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Abstract

No highly specific and sensitive biomarkers have been identified for early diagnosis of neural tube defects (NTDs). In this
study, we used proteomics to identify novel proteins specific for NTDs. Our findings revealed three proteins showing dif-
ferential expression during fetal development. In a rat model of NTDs, we used western blotting to quantify proteins in
maternal serum exosomes on gestational days E18, E16, E14, and E12, in serum on E18 and E12, in neural tubes on E18 and
E12, and in fetal neural exosomes on E18. The expression of coronin 1A and dynamin 2 was exosome-specific and associ-
ated with spina bifida aperta embryogenesis. Furthermore, coronin 1A and dynamin 2 were significantly downregulated in
maternal serum exosomes (E12-E18), neural tubes, and fetal neural exosomes. Although downregulation was also observed
in serum, the difference was not significant. Differentially expressed proteins were further analyzed in the serum exosomes
of pregnant women during gestational weeks 12—40 using enzyme-linked immunosorbent assays. The findings revealed that
coronin 1A and dynamin 2 showed potential diagnostic efficacy during gestational weeks 12—40, particularly during early
gestation (12—18 weeks). Therefore, these two targets are used as candidate NTD screening and diagnostic biomarkers dur-
ing early gestation.

Key messages

e  We used proteomics to identify novel proteins specific for NTDs.

CORO1A and DNM?2 showed exosome-specific expression and were associated with SBA.
COROI1A and DNM?2 were downregulated in maternal serum exosomes and FNEs.
COROI1A and DNM2 showed good diagnostic efficacy for NTDs during early gestation.
These two targets may have applications as NTD screening and diagnostic biomarkers.
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Neural tube defects (NTDs) are common congenital malfor-
mations that cause severe damage to the fetus as a result of
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the failure of neural tube closure at 21-28 days after con-
ception [1]. Spina bifida aperta (SBA) is one of the most
common types of NTDs and presents with urinary and
neurological complications [2]. Moreover, after surgery,
long-term follow-up therapy and medical support may be
necessary [3].

Ultrasound is one of the most powerful diagnostic tools
for NTDs [4]; however, this approach is less effective for
identifying NTDs in low-risk pregnancies, particularly
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during the first trimester [5], because NTDs can only be
detected after defect formation is complete. The Ameri-
can Congress of Obstetricians and Gynecologists rec-
ommends maternal serum alpha-fetoprotein (MSAFP)
screening and specialized ultrasound examination to be
offered to all pregnant women and those found at high
risk for NTDs to identify the defect [6]. Unfortunately,
the MSAFP detection rate is only approximately 65-80%
when using a cutoff of 2.5 multiples of the median
because of various factors [7]. Elevated MSAFP can also
be caused by conditions such as fetal abdominal wall
defects, congenital kidney disease, fetal death, placenta
accreta, preeclampsia, and oligohydramnios [8, 9]. We
previously combined the analysis of serum complements
(including complement Clq A chain, complement Cls,
and complement C3) and MSAFP to overcome the short-
comings of MSAFP analysis and improve the sensitivity
and specificity of NTD screening [10]. Indeed, the iden-
tification of prenatal molecular biomarkers, particularly
specific and sensitive maternal serum biomarkers, may
facilitate the early screening, diagnosis, and treatment of
NTDs during early gestation.

Extracellular vesicles (EVs) can pack and preserve pro-
teins, RNA, and DNA, enrich and transfer informative
factors with more specificity, and are not easily degraded
in bodily fluids [11]. In particular, exosomes permit the
specific transport of cargo to target cells during preg-
nancy [12] and have been shown to be more stable than
the other types of EVs [13]. Exosomes can be detected
at high levels during gestational week 6 [14], and the
contents of these EVs are altered under pathological con-
ditions [15]. Exosomes have been found in the placenta
[16] and amniotic fluid [17] and can transfer to the mater-
nal side [18]. Indeed, approximately 35% of total mater-
nal exosomes are fetal [19]. Furthermore, fetal neural
exosomes (FNEs) change when exposed to ethyl alcohol
[20, 21]. Therefore, exosomes may carry specific molecu-
lar biomarkers from the fetus to the mother and may have
potential applications in prenatal screening and diagnosis.

Proteomics is a powerful tool that can identify spe-
cific biomarkers of NTDs and their underlying molecu-
lar mechanisms in relevant animal models and clinical
samples [22]. We previously found 14-3-3C present dis-
tinctly in fetal neural tubes [23], apolipoprotein A4 and
alpha-fetoprotein (AFP) fragment changes in amniotic
fluid [24], and proprotein convertase subtilisin/kexin
type 9 changes in serum [25]. However, no differentially
expressed exosomal proteins have been identified as diag-
nostic biomarkers of NTDs.

Accordingly, in this study, we used proteomics and bio-
informatics to screen for enriched proteins in maternal
serum exosomes as potential SBA biomarkers.
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Materials and methods
Clinical sample collection

Serum samples from pregnant women were collected
from the biological specimen bank of the Shengjing Birth
Cohort in Key Laboratory of Health Ministry for Congen-
ital Malformation, Shenyang, China. Nineteen pregnant
women were diagnosed as carrying fetuses with NTDs
using prenatal ultrasound, and the diagnosis was confirmed
by autopsy after induced labor or by physical examination
after delivery. Serum samples from gestational age- and
maternal age-matched controls were obtained from preg-
nant women (n = 19) carrying normal fetuses without any
abnormalities. Every pregnant woman consumed folic acid
regularly under guidance during pregnancy. The clinical
characteristics of the patients are summarized in Online
Resource 1.

Animal sample collection

SBA was induced in Wistar rats with all-trans-retinoic acid
(atRA; Sigma, St. Louis, MO, USA; 4% [w/v] in olive oil,
140 mg/kg body weight) at E10 (vaginal smear contain-
ing sperm designated EQ) by gavage, and normal controls
were treated with the same volume of oil, as described
previously [24, 26]. Briefly, animals were anesthetized
with isoflurane, and blood was collected from the apex
cordis of living rats; euthanasia was then carried out by
CO, asphyxiation. All experimental protocols involving
animals were approved by the Medical Ethics Committee
of the Shengjing Hospital of China Medical University
(2016PS106K).

Fetal deformities were examined using stereomicros-
copy (M165 FC; Leica, Mannheim, Germany; Online
Resource 4. Fig. 1). Blood samples were collected into
vacuum tubes (Vacutainer SST; Becton, Dickinson and
Company, Franklin Lake, NJ, USA) and centrifuged (Sor-
vall ST8R Centrifuge; Thermo Fisher Scientific, Walther,
MA, USA) at 2000 x g and 4 °C for 20 min for serum sam-
pling. Serum samples were collected from normal pregnant
rats with normal embryos at E12 (n=12), E14 (n=6), E16
(n=6), and E18 (n=25) and from pregnant rats with SBA
embryos at E12 (n=12), E14 (n=6), E16 (n=6), and E18
(n=25). We also collected 12 treated E18 samples from
normal (n=3) rats treated with oil, those without SBA
(n=3) from rats treated with 140 mg/kg atRA, those with
SBA (n=3) from rats treated with 140 mg/kg atRA (SBA
group 1), and those with SBA (n=3) from rats treated
with 110 mg/kg atRA (SBA group 2; Online Resource
2). The fetal neural tube tissue (E12) or spinal cord tissue
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(E18) (from the inferior margin of the forelimb bud to the
tail bud) was isolated in cold phosphate-buffered saline
(PBS). Samples were stored at — 80 °C, except tissues used
for immunohistochemistry, which were preserved in 4%
paraformaldehyde and then embedded in paraffin.

Total serum exosome extraction
and characterization

A 200-pL aliquot of each serum sample was adjusted to
3 mL with phosphate-buffered saline (PBS) and utilized for
extraction. The diluted serum was filtered through a 0.22-
pm filter (MILLEX GP, Millipore Express PES Membrane;
Millipore, Billerica, MA, USA) [27]. The filtered sample
was centrifuged (Micro Ultracentrifuge CS120FNX; Hitachi
Koki, Tokyo, Japan) at 10,000 X g and 4 °C for 1 h. Subse-
quently, the supernatant was transferred to a fresh tube and
centrifuged at 100,000 X g and 4 °C for 4 h. The pellets were
washed with PBS, ultracentrifuged at 100,000 X g and 4 °C
for 1 h again to purify the exosomes [28]. The pellet was
resuspended in 100 uL. PBS and preserved at — 80 °C as pre-
viously described [29, 30]. Characterization of the extracted
exosomes was confirmed by transmission electron micros-
copy (HT7800; Hitachi Koki, Tokyo, Japan), dynamic light
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scattering (Nano ZS90; Malvern Instruments, UK), and exo-
somal biomarkers (Alix, CD63, and CD9; Online Resource
4. Fig. 2).

FNE isolation

Exosomes from fetal neural sources were isolated as previ-
ously described [21, 22]. Briefly, 400 pL sample was incu-
bated for 90 min at 20 °C with 50 uL of 3% bovine serum
albumin (BSA; Solarbio, Beijing, China) containing 2 pg
polyclonal goat IgG anti-rat Contactin-2/TAG1 antibody
(AF4439; R&D Systems, Minneapolis, MIN, USA) that
had been biotinylated (EZ-Link sulfo-NHS-biotin System;
Thermo Fisher Scientific). Then, 10 puL Streptavidin-Plus
UltraLink resin (Pierce; Thermo Fisher Scientific) in 40 uL
of 3% BSA was added. After centrifugation, the supernatant
was transferred to an Eppendorf tube and stored at — 80 °C.

LC-MS/MS for biomarker screening

Three pairs of E18 samples were screened for potential bio-
markers using label-free LC-MS/MS [31, 32]. Samples were
first subjected to immunoaffinity depletion of high-abundance
serum proteins. Then, 200 pg protein for each sample was
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Fig. 1 Bioinformatics and comparative analyses in serum exosomes
of pregnant rats at E18. a Bar chart of gene ontology (GO) biologi-
cal process, cellular component, and molecular function categories.
b Protein network of ACTR2, CORO1A, and DNM2. ¢ Western blot
analysis of ACTR2, CORO1A, and DNM2 expressions in serum
exosomes at E18 among normal group (treated with oil, n=3), with-

ACTR2

CORO1A DNM2

out SBA group (treated with 140 mg/mL atRA, n=3), SBA group
1 (treated with 140 mg/mL atRA, n=3), and SBA group 2 (treated
with 110 mg/mL atRA, n=3). d Bar chart of the relative expression
of ACTR2, COROI1A, and DNM2 among the four groups in serum
exosomes at E18, as determined by western blotting
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Fig.2 Analyses of ACTR2, CORO1A, and DNM2 expressions in
serum exosomes and serum without isolation of exosomes of preg-
nant rats. a Western blot analysis of protein expression in serum
exosomes at E18 (complete bands are shown in Online Resource 4.
Fig. 3); bar chart of relative protein expression at E18 in the normal
(n=19) and SBA (n=19) groups. b Western blot analysis of protein
expression in serum exosomes at E16 (complete bands are shown in
Online Resource 4. Fig. 4); bar chart of relative protein expression
at E16 in the normal (n=6) and SBA (n=6) groups. ¢ Western blot
analysis of protein expression in serum exosomes at E14 (complete
bands are shown in Online Resource 4. Fig. 5); bar chart of rela-
tive protein expression at E14 in the normal (n=6) and SBA (n=6)

processed by filter-aided sample preparation digestion. The
peptide content was estimated by determining the ultraviolet
spectral density at 280 nm, calculated based on the frequency
of tryptophan and tyrosine in vertebrate proteins [32]. Each
fraction was then injected for nanoLC-MS/MS analysis. The
peptide mixture was separated with a linear gradient con-
trolled by IntelliFlow technology. LC-MS/MS analysis was
performed on a Q Exactive mass spectrometer (Thermo Fisher
Scientific) coupled to an Easy nLC (Proxeon Biosystems).
The MS data were analyzed using MaxQuant software version
1.5.3.17 (Max Planck Institute of Biochemistry, Martinsried,
Germany) [33].
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groups. d Western blot analysis of protein expression in serum
exosomes at E12 (complete bands are shown in Online Resource 4.
Fig. 6); bar chart of relative protein expression at E12 in the normal
(n=12) and SBA (n=12) groups. e Western blot analysis of protein
expression in serum without isolation of exosomes at E18 (complete
bands are shown in Online Resource 4. Fig. 7); bar chart of relative
protein expression in serum without isolation of exosomes at E18 in
the normal (n=6) and SBA (n=6) groups. f Western blot analysis
of protein expression in serum without isolation of exosomes at E12
(complete bands are shown in Online Resource 4. Fig. 8); bar chart of
relative protein expression in serum without isolation of exosomes at
E12 in the normal (n=6) and SBA (n=6) groups

Bioinformatics analysis

Bioinformatics analysis was carried out using WebGestalt
(http://www.webgestalt.org/) with over-representation analy-
sis (ORA) in Rattus norvegicus for enrichment with the gene
ontology (GO) biological process functional database. The
significance level in the advanced parameters was adjusted
to a false-discovery rate of less than 0.05. The proteins
showing enrichment were further analyzed using the String
database (https://string-db.org/) to define protein interaction
networks.
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Table 1 List of 33 differentially
expressed proteins

Protein IDs Protein names Gene names Ratio
Upregulated
Q6P6T1 Complement C1s subcomponent Cls 2.99
Downregulated
FILZ11 Uncharacterized protein N/A 0.65
Q62636 Ras-related protein Rap-1b Raplb 0.65
PO1015 Angiotensinogen Agt 0.63
D3ZPL2 Uncharacterized protein N/A 0.59
P09606 Glutamine synthetase Glul 0.55
FIM5X4 Ig-like domain-containing protein N/A 0.55
P68136 Actin, alpha skeletal muscle Actal 0.54
Q8K3U6 Coagulation factor VII F7 0.53
AO0A0G2JV65 14-3-3 protein zeta/delta Ywhaz 0.52
BOBNIJ1 LOC683667 protein Sri 0.50
AO0A0G2K9Z5 Uncharacterized protein N/A 0.48
G3V7WI Programmed cell death protein 6 Pdcd6 0.45
P01883 Ig delta chain C region (fragment) N/A 0.09
Specific in normal samples
AOAOAOMY48 Dynamin-2 Dnm?2
Q5M7U6 Actin-related protein 2 Actr2
Q6P502 T-complex protein 1 subunit gamma Cct3
G3VIN9 Alpha-1,2-mannosidase Manlal
A0A0G2K393 Pleckstrin Plek
AOAOH2UHMS Protein disulfide-isomerase Pdia3
COKUC5 LIM and senescent cell antigen-like-containing ~ Limsl
domain protein
Q7M09%4 Destrin-like protein p17a (fragments) Dstn
Q5U329 Anion exchange protein Slcdal
P50115 Protein S100-A8 S100a8
Q6LC76 Fibronectin (fragment) Fnl
Q91ZN1 Coronin-1A Corola
Specific in SBA samples
AO0AO0G2K2X4 Olfactory receptor LOC100911127
QSIOL8 Angiopoietin-like 3 Angptl3
MOR7MS5 Uncharacterized protein LOC100911032
PO1836 Ig kappa chain C region, A allele N/A
P11980 Pyruvate kinase PKM Pkm
Q08420 Extracellular superoxide dismutase [Cu—Zn] Sod3
QI1WXO0 Complement factor H-related protein RGD1564614

Western blotting

Exosome-derived from serum (E12, E14, E16, E18), serum
(E12, E18), neural tube tissue (E12), and spinal cord tissue

(E18) were treated with 20 pL radioimmunoprecipitation
assay buffer (Solarbio) per 100 uL sample and subjected to

Table 2 List of gene ontology analyses of the biological processes associated with the 29 differentially expressed proteins

ultrasound pyrolysis. The supernatants were collected as the
protein-containing fraction. Serum (E12, E18) was diluted by

Gene set Description Size Expect Ratio P value FDR
GO0:0008064 Regulation of actin polymerization or depolymerization 122 0.2374 21.058 3.30E-06 0.005217
GO0:0022603 Regulation of anatomical structure morphogenesis 682 1.3273 6.7805 3.19E-06 0.005217
GO0:1901700 Response to oxygen-containing compound 1542 3.0011 4.3317 1.50E - 06 0.005217
G0:0022607 Cellular component assembly 1997 3.8867 3.6021 4.34E-06 0.00563

@ Springer



1312 Journal of Molecular Medicine (2022) 100:1307-1319

E18 spinal cord E3 Normal
a E18 spinal cord _ 3 /1 SBA
2 ok * *
Normal Group SBA Group o — — —
<
ACTR2 - g [~ - a» G» g 5.
¥ [
coroz» [N T ] [ S S §
x
il dl T T — S 1-
>
B-actin | S — | e | 5 |%|
& 0- T T T
ACTR2 CORO1A DNM2
E12 neural tube E= Normal
b E12 neural tube 3 3 SBA
g * * *%
Normal Group SBA Group o _— — —
- — — . ~ — - 3 c
ACTR2 2 2
(7]
COR01A|-“-||--—-I s
x
DNM2 [ S a w—] [ = = ] $ 1
e — >
B-actin [P P | [N - ——| g
o)
© 0- T T T

ACTR2 CORO1A DNM2

¢
©
€
—
(=]
2
<
o
(7]
d E18 FNEs E18 FNEs E= Normal
3 SBA
Normal Group SBA Group E 3- 5
ACTR? [l s s o e o | <
8
COROIA[ B S * % =] a 2-
[
DNM2 [ g o ~ ===| s
(]
aix [ TR T W e 1]
k|
[
L4 0' T T T
ACTR2 CORO1A DNM2

@ Springer



Journal of Molecular Medicine (2022) 100:1307-1319

1313

«Fig.3 Analyses of ACTR2, COROI1A, and DNM2 expressions in
spinal cords, neural tubes, and FNEs. a Western blot analysis of pro-
tein expression in spinal cords at E18 (complete bands are shown in
Online Resource 4. Fig. 9); bar chart of relative protein expression
at E18 in the normal (n=6) and SBA (n=6) groups. b Western blot
analysis of protein in neural tubes at E12 (complete bands are shown
in Online Resource 4. Fig. 10); bar chart of relative protein expres-
sion at E12 in the normal (n=6) and SBA (n=6) groups. ¢ Figures
above: expression of ACTR2 in the spinal cord of normal embryos,
localized to the neuroepithelium (NE), neural cells (NCs), and neural
fibers (NFs) (black arrow), expression of COROI1A in the spinal cord
of normal embryos, localized to NFs and NCs (black arrow), expres-
sion of DNM2 in the spinal cord of normal embryos, localized to the
NE and NCs (black arrow); figures below: expression of ACTR2,
COROI1A, and DNM2 in the spinal cord of SBA embryos. d Western
blot analysis of ACTR2, CORO1A, and DNM2 expressions in FNEs
at E18 in the normal and SBA groups; bar chart of relative protein
expression in FNEs at E18 in the normal (n=3) and SBA (n=3)
groups, as determined by western blotting

PBS before western blotting. Samples were quantified using
a BCA Protein Assay Kit (Solarbio), and protein concentra-
tions were adjusted using PBS. The diluted samples were
mixed with loading buffer, denatured, separated on Bio-Rad
gels, and transferred to 0.45-pm polyvinylidene difluoride
membranes. The primary antibodies used were as follows:
anti-Alix (3A9 mouse mAb; Cell Signaling Technology,
Danvers, MA, USA; exosome internal reference), anti-CD9
(D3H4P rabbit mAb; Cell Signaling Technology), anti-
CD63 (TS63 mouse mAb; Abcam, Cambridge, UK), anti-f3-
actin (66009-1-Ig rabbit mAb; Proteintech, Wuhan, China;
neural tube internal reference), anti-actin-related protein 2
(ACTR2; 10922—1-AP rabbit pAb; Proteintech), anti-coronin
1A (CORO1A; EPR19467-36 rabbit mAb; Abcam), and anti-
dynamin 2 (DNM2; EPR9053 rabbit mAb; Abcam). The sec-
ondary antibodies used were goat anti-mouse (G-21040; Inv-
itrogen, Carlsbad, CA, USA) or goat anti-rabbit (G-21234;
Invitrogen). Fast-staining Coomassie Brilliant Blue (Solar-
bio) served as an internal reference for serum. Bands were
visualized using chemiluminescent horseradish peroxidase-
based substrate (Immobilon Western; Millipore) and captured
(cSeries 300; Azure Biosystems, Dublin, CA, USA). Repre-
sentative samples are shown, and raw data for the bands are
shown in the Online Resource 4.

Immunohistochemistry

An UltraSensitive SP Kit (MXB Biotechnologies, Fuzhou,
China) was used for immunohistochemistry, according to
the manufacturer’s protocol. The primary antibodies were
the same as used for western blotting. Sections were washed
in PBS between each process and finally stained with diam-
inobenzidine and hematoxylin, dehydrated, and sealed with
resin. Images were captured using a microscope (ECLIPSE
80i; Nikon, Tokyo, Japan).

ELISA

Serum (50 pL) was diluted with PBS (50 pL), and samples
were subjected to ELISA using a human DNM2 ELISA kit
(abx250599; 96-well; Abbexa) and human CORO1A ELISA
kit ab214032; 96-well; Abcam), according to the manufac-
turer’s protocol. Absorbance was measured at 450 nm using
a microplate reader (M200 PRO; Tecan, Switzerland). The
relative optical density at 450 nm (OD,5,; OD,s, of each
well-OD 45, of the blank well) was calculated.

Statistical analysis

Data are expressed as means =+ standard deviations. Western
blotting bands were quantified using ImageJ (1.37c) as the
ratio of the gray value of the biomarker protein/the gray
value of the internal reference protein. Quantitative vari-
ables were analyzed using unpaired #-tests, paired #-tests, and
one-way analysis of variance (ANOVA). Differences with P
values less than 0.05 were considered significant. Statistical
analyses were performed using GraphPad Prism 8.0 soft-
ware. The diagnostic capacity of biomarkers was analyzed
using receiver operating characteristic (ROC) curves, and
the area under curve (AUC), specificity, and sensitivity were
determined using MedCalc 19.3.1 in Statistics-ROC.

Results

Identification of serum exosome protein biomarkers
of SBA using LC-MS/MS

Proteomics analyses revealed the presence of 397 proteins
in serum exosomes (Online Resource 3), of which 33 were
differentially expressed between the SBA and normal groups.
There were 7 proteins specifically expressed in the SBA
group and 12 proteins specifically expressed in the normal
group excluding potential contaminants. Another 14 proteins
were expressed in both the SBA and normal groups with
a significant difference (one upregulated and 13 downregu-
lated; Table 1). GO analysis was conducted to identify the
potential functions of these proteins (excluding four unchar-
acterized proteins) in three categories (Fig. 1a), and ORA was
used to obtain GO enrichments of biological processes with
four enrichment processes (Table 2). ACTR2, COROI1A,
DNM?2, angiotensinogen precursor, glutamate-ammonia
ligase (GLUL), LIM zinc finger domain containing 1, pro-
grammed cell death 6, and pyruvate kinase muscle isozyme
were involved in more than two biological processes.
Among these eight proteins, ACTR2 [34, 35], CORO1A
[36], GLUL [37], and DNM2 [38] function during neural
tube development but have not been shown to be connected
with NTDs. Analysis of the four proteins in the String
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«Fig. 4 Analyses of biomarker expression in serum exosomes of preg-
nant women. a Scatter diagram of ELISA for DNM2 expression in
serum exosomes during gestational weeks 12—40, including 19 nor-
mal samples and 19 NTD samples. b ROC curves for DNM2 are
shown. ¢ Scatter diagram of ELISA for DNM2 and expression in
serum exosomes during gestational weeks 12—18, including 7 normal
samples and 7 NTD samples. d ROC curves for DNM2 are shown. e
Scatter diagram of ELISA for DNM2 expression in serum exosomes
during gestational weeks 19—40, including 12 normal samples and 12
NTD samples. Scatter diagram of ELISA in serum exosomes among
f 13 normal samples and 13 SBA samples for DNM2 and g 6 normal
samples and 6 anencephalus and exencephalus samples for DNM2.
h Scatter diagram of ELISA for COROI1A expression in serum
exosomes during gestational weeks 12—40, including 19 normal sam-
ples and 19 NTD samples. i ROC curves for CORO1A are shown.
J Scatter diagram of ELISA for COROIA and expression in serum
exosomes during gestational weeks 12-18, including seven nor-
mal samples and seven NTD samples. k ROC curves for CORO1A
are shown. 1 Scatter diagram of ELISA for COROIA expression in
serum exosomes during gestational weeks 19-40, including 12 nor-
mal samples and 12 NTD samples. Scatter diagram of ELISA in
serum exosomes among m 13 normal samples and 13 SBA samples
for CORO1A and n 6 normal samples and 6 anencephalus and exen-
cephalus samples for CORO1A. Combined ROC curves for CORO1A
and DNM2 expressions in NTD samples during o gestational weeks
1240, p gestational weeks 12-18, and q gestational weeks 19—40
and in SBA samples during r gestational weeks 12—40

database indicated that ACTR2, CORO1A, and DNM2 may
be connected by the same cluster (Fig. 1b), necessitating
further verification.

Comparative analysis to exclude the effects of atRA
on serum exosome biomarkers at E18

To clarify whether atRA itself could affect the expression
of these biomarkers, we divided samples into four groups.
ACTR2, CORO1A, and DNM2 were slightly downregulated
in the non- SBA group treated with atRA compared with that
in the normal group treated with oil and were significantly
downregulated in SBA groups 1 and 2 compared with that in
the normal group (Fig. 1c). One-way ANOVA supported this
result (Fig. 1d). Thus, the decreased expression of ACTR2,
COROI1A, and DNM2 in serum exosomes was related to
the embryogenesis of SBA and was not a result of transcrip-
tional repression by atRA.

Analysis of the differential expression of ACTR2,
CORO1A, and DNM2 in serum exosomes at E12-E18

Nineteen paired E18 serum exosome samples (different
from those used in proteomics) were examined. ACTR2,
CORO1A, and DNM2 were significantly downregulated
in SBA. Unpaired ¢-tests supported these findings at E18
(ACTR2, P=0.0095; CORO1A, P=0.0057; DNM2,
P <0.0001) (Fig. 2a). To confirm the differential expression
of proteins during early gestation, western blotting analysis
was performed on serum exosomes at E16 (Fig. 2b), E14

(Fig. 2¢), and E12 (Fig. 2d); similar trends were observed
compared with the results from E18. Unpaired #-tests sup-
ported the significance of the findings at E16 (ACTR2,
P=0.0421; CORO1A, P=0.0277; DNM2, P=0.0059)
(Fig. 2b), E14 (ACTR2, P=0.0490; CORO1A, P=0.0454;
DNM2, P=0.0073) (Fig. 2c), and E12 (ACTR2, P=0.0163;
COROIA, P=0.0282; DNM2, P=0.0157) (Fig. 2d), similar
to the results at E18. Collectively, these results suggested
that these proteins exhibited lower expression in the SBA
group from E12 to E18, indicating their diagnostic capacity
during early gestation.

Analysis of the differential expression of ACTR2,
CORO1A, and DNM2 in serum without isolation
of exosomes

To confirm the specific differential expression of these pro-
teins in serum exosomes, we quantified their expression in
whole serum without exosome isolation using western blot-
ting. We found no obvious changes between the normal and
SBA groups at E18 (Fig. 2e) and E12 (Fig. 2f), indicating
their serum exosome-specific downregulation. Coomassie
Brilliant Blue staining of total proteins served as an inter-
nal reference for serum (complete gel staining is shown in
Online Resource 4. Figs. 7, 8). Unpaired ¢-tests showed
that there were no significant differences at E18 (ACTR?2,
P=0.5082; CORO1A, P=0.7230; DNM2, P=0.1316)
(Fig. 2e) or E12 (ACTR2, P=0.6568; CORO1A, P=0.3789;
DNM2, P=0.8318) (Fig. 2f).

Analysis of the differential expression of ACTR2,
CORO1A, and DNM2 in fetal neural tubes and FNEs

To verify whether the downregulation of these proteins in
serum exosomes was related to NTDs, we quantified their
expression in SBA spinal cords at E18 (Fig. 3a) and neural
tubes at E12 (Fig. 3b) using western blotting. The expres-
sion patterns were the same as in serum exosomes, show-
ing significantly decreased expression in SBA. Unpaired
t-tests supported these findings at E18 (ACTR2, P =0.0012;
COROI1A, P=0.0264; DNM2, P=0.0151) (Fig. 3a) and
E12 (ACTR2, P=0.0301; CORO1A, P=0.0247; DNM2,
P=0.0012) (Fig. 3b).

Immunohistochemistry was performed in E18 embryos
to evaluate the localization and expression levels of these
proteins in neural tubes. ACTR2 was expressed in all cells
within the field of vision, with upregulation in the neuroepi-
thelium, neural cells, and neural fibers in normal control and
downregulation in SBA. CORO1A was upregulated in nerve
fibers in normal control but downregulated in SBA. DNM?2
was upregulated in the neuroepithelium and neural cells in
normal control but hardly detected in SBA (Fig. 3c¢).
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To further verify whether ACTR2, CORO1A, and DNM2
downregulated in total serum exosomes originated from the
fetal neural source, we tested the proteins in FNEs isolated
from total serum exosomes of maternal rats. Changes in
COROI1A and DNM2 expressions in FNEs followed the
same pattern as in total serum exosomes, with downregula-
tion in SBA (COROI1A, P=0.0487; DNM2, P=0.0316);
ACTR?2 expression did not differ between normal samples
and SBA FNEs samples (ACTR2, P=0.4987) (Fig. 3d).
Thus, CORO1A and DNM2 expressions were specific to
neural cells and tissues.

Analysis of the differential expression of CORO1A
and DNM2 in serum exosomes from pregnant
women

Next, we performed ELISA of DNM2 and CORO1A in mater-
nal serum exosomes to validate their expression. Samples from
pregnant women were paired according to gestational week,
and paired r-tests were used for statistical analysis. Compared
with normal controls, all 19 pregnant women who were diag-
nosed as carrying fetuses with NTDs showed a significant
decrease in DNM2 expression (P=0.0011) (Fig. 4a), and
the ROC curve showed high accuracy (specificity, 78.95%;
sensitivity, 73.68%; AUC, 0.806) (Fig. 4b). Analysis during
different pregnancy periods showed that DNM2 was signifi-
cantly downregulated at gestational weeks 12—18 (P=0.0034)
(Fig. 4c), and this marker showed extremely high accuracy
(specificity, 100%; sensitivity, 100%; AUC, 1.000) (Fig. 4d).
Downregulation was not significant at gestational weeks
19-40 (P=0.0557) (Fig. 4e). Subgroup analysis showed sig-
nificant differences in DNM2 expression in the SBA group
(P=0.0035) (Fig. 4f) and the anencephalus and exencephalus
group (P=0.0058) (Fig. 4g).

COROI1A expression was also significantly downregu-
lated in the 19 pregnant women compared with that in normal
controls (P=0.0022) (Fig. 4h), and its ROC curve showed
high accuracy (specificity, 89.47%; sensitivity, 68.42%; AUC,
0.817) (Fig. 4i). Furthermore, significant downregulation was
observed at gestational weeks 12—18 (P=0.0108) (Fig. 4j), and
this marker showed high accuracy (specificity, 85.71%; sensi-
tivity, 85.71%; AUC, 0.857) (Fig. 4k). No significant downreg-
ulation was observed at gestational weeks 19-40 (P=0.0599)
(Fig. 41). Subgroup analysis showed that CORO1A was dif-
ferentially expressed in the SBA group (P =0.0440) (Fig. 4m)
and the anencephalus and exencephalus group (P =0.0186)
(Fig. 4n).

We further analyzed the combined performance of DNM2
and COROIA in diagnostic efficacy of NTDs. The ROC
curve showed better performance in all 19 pair samples and
exhibited higher accuracy (specificity, 78.95%; sensitivity,
94.74%; AUC, 0.889) (Fig. 40). At gestational weeks 12-18,
ROC curves showed better performance and high accuracy

@ Springer

(specificity, 100%; sensitivity, 100%; AUC, 1.000) (Fig. 4p).
At gestational weeks 19-40 (n=12), ROC curves showed
good performance (specificity, 66.67%; sensitivity, 100%;
AUC, 0.854) (Fig. 4q). ROC curves also showed good per-
formance in 13 paired SBA samples, with high accuracy and
specificity (specificity, 92.31%; sensitivity, 76.92%; AUC,
0.888) (Fig. 4r).

Discussion

In this study, we showed that ACTR2, CORO1A, and DNM2
were downregulated in serum exosomes in a SBA rat model
using LC-MS/MS (label-free) in conjunction with bioinfor-
matics analyses. CORO1A and DNM2 were also differen-
tially expressed in FNEs, and these findings were validated
in pregnant women, indicating that these two proteins may
be candidate specific diagnostic biomarkers of NTDs during
early gestation.

All three of these proteins have crucial roles in fetal devel-
opment. COROI1A is involved in axon guidance and branch-
ing to final targets by mediating actin assembly and reorgani-
zation with cofilin and the ARP2/3 complex (ARPC3) [36].
COROV1A also stabilizes [39] and binds to [40] F-actin. The
large GTPase DNM2 controls the spreading and motility of
the growth cone [38] and can regulate hormone secretion
and vesicle release from neuroendocrine cells [41]. F-actin
requires DNM2 to polymerize and assemble with ARPC3
[42]. Moreover, reorganization of F-actin requires the DNM?2/
cortactin/ARPC3 complex [43]. ACTR2, a component of
ARPC3, is essential during different phases of neural devel-
opment, including neurogenesis, neuritogenesis, and neural
migration [44]. ARPC3 is also critical for the regulation and
dynamics of F-actin [35, 45, 46], which is involved in axon
and dendrite growth [47, 48] as well as neural tube closure
[49, 50]. Therefore, F-actin may be an effective indicator of
neural development associated with these molecules.

There were some limitations to our study. First, the rou-
tine administration of folic acid during gestation has sub-
stantially reduced the occurrence of NTDs; therefore, the
sample size of pregnant women carrying fetuses with NTDs
was quite small. More data from clinical samples are required
to confirm our findings and perform combined analysis of
the potential biomarkers. Additionally, the earliest samples
of NTDs were from gestational week 12, and further studies
should verify whether CORO1A and DNM2 can be used to
screen and diagnose NTDs before gestational week 12. Mul-
ticenter studies are also needed to validate the prenatal diag-
nostic potential of these biomarkers, and additional work is
necessary to identify the detailed mechanisms through which
CORO1A and DNM2 are related to embryogenesis in SBA.

CORO1A and DNM?2 expressions in exosomes
extracted from maternal serum during pregnancy may have
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applications in the early clinical screening and diagnosis
of NTDs with high specificity. Our study established these
novel and candidate molecular biomarkers and suggested
their involvement in the occurrence of NTDs.
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