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Abstract: Preeclampsia (PE) is a severe gestational complication, and dysfunctional placenta plays an essential role
in PE pathogenesis. Although low-dose aspirin is currently the most promising prophylactic drug for PE prevention,
the exact mechanism of aspirin remains unclear. A previous study reported that treatment with low-dose aspirin
could ameliorate PE-like symptoms in lipopolysaccharide (LPS)-induced PE-like mouse model. This study aimed
to uncover the potential mechanism of aspirin action in PE through quantitative phosphoproteomics comparison.
We established the following four groups: a control (CTRL) group, an LPS-treated (L) group, an LPS + aspirin co-
treatment (LA) group, and an aspirin-treated (A) group. A total of 4350 phosphosites and 4170 phosphopeptides
from 1866 phosphoproteins were identified in the placenta on embryonic day 13.5. Among the significantly altered
phosphoproteins identified, apoptosis-related pathways were significantly regulated in both the L group vs. CTRL
group and the LA group vs. L group comparisons. We demonstrated that apoptosis was increased in the placenta
of PE-like mice and was inhibited in the LA group by quantify the apoptosis-positive cells and the protein levels of
cleaved caspase 3, 8, and 9. Moreover, the phosphorylation of HSPOOB (S254) and GSK3 (Y216) may be a crucial
factor in the aspirin-mediated regulation of apoptosis according to protein-protein interaction analysis. This study
revealed that apoptosis regulation is a mechanism of aspirin action in PE, particularly in women with over-activated
inflammation. The phosphorylation of HSPOOB (S254) and GSK3p (Y216) could be the key intervention targets.
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Introduction

Preeclampsia (PE) is a pregnancy-specific syn-
drome that is diagnosed when a pregnant wo-
man presents with increased blood pressure
and proteinuria or other maternal organ dys-
functions [1]. When left untreated, pregnant
women with PE would have severe complica-
tions such as eclampsia, liver rupture, stroke,
pulmonary edema, or kidney failure, which can
be lethal. Currently, the most effective treat-
ment is delivery, hence the development of an
approach to prevent PE is important. From life-
style improvement, the supplementation of cal-
cium, vitamin C and vitamin E, to the adminis-
tration of low-dose aspirin, low-molecular-wei-
ght heparin, and antioxidants [2], aspirin is the
most promising drug for PE prevention [3].
Meta-analyses of randomized controlled trials
(RCTs) suggested that in high-risk women, the
effect of aspirin for the prevention of PE is opti-

mal when initiated before 16 weeks of gesta-
tion [4]. The effective window for certain popu-
lation makes it necessary to understand the
exact mechanism of action of aspirin in the pre-
vention of high-risk PE.

The canonical effect of aspirin is dependent on
cyclooxygenase (COX), which inhibits thrombox-
ane A2 (TXA2) production and subsequently
reverses the TXA2/prostaglandin 12 (PGI2) im-
balance in PE patients, thereby improving pla-
cental function by favoring systemic vasodila-
tation and inhibiting platelet aggregation [5].
Meanwhile, there are COX-independent path-
ways, such as decreasing tissue factor expr-
ession in the endothelium [6], regulating the
NF-kB/eNOS pathway in endothelial cell [7], or
targeting the transcription factors STOX1 expre-
ssion in PE-like mice [8]. Previously, we estab-
lished a PE-like mouse model by injecting lipo-
polysaccharide (LPS) and found that aspirin
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treatment could significantly reverse the PE-
like phenotype, such as lower hypertension,
proteinuria and ameliorate fetal growth retar-
dation (FGR), improve placental damage, and
inhibit the excessive activation of the inflam-
matory response [9]. In this study, we per-
formed phosphoproteomics research on the
placenta on embryonic day (E) 13.5, in the ear-
lier stage of pregnancy after the definitive pla-
centa formed (E12.5), to better observe the
placenta development [10]. We aim to deter-
mine whether a particular physical process is
involved in the aspirin-mediated effect in an
LPS-induced PE-like mouse model, further un-
veiling the mechanism underlying aspirin tre-
atment in PE.

Protein phosphorylation is the most extensi-
ve posttranslational modification. This modifi-
cation can either activate or inactivate biolo-
gical processes, and it can control nearly all
aspects of cellular function [11]. The regulation
of protein phosphorylation markedly impacts
many cellular events for homeostasis, includ-
ing metabolism, transcriptional and translati-
onal regulation, and cellular signaling [12]. The
specific profile of phosphoproteins has been
shown to be associated with many diseases,
such as diabetes, renal dysfunction, ovarian
cancer, and Alzheimer’s disease. Phosphopro-
teomics allows for high-throughput detection
of differential phosphosites to reveal the sig-
naling pathways or targets, which are critical in
disease pathogenesis and drug treatment [13-
15]. Currently, studies performing systematic
detection of phosphorylation changes in PE or
aspirin mechanism research are limited. Here,
we present a quantitative phosphoproteomics
approach to identify differentially phosphory-
lated sites in signaling and response proteins
from LPS-induced PE-like mice and in mice
treated with aspirin. This study explored the
molecular mechanisms of aspirin treatment in
PE involving phosphoproteins and signaling
networks.

Materials and methods
Animals and grouping

The animal study was approved by the Animal
Ethics Committee of Peking University First
Hospital. Female CD1 (ICR) mice (8 weeks old)
were raised in a specific pathogen-free envi-
ronment with a fixed 12-h/12-h light/dark cycle,
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and food and water were available ad libitum.
Mating was performed overnight, and noon on
the day of plug detection was considered em-
bryonic day 0.5 (E0.5). The mice were randomly
divided into four groups: the control (CTRL)
group, LPS-treated (L) group, LPS + aspirin co-
treatment (LA) group and aspirin-treated (A)
group. The detailed methods used in animal
experiments and for the identification of PE-like
symptoms were described previously [9]. The
placentas were collected on E13.5.

Protein extraction and digestion

A portion of each collected placental tissue
sample was placed in a 2-ml centrifuge tube
with quartz sand and SDT (4% SDS, PF8.0 100
mM TrisHCI, 100 mM dithiothreitol (DTT)) lysis
buffer, homogenized with an MP homogenizer
(24%2,6.0 M/S, 60 s, twice), and processed via
supersonic lysis (80 W, 10 s working, 15 s inter-
mittent, 10 cycles). The lysates were incubated
in boiling water for 15 min. After centrifugation
at 14,000xg for 40 min, the supernatant was
filtered through a 0.22-um filter, and collected.
The protein concentration was then measured
by the bicinchoninic acid method with bovine
serum albumin as the standard.

SDS-PAGE was performed as follows: after
adding 5% loading buffer and boiling for 5 min,
30 pg of extracted protein from each sample
was used for 12.5% SDS-PAGE under a con-
stant current of 14 mA for 90 min. After electro-
phoresis, Coomassie brilliant blue solution was
used for staining.

Protein digestion with filter aided sample prep-
aration (FASP) was performed as follows: DTT
was added to the protein solution to reach 100
mM, and the mixture was boiled for 5 min and
cooled to room temperature. Each sample was
mixed with 200 ul of UA buffer (8 M urea, 150
mM Tris-HCI, pH 8.0), loaded in a microcon fil-
tration devices (Millipore, with a molecular
weight cut off (MWCO) of 10 kD), and centri-
fuged at 14,000xg for 15 min. A total of 100 pl
of IAA buffer (50 mM iodoacetamide in UA) was
added to each sample, and the mixture was
shaken at 600 rpm for 1 min. After 30 min of
incubation in the dark at room temperature, the
mixtures were centrifuged at 14,000xg for 15
min, and the filtrate was discarded. Then, 100
pl of UA buffer was added, and the mixture
was centrifuged for 15 min at 14,000xg; these

Am J Transl Res 2020;12(7):3361-3375



Phosphoproteomics in aspirin-treated PE-like mice

Table 1. Sample set of quantitative phospho-
proteomic analysis

Lable 114 115 116 117

Sample 1 CTRL-1 -1 LA-1 A-1

Sample 2 CTRL-2 L-2 LA-2 A-2

Sample 3 CTRL-3 L-3 LA-3 A-3

114, 115, 116, 117: the mass of four different reporters
in the iTRAQ labeling. CTRL: the control group; L: LPS-
treated group; LA: LPS + aspirin co-treatment group; A:
aspirin-treated group.

steps were repeated twice. A total of 100 pl of
10-fold diluted dissolution buffer was added,
and the mixture was centrifuged at 14,000xg
for 15 min; these steps were also repeated
twice. Then, the filtrate was discarded. Next,
40 pl of trypsin buffer was added, and the mix-
ture was shaken at 600 rpm for 1 min and incu-
bated at 37°C for 16-18 h. The samples were
placed a in new collection tube and centrifug-
ed at 14,000xg for 15 min, and the filtrate was
discarded. Then, 40 pl of 10-fold diluted disso-
lution buffer was added, the mixture was centri-
fuged at 14,000xg for 15 min, and the filtrate
was collected. A C18 cartridge was used to
desalt the enriched peptides. After the pep-
tides were lyophilized, they were reconstituted
by adding 40 pl of dissolution buffer. The con-
centration of the collected peptides was esti-
mated based on their OD at 280 nm.

Phosphoproteomic analysis

The phosphoproteomic analysis in the study
used liquid chromatography-tandem mass
spectrometry (LC-MS/MS) enriched by titanium
dioxide (TiO2) affinity chromatography.

For four-plex iTRAQ labeling, one hundred mi-
crograms of digested peptides from each sam-
ple was subjected to AB Sciex iTRAQ labeling
(Table 1). Four-plex iTRAQ labeling was per-
formed according to the manufacturer’s instru-
ctions.

To enrich the phosphopeptide, the labeled pep-
tide solutions were lyophilized and then dis-
solved in 1x DHB buffer (3% DHB, 80% CAN,
and 0.1% TFA). TiO2 beads were added to the
solution, the mixture was shaken for 40 min
and centrifuged, and the supernatant was re-
moved. The beads were packed into plastic
tips, washed three times with washing buffer 1
(20% acetic acid, 300 mM octane sulfonic acid
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sodium salt and 20 mg/ml DHB) and washed
three times with washing buffer 2 (70% water
and 30% ACN). The enriched phosphopeptides
were eluted using freshly prepared ABC buffer
(50 mM ammonium phosphate, pH 10.5) and
were collected and concentrated under a vacu-
um [16]. The phosphopeptides were dissolved
in 30 yl of 0.1% FA, and 20 ul was used for
mass spectrometry (MS) analysis.

The phosphopeptides were subjected to capil-
lary liquid chromatography-tandem mass spec-
trometry using a two-dimensional EASY-nLC-
1000 system coupled to a Q Exactive Hybridv
Mass Spectrometer (Thermo Scientific). A pre-
column (20 mmx100 ym; 5 ym-C18) and an
analytical column (250 mmx75 ym; 3 um-C18)
were used (Thermo Fisher Scientific) with mo-
bile phases A (0.1% formic acid in water) and
B (0.1% formic acid in 84% ACN). The phos-
phopeptides were separated at a flow rate of
250 nL/min using the following gradient:
0-55% mobile phase B from 0-220 min, 55-
100% mobile phase B from 220-228 min, and
100% mobile phase B from 228-240 min. Da-
ta-dependent mass spectra were acquired for
240 min. The full MS surveys were collected
over a mass-to-charge ratio (m/z) range of
300-1,800, with the resolution set to 70,000 at
m/z 200.

Database search and quantification

Mascot 2.2 (Matrix Science, Boston, MA, USA)
and Proteome Discoverer 1.4 (Thermo Fisher
Scientific) software were used to identify and
quantify phosphoproteins [17]. The identified
phosphopeptides were mapped to UniProt se-
quences and named according to the cano-
nical UniProt sequence. The database used
in this research was UniProt_Mouse_84433_
20180102.fasta (including 84433 items, do-
wnloaded on January 2, 2018).

The raw files were searched with Mascot th-
rough Proteome Discover, and the selection
parameters were set as follows: tryptic pep-
tides with two missed cleavages, peptide mass
tolerance of + 20 ppm, and fragment mass tol-
erance = 0.1 Da. Proteome Discoverer 1.4 soft-
ware was used for quantitative analysis on the
peak intensity of each expected iTRAQ reporter
ion from each analyzed fragmentation spec-
trum. The quantification result was the ratio of
the signal intensity value of the label on the
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sample to that on the reference sample. The
parameters for the quantitative analyses were
as follows: peptide false discovery rate < 0.01,
reject all quantified values if not all quantifica-
tion channels are present, normalize to protein
median, normalize all peptide ratios to the
median protein ratio, and median protein ratio
should be one after normalization. Differentially
phosphorylated peptides were defined as pep-
tides with a fold change between two groups
above 1.2 or below 0.83 and with a p value less
than 0.05.

This peptide score is based on the cumulative
binomial probability that an observed match
is a random event. The value of the phosphor-
score heavily depends on the included data,
and scores above 50 indicate a good peptide
spectral match. For each phosphorylation site,
the phosphorylation site score is an estimate
of the probability, and probabilities above 75%
indicate that the site is truly phosphorylated
[18].

Bioinformatics analysis

GO is a standardized functional classification
system that provides a series of dynamically
updated standardized data and describes the
properties of genes and gene products in or-
ganisms in three ways: biological process, mo-
lecular function, and cellular component. GO
analysis of a differentially phosphorylated pro-
tein dataset can immediately reveal the func-
tional enrichment associated with treatment.
The process used to perform the Gene Onto-
logy (GO) annotation of the target protein set
using Blast2GO can be generalized into four
steps: BLAST, mapping, annotation, and anno-
tation augmentation [19]. The target protein
set was aligned with the appropriate protein
sequence database using the localized sequ-
ence alignment tool NCBI BLAST+ (ncbi-blast-
2.2.28+-win32.exe) and retained to satisfy
E-value < 1e-3. The top 10 alignment sequenc-
es were subsequently analyzed. The Blast2GO
command line was used to extract the GO
entries associated with the eligible alignment
sequences in the target protein set (www.
geneontology.org). In the annotation process,
the Blast2GO command line annotated the GO
entries extracted from the process of mapp-
ing to the target by comprehensively consider-
ing the similarity of the target protein sequen-
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ce and the alignment sequence, the reliability
of the GO entry source, and the structure of
GO with a directional acyclic graph.

Kyoto Encyclopedia of Genes and Genomes
(KEGG) Orthology (KO) is a taxonomic system
of genes and their products in the KEGG da-
tabase. Orthologous genes and their products
with similar functions on the same pathway are
grouped and assigned the same KO (or K) tag.
When the KEGG pathways in the target prote-
in set are annotated, the target protein se-
quence is classified with KO by comparing the
KEGG GENES database using KEGG Automatic
Annotation Server (KAAS) software, and infor-
mation about the pathway associated with the
target protein sequence according to the KO
classification is automatically obtained.

In the enrichment analysis of the GO or KEGG
pathway annotation of the target protein set,
Fisher’'s exact test was used to compare each
GO term or KEGG pathway in the target protein
set to the overall protein set to evaluate the
significance of protein enrichment associated
with a particular GO term or KEGG pathway.

Search Tool for the Retrieval of Interacting
Genes (STRING, http://string-db.org/) was us-
ed to construct a protein-protein interaction
(PPI) network and to conduct module analysis.

Terminal deoxynucleotidyltransferase-mediat-
ed dUTP nick end labeling (TUNEL) staining

Apoptosis was detected by the TUNEL assay.
Placenta tissues were fixed in 4% formaldehyde
for 24 h, then dehydrated and embedded in
paraffin and cut into 5-um slices. Slices were
dewaxed, rehydrated, and treated with 20 ug/
mL proteinase K for 15 min at 37°C. Samples
were then incubated with 50 ul TUNEL reaction
mixture (Roche, Mannheim, Germany) for 1 h at
37°C in a wet-box. Then 4’,6-diamidino-2-phe-
nylindole (DAPI) (Sigma-Aldrich, St. Louis, MO,
USA) was applied for nuclear staining. The
sections were observed, and images were ran-
domly taken under a fluorescence microscope
(Olympus, Tokyo, Japan). Six fields were exam-
ined for each sample, and the degree of apop-
tosis was represented by the percentage of
the TUNEL-positive nuclei divided by the total
number of DAPI-stained nuclei. The number of
nuclei was counted by Image) software (Na-
tional Institutes of Health, Bethesda, USA).
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Figure 1. The character of phosphorylated identification in all groups. A. The identification and quantification of
phosphosites, phosphopeptides, and phosphoproteins. B. The percentage of identified phosphorylated S, T, and Y

sites. S: serine, T: threonine, Y: tyrosine.

Western blotting

Protein was extracted from maternal placenta
tissues with radio-immunoprecipitation assay
(RIPA) lysis buffer. A 30-ug aliquot of protein
was used for electrophoresis in 12% polyacryl-
amide gels and transferred to a polyvinylidene
fluoride membrane. The membrane was block-
ed in 5% albumin from bovine serum at room
temperature for 1 h and then incubated at
4°C overnight, with rabbit anti-mouse primary
antibodies against caspase 3, cleaved caspa-
se 3, caspase 8, cleaved caspase 8, caspase
9, cleaved caspase 9 (Cell Signaling Techno-
logy, Beverly, MA, USA; 1:1000), HSP9OS,
HSPOO0OB (S254), GSK3B, and GSK3B (Y216)
(Abcam, Cambridge, UK; 1:1000). The mem-
branes were washed 3 times at room tempera-
ture for 10 min each, incubated with horserad-
ish peroxidase-conjugated secondary antibody
(Cell Signaling Technology, Beverly, MA, USA;
1:1000) for 1 h and washed an additional 3
times for 10 min each. Band visualization was
achieved using an enhanced chemilumines-
cence western blotting analysis system. The
resulting images were analyzed with Imagel)
software (National Institutes of Health, Bethes-
da, USA), and the data were standardized to
B-actin.

Statistical analysis

Quantitative data were expressed as the mean
+ standard error of the mean. Differences were
statistically significant when P<0.05. All data
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were analyzed with SPSS version 20.0 (SPSS
Inc., Chicago, IL, USA). The statistical signifi-
cance of the results was evaluated by Stu-
dent’s t-test when only two groups were com-
pared and by one-way analysis of variance
(ANOVA) when multiple groups were compared.

Results

Phosphoproteomics profiling and quantifica-
tion in all groups

We showed that aspirin could ameliorate hyper-
tension, proteinuria, and FGR in LPS-induced
PE-like mice in a previous study [9] (Table S1).
We applied an MS-based iTRAQ quantitative
phosphoproteomics method to analyze the
changes in phosphorylation of the placenta on
E13.5 in the CTRL, L, LA, and A. four groups.

In total, 4,350 phosphosites were identified
with quantitative information. The phospho-
sites corresponded to 4,170 phosphopeptid-
es and 1,866 phosphoproteins (Figure 1A).
Among the identified phosphosites, the per-
centages of phosphorylated serine sites, threo-
nine sites, and tyrosine sites were 86.80%,
12.23%, and 0.97%, respectively (Figure 1B).

Differentially phosphorylated peptides in
response to PE-like changes and aspirin treat-
ment

The numbers of differentially phosphorylated
peptides between pairs of groups are shown in
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Table 2. The numbers of differentially alerted
phosphorylated peptides between pairs of
groups

Comparisons All  Upregulated Downregulated

L vs. CTRL 198 103 95
LAvs. L 107 50 57
LAvs. A 211 99 112
Avs. CTRL 140 68 72

CTRL: the control group; L: LPS-treated group; LA: LPS +
aspirin co-treatment group; A: aspirin-treated group.

Table 2. In the L and CTRL group comparison,
there were 198 phosphorylated peptides with
significant changes, including 103 upregulated
and 95 downregulated peptides. In the com-
parison of the LA group and the A group, a
total of 107 phosphorylated peptides were
changed, including 50 upregulated and 57
downregulated.

GO analysis of differentially phosphorylated
proteins in response to PE-like changes and
aspirin treatment

To investigate the substantive changes induc-
ed by the PE-like stimulation and by aspirin
treatment, we focused on the comparisons
between the L group and the CTRL group and
between the LA group and the L group. The top
20 significantly enriched GO terms in the L vs.
CTRL group comparison included the following
biological processes: the positive regulation of
cellular protein localization, spindle organiza-
tion, the positive regulation of apoptotic sig-
naling pathway and many others (Figure 2A).
In the comparison between the LA group and
the L group, the biological processes involving
the negative regulation of the apoptotic signal-
ing pathway, RNA splicing, regulation of grow-
th, and many others were significantly changed
(Figure 2B).

In the L vs. CTRL group comparison, the posi-
tive regulation of apoptotic signaling pathway
(GO: 2001235) and the positive regulation of
apoptotic process (GO: 0043065) were signifi-
cantly overrepresented (both P<0.01; enrich-
ment factor is 0.26 and 0.18, respectively). In
the LA vs. L group comparison, the negative
regulation of the apoptotic signaling pathway
(GO: 2001234) and the regulation of the apop-
totic signaling pathway (GO: 2001233) were
significantly overrepresented (both P<0.01; en-
richment factor is 0.26 and 0.17, respectively).
Therefore, we speculated that the apoptotic
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process is involved in the pathogenic mecha-
nism in LPS-induced PE-like mice and plays an
essential role in aspirin treatment.

KEGG pathway analysis of regulated phospho-
proteins

To identify potential signaling pathways involv-
ed in the effects of PE-like stimuli and aspirin
treatment on the placenta, we performed a
search with the identified phosphoproteins in
the KEGG database. After analyzing the differ-
entially phosphorylated proteins between the L
group and the CTRL group, the pathways of
necroptosis, RNA transport, and antigen pro-
cessing and presentation were significantly
altered (Figure 3A). When the LA group was
compared to the L group, the phagosome, per-
oxisome, gap junction, choline metabolism in
cancer, phosphonate, and phosphinate metab-
olism pathways were found to be significantly
enriched (Figure 3B).

Among the pathways we obtained in the L vs.
CTRL group and LA vs. L group comparisons,
the necroptosis (map04217, P<0.05, rich fac-
tor is 0.33) and phagosome (map04145, P<
0.05, rich factor is 0.3) pathways were known
to be associated with the apoptosis process
and were significantly enriched. After the com-
prehensive analysis of the KEGG and GO re-
sults, we found that the apoptosis signaling
pathway might be highly important for the LPS-
induced PE-like changes and for the aspirin
action.

Apoptosis was increased in E13.5 placenta
from PE-like mice and attenuated in the
aspirin-treated group

GO and KEGG analysis strongly suggested that
several apoptosis-related pathways were sig-
nificantly altered both in the L group compared
to the CTRL group and in the LA group com-
pared to the L group. TUNEL assay was used
to labeling the in-situ DNA strand breaks, which
is a classic feature of apoptotic cells. In this
study, we found that the TUNEL-positive label-
ed (green) nuclei in the placental labyrinth were
obvious increased in the L group and decrea-
sed in the LA group (Figure 4A). The percen-
tage of TUNEL-positive nuclei was significantly
increased in the L group, as 3.3-fold as the
CTRL group (P<0.05). In the LA group, the per-
centage was significantly decreased compared
to the L group (P<0.05); however, it was signifi-
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Figure 2. Gene ontology analysis of the response of differentially phosphorylated proteins response to preeclamp-
sia-like change and aspirin treatment. A. L group vs. CTRL group, the positive regulation of apoptotic signaling
pathway was significantly enriched. B. LA group vs. L group, the negative regulation of apoptotic signaling pathway
was significantly enriched. The numbers to the right of the tab show the enrichment factor. The enrichment factor
indicates the proportion of differentially expressed phosphoproteins corresponding to a certain GO functional class
to the number of proteins identified in that GO functional class.
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cantly higher than the CTRL group (P<0.05)

(Figure 4B).

Also, we detected the cleaved levels of protein
caspase 3, caspase 8, and caspase 9 by west-
ern blotting; increases in these activated pro-
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teins can indicate the en-
hancement of apoptosis.
In this study, the ratios of
cleaved caspase 9/caspa-
se 9, cleaved caspase 8/
caspase 8, and cleaved ca-
spase 3/caspase 3 were Si-
gnificantly increased up to
1.8-, 1.4-, and 1.6-fold, re-
spectively, in the L group
compared to the CTRL gr-
oup (P<0.05); and were si-
gnificantly decreased in the
LA group compared to the
L group (P<0.05). Moreov-
er, these ratios were not
significantly different bet-
ween the CTRL group and
the LA group (P>0.05) (Fi-
gure 5).

Phosphoprotein-phosphoprotein interaction
networks of apoptotic process related phos-

phoproteins

A network of the known and predicted interac-
tions of differentially phosphorylated proteins
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(P<0.05) in either the L group vs. CTRL group
comparison or the LA group vs. L group com-
parison, according to the STRING database, is
shown in Figure 6. To determine which phos-
phoproteins significantly altered play essential
roles in regulating the apoptotic process in
response to PE-like stimuli and aspirin treat-
ment, a map of all detected phosphoproteins
(Table S2) involved in the apoptosis pathway
and significantly related to components of the
apoptotic pathway in GO and KEGG analysis
was constructed. The map of these interac-
tions revealed several outstanding findings.
Phosphoproteins such as heat shock protein
90B (HSP9O0B), glycogen synthase kinase 3f
(GSK3pB), mitogen activated protein kinase 8
(MAPKS8), and ribosomal protein S6 (RPS6) had
an increased number of interacting partners,
which suggests that these phosphoproteins
could play key roles in the response mecha-
nism to aspirin in PE-like mice. In particular,
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Figure 4. Aspirin attenuated the apoptosis in E13.5 placenta of
preeclampsia-like mice induced by LPS by TUNEL assay. A. The
apoptotic nuclei were labeled (green) by TUNEL stain and the total
nuclei were labeled (blue) by DAPI stain. White arrows indicate the
apoptotic nuclei. Scale bar = 200 uym. B. Quantitative analysis of
TUNEL-positive nuclei in each group. *, P<0.05. The data were
expressed as mean + standard error of the mean.

among the evaluated phosphoproteins, HSP-
90B binds to the most interacting partners,
which suggests that it might be a hub protein
with a vital role in the aspirin-mediated regula-
tion of apoptosis.

The phosphorylation levels of HSPO0OS (S254)
and GSK3p (Y216) normalized to the total
protein level

The PPI network revealed that the phosphoryla-
tion of several remarkable proteins might play a
pivotal role in the apoptosis regulation of aspi-
rin action in PE-like mice. Moreover, the phos-
phoproteomics MS analysis indicated that the
serine at site 254 of HSP90[B was obviously
changed among the groups. The quantification
of the phosphorylated peptides revealed three
main patterns of the phosphorylation of serine
254 on HSP90PB with different peptide-spec-
trum matches (PSMs): increased in the L group

Am J Transl Res 2020;12(7):3361-3375
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Figure 5. Aspirin attenuated the apoptosis in E13.5 placenta of preeclampsia-like mice induced by LPS by western
blotting detection. (A) The protein expression of cleaved caspase 9, 8, and 3 and their correspondent caspases.
The quantitative analysis of relative protein levels of cleaved caspase 9 (B), 8 (C), and 3 (D) to their corresponding
caspases of each group. *, P<0.05. The data were expressed as mean + standard error of the mean.

compared to the CTRL group and decreased
in the LA group compared to the L group (ex-
cept when the PSM was 292) (Figure 7A).
Additionally, after detecting the level of HSP-
90B phosphorylation (S254) by western blot-
ting and normalizing this result to the total
protein level of HSP9OB, the ratio of HSPOOR
(5254)/HSP90B was found to be significantly
increased up to 1.5-fold in the L group com-
pared with the CTRL group. The ratio was sig-
nificantly decreased in the LA group compared
to the L group (P<0.05), and there was no sig-
nificant difference between the LA group and
the CTRL group (P>0.05) (Figure 7B). GSK3[3
(Y216) is another phosphoprotein located in
the center of the network, which may have an
important role. The quantification of tyrosine
216 phosphorylation on GSK3p yielded two
main results based on PSMs: the phosphopep-
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tide was decreased in the L group compared
to the CTRL group and increased in the LA
group compared to the L group (Figure 8A).
Western blotting showed that the ratio of GSK-
3B (Y216)/GSK3pB was significantly decreased
in the L group compared to the CTRL group
(P<0.05) and increased in the LA group com-
pared to the L group (P<0.05) (Figure 8B).

Discussion

PE is a severe gestational complication and has
multiple risk factors and pathogenic pathways.
The molecular mechanisms underlying this dis-
ease include placental ischemia, immune im-
balance, oxidative stress, inflammation, and
others [20]. The dysfunctional trophoblast in-
vasion plays a central role in the development
of PE [21]. Apoptosis, a form of programmed

Am J Transl Res 2020;12(7):3361-3375
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Figure 6. Protein-protein interaction network of the phosphorylated proteins in-
volved in the apoptotic pathway differentially altered either in the L vs. CTRL
group or the LA vs. L group comparisons. The network nodes (circles) are phos-
phoproteins and the edges show known or predicted functional associations
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database evidence; purple line: experimental evidence; green line: neighbor-
hood evidence; red line: fusion evidence; blue line: co-occurrence; black line:
co-expression; yellow line: text mining evidence). HSP90B, GSK3B, MAPKS, and

RPS6 have more interacting proteins.

cell death, plays an essential role in the physi-
ologic and pathophysiologic mechanisms of
the placenta, is a basic physiologic phenome-
non in trophoblasts, endothelial cells, and stro-
mal cells [22]. Appropriate apoptosis is vital for
the invasion of the placenta to ensure sufficient
placental blood supply, is believed to be impor-
tant for healthy placental growth and develop-
ment [23].

Our phosphoproteomics research found that
the phosphoproteins involved in the regulation
of the apoptotic signaling pathway were signifi-
cantly altered, indicating that apoptosis was
enhanced in the PE-like mouse placenta. TU-
NEL assay revealed that the apoptosis-positive
cells in the placental labyrinth were significant-
ly increased in the mice with PE-like symptoms.
Further, this was identified at the molecular
level by western blotting analysis, which showed
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that cleaved caspase 3,
caspase 8, and caspase 9
were significantly increas-
ed. The main apoptosis
pathways are the extrinsic
and intrinsic pathways and
the perforin/granzyme pa-
thway. Each pathway requir-
es specific trigger to begin
a series of molecular ev-
ents and activates an initi-
ator caspase (8, 9, or 10),
which in turn activates the
executioner caspase (3, 6,
or 7) (granzyme A works
in a caspase-independent
manner). Our finding that
apoptosis was upregulated
in the PE placenta is in ac-
cordance with previous stu-
dies. Several studies have
reported that apoptosis is
notably exaggerated in PE
and intrauterine growth re-
striction and that apoptos-
isis a possible target for PE
prevention and treatment
[24, 25]. In the PE-affected
placental tissues, the apop-
tosis regulator B-cell lym-
phoma 2 (BCL2)/BCL2-as-
sociated X (BAX) ratio was
significant lower than those
from term-matched normal
pregnancies, and was located in the syncytio-
trophoblast [26]. Our study demonstrated that
an enhancement of apoptosis in the develop-
ment of the placenta in PE-like mice, which may
be likely a cause of dysfunctional placenta
invasion.

Micall

oy

Aspirin is currently the most widely prescribed
treatment in the prevention of cardiovascular
disease (CVD) and is a promising prophylactic
drug for PE prevention [27]. However, aspirin
treatment as a strategy to prevent CVD remains
under debate, and the results of three large
RCTs published recently suggest that aspirin
should be used cautiously in the primary pre-
vention of CVD [28]. Many clinical studies inves-
tigating the effect of aspirin on PE prevention
have also been performed; however, among the
methods used to screen high-risk populations
prescribed aspirin, the dose and the initial time

Am J Transl Res 2020;12(7):3361-3375



Phosphoproteomics in aspirin-treated PE-like mice

A HSP90B (S254) -A
1.51 1.54
o o
¥ g
r 1.04 3 1.04
[=% =%
g g
a @
S 0.5 2 0.5
® T
o o
0.0- 0.0
F ¥y v &
& &
B

CTRL L LA A

HSPO0R(S254) W NNy W— S o> kD

Hspoop

B-actin e - W— W— 3 kD

HSP9OR (S254) -B

) 92 kD

HSP90B (S254) -C

1.59
]
E 1.04
o
E
a
S 0.5
&
0.0-
N s é&v ~ ¥ v
2.0+
[+=3 * *
3
o 1.54
(7]
=
3
3 1.0+
a
2
= 0.5
==
0.0-
éqy A4 N2 \al

Figure 7. HSPOOP phosphorylation (S254) increased in the placenta of preeclampsia-like mice and decreased in as-
pirin-treated group. A. The levels of HSPOOR (S254) phosphorylation based on MS analysis in phosphoproteomics.
HSPO0p (S254)-A, -B, -C, the same serine sites in peptides with different peptide-spectrum matches, which are 263,
422, and 292, respectively. Ratio: the intensity of the fragmented tag in a sample to the intensity of the fragmented
tag in the reference (REF) sample. B. Western blotting analysis of total and phosphorylated (S254) level of HSPOO.
*, P<0.05. The data were expressed as mean * standard error of the mean.

are different among studies, and not all high-
risk patients have the prevention effect. Most
importantly, PE is a multi-factorial and multi-
pathogenic disease, and the effect and me-
chanism may be different under various mater-
nal conditions [29]. Therefore, the biological
mechanism of aspirin in PE prevention and
whether it is related to the certain maternal
conditions have great significance. Studies us-
ing both in vivo and in vitro experiments have
found that aspirin exerts promising effects in
PE prevention by regulating many signaling
pathways. Low-dose aspirin can significantly
reduce sFItl production in JEG3 cells after
exposure to hypoxia and had an anti-inflamma-
tory effect on a PE-like mouse model in previ-
ous studies [9, 30].

For the first time, we found that aspirin can
alleviate the exaggerated apoptosis in PE with
in vivo experiments using high-throughput te-
chnology. Our phosphoproteomics results sh-
owed that aspirin can suppress the upregulat-
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ed apoptosis in the LPS-induced PE mouse
model and can downregulate the cleaved cas-
pases involved in the apoptotic process. Bose
P and his colleagues found that aspirin can
regulate apoptosis in BeWo cells and placental
villi cultured in sera from women with failed
in vitro fertilization by assessing DNA ladder-
ing, cytokeratin 18 neoepitope formation, and
Bcl-2 and caspase 7 expression [31]. Another
study also showed a significant decrease in the
apoptotic index in PE serum-induced tropho-
blast cells by aspirin treatment at an approp-
riate dosage [32]. The PE-like mouse model
induced by LPS has excessive activation of
inflammation, with the increase of tumor necro-
sis factor-a (TNF-a) and interleukin-6 (IL-6), and
aspirin can reverse these changes. TNF-a can
bind to its receptor to activate the apoptotic
pathway, and aspirin may improve the develop-
ment of the placenta through the regulation of
apoptotic function in the presence of excessive
inflammatory response. It is worth noting that
aspirin also has a proapoptotic effect on both
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intrinsic and extrinsic apoptotic pathways, whi-
ch is contrary to our findings [33]. However, the
proapoptotic effect of aspirin was mostly shown
in cancer research, under a pathological state
with excessive cell proliferation. Nevertheless,
in PE, the trophoblast invasion of the placenta
is insufficient; thus, the exact mechanism of
action of aspirin in PE should be different from
that in cancer with different context.

After we established that aspirin could alleviate
apoptosis in the placenta of a PE-like mouse
model, we wanted to determine the targets of
aspirin action. We constructed a PPl network
with the significantly altered phosphoproteins
in the placenta of PE-like mice (from the L group
vs. CTRL group and the LA group vs. L group
comparisons) and with apoptosis-related com-
ponents determined by the GO and KEGG anal-
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yses. As a result, we found that the phos-
phorylation of the HSP9O[ protein at serine
254 and of the GSK3p protein at tyrosine 216
might play an essential role in aspirin treat-
ment-mediated apoptosis regulation. We fur-
ther assessed total protein and phosphopro-
tein expression by western blot analysis of
HSP9OB and GSK3B, and the results supported
the results of the bioinformatics analysis.

HSP9O is a chaperone, and its cochaperones
orchestrate crucial physiological processes,
such as cell survival, cell cycle control, hor-
mone signaling, and apoptosis [34]. A study by
Negroni L and his colleagues showed that
HSPOOR is phosphorylated on serine 254 up-
on 5-fluorocytosine treatment in colon cancer
cells and suggested that this phosphorylation
may play a role in apoptosis in their gene thera-
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py model [35]. Kurokawa M and his colleagu-
es reported that the hypophosphorylation of
HSPOOB at serine 226 and serine 255 is a
strong inhibitor of apoptosome formation in
tyrosine kinase-induced leukemias and that
the phosphorylation status of HSPOO@ signifi-
cantly impacts its ability to inhibit apoptosis
[36]. Combined with these findings, our study
found that the phosphorylation of HSP9OB
(5254) was significantly increased in the L
group and decreased in the LA group, indicat-
ing HSPOOPB (S254) phosphorylation may play
an important role in the apoptosis regulation by
aspirin.

A study reported that GSK3p likely to regulate
mitochondrial protein import through the HSP-
90B phosphorylation [37]. HSP9O0 inhibition
can induce apoptosis by downregulating AKT/
GSK3p/B-catenin signaling, which involves the
phosphorylation of GSK3B at serine 9 [38].
There might be interactions between phosph-
orylation of HSP90OB and GSK3p in apoptosis
regulation. GSK3p is an essential component
in the Wnt/B-catenin signaling pathway, which
plays a vital role in the early development of tro-
phoblasts, and it acts as a cellular sensor and
has a paradoxical function in the regulation of
apoptosis, promoting intrinsic apoptotic signal-
ing and inhibiting extrinsic apoptotic signaling.
The differential phosphorylation of GSK3( at
different sites can activate or inhibit the func-
tion of GSK3B; with serine 9/21 phosphoryla-
tion, the function is inhibited, and with tyrosine
216 phosphorylation, the function is enhanced
[39]. In our study, we identified that the phos-
phorylation of GSK3p (Y216) is downregulated
in the placenta of PE-like mice with increased
apoptosis and upregulated after aspirin treat-
ment with suppressed apoptosis. Therefore,
phosphorylation of GSK3B (Y216) may also
play an important role in the apoptotic regula-
tion of aspirin in the placenta of PE-like mice, in
a manner that interacts with HSP9Of or inde-
pendently, and its exact regulatory mechanism
needs to be clarified with further research.

The phosphorylation of HSP9OB (S254) and
GSK3pB (Y216) is essential in the regulation of
apoptosis based on our results, and interven-
tion methods such as medicine and micro RNAs
targeting important protein might have great
significance in PE prevention or treatment [40,
41]. Notably, the two proteins were involved in
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the regulation of inflammation [42, 43], which
is excessively activated in our LPS-induced
PE-like mice and exists in a specific subset of
the high-risk population as well. In our resear-
ch, we established the model at E7.5 and inter-
vened after 4 hours, mimicking the prescripti-
on before 16 weeks. The present study pro-
vides us clues to the mechanism of action of
aspirin in PE with high inflammation activation
[44], and reveals potential mediated phosph-
oproteins.

However, our study has a few limitations. We
only provide a potential pathway or targets that
can be mediated by aspirin, with no precise
regulatory pathway. Additionally, the lack of an
overall protein expression profile may cause us
to miss additional functions that aspirin can
affect. Still, apoptosis regulation indeed is pre-
sent, and we have validated the total protein
expression of HSP90OB and GSK3p by western
blotting, which shows no significant difference
between groups. Many studies are still needed
to explore the specific pathway underlying the
effect of aspirin on apoptosis and to verify
causal and interacting relationships.

Conclusions

In the present study, we found that aspirin
treatment can alleviate the upregulated apop-
tosis in the placenta of LPS-induced PE-like
mice, and this effect may be related to the regu-
lation of HSPOOB (S254) and GSK3pB (Y216)
protein phosphorylation. This study describes
the potential mechanism of aspirin-mediated
apoptosis regulation in the placenta in PE pre-
vention and treatment. It suggests that kinas-
es and phosphatases regulating the phosphor-
ylation of HSP9OB (S254) and GSK3B (Y216)
may be potential therapeutic targets. These
results are meaningful for further studies to
determine the exact mechanism of action of
aspirin in PE and to better understand the im-
proved clinical prescription of aspirin for PE
prevention in the high-risk pregnant women
with over-activated inflammation.
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