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Abstract

Background: During human pregnancy, placental trophectoderm cells release extracellular vesicles (EVs) into maternal
circulation. Trophoblasts also give rise to cell-free DNA (cfDNA) in maternal blood, and has been used for noninvasive
prenatal screening for chromosomal aneuploidy. We intended to prove the existence of DNA in the EVs (evDNA) of
maternal blood, and compared evDNA with plasma cfDNA in terms of genome distribution, fragment length, and the
possibility of detecting genetic diseases.

Methods: Maternal blood from 20 euploid pregnancies, 9 T21 pregnancies, 3 T18 pregnancies, 1 T13 pregnancy, and 2
pregnancies with FGFR3 mutations were obtained. EVs were separated from maternal plasma, and confirmed by
transmission electronic microscopy (TEM), western blotting, and flow cytometry (FACS). evDNA was extracted and its
fetal origin was confirmed by quantitative PCR (qPCR). Pair-end (PE) whole genome sequencing was performed to
characterize evDNA, and the results were compared with that of cfDNA. The fetal risk of aneuploidy and monogenic
diseases was analyzed using the evDNA sequencing data.

Results: EVs separated from maternal plasma were confirmed with morphology by TEM, and protein markers of CD9,
CD63, CD81 as well as the placental specific protein placental alkaline phosphatase (PLAP) were confirmed by western
blotting or flow cytometry. EvDNA could be successfully extracted for qPCR and sequencing from the plasma EVs.
Sequencing data showed that evDNA span on all 23 pairs of chromosomes and mitochondria, sharing a similar
distribution pattern and higher GC content comparing with cfDNA. EvDNA showed shorter fragments yet lower fetal
fraction than cfDNA. EvDNA could be used to correctly determine fetal gender, trisomies, and de novo FGFR3 mutations.

Conclusions: We proved that fetal DNA could be detected in EVs separated from maternal plasma. EvDNA shared some
similar features to plasma cfDNA, and could potentially be used to detect genetic diseases in fetus.

Keywords: Extracellular vesicles, evDNA, Plasma cell-free DNA, Massively parallel sequencing, Fetal trisomy, Single gene
disease
© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

* Correspondence: fangchen@genomics.cn; gaoya@genomics.cn
†Weiting Zhang and Sen Lu contributed equally to this work.
1BGI-Shenzhen, Beishan Industrial Zone, Shenzhen 518083, China
Full list of author information is available at the end of the article

http://crossmark.crossref.org/dialog/?doi=10.1186/s12920-019-0590-8&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:fangchen@genomics.cn
mailto:gaoya@genomics.cn


Zhang et al. BMC Medical Genomics          (2019) 12:151 Page 2 of 11
Background
EVs are small non-nucleated particles released from live
cells. EVs are covered by lipid bilayer membrane, which
carry tetraspanins markers such as CD9, CD63 and CD81
[1]. EVs, acting as an intercellular communicator in differ-
ent body fluid, contain nucleic acids, proteins, and lipids
[2–4]. During human pregnancy, placental trophoblasts can
release EVs into maternal circulation, and the concentra-
tion of EVs positively correlates with gestation weeks [5, 6].
Although the exact role of placental EVs is still unclear, the
concentration and composition balance of EVs may be im-
portant in regulating some key pregnancy activities, such as
immune tolerance, maternal-fetal surface remodeling, and
inflammation response [7, 8]. For instance, Saloman et al.
reported that patients with gestational diabetes had altered
concentration and bioactivity of placenta-derived exosomes
[9]. Luo et al. reported that human villous trophoblasts se-
creted placenta-specific microRNA into maternal plasma
via exosomes, and may confer antiviral ability though com-
municating with target cells [10]. Baig et al. showed that in
the blood of pregnant women with preeclampsia, there was
an elevated concentration of syncytiotrophoblast microvesi-
cles, and the proteomic and lipidomic profiles of the micro-
vesicles were considerably changed comparing with normal
pregnant women [11, 12].
Recently, several studies demonstrated the existence of

DNA in EVs, which can be used for disease monitoring.
For instance, in cancer cell lines and serum from patients
with pancreatic cancer, tumor-derived exosomes contained
double-stranded DNA fragments distributing on the entire
genome, which could be used to detect tumor related genes
[13–15]. Similarly, in exosomes isolated from visceral can-
cers, exosomal DNA has been used to detect copy number
variation, point mutations and gene fusions by the whole
genome and whole exome sequencing [16]. Mitochondrial
DNA (mtDNA) has also been identified in exosomes from
astrocytes and glioblastoma cells [17]. However, the pres-
ence of DNA in placenta derived EVs in the maternal circu-
lation during pregnancy has rarely been reported. In this
study, we intended to provide the evidence that DNA exists
in EVs in maternal circulation.
Placenta trophoblast cells are known to release cfDNA

into maternal circulation, which are DNA fragments of
160–170 base pairs [18]. The concentration of placental
cfDNA in plasma, also known as the fetal fraction, is on
average 10% of the total plasma cfDNA, and increases
with gestational weeks [19]. Recently, plasma cfDNA is
used to noninvasively detect fetal conditions such as
chromosome aneuploidy and copy number variants [20–
22]. If EVs in maternal plasma also contain DNA, it would
be interesting to compare the molecular features and diag-
nostic potential of DNA in EVs (evDNA) with plasma
cfDNA. Therefore, we characterized the genome distribu-
tion, fragment length, and fetal fraction of evDNA using
massively parallel sequencing (MPS) in comparison with
plasma cfDNA. Lastly, we explored the diagnostic poten-
tial of evDNA in prenatally detecting chromosomal abnor-
mality and de novo mutations in fetuses.

Methods
Sample collection and isolation of plasma from
pregnancy women
Plasma of pregnant women were acquired from collab-
orative hospitals. A written informed consent was ob-
tained from the pregnant women while 5 mL blood was
collected into K2EDTA-containing tubes (BD, #367525,
1.8 mg/ml). Plasma was isolated by a continuous two-
step centrifugation at 1600 g for 10 min and 16,000 g for
another 10 min to remove as much cell debris and parti-
cles as possible, as described before [20]. The isolated
plasma was stored at − 80 °C for further use. All plasma
samples were supplied with prenatal diagnosis results by
amniocentesis and karyotyping and sanger sequencing,
although the diagnostic information was not available to
lab personnel while the study was conducted. Ethic ap-
proval was obtained from the Ethics Committee of the
Affiliated Hospital of Third Military Medical University,
PLA and Institutional Review Board on Bioethics and
Biosafety of BGI (BGI-IRB, #16015).

Separation of EVs from plasma of pregnancy women
EVs were separated from plasma using the ExoQuick™
Exosome Isolation Reagent (System Biosciences) following
the manufacturer’s instructions. Briefly, 250 μl plasma was
treated with 2.5 μl thrombin to a final concentration of 5
U/mL for five minutes while mixing gently at room
temperature. Centrifugation was then performed at 10,
000 rpm for fifteen minutes to remove visible fibrin pellet
at the bottom. Supernatant was transferred to another
Eppendorf tube and added with 63 μl ExoQuick Exosome
Precipitation Solution. The mixture was then cooled on
ice for 30min and centrifuged at 1500 g for 30min to
remove all the trace of supernatant. The EVs pellet was
finally resuspended in 100-200 μl phosphate buffer saline
(PBS) buffer. Several aliquots of 250 μl plasma of each
individual were used to acquire EVs preparation, which in
turn was separately used for TEM, Western blotting, flow
cytometry analysis, quantitative-PCR, as well as evDNA
extraction and sequencing library construction. For flow
cytometry analysis, the EVs pellet was resuspended in the
Isolation Buffer (PBS with 0.1% BSA, filtered through a
0.22 μm filter).

Transmission electron microscopy
TEM was used to characterize the morphology of EVs
after treating plasma with the ExoQuick™ method. EVs
were diluted approximately 50 times with PBS and
loaded on carbon-coated copper grids for 10 min. Excess
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liquid was removed by filter paper and then EVs were
negatively stained with 10 μl of 2% aqueous uranyl acetate
solution for one minute. After dry at RT for 1.5 h, EVs
were examined in a JEM-1230 transmission electron
microscope (JEOL Ltd., Japan) at an accelerating voltage
of 80 kV, magnification of 100,000 times to 200,000 times.

Western blotting
We used the Western blotting to confirm the presence of
EVs common markers, including CD9, CD63, and CD81.
We also used the antibody of placental alkaline phosphatase
(PLAP), a syncytiotrophoblast-specific protein [6] to con-
firm the placental origin of the extracted EVs. EVs lysates
were prepared by adding RIPA (P0013B, Beyotime, China)
directly to EVs pellet from ExoQuick treatment, followed
by centrifugation at 15,000 g for 5min. A total of 20 μg EVs
proteins determined by a Modified BCA Protein Assay Kit
(Sangon Biotech, China) were loaded on a regular 8% SDS-
PAGE gel. Electrophoresis was performed at 80 V for 30
min followed at 120 V for 90min. Gels were transferred to
polyvinylidene fluoride membranes (Millipore, USA) at
350mA for 70min. The membranes were blocked with 5%
skim milk overnight at 4 °C. After incubation with primary
antibodies at room temperature for three hours and sec-
ondary antibodies conjugated to horseradish peroxidase
(HRP) at room temperature for one hour, the membranes
were soaked with Pierce™ ECL Western Blotting Substrate
(Thermofisher, USA), and chemiluminescence was detected
using the instrument CLiNX. The following primary
antibodies were used: rabbit anti-PLAP antibody (1:500;
ABCAM, #ab96588, UK), rabbit anti-CD63 antibody (1:
1000; ABCAM, # ab134045, UK), mouse anti-calnexin anti-
body (1:500; Santa Cruz Biotechnology, # sc-23,954, USA),
mouse anti-CD81 antibody (1:500; Santa Cruz Biotechnol-
ogy, #sc-166,029, USA), mouse anti-CD9 antibody (1:500;
Santa Cruz Biotechnology, #sc-13,118, USA). The following
secondary antibodies were used: goat anti-mouse IgG-HRP
(1:4000; BPI, China), goat anti-rabbit IgG-HRP (1:4000;
BPI, China). CD9, CD63, CD81 are typical exosomes
markers, Calnexin is an endoplasmic reticulum marker.

Flow cytometry analysis
To further confirm the presence of EVs in maternal plasma
treated with the ExoQuick™ method, we separated EVs
from 250 μl plasma, and used flow cytometry to detect the
expression of CD9 and CD63. After ExoQuick™ treatment,
EVs were resuspended with 300 μl Isolation Buffer. CD9
Dynabeads® magnetic beads (Invitrogen, USA) were added
to the solution. The mixture was incubated overnight at
4 °C and another 60min at room temperature before
separation to form EVs-beads complex. Then, a magnet
was used to separate the complex from unbound EVs.
After washing twice with 200 μl Isolation Buffer, the com-
plex was resuspended with 200 μl Isolation Buffer again
and dispensed into two tubes. One tube was labeled as the
sample tube, and 5 μl antiCD63-Alexa647 antibody
(#561983, BD Biosciences, USA) was added. The other
tube was lablled as the control tube, and 5 μl IgG-Alexa647
(#557714, BD Biosciences, USA) was added. After rotation-
ally incubating with the Alexa647-lablled antibody for 45
min at room temperature protected from light, the com-
plex was separated from unbound antibody by the magnet
and washed twice again with 200 μl Isolation Buffer. Flow
cytometry analysis was conducted using a FACSAria™III
(BD Biosciences, USA) after resuspending the complex
with 400 μl Isolation Buffer.

evDNA and cfDNA extraction and fetal evDNA detection
To extract evDNA, EVs from 250 μl plasma were initially
treated with two units of DNaseI (New England Biolabs,
USA) for 1 h at 37 °C to remove the residual cfDNA on the
surface. Then DNaseI was deactivated by 10mM EDTA,
and evDNA was extracted from the EVs obtained from
250 μl plasma using a Hipure Circulating DNA kit (Magen)
following the manufacturer’s instructions. To compare with
evDNA, we also performed a parallel extraction of cfDNA
from 250 μl plasma using a Hipure Circulating DNA kit
(Magen). Qubit™ dsDNA HS Assay kit (Invitrogen, USA)
was used to confirm the quantity of cfDNA and evDNA.
The Quantifiler® Trio DNA Quantification Kit (Applied
Biosystems, USA) were used to confirm the presence of
fetal DNA in EVs using two pairs of primers targeting
small autosomal (SA) target and large autosomal (LA) tar-
get, one pair of primers targeting Y chromosome and one
pair of internal PCR control (IPC) primers indicating the
performance of PCR reaction. The △Ct difference value of
the autosomal targets between cfDNA and evDNA in
equivalent plasma was calculated to reveal the relative
quantity of evDNA. The Q-PCR reaction was per-
formed with the ViiA 7 Real-Time PCR System (Ap-
plied Biosystems, USA).
The Q-PCR primers targeting the SA, LA and Y tar-

gets were provided in the kit. The SA target is the pri-
mary quantification target for total human genomic
DNA. Its smaller amplicon size (80 bp) is aligned with
the sizes of typical “mini” STR loci and makes it better
able to detect degraded DNA samples. The LA target is
used mainly as an indicator of DNA degradation, by
comparing the ratio of its quantification result with that
of SA target. The Y target allows the quantification of a
sample’s human male genomic DNA component, and is
particularly useful in assessing mixture samples of male
and female genomic DNA.

MPS of evDNA and cfDNA
evDNA extracted from EVs of 250 μl plasma was used to
construct MPS library. PE sequencing libraries were
constructed as described before [23], except that we
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increased the PCR cycle to 20 cycles. Briefly, end-
repairing was performed at 37 °C for 10 min and adapter
ligation of barcodes was performed at 23 °C for 30 min.
Ligation products were then purified with Agencourt
AMPure XP beads (BECKMAN COULTER, USA),
followed by 20 cycles of PCR amplification and further
purification. The PCR products were heat-denatured at
95 °C and cooled on ice for three minutes to generate
single strand DNA for ligation using T4 ligase. PE se-
quencing was conducted with the BGISEQ-500 sequen-
cer (MGI, China). 2 × 50 bp PE sequencing with 30M
data was obtained for each sample.

Multiplex PCR
Anchored multiplex PCR (AMP) was conducted in
evDNA to amplify the coding region of FGFR3 (OMIM:
134934), which contains autosomal dominant mutations
responsible for over 98% of Achondroplasia (ACH) pa-
tients, 50% of Thanatophoric dysplasia (TD) type I pa-
tients, and nearly all TD type II patients [24, 25]. evDNA
was extracted after digestion step and then the target
amplicon library was constructed by AMP technology
[26]. Briefly, evDNA is processed with end repair and dA
tailing, directly followed by ligation with adapter contain-
ing barcodes. Solid-phase reversible immobilization
(SPRI)-cleaned by Agencourt AMPure XP beads, ligated
fragments are amplified with 20 cycles of multiplex PCR1
using gene-specific primers (Additional file 1: Table S1
Upstream primers). SPRI-cleaned PCR1 amplicons are
amplified with a second round of 20 cycles multiplex
PCR2 (Additional file 2: Table S1 Downstream primers).
After a final SPRI cleanup, the target amplicon library is
ready for quantitation and sequencing. Sequencing per-
formed on BGISEQ-500RS. A parallel test was also con-
ducted using matched cfDNA samples.

Bioinformatics
Adaptors were removed using the software of Cutadapt
(verson 1.13). Sequencing reads with error rate > 0.2 and
length shorter than 20 bp were also trimmed. Then, PE se-
quencing reads were mapped to the human reference gen-
ome (Hg19, GRCh37) using the BWA software and the
insert size of cfDNA and evDNA was calculated according
to the bam file. Then we calculated the GC content and
relative reads ratio in every 1M window size of all the chro-
mosomes, and visualized it with Circos package in R. The
CV of each sample is the mean CV of the 22 autosomes:

CVmean ¼
X22

i¼1

sdi

meani

� �
=22

meani and sdi are the mean reads number and sd of all
the windows in each chromosome separately.
The mtDNA percent can correspond to the proportion
of reads mapped uniquely to the mtDNA genome and
nuclear genome.

mtDNA% ¼ reads uniquely mapped on mitochondrial DNA gemome
reads uniquely mapped on nuclear DNA genome

�100%

Fetal fraction was deduced with the unique reads
mapped to the chromosome Y, and the method to calcu-
late fetal fraction was described previously [27].
Fetal risk of chromosome aneuploid was calculated

using the similar strategy to cfDNA non-invasive pre-
natal testing(NIPT) [20, 27]. Generally, the disease risk
was detected by a binary hypothesis t-test that calculat-
ing the z-score of the risk. Using a cutoff value of 3, z-
score > 3 means the high risk of disease. Fetal risk of
monogenic diseases was evaluated by evaluating the
minor allele frequency (MAF), which was calculated by
the ratio between the reads of the second most common
allele and the total reads of the SNP location detected.
R package (R-3.2.5) was used to carry out the t-test

and Pearson correlation analysis.

Result
Presence of exosome and placental markers in the total
EVs from maternal plasma
Total EVs from 250 μl plasma of 20 normal pregnancies
(Additional file 2: Table S2) were separated using a com-
mercial kit and visualized by TEM. Figure 1a shows the
bilayer-membrane EVs with the typical cap-shape look-
ing and the size of 30-50 nm in diameter. Based on
morphology and particle size, we determined that pre-
cipitated materials contained some EVs similar to exo-
somes. Western blotting analysis of typical membrane
markers of exosomes also showed the presence of CD9,
CD63 and CD81 (Fig. 1b). This was further confirmed
by flow cytometry analysis, showing the presence of CD9
and CD63 in the heterogeneous EVs isolated from
plasma (Fig. 1c). We also used the Western blotting to
confirm the expression of PLAP in the isolated EVs,
hence showing the placental origin of a proportion, if
not all, of the EVs (Fig. 1b).

Amount and fetal origin of evDNA
We firstly treated the EVs with DNaseI to avoid poten-
tial cfDNA contamination. Then, evDNA was extracted
to compare with the cfDNA extracted from the isochoric
plasma of the same pregnant woman. To prove the effi-
cacy of removing cfDNA contamination by DNaseI, we
conducted simulation tests using cfDNA extracted from
250 μl plasma, which showed completed degradation
after one-hour treatment (data not shown). We de-
scribed the content of extracted cfDNA and evDNA in
elution buffer by Qubit™ dsDNA HS Assay (Add-
itional file 5: Figure S1). All 20 cfDNA samples obtained



Fig. 1 Characterization of EVs from maternal plasma. (a) Transmission electron microscope detection of EVs separated by SBI ExoQuick kit, showing
typical cap-shaped morphology of exosomes (arrows). Scale bar = 200 nm; (b) Western blot analysis for the classical biomarker of exosomes (CD9,
CD63 and CD81) and placenta specific biomarker (PLAP). Endoplasmic reticulum marker calnexin was used as a control marker, EV1-EV8 are exosomes
from eight maternal plasma samples; human acute lymphatic leukemia cells (1301) was used as PLAP negative control and placenta villa cells was
used as a PLAP positive control; (c) Flow cytometry detection for EVs from eight maternal plasma samples, showing the presence of CD63 marker in
the EVs enriched from the total EVs with CD9 magnetic beads. FSC-SSC scatter plot of particles on the top right corner indicates that the instrument
parameters were normal. (d) Examples of Q-PCR of evDNA from a male pregnancy and a female pregnancy to prove the presence of fetal originated
evDNA. Large autosome (LA) DNA and small autosome (SA) DNA signal show the existence of template while Y chromosome DNA signal (Y) shows
fetal gender, internal PCR control (IPC) is a system reference signal. (e) The ratio of cfDNA to evDNA from equal volume plasma (250 μl) was calculated
according to the △Ct value in the Q-PCR experiment, which shows that in all 20 samples (“M” represents male pregnancy; “F” represent female
pregnancy) cfDNA has higher level than evDNA with 2.8–61.5 of relative fold changes
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quantification results, with the mean of 145 ng/ml. In
contrast, only six evDNA samples had detectable DNA
level, with the mean of 69 ng/ml.
To further verify the presence of evDNA and its fetal

origin, a more sensitive Q-PCR method was conducted in
both evDNA and cfDNA to detect signal of Y chromo-
some, showing positive signals in 18 pregnancies with
male fetuses and negative signals in 2 pregnancies with fe-
male fetuses (Fig. 1d). This shows the presence of evDNA
even though it could not be quantified by Qubit™ dsDNA
HS Assay. The relative amount of evDNA was determined
by the △Ct value between cfDNA and evDNA, which
showed that cfDNA level is 2.8 to 61.5 times higher than
evDNA (Fig. 1e). Thus, EVs from the plasma of pregnant
women contained DNA of fetal origin, and fetal gender
could be detected by evDNA.

Genome distribution of evDNA
To characterize the molecular features of evDNA, we
constructed the DNA libraries and performed PE low-
coverage MPS using the evDNA obtained from the
above 20 pregnant women. Plasma cfDNA from the
same 20 pregnant women was sequenced as comparison.
We obtained on average 7.7 million unique reads
(0.25X) of evDNA per sample (Additional file 3: Table
S3). Figure 2 shows an example of the distribution of
Fig. 2 Comparison of whole genome distribution between evDNA (blue) a
Circos software (outer to inner: reads ratio; GC content)
aligned PE reads of evDNA and cfDNA on human gen-
ome. Both evDNA and cfDNA displayed reads coverage
on all 23 pairs of chromosomes. The coefficient of vari-
ation (CV) of the relative read counts of evDNA and
cfDNA in 20 samples showed no statistical difference
(P = 0.125), with the medium value of 0.131 and 0.149
respectively, which indicates that both DNAs evenly dis-
tributed on human genome (Fig. 3a). However, the GC
content of evDNA was constantly 1.16 times higher than
that of cfDNA (Additional file 3: Table S3 and Fig. 3b).
Moreover, mtDNA was detected in EVs by MPS, and
the reads percentage of mitochondrial evDNA was on
average 2.18 times higher than that of cfDNA (p < 0.001)
(Additional file 3: Table S3 and Fig. 3c).
Comparison of fragment length and fetal fraction of
evDNA and cfDNA
Among 20 samples, cfDNA showed the median frag-
ment size of 168.5 bp with the standard deviation of ±
1.25 bp. In contrast, evDNA showed shorter fragments
and a more dispersive distribution (p < 0.001). The me-
dian fragment size of evDNA was 152.4 bp with the
standard deviation of ±10.51 bp (Fig. 3d). Both cfDNA
and evDNA showed minor peaks of 10 bp periodicity
(Additional file 6: Figure S2).
nd cfDNA (red) using EV16 as an example. Image was generated by



Fig. 3 Comparison of molecular features between evDNA and cfDNA. Coefficient of variation (a), GC content (b), mtDNA rate (c), fragment size
(d), and fetal fraction (e-f) of all 20 samples of cfDNA and evDNA
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We then compared the fetal fraction of evDNA and
cfDNA calculated using the chrY approach. Although
the fetal fraction of evDNA had a correlation to that of
cfDNA (R = 0.744, p < 0.001), it was significantly lower
than cfDNA (averagely 0.52-fold fetal fraction of cfDNA,
p < 0.001) (Fig. 3e-f). Similar to cfDNA (R = 0.425, p =
0.079), fetal fraction of evDNA showed a positive correl-
ation with gestational weeks (R = 0.334, p = 0.175) (Add-
itional file 7: Figure S3).

Detection of fetal trisomies and monogenic diseases by
evDNA sequencing
Since evDNA demonstrated some similar characteristics
and fetal origin to cfDNA, we explored the feasibility of
detecting fetal diseases using evDNA. We obtained the
plasma samples from nine T21 pregnancies, three T18
pregnancies, and one T13 pregnancy (Additional file 2:
Table S2). The 20 normal pregnancies described above
were used as controls. EVs enrichment and evDNA ex-
traction were conducted as described above. For fetal tri-
somy testing, evDNA was prepared for low-coverage
whole genome sequencing and analyzed using an algo-
rithm based on binary hypothesis T-test and logarithmic
likelihood ratio Z-score (see Methods). An average of
11.8 million unique reads were obtained for each sample.
In the end, all positive samples of T21, T18 and T13
showed Z-scores above 3, and thus were successfully
classified as trisomy high-risk (Fig. 4a-c). In contrast,
none of the 20 normal pregnancies showed Z-scores
above 3 and were classified as low-risk. Pearson’s correl-
ation was used to compare the Z-scores calculated with
evDNA and plasma cfDNA, and strong positive correla-
tions were observed (Additional file 8: Figure S4).
We further detected de novo mutation of monogenetic

diseases using the evDNA extracted from two pregnancies
with ACH and TD (Additional file 4: Table S4). Multiplex
PCR was performed to amplify the coding region of FGFR3,
and the amplification products were sequenced by MPS
with the depth over 1000X. In the test of ACH and TD, the
de novo mutation of c.1138G >A and c.742C >T showed
the MAF of 9.6 and 42.7%, respectively, which was classi-
fied as positive results. This was compared to the parallel
testing results in plasma cfDNA, showing the MAF of 8.3
and 4.7% in ACH and TD, respectively. All the results were
confirmed by amniocentesis.

Discussion
Previous studies have showed that human trophoblast
specific marker PLAP can be detected on exosomes sep-
arated from cell medium [28], placental explant cultures
[8, 29] and placental perfusate [30], indicating the pres-
ence of placenta originated exosomes in maternal circu-
lation. In vivo study also demonstrated that the number
of PLAP+ exosomes significantly increases in maternal
circulation during pregnancy [5, 6]. In this study, we
confirmed the presence of PLAP+ EVs in the heteroge-
neous pool of maternal plasma EVs, and further demon-
strated the existence of double stranded DNA in the
EVs separated from maternal plasma. Importantly, we
successfully detected fetal gender and calculated fetal
fraction with evDNA using Q-PCR and MPS experi-
ments, indicating that maternal plasma EVs contain not
only maternal but also fetal evDNA. To our knowledge,
this is the first study that MPS was used to characterize
the evDNA from maternal plasma.
By using the low-coverage MPS (~ 0.25X), we showed

that evDNA shares similarities to plasma cfDNA, such
as the fetal origin and universal distribution on human
genome. We also found that like cfDNA, evDNA were
short and double-stranded fragments with minor peaks
of 10 bp periodicity, which strongly indicates the exist-
ence of nucleosome structure. Moreover, the fetal frac-
tion of evDNA, like cfDNA, increased with the growth
of gestational weeks. Thus, we speculated that the



Fig. 4 Diagnosis of fetal diseases using evDNA. Z-score was calculated using evDNA to evaluate the fetal risk of trisomy 21 (a), trisomy 18 (b),
trisomy 13 (c)
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cfDNA directly acquired from maternal plasma contains
evDNA as well as other truly free DNA. Rohan Fernando
et al. recently exploited droplet digital PCR and confocal
microscopy to show that exosomes in human blood of
non-pregnant donors contained double strand DNA,
which accounts for the main proportion of plasma
cfDNA [31]. However, in our study we could not pre-
cisely quantify the evDNA amount in EVs isolated from
250 μl plasma, yet evDNA appeared to only contribute a
small proportion of plasma cfDNA based on our Q-PCR
results. Further validation is still required.
Given the similarity between evDNA and cfDNA, it is

reasonable to speculate that evDNA may have clinical
value in detecting fetal disease as to the application of
cfDNA in NIPT. Indeed, in this study we demonstrated
that by using a sequencing and analyzing strategy similar
to plasma cfDNA NIPT [20, 27], fetal T21, T18 and T13
were accurately detected with evDNA in a small sample
set. Meanwhile, by using targeted sequencing method, we
could also accurately detect the de novo mutations of
ACH and TD. Therefore, evDNA may have promising
clinical value in prenatally detecting genetic diseases of
fetus in the future.
Current methods of separating EVs are complex with

low fetal fraction, and effective approach for EV isolation
is not yet well established, which restrict the clinical utility
of evDNA. However, two areas of technical improvement
may accelerate the clinical use of evDNA in prenatal test-
ing. Firstly, advances on EVs isolation has recently been
reported by several studies, using dielectrophoresis chip
[32], size exclusion chromatography [33], and polyethyl-
ene glycol precipitation methods [34] to easier and faster
obtain EV. Secondly, immunoaffinity methods can be de-
veloped to isolate EVs specifically from placenta tropho-
blast cells, so that a high fetal fraction of evDNA can be
achieved for NIPT. Similar approaches have been reported
for the diagnosis of Alzheimer’s and other neurodegenera-
tive diseases by enriching EVs of neuronal origin from
peripheral blood [35]. Hong et al. reported an immunoaf-
finity-based capture method to isolate CD34+ blast-
derived exosomes in the acute myeloid leukemia patients’
peripheral blood, which were biologically active for poten-
tial diagnosis use [36]. Microfluidic platforms have been
also reported to specifically capture tumor exosomes from
the plasma of non-small-cell lung cancer patients and
glioblastoma multiforme patients [37, 38]. Given that pla-
centa originated EVs can be effectively isolated and a high
fetal fraction of evDNA can be obtained, evDNA may out-
perform plasma cfDNA in providing more sensitive and
accurate NIPT, especially in detecting copy number vari-
ants and autosomal recessive diseases in fetus. Lastly, an
additional benefit of evDNA may be the better stability
than cfDNA during blood storage and preparation due to
the protection by the bilayer membrane of EVs. This was
supported by the studies that exosomes effectively protect
the mRNA/miRNA for up to 5 years from plasma and 12
months from urine [39–41].
Despite the similarity, evDNA from maternal plasma

also showed some distinct features to plasma cfDNA, in-
cluding higher GC content, higher mtDNA percentage,
shorter fragments, and lower fetal fraction. The reason
behind these differences is still unknown and should be
further investigated. However, a possible explanation
could be the different biogenesis and turnover mechan-
ism of evDNA comparing with cfDNA. This also helps
explain the puzzle that the evDNA quantity in our study
was only 1/2 to 1/60 of cfDNA, whereas previous studies
demonstrated 13.2~100 folds increase of the number of
placental exosomes during pregnancy [5, 6, 42]. It has
been previously suggested that DNA can be selectively
packaged into exosomes to travel between cells, and in-
duce the alteration of mRNA and protein expression
[10, 14, 16]. A recent study proposed that cell-free telo-
mere DNA could be packaged into exosomes, and lead
to parturition after transferred to maternal circulation
[43]. Another research reported that exosomes maintain
cellular homeostasis by excreting harmful DNA from
cells, and the inhibition of exosomes secretion led to
DNA accumulation in the cytoplasma and caused the
DNA damage response [44]. Thus, future study is worth
investigating if placental evDNA exerts cellular functions
via exosomes and other microvesicles.
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The current study was conducted with a limited num-
ber of samples, especially with a small number of disease
samples due to scarcity in clinical practice. This may
partly explain why the fetal fraction calculated with
evDNA did not show strong association to gestational
weeks. However, even with a small sample size, this
proof-of-concept study demonstrated the basic features
and potential clinical value of evDNA. As an early study,
we only verify the presence of fetal-origin evDNA in the
heterogenous pool of total EVs in maternal plasma.
Questions remain to answer whether pure placental
evDNA with high fetal fraction can be obtained in
enriched placental EVs by using an anti-PLAP antibody.
It is also necessary to investigate if directly analyzing the
evDNA from placenta EVs leads to more accurate and
sensitive results than plasma cfDNA.
Conclusion
In this study, we proved the presence of fetal evDNA in
maternal plasma. This is the first study that MPS is used
to characterize and compare evDNA with plasma
cfDNA. As a subset of plasma cfDNA, evDNA shares
certain similar characteristics to cfDNA, which makes
evDNA a potential source to detect fetal diseases. In the
other hand, the difference between evDNA and cfDNA
may suggest a distinctive biogenesis and turnover mech-
anism of evDNA, which requires further investigation.
Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s12920-019-0590-8.

Additional file 1: Table S1. Primers used to amplify FGFR3 in the AMP
method.

Additional file 2: Table S2 Clinical information of the 20 euploid, 9 T21,
3 T18 and 1 T13 plasma of pregnancy women.

Additional file 3: Table S3 Sequencing data of the 20 euploid samples.

Additional file 4: Table S4 Clinical information of the samples with
achondroplasia and thanatophoric dysplasia.

Additional file 5: Figure S1 Qubit result of the extracted evDNA and
cfDNA in 20 μl elution buffer from 250 μl plasma of 20 euploidy.

Additional file 6: Figure S2 Fragment size distribution of evDNA (blue)
and cfDNA (red) in 20 euploid samples.

Additional file 7: Figure S3 Fetal fraction of evDNA and cfDNA
correlate with gestational age.

Additional file 8: Figure S4 Pearson’s correlation analysis of the Z-
score calculated with evDNA and plasma cfDNA.
Abbreviations
ACH: Achondroplasia; AMP: Anchored multiplex PCR; cfDNA: Cell-free DNA;
CV: Coefficient of variation; evDNA: Extracellular vesicle DNA; MAF: Minor
allele frequency; MPS: Massively parallel sequencing; mtDNA: Mitochondrial
DNA; NIPT: Non-invasive Prenatal Testing; PBS: Phosphate buffer saline;
PE: Pair-end; PLAP: Placental alkaline phosphatase; Q-PCR: Real-time
fluorescence quantitative PCR; SPRI: Solid-phase reversible immobilization;
TD: Thanatophoric dysplasia; TEM: Transmission electronic microscopy
Acknowledgements
we thank all participants for their involvement in this study. Thank also goes
to Jia Zhao for assistance of laboratory work.

Authors’ contributions
Y. Gao, S. Lu, and F. Chen designed and initiated the study. H. Hu, Y. Luo,
and Y. Lu recruited participants, collected samples, provided routine clinical
service and genetic counseling, and interpret clinical data. W. Zhang, S. Lu,
and Y. Gu reviewed literature and designed the experimental methods. W.
Zhang, S. Lu, L. Yang, F. Su, Z. Chen, and M. Guo conducted molecular and
sequencing experiments. D. Pu, H. Zhang, and P. Zeng analyzed and
interpreted the sequencing data. W. Zhang, and S. Lu analyzed the data of
molecular experiments, and wrote the first draft of manuscript. Y. Gao and F.
Chen applied the funding supporting this study, and revised the manuscript.
All authors read and approved the final manuscript.

Funding
This work was supported by the National Natural Science Foundation of
China (No.81601294), Shenzhen Birth Defects Screening Project Lab (JZF No.
[2016]750), Shenzhen Municipal Government of China (NO.
JCYJ20170412153136375 and JCYJ20180703093402288) and Guangzhou
Science and Technology Program (No. 201604020078). The funding bodies
have no roles in the design of the study, the collection, analysis, and
interpretation of data and in writing the manuscript.

Availability of data and materials
The sequencing data reported in this study are available in the China
National Gene Bank Nucleotide Sequence Archive (CNSA: https://db.cngb.
org/cnsa; accession number CNP0000205). Due to the requirement of ethical
approval, accessing the sequencing data of this work requires an approval
from the authors.

Ethics approval and consent to participate
Written informed consent was obtained from each participant before
collecting blood. Ethical approval was obtained from the Ethics Committee
of the Affiliated Hospital of Third Military Medical University, PLA and
Institutional Review Board on Bioethics and Biosafety of BGI (BGI-IRB, #16015).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1BGI-Shenzhen, Beishan Industrial Zone, Shenzhen 518083, China. 2China
National GeneBank, BGI-Shenzhen, Shenzhen 518120, China. 3BGI Genomics,
BGI-Shenzhen, Shenzhen 518083, China. 4Prenatal Diagnosis Center,
Department of Gynecology & Obstetrics, Southwest Hospital, the Third
Military Medical University (Army Medical University), Chongqing, China.
5Department of Obstetrics and Gynecology, Chinese PLA General Hospital,
Beijing 100853, China.

Received: 1 April 2019 Accepted: 23 September 2019

References
1. Colombo M, Raposo G, Thery C. Biogenesis, secretion, and intercellular

interactions of exosomes and other extracellular vesicles. Annu Rev Cell Dev
Biol 2014;30:255–289. doi: https://doi.org/10.1146/annurev-cellbio-101512-
122326. PubMed PMID: 25288114.

2. Yanez-Mo M, Siljander PR, Andreu Z, Zavec AB, Borras FE, Buzas EI,
et al. Biological properties of extracellular vesicles and their
physiological functions. J Extracell Vesicles 2015;4:27066. doi: https://doi.
org/10.3402/jev.v4.27066. PubMed PMID: 25979354; PubMed Central
PMCID: PMC4433489.

3. Cai J, Wu G, Jose PA, Zeng C. Functional transferred DNA within
extracellular vesicles. Exp Cell Res 2016;349(1):179–183. doi: https://doi.org/
10.1016/j.yexcr.2016.10.012. PubMed PMID: 27751837.

4. Cai J, Han Y, Ren H, Chen C, He D, Zhou L, et al. Extracellular vesicle-
mediated transfer of donor genomic DNA to recipient cells is a novel

https://doi.org/10.1186/s12920-019-0590-8
https://doi.org/10.1186/s12920-019-0590-8
https://db.cngb.org/cnsa;
https://db.cngb.org/cnsa;
https://doi.org/10.1146/annurev-cellbio-101512-122326
https://doi.org/10.1146/annurev-cellbio-101512-122326
https://doi.org/10.3402/jev.v4.27066
https://doi.org/10.3402/jev.v4.27066
https://doi.org/10.1016/j.yexcr.2016.10.012
https://doi.org/10.1016/j.yexcr.2016.10.012


Zhang et al. BMC Medical Genomics          (2019) 12:151 Page 10 of 11
mechanism for genetic influence between cells. J Mol Cell Biol 2013;5(4):
227–238. doi: https://doi.org/10.1093/jmcb/mjt011. PubMed PMID:
23580760; PubMed Central PMCID: PMC3733418.

5. Sarker S, Scholz-Romero K, Perez A, Illanes SE, Mitchell MD, Rice GE, et al.
Placenta-derived exosomes continuously increase in maternal circulation
over the first trimester of pregnancy. J Transl Med. 2014;12:204. https://doi.
org/10.1186/1479-5876-12-204 PubMed PMID: 25104112; PubMed Central
PMCID: PMCPMC4283151.

6. Salomon C, Torres MJ, Kobayashi M, Scholz-Romero K, Sobrevia L,
Dobierzewska A, et al. A gestational profile of placental exosomes in
maternal plasma and their effects on endothelial cell migration. PLoS One.
2014;9(6):e98667. https://doi.org/10.1371/journal.pone.0098667 PubMed
PMID: 24905832; PubMed Central PMCID: PMCPMC4048215.

7. Mitchell MD, Peiris HN, Kobayashi M, Koh YQ, Duncombe G, Illanes SE, et al.
Placental exosomes in normal and complicated pregnancy. Am J Obstet
Gynecol. 2015;213(4):S173–S81.

8. Mincheva-Nilsson L, Baranov V. Placenta-derived exosomes and
syncytiotrophoblast microparticles and their role in human reproduction:
immune modulation for pregnancy success. Am J Reprod Immunol 2014;
72(5):440–457. doi: https://doi.org/10.1111/aji.12311. PubMed PMID:
25164206.

9. Salomon C, Scholz-Romero K, Sarker S, Sweeney E, Kobayashi M, Correa P,
et al. Gestational diabetes mellitus is associated with changes in the
concentration and bioactivity of placenta-derived Exosomes in maternal
circulation across gestation. Diabetes. 2016;65(3):598–609. doi: https://doi.
org/10.2337/db15-0966. PubMed PMID: 26718504.

10. Luo SS, Ishibashi O, Ishikawa G, Ishikawa T, Katayama A, Mishima T, et al.
Human villous trophoblasts express and secrete placenta-specific microRNAs
into maternal circulation via exosomes. Biol Reprod 2009;81(4):717–729. doi:
https://doi.org/10.1095/biolreprod.108.075481. PubMed PMID: 19494253.

11. Baig S, Lim J, Fernandis A, Wenk M, Kale A, Su L, et al. Lipidomic analysis of
human placental syncytiotrophoblast microvesicles in adverse pregnancy
outcomes. Placenta. 2013;34(5):436–42.

12. Baig S, Kothandaraman N, Manikandan J, Rong L, Ee KH, Hill J, et al.
Proteomic analysis of human placental syncytiotrophoblast microvesicles in
preeclampsia. Clin Proteomics. 2014;11(1):40.

13. Kahlert C, Melo SA, Protopopov A, Tang J, Seth S, Koch M, et al.
Identification of double-stranded genomic DNA spanning all chromosomes
with mutated KRAS and p53 DNA in the serum exosomes of patients with
pancreatic cancer. J Biol Chem 2014;289(7):3869–3875. doi: https://doi.org/
10.1074/jbc.C113.532267. PubMed PMID: 24398677; PubMed Central PMCID:
PMC3924256.

14. Thakur BK, Zhang H, Becker A, Matei I, Huang Y, Costa-Silva B, et al. Double-
stranded DNA in exosomes: a novel biomarker in cancer detection. Cell Res
2014;24(6):766–769. doi: https://doi.org/10.1038/cr.2014.44. PubMed PMID:
24710597; PubMed Central PMCID: PMC4042169.

15. Lazaro-Ibanez E, Sanz-Garcia A, Visakorpi T, Escobedo-Lucea C, Siljander P,
Ayuso-Sacido A, et al. Different gDNA content in the subpopulations of
prostate cancer extracellular vesicles: apoptotic bodies, microvesicles, and
exosomes. Prostate. 2014;74(14):1379–1390. doi: https://doi.org/10.1002/pros.
22853. PubMed PMID: 25111183; PubMed Central PMCID: PMC4312964.

16. San Lucas FA, Allenson K, Bernard V, Castillo J, Kim DU, Ellis K, et al.
Minimally invasive genomic and transcriptomic profiling of visceral cancers
by next-generation sequencing of circulating exosomes. Ann Oncol 2016;
27(4):635–641. doi: https://doi.org/10.1093/annonc/mdv604. PubMed PMID:
26681674; PubMed Central PMCID: PMC4803451.

17. Guescini M, Genedani S, Stocchi V, Agnati LF. Astrocytes and Glioblastoma cells
release exosomes carrying mtDNA. J Neural Transm (Vienna) 2010;117(1):1–4.
doi: https://doi.org/10.1007/s00702-009-0288-8. PubMed PMID: 19680595.

18. Lo YM. Noninvasive prenatal diagnosis in 2020. Prenat Diagn 2010;30(7):
702–703. Epub 2010/06/24. doi: https://doi.org/10.1002/pd.2516. PubMed
PMID: 20572103.

19. Hudecova I, Sahota D, Heung MM, Jin Y, Lee WS, Leung TY, et al. Maternal
plasma fetal DNA fractions in pregnancies with low and high risks for fetal
chromosomal aneuploidies. PLoS One. 2014;9(2):e88484.

20. Zhang H, Gao Y, Jiang F, Fu M, Yuan Y, Guo Y, et al. Non-invasive prenatal
testing for trisomies 21, 18 and 13: clinical experience from 146 958
pregnancies. Ultrasound Obstet Gynecol. 2015;45(5):530–8.

21. Chen Y, Zhao L, Wang Y, Cao M, Gelowani V, Xu M, et al. SeqCNV: a novel
method for identification of copy number variations in targeted next-
generation sequencing data. BMC bioinformatics. 2017;18(1):147.
22. Chen S, Lau TK, Zhang C, Xu C, Xu Z, Hu P, et al. A method for noninvasive
detection of fetal large deletions/duplications by low coverage massively
parallel sequencing. Prenat Diagn. 2013;33(6):584–90.

23. Huang J, Liang X, Xuan Y, Geng C, Li Y, Lu H, et al. A reference human
genome dataset of the BGISEQ-500 sequencer. GigaScience. 2017;6(5):1–9.
doi: https://doi.org/10.1093/gigascience/gix024. PubMed PMID: 28379488;
PubMed Central PMCID: PMCPMC5467036.

24. Horton WA, Hall JG, Hecht JT. Achondroplasia Lancet 2007;370(9582):162–
172. doi: https://doi.org/10.1016/S0140-6736(07)61090-3. PubMed PMID:
17630040.

25. Wilcox WR, Tavormina PL, Krakow D, Kitoh H, Lachman RS, Wasmuth JJ,
et al. Molecular, radiologic, and histopathologic correlations in
thanatophoric dysplasia. Am J Med Genet 1998;78(3):274–281. PubMed
PMID: 9677066.

26. Zheng Z, Liebers M, Zhelyazkova B, Cao Y, Panditi D, Lynch KD, et al.
Anchored multiplex PCR for targeted next-generation sequencing. Nat Med.
2014;20(12):1479.

27. Jiang F, Ren J, Chen F, Zhou Y, Xie J, Dan S, et al. Noninvasive fetal trisomy
(NIFTY) test: an advanced noninvasive prenatal diagnosis methodology for
fetal autosomal and sex chromosomal aneuploidies. BMC Med Genet 2012;
5:57. doi: https://doi.org/10.1186/1755-8794-5-57. PubMed PMID: 23198897;
PubMed Central PMCID: PMC3544640.

28. Salomon C, Kobayashi M, Ashman K, Sobrevia L, Mitchell M, Rice G.
Hypoxia-induced changes in the bioactivity of cytotrophoblast-derived
exosomes. PLoS One. 2013;8(11):e79636.

29. Mincheva-Nilsson L, Baranov V. The role of placental exosomes in
reproduction. Am J Reprod Immunol. 2010;63(6):520–33.

30. Dragovic R, Collett G, Hole P, Ferguson D, Redman C, Sargent I, et al.
Isolation of syncytiotrophoblast microvesicles and exosomes and their
characterisation by multicolour flow cytometry and fluorescence
nanoparticle tracking analysis. Methods. 2015;87:64–74.

31. Fernando M, Jiang C, Krzyzanowski G, Ryan W. New evidence that a large
proportion of human blood plasma cell-free DNA is localized in exosomes.
PLoS One. 2017;12(8):e0183915.

32. Chen J, Xu Y, Wang X, Liu D, Yang F, Zhu X, et al. Rapid and efficient
isolation and detection of extracellular vesicles from plasma for lung cancer
diagnosis. Lab Chip 2019;19(3):432–443. doi: https://doi.org/10.1039/
c8lc01193a. PubMed PMID: 30604797.

33. Davis CN, Phillips H, Tomes JJ, Swain MT, Wilkinson TJ, Brophy PM, et al. The
importance of extracellular vesicle purification for downstream analysis: A
comparison of differential centrifugation and size exclusion
chromatography for helminth pathogens. PLoS Negl Trop Dis. 2019;13(2):
e0007191. doi: https://doi.org/10.1371/journal.pntd.0007191. PubMed PMID:
30811394; PubMed Central PMCID: PMCPMC6411213.

34. Garcia-Romero N, Madurga R, Rackov G, Palacin-Aliana I, Nunez-Torres R,
Asensi-Puig A, et al. Polyethylene glycol improves current methods for
circulating extracellular vesicle-derived DNA isolation. J Transl Med. 2019;
17(1):75. doi: https://doi.org/10.1186/s12967-019-1825-3. PubMed PMID:
30871557; PubMed Central PMCID: PMCPMC6419425.

35. Mustapic M, Eitan E, Werner J, Berkowitz S, Lazaropoulos M, Tran J, et al.
Plasma extracellular vesicles enriched for neuronal origin: a potential
window into brain pathologic processes. Front Neurosci. 2017;11:278.

36. Hong CS, Muller L, Boyiadzis M, Whiteside TL. Isolation and characterization
of CD34+ blast-derived exosomes in acute myeloid leukemia. PLoS One.
2014;9(8):e103310. doi: https://doi.org/10.1371/journal.pone.0103310.
PubMed PMID: 25093329; PubMed Central PMCID: PMCPMC4122364.

37. He M, Crow J, Roth M, Zeng Y, Godwin AK. Integrated immunoisolation and
protein analysis of circulating exosomes using microfluidic technology. Lab
Chip. 2014;14(19):3773–3780. doi: https://doi.org/10.1039/c4lc00662c.
PubMed PMID: 25099143; PubMed Central PMCID: PMCPMC4161194.

38. Reategui E, van der Vos KE, Lai CP, Zeinali M, Atai NA, Aldikacti B, et al.
Engineered nanointerfaces for microfluidic isolation and molecular profiling
of tumor-specific extracellular vesicles. Nat Commun. 2018;9(1):175. doi:
https://doi.org/10.1038/s41467-017-02261-1. PubMed PMID: 29330365;
PubMed Central PMCID: PMCPMC5766611.

39. Lv L-L, Cao Y, Liu D, Xu M, Liu H, Tang R-N, et al. Isolation and
Quantification of MicroRNAs from Urinary Exosomes/Microvesicles for
Biomarker Discovery. Int J Biol Sci. 2013;9(10):1021–1031. doi: https://doi.org/
10.7150/ijbs.6100. PubMed PMID: PMC3831115.

40. Mall C, Rocke D, Durbin-Johnson B, Weiss R. Stability of miRNA in human
urine supports its biomarker potential. Biomark Med. 2013;7(4):623–31.

https://doi.org/10.1093/jmcb/mjt011
https://doi.org/10.1186/1479-5876-12-204
https://doi.org/10.1186/1479-5876-12-204
https://doi.org/10.1371/journal.pone.0098667
https://doi.org/10.1111/aji.12311
https://doi.org/10.2337/db15-0966
https://doi.org/10.2337/db15-0966
https://doi.org/10.1095/biolreprod.108.075481
https://doi.org/10.1074/jbc.C113.532267
https://doi.org/10.1074/jbc.C113.532267
https://doi.org/10.1038/cr.2014.44
https://doi.org/10.1002/pros.22853
https://doi.org/10.1002/pros.22853
https://doi.org/10.1093/annonc/mdv604
https://doi.org/10.1007/s00702-009-0288-8
https://doi.org/10.1002/pd.2516
https://doi.org/10.1093/gigascience/gix024
https://doi.org/10.1016/S0140-6736(07)61090-3
https://doi.org/10.1186/1755-8794-5-57
https://doi.org/10.1039/c8lc01193a
https://doi.org/10.1039/c8lc01193a
https://doi.org/10.1371/journal.pntd.0007191
https://doi.org/10.1186/s12967-019-1825-3
https://doi.org/10.1371/journal.pone.0103310
https://doi.org/10.1039/c4lc00662c
https://doi.org/10.1038/s41467-017-02261-1
https://doi.org/10.7150/ijbs.6100
https://doi.org/10.7150/ijbs.6100


Zhang et al. BMC Medical Genomics          (2019) 12:151 Page 11 of 11
41. Ge Q, Zhou Y, Lu J, Bai Y, Xie X, Lu Z. miRNA in plasma exosome is stable
under different storage conditions. Molecules. 2014;19(2):1568–1575. doi:
https://doi.org/10.3390/molecules19021568. PubMed PMID: 24473213.

42. Sabapatha A, Gercel-Taylor C, Taylor D. Specific isolation of placenta-
derived exosomes from the circulation of pregnant women and their
immunoregulatory consequences. Am J Reprod Immunol. 2006;56(5–6):
345–55.

43. Menon R, Mesiano S, Taylor RN. Programmed Fetal Membrane Senescence
and Exosome-Mediated Signaling: A Mechanism Associated With Timing of
Human Parturition. Front Endocrinol (Lausanne). 2017;8:196. doi: https://doi.
org/10.3389/fendo.2017.00196. PubMed PMID: 28861041; PubMed Central
PMCID: PMC5562683.

44. Takahashi A, Okada R, Nagao K, Kawamata Y, Hanyu A, Yoshimoto S, et al.
Exosomes maintain cellular homeostasis by excreting harmful DNA from
cells. Nat Commun 2017;8:15287. doi: https://doi.org/10.1038/
ncomms15287. PubMed PMID: 28508895; PubMed Central PMCID:
PMC5440838.

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

https://doi.org/10.3390/molecules19021568
https://doi.org/10.3389/fendo.2017.00196
https://doi.org/10.3389/fendo.2017.00196
https://doi.org/10.1038/ncomms15287
https://doi.org/10.1038/ncomms15287

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Sample collection and isolation of plasma from pregnancy women
	Separation of EVs from plasma of pregnancy women
	Transmission electron microscopy
	Western blotting
	Flow cytometry analysis
	evDNA and cfDNA extraction and fetal evDNA detection
	MPS of evDNA and cfDNA
	Multiplex PCR
	Bioinformatics

	Result
	Presence of exosome and placental markers in the total EVs from maternal plasma
	Amount and fetal origin of evDNA
	Genome distribution of evDNA
	Comparison of fragment length and fetal fraction of evDNA and cfDNA
	Detection of fetal trisomies and monogenic diseases by evDNA sequencing

	Discussion
	Conclusion
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

