singleton pregnancies. The definitive diagnosis of each fetus was confirmed by chromosome testing
of the fetus in utero via the collection of amniotic fluid
cells, chorionic tissue biopsy, or umbilical cord blood cell
culture.
CfDNA sequencing and data handing

A total of 6 mL peripheral blood was collected in EDTA
tubes from each patient and immediately centrifuged at
1600 g for 10 min at 4 °C. The plasma was then transferred to a low-adsorption centrifuge tube (Eppendorf,
EP tubes), and re-centrifuged at 16,000 g for 10 min at
4 °C, and the supernatants were collected into new EP
tubes and stored at − 20 °C before use. At least 10 ng
cfDNA was extracted from plasma for sequencing using
the QIAamp DNA Blood Mini Kit (Qiagen). A starting
amount of approximately1–5 ng DNA was prepared for
library construction. The libraries for sequencing were
prepared using the Ion Xpress™ Plus Fragment Library
Kit and the following steps: end repair, adapter ligation,
and amplification with 12 amplification cycles PCR.
Libraries were analyzed using a 2100 Bioanalyzer (Agilent Technologies, Singapore) to observe DNA size distribution. Sequencing was performed using the Ion PI™
Hi-Q™ OT2 200 Kit and Ion PI™ Hi-Q™ Sequencing 200
Kit.
All samples were sequenced using the Ion Proton platform (Thermo Fisher Scientific, USA). For trisomic pregnancy samples, each cfDNA sample had approximately
20 M sequencing raw data, the sequenced fragment
length is 150–160 bp, and the sequencing depth is about
1X. For healthy pregnancy samples, the sequencing raw
data of each sample is 5 M, the length of the sequencing fragment is 150–160 bp, and the sequencing depth
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is about 0.25X. To serve as the control, every 4 low-coverage NIPT data of 140 healthy pregnant women were
pooled randomly using “merge” function in SAMtools
[26] as the control sample data according to gestational
age and a total of 35 bam files were obtained that simulate the high-depth data of healthy pregnant women.
Base calling and alignment were performed using Torrent Suite (Version 5.4.0). All reads were mapped to the
human reference genome hg19. All results of cfDNA testing and clinical data were transferred to an independent
data-coordinating center for consolidation.
TSS profiles of cfDNA sequencing

Raw bam files processed GC correction using deeptools
[27] (Version 3.5.1) to compute GCBias and correct GC
bias. The read counts of regions and single base depths
ranging from − 1000 bp to + 1000 bp around TSSs were
calculated using bedtools coverage [28] (Version 2.17.0)
by switching the program argument to “-d”. All gene
information and TSS positions were obtained from RefSeq [29]. The read counts were normalized using the
reads per kilobase per million mapped reads (RPKM)
method.
Differential TSS analysis

The fold change of each TSS was calculated between
groups (N vs. T13, N vs. T18, N vs. T21), and only
the TSS with fold change > 1.5 was used in the Wilcoxon rank sum test (two-sided). The false discovery
rate (FDR) method of Benjamini and Hochberg was
used for multiple testing corrections. Finally, the TSSs
with p-value < 0.05, |log2(FoldChange) |≥ log21.5, and
FDR < 0.2 were determined as differential TSSs. Volcano
plots were generated using the ggplot2 [30] package, and
heatmaps were plotted with pheatmap. All data preparation and screening processes were based on R 4.1.1.
Gene function analysis

To explore the function of the corresponding genes of differential TSSs, GO and KEGG analyses were performed
using the R package, clusterProfiler [31] (Version 4.2.0).
The GO terms and KEGG pathways were obtained from
the QuickGo [32] and KEGG [33] websites. Immunerelated genes were determined using ImmPort database
[34]. All gene aliases and ID in the different databases
were downloaded from GeneCards [35].

Results
Plasma cfDNA of pregnant women with trisomic fetuses
and normal pregnant women have different promoter
nucleosome distribution characteristics

To determine the cfDNA footprint profiles that reflect
intracellular nucleosome positioning and predicted gene

Zhang et al. Journal of Translational Medicine

(2022) 20:536

expression, we selected 101 samples (42 trisomy 21, 28
trisomy 18, and 31 trisomy 13; Additional file 1: Table S1)
of the next-generation sequencing library from the Darui
Bio-Clinical Examination Center and low coverage
sequencing data of cfDNA derived from 140 healthy controls according to the gestational age of plasma collection
and their follow-up results (Fig. 1). The gestational age of
the healthy controls was matched to the gestational age
of each trisomic pregnancy. The study flowchart of the
retrospective analysis of whole-genome resequencing of
all collected libraries for trisomic pregnancies is shown
in Fig. 1. By comparing cfDNA coverage at the primary
TSS (pTSS) for the 500 highest and 500 lowest expressed
genes in the placenta and maternal blood (Fig. 2A, C),
the sequence coverage depth around the TSSs was found
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to be significantly lower for highly expressed genes than
lowly expressed genes in the placenta (Fig. 2B). Similar
patterns were evident for genes with high or low expression levels in the maternal blood (Fig. 2D), aligning with
the conclusions of some existing studies on the use of
nucleosome footprints to identify differential expression
genes [22–24]. As the development of trisomy pregnancy
is related to the function of the placenta and maternal
immune system, these results suggest that the coverage of cfDNA in gene TSS can be used as a biomarker to
explore changes in gene expression during trisomy pregnancy. PCA was performed on GC-adjusted TSS profiles,
and samples were divided into four groups according to
pregnancy status to reflect the differences in TSS profiles between healthy pregnant women and women with

Fig. 1 Experimental design and flowchart of data analyses for three trisomic pregnancies study based on cell-free nucleosome footprint
low-coverage whole-genome sequencing. The different nucleosome positioning on cfDNA of healthy pregnant women and pregnant women
carrying fetuses with trisomy 21, 18 and 13 was analyzed. And finally, the results were integrated analysis and annotated through preprocessing,
alignment, quality control, expression index, clustering, and differential analysis of the sequencing data
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Fig. 2 The cfDNA nucleosome footprint in maternal plasma reveals nucleosome positioning and gene expression of maternal and fetal
nucleosomes in trisomies. A Mean expression levels of the 500 most‐ (Top500, red) and least‐expressed (Bottom500, blue) genes in the placenta.
B Promoter coverage patterns for the 500 most‐ (Top500, red line) and least‐expressed (Bottom500, blue line) genes in the placenta. C Mean
expression levels of the 500 most- (Top500, red) and least expressed (Bottom500, blue) genes in the maternal blood. D Promoter coverage patterns
for the 500 most- (Top500, red line) and least-expressed (Bottom500, blue line) genes in the maternal blood. E Principal component analysis (PCA)
derived from TSS coverage profiles imputed by different trisomy pregnancies and healthy pregnant women. F Volcano plots of gene transcripts
with differential read coverages at the pTSS (|log2FoldChange|≥ 1.5 and false discovery rate [FDR] < 0.2) at the pTSS detected using whole-genome
sequencing for all trisomy pregnancies samples. The blue, red, and gray dots indicate gene promoters though to be downregulated, upregulated,
and exhibiting non-differential coverage, respectively. G Heatmap of different TSS region coverage between normal pregnancy and trisomic
pregnancies

trisomy pregnancies (trisomy 21, trisomy 18, and trisomy 13) (Fig. 2E). The resulting score plot showed that
trisomy and healthy pregnancies occupied distinct locations in the PCA plot. However, each trisomy was crossreactive with all other trisomic pregnancies.
We compared the sequence coverage depth around
the cfDNA TSSs between pregnant women with trisomy and healthy pregnant women. Among the 50,800
tested TSSs, 158 were significantly different (p < 0.05,
|log2(foldchange)|≥ log21.5 and FDR < 0.2), including
101 TSSs with relatively high coverage and 57 TSSs
with relatively low coverage in pregnant women with
trisomy (n = 101) compared with healthy pregnant
women (n = 38) (Fig. 2F, Additional file 1: Table S1).
Hierarchical clustering analyses revealed an obvious
separation between pregnant women with trisomy and
healthy controls (Fig. 2G). Simultaneously, we compared TSS profiles between pregnant women with
different trisomy pregnancies (T21, T18, and T13)
and healthy controls. The TSS regions of 242 genes
(p < 0.05, |log2(FoldChange)|≥ log21.5, and FDR < 0.2)
were significantly differentially covered in trisomy 21

pregnancies, 73 of which were upregulated and 169
were downregulated (Additional file 6: Fig. S1A; Additional file 1: Table S1). The TSS regions of 517 genes
(p < 0.05, |log2(FoldChange)|≥ log21.5, and FDR < 0.2)
were significantly differentially covered in trisomy 18
pregnancies, 157 of which were upregulated and 360
were downregulated (Additional file 6: Fig. S1B, Additional file 1: Table S1). The TSS regions of 293 genes
(p < 0.05, |log2(FoldChange)|≥ log21.5 and FDR < 0.2)
were significantly differentially covered in trisomy
13 pregnancies, 105 of which were upregulated and
188 were downregulated (Additional file 6: Fig. S1C;
Additional file 1, Table S1). Conversely, the depth of
promoter coverage of these genes were not altered in
healthy pregnant women. We proceeded to perform
unsupervised hierarchical clustering analysis on the
coverages for these trisomy syndromes. Distinctive
coverage patterns were found for T21 (Additional File
6, Fig. S1D), T18 (Additional file 6: Fig. S1E), and T13
(Additional file 6: Fig. S1F), revealing distinct coverage
patterns for T21, T18, and T13. The heatmaps showed
distinct patterns of promoter coverage between healthy
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pregnancies and pregnancies with trisomy (Additional
file 6: Fig. S1D-F).
Gene annotations indicate that differential genes
were primarily associated with signaling pathways
that lead to abnormal fetal developmental phenotypes
in aneuploidy

To study the main functions of the differential genes
between pregnant women with trisomy and healthy pregnant women, we performed gene function annotation
analysis of the differential genes. Functional annotation
analyses revealed that these genes were related to the top
15 terms (Fig. 3A). Trisomy 21, 18, and 13 fetuses commonly have severe mental retardation, prenatal multiple organ malformations, reproductive organ dysplasia,
and growth retardation [36–38]. These fetuses result
from chromosomal aberrations, the non-disjunction of
homologous chromosomes or chromatids that occurs
during oocyte meiosis process. Our method enriched
many signaling pathways involved in the formation
and maintenance of chromatin structures. For example, genes related to chromatin remodeling and nucleosome aggregation (ARID1A, SATB1, SETD5, EHMT1,
TSPY8, and TSPY10) were concentrated in the signaling pathways of chromatin formation and structural
changes (GO:0,006,333, GO:0,006,334, GO:0,034,728,
GO:0,006,338, GO:0,006,325); the related genes are listed
in Supplementary Material (Additional file 2: Table S2).
Some differential genes were also found to be enriched in
pathways related to specific reproductive system development. For example, genes related to gonadal mesoderm
development (TSPY8, TSPY4, TSPY10, TSPY3, RBMY1B,
SF1) were found to be concentrated in the signaling
pathways of gonadal development, reproductive system
development, and sex differentiation (GO:0,008,406,
GO:0,048,608,
GO:0,045,137,
GO:0,061,458,
GO:0,007,548, GO:0,007,498); the related genes are listed
in Additional file 2: Table S2. Diseases that have been
reported to be associated with these genes include global
stunting with or without mental retardation; autosomal
dominant non-syndromic mental retardation; and heart,
eye, and genital syndromes [39–41].
We searched the literature to elucidate the functional
relevance of the top enriched gene functions and pathways to the diseases. According to the results, each set of
enriched pathways was associated with the development
of the corresponding disease (Fig. 3B). For example, the
Hippo signaling pathway (hsa04390) and TGF-β signaling
pathway (hsa04350) play important roles in the regulation of cell growth, differentiation, and development in
the human body, which involve different key physiological processes [42, 43]. Based on recent research [44], the
Hippo pathway and the TGF-β signaling pathway have a
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new role in coordinating developmental signals. Hippo
signaling plays a key role in early embryonic development, as low Hippo activity is required for trophoblast
differentiation whereas high Hippo activity allows inner
cell mass formation. Hippo signaling also plays an important role in the embryonic developmental stages of multiple organs, such as the heart, craniofacial development,
lungs, eyes, brain, and kidneys [45, 46]. The TGF-β signaling pathway inherently contributes to a wide range of
early developmental events, including embryonic patterning, cell fate determination, and dynamic motility [47]. The Ras signaling pathway (hsa04014) controls
many cellular responses, such as proliferation, survival,
and differentiation. Developmental disorders associated
with mutations in the Ras pathway share common phenotypic features, including facial abnormalities, cardiac
defects, and impaired growth and development [48].
Ubiquitin-mediated proteolysis pathway (hsa04120) regulate nearly every aspect of cellular events in eukaryotes.
Dysregulated ubiquitination can lead to serious consequences and human diseases, including cancer, growth
defects, and immune disorders [49, 50]. In addition to
these signaling pathways, which play important roles in
the overall regulation of embryonic growth and development, we found that these major functional enrichments
are concentrated in signaling pathways that regulate
embryonic neurodevelopment. The MAPK signaling
pathway (hsa04010) is critical for normal development of
the nervous system from neural progenitor cells derived
from the embryonic mesoderm. Studies have shown that
MAPK signaling is important for oligodendrocyte differentiation. Children with reduced levels of MAPK signaling exhibit microcephaly, cognitive impairment, and
developmental delay [51, 52]. The axon guidance pathway (hsa04360) is critical for the formation of neuronal
networks [53]. The thyroid hormone signaling pathway
(hsa04919) affects brain development by regulating gene
expression, and is important for neuronal development,
and fetal size and survival. Maternal hypothyroidism or
deficiency can have severe effects on fetal brain and heart
development [54, 55]. Individual genes with significantly
different coverages from these pathways are listed in
the supplementary material (Additional file 3: Table S3).
These signaling pathways were found to display significant differential enrichment in trisomy pregnancies.
In addition to the common differential analysis of these
chromosomal aneuploid pregnancies, we also performed
functional enrichment analysis of differential genes
between cfDNA nucleosome footprints of healthy pregnant women and pregnant women carrying a fetus with
trisomies 21, 18, and 13, respectively. Although these
differentially gene-enriched pathways were not significantly different among the three trisomic pregnancies,
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Fig. 3 Results of top 15 GO and KEGG analysis results of differentially expressed genes: A Bubble chart of GO enrichment analysis in all trisomic
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the number of differentially enriched genes in the pathways was found to differ in different trisomic pregnancies
(Fig. 3C–H). In trisomy 18 pregnancies, the differential
genes were mainly enriched in reproductive system and
mesoderm development (GO:0,008,406, GO:0,048,608,
GO:0,061,458,
GO:0,007,498,
GO:0,045,137,
GO:0,060,485) (Fig. 3E). Interestingly, the number of
enriched differential genes in trisomy 18 pregnancies was
significantly higher than the number of differential genes
in the same signaling pathway in the other two aneuploid
pregnancies; the related genes are listed in Supplementary Material (Additional file 2: Tables S2, Additional
file 3: Tables S3). In trisomy 13 pregnancies, differential
genes were enriched for multiple biological processes,
from embryo implantation to embryonic organ development, during embryonic development in utero. These
pathways, which play important roles in the regulation of
embryonic development (GO:0,007,566, GO:0,016,331,
GO:0,048,568,
GO:0,001,838,
GO:0,048,568,
GO:0,001,701) (Fig. 3G), were not significantly enriched
in the other two aneuploid pregnancies. Compared to
other children with chromosomal aneuploidy, children
with trisomy 18 have obvious genitourinary abnormalities and abnormal developmental delays. Fetuses with
trisomy 13 have fewer stable embryos. The up- and
down-regulation functions and pathways of differential
gene enrichment in the three trisomic pregnancies are
presented in the Supplementary Material (Additional
file 6: Figs. S2, S3), and the related genes are listed in the
Supplementary Material (Additional file 6: 3–5).
According to the literatures, survivors of common
trisomy aneuploidies have obvious growth and developmental disorders and mental retardation. Our differential gene enrichment results precisely focused on the
pathways of cell growth and development and neurodevelopmental regulation, which correspond well with the
shared genetic phenotypes of fetuses with trisomy. In
addition, our differential genes in different chromosomal
aneuploid pregnancies were focused on their respective
and most characteristic genetic phenotypes, indicating
that our method may reveal good evidence related to
fetal gene expression profiles in trisomic pregnancy.
Gene annotation indicates that immune‑related
differential genes may be primarily associated
with maternal immune responses to fetal developmental
abnormalities

To determine whether these differential genes were associated with some immune responses in trisomic fetuses
during pregnancy, all genes with significantly differential
TSS obtained from trisomic pregnancy samples that were
screened out were entered into the immune gene database, ImmPort database [34], for comparison and search
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for the immune genes among these significantly different genes by generating intersections. Fourteen distinct
immune genes were identified, and the boxplot shown
the relative depth of the region around the TSS of some
immune-related genes in the cfDNA of pregnancies in
different groups (Fig. 4A–F). Among them, trisomy 13
pregnancy had six distinct genes, trisomy 18 pregnancy
had seven distinct genes, and trisomy 21 pregnancy had
three distinct genes. We searched the literature for correlations between different immune genes and fetal and
maternal immune responses. According to our findings,
these significantly different immune genes are related to
cell differentiation, growth arrest, and apoptosis, including embryogenesis and tissue homeostasis. The expression of these immune genes, especially the differential
genes that play important roles in embryogenesis, differentiation, and development, was significantly different in
the promoter profiling of different trisomic pregnancies
and healthy pregnant women (Fig. 4A–F).
For example, Sp1 (Sp1 Transcription Factor) has an
important role in the development of blood cells. Loss
of Sp1 results in general dysregulation of the timing and
coordination of differentiation trajectories during hematopoietic specification, such as uncoordinated and unstable embryonic development [56]. FGF18 (Fibroblast
Growth Factor 18) is expressed in embryo and is required
for osteogenesis and chondrogenesis. Studies have shown
that deletion or mutation of FGF18 results in reduced
proliferation of calvarial osteogenic mesenchymal cells
during embryonic development, and terminal differentiation to calvarial osteoblasts is specifically delayed [57].
CYLD (Deubiquitinating Enzyme) helps regulate cell survival, proliferation, and differentiation through its effect
on NF-κB activation. CYLD is important for the TNF
signaling pathway, and a lack of the CYLD gene leads
to early embryonic lethality [58]. HLA-C (Human Leucocyte Antigen-C) is the only classical MHC molecule
expressed by extravillous trophoblasts (EVTs). During
pregnancy, HLA-C mediates the interaction of EVT with
maternal KIR and regulates trophoblast invasion necessary for placentation and overall fetal growth, which
in turn affects placental formation and pregnancy outcomes [59, 60]. The Notch signaling pathway is essential
for proper embryonic development, and mutations in its
components disrupt embryonic development and cause
inherited diseases in humans. The Jagged2 (JAG2)-mediated Notch signaling is essential for proper craniofacial
morphogenesis and proper thymic and limb development
in embryos [61]. SBDS (SBDS ribosomal maturation factor) is an essential gene for early mammalian development, and its expression pattern is consistent with its
critical role in cell proliferation. Deletion of SBDS results
in early embryonic lethality and ectoderm development
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Fig. 4 Dysregulated immune genes detected in maternal serum in trisomic pregnancies. Cell-free DNA nucleosome coverage (Z-scored original
value) of six selected immune genes with significant difference between healthy pregnancies and different trisomic pregnancies. The extremes of
the boxes define the upper and lower quartiles, and the center lines define the median. Whiskers indicate 1.5 times the interquartile range (IQR). The
value on the boxplot was the depth of these immune genes in the TSS region of the cfDNA of different trisomic pregnancies, respectively

failure [62]. All related genes are listed in the Supplementary Material (Additional file 1: Table S1).
Interestingly, the expression of these immune genes,
which play important roles in regulating cell growth and
development, embryonic differentiation, and maturation in our analysis, is consistent with those reported in
previous studies. In the early and second trimesters of
pregnancy, the fetal DNA population only accounts for
approximately 10% to 20% of the maternal plasma free
DNA, called the fetal part [19, 63]; the remaining population is mainly maternal DNA. Since the cfDNA of mother
was mainly derived from immune cells, these results suggested that these immune genes may be associated with
the mother’s immune response to the fetus.

Discussion and conclusions
Previous studies on chromosomal aneuploidy screening
based on maternal plasma cfDNA focused on expanding the non-invasive prenatal detection of trisomy 21,
18, and 13 to all chromosomes by increasing the amount
of high-throughput sequencing data and microdeletion/
microduplication (expanded non-invasive prenatal test,
non-invasive prenatal test PLUS, and NIPT PLUS) [64].
Studies to determine how all or part of the genes involved
in chromosomal aneuploidy lead to the genetic phenotype of trisomic fetuses are progressing slowly. Whether
the mother’s immune system in a trisomic pregnancy

produces a series of immune responses to the fetus
remains unclear. Centralized methods can use DNA or
mRNA samples from different cells, tissues, or whole
organs to study gene expression profiles. However, these
techniques rely on the use of traumatic methods to obtain
fetal cells or villi, and these operations have a certain risk
of miscarriage and ethical requirements. In NIPT-related
research based on NGS, the distribution characteristics
of plasma cfDNA nucleosomes were found to significantly differ in placental trophoblast cells and maternal
hematopoietic cells, and can be used to quantify the proportion of cfDNA in plasma cfDNA [65]. Further, the distribution characteristics of plasma cfDNA nucleosomes
can be identified by whole-genome deep sequencing
technology. According to recent studies, the distribution
characteristics of cfDNA nucleosomes carry the gene
expression profile information of their source cells, which
can be used as an evaluation index for the pathological
and physiological status of the mother and fetus, can be
used earlier in placental pregnancy syndrome. Therefore,
we propose the use of cfDNA nucleosome imprinting to
explore the mechanisms of fetal gene expression profiles
and maternal immune responses in trisomic pregnancies.
In this study, we used promoter profiling of wholegenome sequencing of cfDNA from pregnant women to
assess the transcriptional activity of cfDNA in its tissues
of origin. Differential read depths at the pTSS indicated
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differential gene expression in the tissues of origin
(Fig. 2). Therefore, we hypothesized that the differential
read-depth patterns of cfDNA at promoters carry information on fetal and maternal-related diseases. Our findings suggested that differential gene enrichment results
based on cfDNA nucleosome imprinting analysis were
well associated with the genetic phenotypes of trisomic
fetuses, such as mental retardation, growth and development disorders, and multiple malformations. Based on
these differences, we separately analyzed the differential functions or pathways found in the three aneuploid
fetuses. Interestingly, in addition to the common differences in each trisomic pregnancy, the differential genes
for each aneuploidy enriched in their unique genetic
phenotype. For example, in trisomy 21 pregnancies, differential genes were mainly enriched in pathways related
to neurodevelopment and infection. This finding is consistent with the genetic characteristics of fetal trisomy
21, which has obvious intellectual backwardness and low
immune function and is susceptible to various infections.
In trisomy 18 pregnancies, the differential genes were
mainly enriched in the functions of reproductive structure development and mesoderm development, which is
highly consistent with genitourinary system abnormalities and delayed developmental abnormalities in fetal
trisomy 18. In trisomy 13 pregnancies, differential genes
were enriched in multiple signaling pathways related to
the regulation of embryonic development, which is consistent with the genetic characteristics of fetal trisomy
13, including fewer stable embryos, being more prone
to miscarriage, and having more severe lethal malformations than the first two types of trisomic fetuses.
CfDNA in plasma is derived from apoptotic cells,
including cfDNA released by maternal cells and fetuses.
In the plasma of pregnant women, most cfDNA is
derived from maternal immune cells, with only approximately 10% of the total cfDNA from the placenta [18].
Therefore, genetic changes based on cfDNA analysis
not only reflect those of the fetuses, but also the mothers, especially the immune system. We also identified
the differential immune genes based on a comparison
of the immune gene library and found that these significantly different immune genes are mainly involved in
the immune process that regulates cell survival, proliferation, differentiation and migration, embryogenesis,
and tissue stabilization. Interestingly, the expression
levels of these genes were significantly downregulated.
In general textbooks, the concept of a non-responsive
fetus remains prevalent. However, according to recent
studies, in gestational week 13, human fetuses develop a
more unusual immune system than previously thought
[66]. This system can recognize foreign proteins but
is not as prone to attack as a mature immune system.
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Most of the NIPT samples were collected from the
week 12 to week 15 of gestation. Therefore, we speculate that these significantly different immune genes may
be a series of immune responses to fetal trisomy after
the mother recognizes an abnormal pregnancy, which
leads to the spontaneous abortion of most trisomic
pregnancies during pregnancy.
In summary, using cfDNA nucleosome footprint, we
found that some existing and undiscovered genetic differences in trisomy 21, 18, and 13 pregnancies may lead
to disease phenotypes. Cell-free DNA in maternal plasma
is considered to be DNA of mixed origin. Although fetal
and maternal cell-free DNA differs in various aspects,
such as quantities, abundance, and fragment size [67],
maternal and fetal cell-free DNA cannot be differentiated
by sequencing cell-free DNA in maternal plasma alone.
Therefore, GO and KEGG analyses could not determine
whether the differences in these genes were from the
mother or the fetus. Differentiation of fetal and maternal
cell-free DNA from maternal blood samples may require
the use of epigenetic markers (e.g., methylation) or polymorphic loci. Most studies have shown that changes of
development-related functions and pathways may be
related to the fetus, while whether the other changes
belong to the mother or the fetus remains unclear. Of
note, our analyses are considered exploratory. With the
accumulation of more NIPT data and larger-scale studies to verify our findings, this method may be used to
dynamically monitor changes in fetal and maternal gene
expression profiles in aneuploid pregnancies to examine
these genetic diseases for a long time and achieve eugenics. Overall, this method may not only be used to explore
and predict the occurrence of other neonatal genetic diseases, but also provide new ideas for disease prediction,
diagnosis, or treatment.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12967-022-03735-7.
Additional file 1: Table S1. Differential promoter coverage genes and
GO, KEGG enrichment analysis results of differential genes for all pregnant
women with trisomy.
Additional file 2: Table S2. Differential promoter coverage genes and
GO, KEGG enrichment analysis results of differential genes for pregnant
women with trisomy 21.
Additional file 3: Table S3. Differential promoter coverage genes and
GO, KEGG enrichment analysis results of differential genes for pregnant
women with trisomy 18.
Additional file 4: Table S4. Differential promoter coverage genes and
GO, KEGG enrichment analysis results of differential genes for pregnant
women with trisomy 13.
Additional file 5: Table S5. Immunity genes with differential promoter
coverage in all trisomic pregnant women.
Additional file 6: All additional figures.

Zhang et al. Journal of Translational Medicine

(2022) 20:536

Acknowledgements
We sincerely thank Guangzhou Darui Biotechnology Co., Ltd. for providing
sequencing platform and server.
Author contributions
MZ, KL and XXY conceived and designed the study. MZ, KL, SQ and YLW collected and performed the experiments. MZ, KL, SQ, ZG and OG analyzed and
interpreted the data. MZ drafted and wrote the paper. KL, SQ, XY, ZJ, WR, LF
participated in discussing and revising the paper. LF, XXY, YW contributed to
overall senior mentorship and guidance and support to project. All authors
listed have contributed to the work and approved the final version.

Page 11 of 12

9.
10.
11.
12.

Funding
This study was supported by the Science and Technology Program of Guangzhou. (Grant No. 201803040009).

13.

Availability of data and materials
All datasets generated for this study are included in the article/supplementary
material.

14.
15.

Declarations
Ethics approval and consent to participate
This study was approved by the Internal Ethics Committee of Guangzhou
Darui Biotechnology Co. Ltd. (IRB no. DREC-2019–003).
Competing interests
The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential
competing interest.
Author details
1
Institute of Antibody Engineering, School of Laboratory Medicine
and Biotechnology, Southern Medical University, 1838 N. Guangzhou
Ave, Guangzhou 510515, China. 2 National Institutes for Food and Drug
Control, Beijing 100050, China. 3 Guangzhou Darui Biotechnology Co. Ltd.,
Guangzhou 510665, Guangdong, People’s Republic of China. 4 Department
of Obstetrics and Gynecology, Nanfang Hospital, Southern Medical University,
Guangzhou, China.
Received: 29 May 2022 Accepted: 30 October 2022

16.
17.
18.

19.
20.
21.
22.

23.
References
1. Nagaoka SI, Hassold TJ, Hunt PA. Human aneuploidy: mechanisms and
new insights into an age-old problem. Nat Rev Genet. 2012;13:493–504.
2. Skrzypek H, Hui L. Noninvasive prenatal testing for fetal aneuploidy
and single gene disorders. Best Pract Res Clin Obstet Gynaecol.
2017;42:26–38.
3. Carbone L, Cariati F, Sarno L, Conforti A, Bagnulo F, Strina I, Pastore L,
Maruotti GM, Alviggi C. Non-invasive prenatal testing: current perspectives and future challenges. Genes (Basel). 2020;12(1):15.
4. Rozovski U, Jonish-Grossman A, Bar-Shira A, Ochshorn Y, Goldstein M,
Yaron Y. Genome-wide expression analysis of cultured trophoblast with
trisomy 21 karyotype. Hum Reprod. 2007;22:2538–45.
5. Lim JH, Kim SY, Han JY, Kim MY, Park SY, Ryu HM. Comprehensive investigation of DNA methylation and gene expression in trisomy 21 placenta.
Placenta. 2016;42:17–24.
6. Volk M, Maver A, Hodžić A, Lovrečić L, Peterlin B. Transcriptome profiling
uncovers potential common mechanisms in fetal trisomies 18 and 21.
OMICS. 2017;21:565–70.
7. Zedníková I, Chylíková B, Šeda O, Korabečná M, Pazourková E, Břešťák
M, Krkavcová M, Calda P, Hořínek A. Genome-wide miRNA profiling in
plasma of pregnant women with down syndrome fetuses. Mol Biol Rep.
2020;47:4531–40.
8. Tabor A, Alfirevic Z. Update on procedure-related risks for prenatal diagnosis techniques. Fetal Diagn Ther. 2010;27:1–7.

24.

25.

26.
27.
28.
29.

30.

Lo YM, Zhang J, Leung TN, Lau TK, Chang AM, Hjelm NM. Rapid clearance
of fetal DNA from maternal plasma. Am J Hum Genet. 1999;64:218–24.
Lui YY, Chik KW, Chiu RW, Ho CY, Lam CW, Lo YM. Predominant hematopoietic origin of cell-free DNA in plasma and serum after sex-mismatched bone marrow transplantation. Clin Chem. 2002;48:421–7.
Snyder MW, Kircher M, Hill AJ, Daza RM, Shendure J. Cell-free DNA comprises an in vivo nucleosome footprint that informs its tissues-of-origin.
Cell. 2016;164:57–68.
Diehl F, Li M, Dressman D, He Y, Shen D, Szabo S, Diaz LA Jr, Goodman
SN, David KA, Juhl H, et al. Detection and quantification of mutations
in the plasma of patients with colorectal tumors. Proc Natl Acad Sci.
2005;102:16368–73.
Lo YM, Chan KC, Sun H, Chen EZ, Jiang P, Lun FM, Zheng YW, Leung TY,
Lau TK, Cantor CR, Chiu RW. Maternal plasma DNA sequencing reveals
the genome-wide genetic and mutational profile of the fetus. Sci Transl
Med. 2010;2(61):ra91.
Ramachandran S, Henikoff S. Replicating nucleosomes. . Sci Adv.
2015;1(7):e1500587.
Sun K, Jiang P, Cheng SH, Cheng THT, Wong J, Wong VWS, Ng SSM, Ma
BBY, Leung TY, Chan SL, et al. Orientation-aware plasma cell-free DNA
fragmentation analysis in open chromatin regions informs tissue of
origin. Genome Res. 2019;29:418–27.
Weber CM, Ramachandran S, Henikoff S. Nucleosomes are contextspecific, H2A.Z-modulated barriers to RNA polymerase. Mol Cell.
2014;53:819–30.
Ulz P, Thallinger GG, Auer M, Graf R, Kashofer K, Jahn SW, Abete L, Pristauz
G, Petru E, Geigl JB, et al. Inferring expressed genes by whole-genome
sequencing of plasma DNA. Nat Genet. 2016;48:1273–8.
Lo YM, Tein MS, Lau TK, Haines CJ, Leung TN, Poon PM, Wainscoat JS,
Johnson PJ, Chang AM, Hjelm NM. Quantitative analysis of fetal DNA
in maternal plasma and serum: implications for noninvasive prenatal
diagnosis. Am J Hum Genet. 1998;62:768–75.
Lun FM, Chiu RW, Chan KC, Leung TY, Lau TK, Lo YM. Microfluidics digital
PCR reveals a higher than expected fraction of fetal DNA in maternal
plasma. Clin Chem. 2008;54:1664–72.
Aplin JD, Myers JE, Timms K, Westwood M. Tracking placental development in health and disease. Nat Rev Endocrinol. 2020;16:479–94.
Eggenhuizen GM, Go A, Koster MPH, Baart EB, Galjaard RJ. Confined placental mosaicism and the association with pregnancy outcome and fetal
growth: a review of the literature. Hum Reprod Update. 2021;27:885–903.
Han BW, Yang F, Guo ZW, Ouyang GJ, Liang ZK, Weng RT, Yang X, Huang
LP, Wang K, Li FX, et al. Noninvasive inferring expressed genes and in vivo
monitoring of the physiology and pathology of pregnancy using cell-free
DNA. Am J Obstet Gynecol. 2021;224:300.e301-9.
Guo Z, Yang F, Zhang J, Zhang Z, Li K, Tian Q, Hou H, Xu C, Lu Q, Ren Z,
et al. Whole-genome promoter profiling of plasma DNA exhibits diagnostic value for placenta-origin pregnancy complications. Adv Sci (Weinh).
2020;7:1901819.
Xu C, Guo Z, Zhang J, Lu Q, Tian Q, Liu S, Li K, Wang K, Tao Z, Li C, et al.
Non-invasive prediction of fetal growth restriction by whole-genome
promoter profiling of maternal plasma DNA: a nested case-control study.
BJOG. 2021;128:458–66.
Yang X, Cai GX, Han BW, Guo ZW, Wu YS, Lyu X, Huang LM, Zhang YB, Li X,
Ye GL, Yang XX. Association between the nucleosome footprint of plasma
DNA and neoadjuvant chemotherapy response for breast cancer. NPJ
Breast Cancer. 2021;7:35.
Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G,
Abecasis G, Durbin R. Genome project data processing S: the sequence
alignment/map format and SAMtools. Bioinformatics. 2009;25:2078–9.
Ramírez F, Ryan DP, Grüning B, Bhardwaj V, Kilpert F, Richter AS, Heyne S,
Dündar F, Manke T. deepTools2: a next generation web server for deepsequencing data analysis. Nucleic Acids Res. 2016;44:W160-5.
Quinlan AR, Hall IM. BEDTools: a flexible suite of utilities for comparing
genomic features. Bioinformatics. 2010;26:841–2.
O’Leary NA, Wright MW, Brister JR, Ciufo S, Haddad D, McVeigh R, Rajput
B, Robbertse B, Smith-White B, Ako-Adjei D, et al. Reference sequence
(RefSeq) database at NCBI: current status, taxonomic expansion, and
functional annotation. Nucleic Acids Res. 2016;44:D733-45.
Gómez-Rubio V. ggplot2—elegant graphics for data analysis. J Stat Soft.
2017;77:1–3.

Zhang et al. Journal of Translational Medicine

(2022) 20:536

31. Wu T, Hu E, Xu S, Chen M, Guo P, Dai Z, Feng T, Zhou L, Tang W, Zhan L,
et al. clusterProfiler 4.0: a universal enrichment tool for interpreting omics
data. Innovation. 2021;2:100141.
32. Binns D, Dimmer E, Huntley R, Barrell D, O’Donovan C, Apweiler R.
QuickGO: a web-based tool for Gene ontology searching. Bioinformatics.
2009;25:3045–6.
33. Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes and genomes.
Nucleic Acids Res. 2000;28:27–30.
34. Bhattacharya S, Dunn P, Thomas CG, Smith B, Schaefer H, Chen J, Hu Z,
Zalocusky KA, Shankar RD, Shen-Orr SS, et al. ImmPort, toward repurposing of open access immunological assay data for translational and clinical
research. Sci Data. 2018;5:180015.
35. Safran M, Dalah I, Alexander J, Rosen N, Iny Stein T, Shmoish M, Nativ N,
Bahir I, Doniger T, Krug H, et al. GeneCards version 3: the human gene
integrator. Database (Oxford). 2010;2010:baq020.
36. Antonarakis SE, Skotko BG, Rafii MS, Strydom A, Pape SE, Bianchi DW,
Sherman SL, Reeves RH. Down syndrome. Nat Rev Dis Primers. 2020;6:9.
37. Cereda A, Carey JC. The trisomy 18 syndrome. Orphanet J Rare Dis.
2012;7:81.
38. Kepple JW, Fishler KP, Peeples ES. Surveillance guidelines for children with
trisomy 13. Am J Med Genet A. 2021;185:1631–7.
39. Kleefstra T, Brunner HG, Amiel J, Oudakker AR, Nillesen WM, Magee
A, Geneviève D, Cormier-Daire V, van Esch H, Fryns JP, et al. Loss-offunction mutations in euchromatin histone methyl transferase 1 (EHMT1)
cause the 9q34 subtelomeric deletion syndrome. Am J Hum Genet.
2006;79:370–7.
40. Grozeva D, Carss K, Spasic-Boskovic O, Parker MJ, Archer H, Firth HV, Park
SM, Canham N, Holder SE, Wilson M, et al. De novo loss-of-function mutations in SETD5, encoding a methyltransferase in a 3p25 microdeletion
syndrome critical region, cause intellectual disability. Am J Hum Genet.
2014;94:618–24.
41. den Hoed J, de Boer E, Voisin N, Dingemans AJM, Guex N, Wiel L, Nellaker
C, Amudhavalli SM, Banka S, Bena FS, et al. Mutation-specific pathophysiological mechanisms define different neurodevelopmental disorders
associated with SATB1 dysfunction. Am J Hum Genet. 2021;108:346–56.
42. Shi Y, Massagué J. Mechanisms of TGF-beta signaling from cell membrane
to the nucleus. Cell. 2003;113:685–700.
43. Yin M, Zhang L. Hippo signaling: a hub of growth control, tumor suppression and pluripotency maintenance. J Genet Genomics. 2011;38:471–81.
44. Varelas X, Wrana JL. Coordinating developmental signaling: novel roles for
the hippo pathway. Trends Cell Biol. 2012;22:88–96.
45. Ma S, Meng Z, Chen R, Guan KL. The hippo pathway: biology and pathophysiology. Annu Rev Biochem. 2019;88:577–604.
46. Wu Z, Guan KL. Hippo signaling in embryogenesis and development.
Trends Biochem Sci. 2021;46:51–63.
47. Liu C, Peng G, Jing N. TGF-β signaling pathway in early mouse development and embryonic stem cells. Acta Biochim Biophys Sin (Shanghai).
2018;50:68–73.
48. Schubbert S, Shannon K, Bollag G. Hyperactive Ras in developmental
disorders and cancer. Nat Rev Cancer. 2007;7:295–308.
49. Strikoudis A, Guillamot M, Aifantis I. Regulation of stem cell function by
protein ubiquitylation. EMBO Rep. 2014;15:365–82.
50. Wang D, Bu F, Zhang W. The role of ubiquitination in regulating embryonic stem cell maintenance and cancer development. Int J Mol Sci.
2019;20(11):2667.
51. Samuels IS, Karlo JC, Faruzzi AN, Pickering K, Herrup K, Sweatt JD, Saitta
SC, Landreth GE. Deletion of ERK2 mitogen-activated protein kinase
identifies its key roles in cortical neurogenesis and cognitive function. J
Neurosci. 2008;28:6983–95.
52. Iroegbu JD, Ijomone OK, Femi-Akinlosotu OM, Ijomone OM. ERK/MAPK
signalling in the developing brain: perturbations and consequences.
Neurosci Biobehav Rev. 2021;131:792–805.
53. Dickson BJ. Molecular mechanisms of axon guidance. Science.
2002;298:1959–64.
54. Calvo RM, Jauniaux E, Gulbis B, Asunción M, Gervy C, Contempré B,
Morreale de Escobar G. Fetal tissues are exposed to biologically relevant
free thyroxine concentrations during early phases of development. J Clin
Endocrinol Metab. 2002;87:1768–77.
55. Chattergoon NN. Thyroid hormone signaling and consequences for
cardiac development. J Endocrinol. 2019;242:T145-60.

Page 12 of 12

56. Gilmour J, O’Connor L, Middleton CP, Keane P, Gillemans N, Cazier JB,
Philipsen S, Bonifer C. Robust hematopoietic specification requires the
ubiquitous Sp1 and Sp3 transcription factors. Epigenetics Chromatin.
2019;12:33.
57. Ohbayashi N, Shibayama M, Kurotaki Y, Imanishi M, Fujimori T, Itoh N,
Takada S. FGF18 is required for normal cell proliferation and differentiation during osteogenesis and chondrogenesis. Genes Dev.
2002;16:870–9.
58. Zhao Y, Ma CA, Wu L, Iwai K, Ashwell JD, Oltz EM, Ballard DW, Jain A. CYLD
and the NEMO zinc finger regulate tumor necrosis factor signaling and
early embryogenesis. J Biol Chem. 2015;290:22076–84.
59. Hiby SE, Apps R, Sharkey AM, Farrell LE, Gardner L, Mulder A, Claas FH,
Walker JJ, Redman CW, Morgan L, et al. Maternal activating KIRs protect
against human reproductive failure mediated by fetal HLA-C2. J Clin
Invest. 2010;120:4102–10.
60. Papúchová H, Meissner TB, Li Q, Strominger JL, Tilburgs T. The dual role of
HLA-C in tolerance and immunity at the maternal-fetal interface. Front
Immunol. 2019;10:2730.
61. Jiang R, Lan Y, Chapman HD, Shawber C, Norton CR, Serreze DV, Weinmaster G, Gridley T. Defects in limb, craniofacial, and thymic development
in Jagged2 mutant mice. Genes Dev. 1998;12:1046–57.
62. Zhang S, Shi M, Hui CC, Rommens JM. Loss of the mouse ortholog of the
shwachman-diamond syndrome gene (Sbds) results in early embryonic
lethality. Mol Cell Biol. 2006;26:6656–63.
63. Palomaki GE, Kloza EM, Lambert-Messerlian GM, Haddow JE, Neveux LM,
Ehrich M, van den Boom D, Bombard AT, Deciu C, Grody WW, et al. DNA
sequencing of maternal plasma to detect down syndrome: an international clinical validation study. Genet Med. 2011;13:913–20.
64. Liang D, Cram DS, Tan H, Linpeng S, Liu Y, Sun H, Zhang Y, Tian F, Zhu H,
Xu M, et al. Clinical utility of noninvasive prenatal screening for expanded
chromosome disease syndromes. Genet Med. 2019;21:1998–2006.
65. Straver R, Oudejans CB, Sistermans EA, Reinders MJ. Calculating the fetal
fraction for noninvasive prenatal testing based on genome-wide nucleosome profiles. Prenat Diagn. 2016;36:614–21.
66. McGovern N, Shin A, Low G, Low D, Duan K, Yao LJ, Msallam R, Low I,
Shadan NB, Sumatoh HR, et al. Human fetal dendritic cells promote
prenatal T-cell immune suppression through arginase-2. Nature.
2017;546:662–6.
67. Chiu RWK, Lo YMD. Cell-free fetal DNA coming in all sizes and shapes.
Prenat Diagn. 2021;41:1193–201.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

