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The placental labyrinth is important for the exchange of nutrients and gases between the mother and the embryo
in mice. This interface contains cells of both trophoblast and allantoic mesodermal origin that together produce
maternal blood sinuses and placental blood vessels. However, the molecular mechanisms that take place during
process of placental labyrinth development, especially concerning fetal capillaries, are not well understood.
SREBP cleavage-activating protein (SCAP), a membrane protein, is required for the synthesis of fatty acids and
cholesterol. Recently, when we crossed the offspring of the cross between smooth muscle 22 alpha (SM22α)- Cre
recombinase (Cre) mice and SCAPloxp/loxp mice to research the function of SCAP in vascular smooth muscle cells
(VSMCs) during certain pathological processes, we found that there were no resultant SM22α-Cre-specific SCAP
knockout (KO) pups (SM22α-Cre+SCAPflox/flox; hereafter referred to as SCAP KO). Through anatomic studies of
these embryos and placentas, we found that SCAP KO resulted in defective placental vessels and abnormal fetal
morphology. Further immunohistochemical and immunocytochemical analyses suggested that SCAP is knocked
out in the pericytes of the placental labyrinth. Compared to wildtype mice, SCAP KO placentas had abnormal
vasculature in the labyrinth and lower levels of angiogenesis. By using RNA-seq and western blotting, we found
that the expression of some genes and proteins in SCAP KO placentas was changed, including those related to
pericyte/endothelial interactions genes and angiogenesis. Our results suggest that the proper organizational
structure of the placental labyrinth depends on SCAP expression in pericytes.

1. Introduction
The placenta is a highly specialized and unique organ connecting the
fetus to the mother. It receives blood from both the fetal and maternal
systems [1]. The most important part of the placenta in mice is the
labyrinth, which is where nutrients, gases, and waste products are
exchanged; it ensures that transport takes place with maximum effi
ciency [2]. In mice, there are two major cellular components within the
placental labyrinth: trophoblasts (trophoblast giant cells and syncytio
trophoblast cells) and endothelial cells [3]. The trophoblast giant cells
and syncytiotrophoblast cells (derived from trophoblast stem cells of the

chorion) line the maternal blood spaces [4]. The endothelial cells, on the
other hand, arise from the allantoic mesoderm of the embryo and form
the fetal vascular network [5]. Their correct formation is vital for em
bryonic growth. This process requires several regulatory genes, such as
glial cells missing 1 (GCM1) and vascular endothelial growth factor
(VEGF) [6], which regulate the formation of villi and angiogenesis,
respectively [7,8]. Despite these established findings, the molecular
mechanisms underlying the development of the labyrinth are not well
understood.
Cholesterol metabolism is vital for the development of organs.
SREBP cleavage-activating protein (SCAP), as an integral membrane
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protein, is required for the activation of sterol regulatory elementbinding proteins (SREBPs). The latter is a family of membrane-bound
transcription factors that can activate the transcription of genes
required for the synthesis of fatty acids and cholesterol [9]. When cells
are depleted of sterols, SREBPs are rapidly transported from the endo
plasmic reticulum (ER) to the Golgi body by SCAP. Here, the SREBPs are
proteolytically processed to yield active nuclear forms with the help of
Insig, an ER-resident membrane protein that binds to SCAP and retains
the SCAP-SREBP complex in the ER to prevent the proteolytic activation
of SREBPs [10]. The development of many tissues and organs depends
on SCAP expression. In vivo, SCAP knockout (KO) in the mouse intestine
results in severe injury to the intestinal epithelia and death [11].
Meanwhile, SCAP KO in the central nervous system induces micro
cephaly, progressive motor deficits, abnormal synapses, and early
mortality in adult mice [12,13], while in the peripheral nervous system,
SCAP KO leads to hypomyelination and age-reversible gait abnormal
ities [14]. In addition, many studies have suggested that SCAP KO also
causes developmental disorders in other organs, such as the liver,
mammary gland, lung, and immune system [15–18].
Nevertheless, the function of SCAP in the pericytes of the placental
labyrinth is unknown. We intended to generate smooth muscle 22 alpha
(SM22α)-Cre-specific SCAP KO mice (SM22α-Cre+SCAPflox/flox mice,
hereafter referred to as SCAP KO mice) to study the function of SCAP in
vascular smooth muscle cells (VSMCs) during certain pathological pro
cesses. However, we unexpectedly found that SCAP KO in SM22α-Cre+
mice is lethal. The SCAP KO embryos have abnormal fetal morphology
and deficient placental surface vessels. Pregnancy complications such as
intrauterine growth restriction, preeclampsia, and abruption are
thought to be caused by inadequacies in placental development and
function [19], but little is known about the underlying mechanisms. We
hypothesized that the placentas of the SCAP KO mice have severe
defects.
SM22α is a marker of smooth muscle cells [20]. Although there are
no VSMCs within the placental labyrinth [21], SM22α is also expressed
in the pericytes of the placental labyrinth [22]. Pericytes are defined
according to their anatomical localization, i.e., adhered to the endo
thelium in blood vessels, affecting vascular stability [23]. Pericytes are
morphologically distinct in different organs. In the placenta, they are
large, stellate cells with prominent actin fibers [22]. They are essential
for vascular permeability and blood flow control [24,25] and they
regulate vascular development, maturation, and remodeling [26–28]. In
addition, some studies of angiogenesis have suggested that they partic
ipate in and/or direct microvessel outgrowth [29–32]. Although
placental pericytes have received little attention in the literature,
research on the placental ultrastructure has described pericytes associ
ated with fetal capillaries [33]. Placental pericytes can express VEGF
[34,35]; in certain pathological states, such as chorangiosis, the number
of pericytes and capillary vascular loops is increased in the placenta
[36]. There are pericyte/endothelial interactions in both the placental
microvessels and microvessels in other organs [37,38]. The defective
angiogenesis in the SCAP KO placental labyrinth suggests that correct
vascular structure in the labyrinth depends on SCAP expression in
pericytes.

Harbor, ME, USA). All mice were maintained on a C57BL/6 J back
ground. To gain SM22α-Cre-specific SCAP KO embryos and placentas,
the SCAPloxp/loxp mice were crossed with the SM22α-Cre mice to
generate SM22α-Cre+SCAPflox/+ mice (hereafter also referred to as
SCAP+/− mice), which were then crossed with each other.
For PCR genotyping, we collected mouse tail or embryonic tissue
samples and placed them in 40 μl of 50 mM NaOH. We heated them at
95℃ for 50 min, added 40 μl of 1 M Tris− HCL, and then centrifuged
them for 5 min. Aliquots of 2 μl of the supernatant were used for PCR,
and agarose gel electrophoresis was used to separate the PCR products.
The gene product of wildtype (WT) SCAP is 400 bp, while in the con
ditional KO genotype it is 450 bp.
All mice used in this study were fed rodent chow and maintained in
microisolator cages. The mice were euthanized by cervical dislocation,
and in the analysis, the sex of the embryos was not taken into account.
All procedures were performed under clean conditions at the Experi
mental Animal Center of Chongqing Medical University.
2.2. Mouse placental pericyte culture
WT and KO placenta samples (E14.5) were collected within 1 h of
delivery. After washing twice with sterile precooled phosphate-buffered
saline (PBS), the decidua was removed using thoroughly sterilized
tweezers. The tissue was then chopped into small pieces, which were
placed in serum-free Dulbecco’s Modified Eagle’s Medium (DMEM)high glucose (SH30243.01; HyClone, Logan, UT, USA) containing 0.3 g/
L collagenase (C0130; Sigma, St. Louis, MO, USA). The tissue was
digested for 45 min at 37℃ in a shaking water bath. The digested ma
terial was sieved through a membrane with a pore size of 0.45 μm
(165− 0045; Thermo Fisher Scientific, Waltham, MA, USA) to remove
scattered cells, and then placed onto 100 × 20 mm cell culture dishes
(430,167; Corning, Corning, NY, USA) in DMEM-high glucose supple
mented with 15 % heat-inactivated fetal calf serum (NTC-HK014; NTC,
Villa Carlos Paz, Argentina). The dishes were then placed in a cell
incubator with 5% CO2 for 7 days. Pericytes (confirmed based on the
expression of α-smooth muscle actin [α-SMA]) grew out from the tissue
samples [39]. After two rounds of trypsinization, only α-SMA+ cells, i.e.,
pericytes, remained. These pericytes were placed directly onto glass
coverslips in 12-well plates and used in later experiments.
2.3. Preparation of paraffin-embedded sections
Surgically dissected placentas were fixed for 24 h in 4% para
formaldehyde(PFA) in PBS at 4℃, dehydrated using graded ethanol,
vitrified using xylene, embedded in paraffin, and cut into 5–7 μm
sections.
2.4. Preparation of frozen sections
The placentas were fixed overnight in 4% PFA in PBS at 4℃, dehy
drated in 10 %, 20 %, and 30 % sucrose at 4℃, snap-frozen in optimal
cutting temperature (OCT) compound (Sakura Finetechnical, Tokyo,
Japan), cut into 10–12 μm sections, and stored at -80℃.

2. Materials and methods
2.1. Mice and PCR genotyping

2.5. Hematoxylin and eosin (H&E) staining

All animal experiments were conducted in accordance with the Na
tional Institutes of Health Guide for the Care and Use of Laboratory
Animals (NIH publications no. 8023, revised 1978). They were approved
by the Institutional Animal Care and Use Committee of Chongqing
Medical University (no. 2,014,056). Mice with conditional loxP-flanked
SCAP (SCAPloxp/loxp) alleles and SM22α-Cre recombinase (Cre) mice (in
which Cre recombinase is expressed under the control of the mouse
SM22α promoter) were purchased from the Jackson Laboratory (Bar

Paraffin-embedded placental sections underwent H&E staining.
Briefly, the slides were placed in xylene twice (5 min each), rehydrated
using 100 %, 95 %, 80 %, and 75 % ethanol and distilled water (2 min
each), placed in hematoxylin (10 min; C0105; Beyotime, Shanghai,
China), washed with tap water (2 min), placed in eosin (1 min; C0105;
Beyotime), washed again with tap water (1 min), dehydrated using 75
%, 80 %, 95 %, and 100 % ethanol (1 min each), vitrified twice using
xylene (5 min each), and mounted using neutral balsam.
2

Z. Li et al.

Biomedicine & Pharmacotherapy 133 (2021) 111011

2.6. Immunohistochemical (IHC) analysis

transcription with a PrimeScript™ RT Reagent Kit (Takara) according to
the manufacturer’s instructions. To assess the gene expression levels,
these cDNA templates were then used for RT-qPCR analysis using TB
Green Premix Ex Taq™ II (Takara). β-actin was used as the reference
gene, and the expression levels were computed according to the 2− ΔΔCt
method. The gene-specific primers are listed in Table S2.

Paraffin-embedded placental sections underwent dewaxing using
xylene, rehydration using graded ethanol, microwave antigen retrieval
using citric acid buffer (pH 6.0), and further processing according to the
manufacturer’s specifications for the IHC kit (sp-9001; ZSGB-BIO, Bei
jing, China). The sections were incubated with the following primary
antibodies in blocking solution at 4℃ overnight: rabbit anti-SCAP (5 μg/
mL; ab190103; Abcam, Cambridge, UK), rabbit anti-CD31 (an endo
thelial marker; 1:50; ab28364; Abcam), or rabbit anti-proliferating cell
nuclear antigen (PCNA; 1:400; 10205− 2-AP; Proteintech, Wuhan
China). Thereafter, the secondary antibodies in the IHC kit (sp-9001;
ZSGB-BIO) were used, followed by staining with 3,3′ -diaminobenzidine
(DAB; ZLI-9018; ZSGB-BIO).

2.11. Morphometric analyses
To determine the mean labyrinth thickness, we used ImageJ (NIH,
Bethesda, MD, USA), and the labyrinth thickness (black line in Fig. 3 A)
relative to the total thickness of the placenta was calculated. To deter
mine the mean vascular density, mean number of nucleated erythro
cytes, mean number of pericytes and mean substance exchange distance
(i.e., the distance to the nearest fetal blood vessel for five randomly
selected maternal blood sinuses in each area), five areas of each slide
were selected for assessment under 400× magnification after first
identifying the area of highest vascular density within the labyrinth
under 100× magnification.

2.7. Immunofluorescence (IF)/immunocytochemical (ICC) analysis
Frozen placental sections or pericytes growing on coverslips were
used for IF/ICC analysis. The sections or pericytes were fixed with 4%
PFA for 15 min and blocked with 3% bovine serum albumin (BSA) in
Tris-buffered saline (TBS)/0.1 % Tween 20. They were then incubated
with the following primary antibodies in blocking solution at 4℃
overnight: fluorescein isothiocyanate (FITC)-conjugated mouse antiα-SMA (1:100; ab8211; Abcam), rabbit anti-SCAP (1:100; ab190103;
Abcam), rabbit anti-CD31 (an endothelial marker; 1:50; ab28364;
Abcam), mouse anti-CD31 (1:200; ab9498; Abcam), rat anti-Ter119 (a
erythrocyte1marker:100; 14− 5921-82; Thermo Fisher Scientific), rabbit
anti-CD9 (a trophoblasts marker; 1:100; bs-2489R; Bioss, Beijing,
China), rabbit anti-VEGFA (pro-angiogenesis factor; 1:10000; ab52917;
Abcam), or FITC-conjugated rat anti-Ki67 (1:50; 11− 5698-80; Thermo
Fisher Scientific). Secondary antibodies (1:100; Alexa Fluor 488 or tet
ramethylrhodamine conjugated; ZSGB-BIO) in blocking buffer were
applied for 2 h at room temperature.

2.12. Statistical analysis
Data are presented as mean ± SD. Differences between the SCAP KO
and WT groups were assessed using two-tailed unpaired Student’s t-tests
in SPSS 22.0 (IBM, Armonk, NY, USA), with P < 0.05 being considered
significant. For western blotting analysis, the densitometry analysis was
performed using ImageJ, and the results were described as target protein
vs β-actin. For the RNA-seq analysis, the data were preprocessed using
RNA-seq by Expectation-Maximization (RSEM; http://deweylab.biostat.
wisc.edu/rsem/) [40]. A differentially expressed gene (DEG) analysis
was performed using DESeq2 (http://bioconductor.org/packages/stats
/bioc/DESeq2/) [41], based on the following criteria: false discovery
rate (FDR)-adjusted P < 0.05 and fold change (FC) ≥ 2 or ≤ 0.5. A Gene
Ontology (GO) analysis of the DEGs was conducted using Blast2GO
(https://www.blast2go.com/) [42] and Goatools [43] and a Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis was
conducted using KOBAS (http://kobas.cbi.pku.edu.cn/download.php)
[44]. The enriched GO terms and KEGG pathways were selected based
on P < 0.05.

2.8. RNA-sequencing (RNA-seq) library preparation
Under a dissecting microscope, labyrinth tissues were collected after
physically peeling off the decidua. Total RNA was isolated from three
WT and three KO placental labyrinths using TRIzol reagent (Thermo
Fisher Scientific) according to the manufacturer’s instructions. Genomic
DNA was removed using DNase I (Takara, Kusatsu, Japan). Using 5 μg of
total RNA, cDNA libraries were prepared with a TruSeq™ RNA sample
preparation kit (Illumina, San Diego, CA, USA) according to the manu
facturer’s instructions. Statistics of the RNA-seq data are listed in
Table S1.

3. Results
3.1. Production and evaluation of the SM22α-Cre-specific SCAP KO
embryos and placentas
In SCAPloxp/loxp mice, exon 1 of SCAP is floxed (flanked by loxP). By
cross-breeding, exon 1 of the SCAP gene was deleted, disrupting SCAP
expression. This involved crossing SCAPloxp/loxp mice with SM22α-Cre
mice to produce SM22α-Cre+SCAPflox/+ mice (SCAP+/− mice), which
were then crossed with each other to obtain the SM22α-Cre+SCAPflox/flox
embryos and placentas (Fig. 1A). Tissue samples were genotyped by PCR
(Fig. 1B).
To examine the expression patterns of SCAP in pericytes in the
placental labyrinth and to confirm the lack of SCAP expression in peri
cytes in the KO placental labyrinth, we performed IHC and ICC analyses.
The results showed that SCAP is highly expressed in the WT and KO
placental labyrinth, including in trophoblasts and endothelial cells
(Fig. 1C). Regarding the cultured primary pericytes, under low magni
fication, we confirmed that all the cultured cells were α-SMA+ (i.e.,
pericytes) (Fig. 1D). Furthermore, under higher magnification, we found
that there was no SCAP expression in pericytes from SCAP KO placental
tissues. In addition, we observed no significant difference in the
morphology of pericytes (according to the morphological description
that pericytes are large, stellate cells with prominent actin fibers) be
tween the WT and KO placentas, (Fig. 1E). These results confirm that
SCAP was knocked out in the pericytes in SCAP KO placentas.

2.9. Western blotting
Placental labyrinth tissue lysates were prepared using radio
immunoprecipitation assay (RIPA) lysis buffer (Beyotime) following
standard procedures. Protein samples (20 μg) were then separated on
sodium dodecyl sulfate (SDS)-polyacrylamide gels and visualized. The
following antibodies were used for western blotting: rabbit anti-VEGFA
(pro-angiogenesis factor; 1:10000; ab52917; Abcam), rabbit anti-GCM1
(a factor involved in the formation of chorionic villi; 1:500; bs-6306R;
Bioss), or rabbit anti-β-actin (1:5000; bs-0061R; Bioss). Peroxidaselabeled goat anti-rabbit IgG (1:4000; ZB-2301; ZSGB-BIO) was used as
the secondary antibody.
2.10. Real-time quantitative PCR (RT-qPCR)
Total RNA was prepared from WT and KO placental labyrinth tissues
using TRIzol reagent (Takara) according to the manufacturer’s protocol.
The RNA concentration was measured using a NanoDrop 2000 spec
trophotometer (Thermo Fisher Scientific). To validate the RNA-seq re
sults, 1 μg RNA was used to synthesize cDNA templates by reverse
3
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Fig. 1. The SM22α-Cre-specific SCAP knockout (KO) embryos and placentas were obtained and identified. SCAP was knocked out in the pericytes of the KO placenta.
(A) The SCAPloxp/loxp allele contains loxP sites flanking exon 1of SCAP. In the tissue-specific Cre transgenic mouse line, Cre recombinase expression is driven by the
SM22 promoter. (B) Genotyping of mouse tail or embryonic tissue samples from the offspring of the SM22α-Cre+SCAPflox/+ mice by PCR showed three different
genotypes, comprising wild-type (WT), KO, and heterozygote (Het). (C–E) SCAP protein expression in E12.5 placental labyrinths and pericytes was detected by
Immunohistochemical (C) and immunocytochemical analysis (D and E) analyses.
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3.2. Failure of embryonic development and blood vessels defects in SCAP
KO yolk sac and placentas

3.4. Angiogenesis-related GO terms were associated with the DEGs
To explore the specific reasons for the defects of the placental laby
rinth, we analyzed and compared the transcript profile of E12.5 WT and
KO placentas using RNA-seq. The data can be obtained from the
Sequence Read Archive (SRA) database (https://submit.ncbi.nlm.nih.
gov/about/sra/; accession no. SRP270041). Based on FDR-adjusted P
< 0.05 and FC ≥ 2 or ≤0.5, there were 989 DEGs, comprising 102 upregulated DEGs and 887 down-regulated DEGs, in the KO group
compared to the WT group (Fig. 4A).
GO annotation analysis of the DEGs showed that, showed that, for
the GO biological process (BP), cellular component (CC), and molecular
function (MF) categories, cellular process, cell part, and binding,
respectively, were associated with the most DEGs (Fig. 4B). There were
897 GO terms based on comparing the KO and WT groups (data not
shown). Many of the GO terms were clearly associated with the phe
notypes of the KO placentas, while these DEGs were mainly involved in
the regulation of angiogenesis and cell proliferation; most of them were
down-regulated. All GO terms are listed in Table S3 and the top 15
enriched GO BP terms are shown in Fig. 4C. In summary, these results
suggested that cell proliferation and angiogenesis were altered in the KO
placentas.

We crossed SM22α-Cre mice and SCAPloxp/loxp mice, but we were
unable to produce SCAP KO pups (i.e., SM22α-Cre+SCAPflox/flox pups).
We therefore determined that SCAP expression in SM22α+ cells was
indispensable for embryonic development (Table 1). By dissecting
pregnant mice, we found that more than half of SCAP KO embryos at
E12.5 and all at E14.5 exhibited morphological abnormalities (i.e., they
were curled up) (Fig. 2A). Moreover, in these KO embryos, circulating
blood and vascular branching in the yolk sac were noticeably reduced or
narrowed compared to in WT embryos (Fig. 2B). This growth restriction
was linked to aberrant placental development [45]. There was no sig
nificant difference in size between the two types of placenta, but the
vascular branching on the surface of KO placentas was disorganized and
barely visible, compared to the WT placentas (Fig. 2C). These findings
suggested that the KO placentas had defective placental vessels and
blood supply. To investigate placental structure in greater detail, we
conducted a range of histological analyses of the WT and KO placentas at
E12.5 and E14.5. Using H&E staining and low magnification, we found
no significant difference in the labyrinth layer (Fig. 2D). However, when
we further investigated the development of the placental vasculature
under higher magnification, the number of fetal blood vessels that
contain nucleated erythrocytes was reduced, and the capillaries were
narrower in KO placental compared to WT placental labyrinths
(Fig. 2D). Thus, we speculated that SCAP expression in pericytes in the
placenta is important for placental development.

3.5. SCAP KO labyrinths show lower levels of proliferation and decreased
expression of angiogenesis-related proteins
During placental development, the ectoplacental cone is the first
region to undergo cell division, followed by the labyrinth, and cell di
vision rapidly diminishes after E12.5 [48]. We assessed the number of
the cells in the labyrinth that was in the cell cycle (E12.5) based on the
presence of Ki67 and PCNA. SCAP KO placentas showed an obvious
reduction in the proportions of Ki67+ cells (Fig. 5A,B) and PCNA+ cells,
while there were a large number of trophoblast cell masses and an
aberrant increase in the number of trophoblasts (Fig. 5C,D).
We then measured VEGFA and GCM1 expression using western
blotting. As one of the most powerful pro-angiogenesis factors, VEGFA
expression was decreased in the KO labyrinth. However, there was no
significant difference in GCM1 expression (Fig. 5E,F). The Gcm1 gene
encodes a transcription factor that is essential for both syncytiotropho
blast differentiation and the formation of chorionic villi in mice, so our
results suggested that in KO placentas, the syncytiotrophoblast differ
entiation and morphogenesis of villi are normal. To further clarify
whether decreased VEGFA expression was related to a decreased num
ber of VEGFA-producing cells or decreased VEGFA expression in each
cell, we compared the VEGFA expression in the KO and WT placentas
using IF analysis (Fig. 5G). The results suggested that both factors
contributed to the decreased VEGFA expression.

3.3. Phenotypes indicating reduced nutrient and gas exchange in SCAP
KO placentas
The placenta, especially the placental labyrinth, is vital for embry
onic survival, as it allows substance exchange [1]. We examined the
expression of the endothelial marker CD31. At low magnification, the
SCAP KO placental labyrinth layer was more compact, but its thickness
was basically the same as in WT mice (Fig. 3A,B). In many cases, em
bryonic death at an intermediate stage is attributed to failure of
placental development, cardiac function, or hematopoiesis [46]. IF
analysis more clearly revealed that the labyrinth fetal vessels were
poorly formed, the number of pericytes was reduced, and the labyrinth
layer was compact in SCAP KO mice at E12.5 (Fig. 3C–G). The fetal
blood vessels in the labyrinth were fewer and narrower (Fig. 3C,D), and
that the layer of endothelial cells and trophoblasts between the nucle
ated and non-nucleated erythrocytes was thicker in SCAP KO placentas
(Fig. 3C,E). The number of nucleated erythrocytes, which are contained
within the endothelial compartment, was considerably reduced in SCAP
KO mice (Fig. 3F). These changes reflect the phenotype of reduced
nutrient and gas exchange in SCAP KO placentas between the embryo
and the mother [47].

3.6. Multiple pathways are dysregulated in SCAP KO placentas
KEGG enrichment analysis was performed to further investigate the
potential function of the DEGs annotated with the GO terms listed in
Table S3. These DEGs were mapped to 27 pathways (P < 0.05; data not
shown), including pathways associated with angiogenesis, such as cell
adhesion molecules (CAMs) [49], the transforming growth factor
(TGF)-β signaling pathway [50], the VEGF signaling pathway (included
in pathways in cancer), and vascular smooth muscle contraction [51],
and so on (Fig. 6A). We then validated the expression of the genes
related to pericyte/endothelial interactions using RT-qPCR (Fig. 6B,C).
There were many down-regulated genes, including Tgfb1, Tgfb2,
angiopoietin-2 (Ang2), and TGF-β receptor 2 (Tgfbr2), which regulate
angiogenesis [36,52,53]; the RNA-seq data of these genes are listed in
Table S4. The results showed that there were changes in the expression
of multiple genes and indicated that the RNA-seq data were reliable and
accurate.
In addition, based on our mouse model and the RNA-seq results, we

Table 1
Genotype and phenotype of offspring from intercrosses between SCAP+/− mice.
Age

Total decidua or
embryos

E12.5
E14.5
E16.5
P1

60
41
35
414

Genotype

Abnormal embryos

+/+

fl/
+

fl/
fl

Abnormal
morphology˧

Resorbed
*

12
9
9
139

35
22
19
275

11
8
1ƫ
0

6
8
1ƫ

2
2
6

*
Embryos were nearly or completely resorbed and their genotype could not be
reliably determined.
ƫ
Embryos were dead and, in most cases, partially resorbed.
˧
The genotypes of these embryos are fl/fl.
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Fig. 2. Developmental defects in SM22α-Cre-specific SCAP knockout (KO) embryos and blood vessels of KO yolk sac and placenta. (A–C) Bright-field views of
wildtype (WT) and KO embryos at E12.5 and E14.5, including the embryo (A), yolk sac (B), and placenta (C). (D) Hematoxylin and eosin-stained WT and KO
placental sections at E12.5 and E14.5, consisting of enlarged views of the placental labyrinths; arrows indicate fetal vessels.
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Fig. 3. Reduced substance exchange is reflected by the abnormal placental labyrinth structure in SM22α-Cre-specific SCAP knockout (KO) mice. (A) Labyrinth
thickness at E12.5 and E14.5 was detected by immunohistochemical analysis with anti-CD31 antibody. Black lines indicate the labyrinth. (B) Statistical analysis of
wildtype (WT) and KO mean labyrinth thickness (relative to the total thickness of the placenta) at E12.5 and E14.5 (n = 5). (C–G) Immunofluorescence (IF) and
quantification of placental sections at E12.5 (n = 5). Arrowheads indicate fetal vessels and nucleated erythrocytes. Bidirectional arrows show intact trophoblast
layers between nucleated and non-nucleated erythrocytes. Mean labyrinth thickness (B), mean vascular density (D), mean substance exchange distance (E), and
mean number of pericytes (G) were analyzed using ImageJ software and are presented graphically. Data represent as the mean ± SD. **P < 0.01; ***P < 0.001
(Student’s t-test).
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Fig. 4. Gene Ontology (GO) analysis of the differentially expressed genes (DEGs) revealed abnormal angiogenesis in SM22α-Cre-specific SCAP knockout (KO)
placenta. (A) Scatter plot showing DEGs between wildtype (WT) and KO placentas (n = 3 per genotype) based on false discovery rate (FDR)-adjusted P < 0.05 and
fold change (FC) ≥ 2 or ≤ 0.5. Green, red, and grey nodes indicate up-regulated, down-regulated, and non-significant genes, respectively. (B) GO annotation analysis
of the DEGs. The GO categories comprise biological process (BP), cellular component (CC), and molecular function (MF) categories. (C) GO enrichment analysis (P <
0.05) of the DEGs.
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Fig. 5. Reduced cell proliferation and decreased angiogenesis-related proteins expression in SM22α-Cre-specific SCAP knockout (KO) placental labyrinth. (A) Ki67
staining of E12.5 placental labyrinths. (B) Percentages of Ki67+ cells in the wildtype (WT) and KO placental labyrinths (n = 5). (C) Immunohistochemical analysis
with anti-proliferating cell nuclear antigen (PCNA) antibody in E12.5 placental labyrinths. (D) Percentages of PCNA+ cells in WT and KO placental labyrinths (n = 5).
(E) Protein expression of genes related to angiogenesis and the formation of villi was detected by western blotting. (F) Quantification of protein expression (n = 6)
based on three independent experiments. (G) Immunofluorescence (IF) analysis of placental sections showing VEGFA expression. Quantification was conducted using
ImageJ software. Data represent mean ± SD. *P < 0.05; **P < 0.01 (Student’s t-test).
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Fig. 6. KEGG enrichment analysis and RT-qPCR results indicate changes in multiple signaling pathways and genes. (A) Changes in angiogenesis-related signaling
pathways. (B–C) The RT-qPCR results for representative panel of genes associated with pericyte/endothelial interactions (n = 5). Genes without (B) and with
statistical significance (C) are displayed separately. Data represent mean ± SD from three independent experiments. *P < 0.05; **P < 0.01 (Student’s t-test).

deduced a summary of gene expression data in relation to the placental
lineages to demonstrate the change in genes expression in the SCAP KO
placentas [54] (Fig. 7). We could see that the deletion of SCAP in
SM22α+ cells mainly influenced the expression of genes related to per
icyte/endothelial interactions that regulate angiogenesis. However, it is
a remarkable fact that via the cytokine secretion, every cell in the lab
yrinth (such as pericytes) can connect to a variety of other cells, and
different cells may express the same genes [6]. Therefore, considering
that the RNA-seq analysis was conducted on labyrinth tissues overall
rather than specific cells, we could not identify the specific cell source of
expression of every gene, including genes regarding peri
cyte/endothelial interactions. Despite this, our results suggested that the
SCAP expression in pericytes plays a key role.

4. Discussion
Remarkably, we observed that SM22α-Cre-specific SCAP KO mouse
embryos died and had defective vascular formation in the yolk sac, and
we hypothesized that the cause was defective placental development. To
further research the function of SCAP in these phenotypes, SCAP KO
embryos and placentas were obtained by crossing the SCAP+/− mice
with each other. Although both KO and WT mice had the same placental
size and labyrinth thickness, there were obvious differences in the
morphology and structure of the labyrinth. Compared to the WT
placental labyrinths, the KO placental labyrinths had fewer and nar
rower fetal blood vessels, with more disorder trophoblasts (the number
of trophoblasts were increased). These defects suggest that normal
10

Z. Li et al.

Biomedicine & Pharmacotherapy 133 (2021) 111011

placental labyrinths prematurely exited from the cell cycle to the G0
phase. Our results indicated that missing SCAP in pericytes decreases the
overall cell proliferation in the labyrinth.
The fetal endothelium, two layers of syncytiotrophoblast cells, and
the sinusoidal trophoblast giant cells constitute the thin barrier that is
essential for normal substance exchange between mother and fetus [45].
However, there were a large number of trophoblast cells masses. This
phenotype may explain why there was no difference in the labyrinth
thickness between WT and KO placentas, even though defective vascu
larization occurred in the KO placentas [47]. Nevertheless, we do not
know whether the trophoblast disorder was directly due to SCAP KO. It
could be a secondary reaction to the deficiency of blood vessels. We
provide some evidence that SCAP KO in pericytes influences the cell
proliferation and the development of the placental labyrinth.
Next, we detected the expression of proteins associated with angio
genesis and the formation of villi (VEGFA and GCM1). We did not detect
a difference regarding GCM1 expression by western blotting, suggesting
that the defective angiogenesis in KO placentas cannot be attributed to
aberrant syncytiotrophoblast differentiation or impairments in the for
mation of chorionic villi. These results confirmed the hypothesis that
vascular and chorionic development are independent of each other [6].
VEGFA expression was then detected by western blotting and IF anal
ysis. Our results suggested that SCAP KO in pericytes blocks VEGFA
expression, which is indispensable for angiogenesis. However, based on
RNA-seq and RT-qPCR, we found no significant differences in the gene
expression of another vital pro-angiogenesis factor, placental growth
factor (PIGF), between the two groups.
Initiation of angiogenesis in the labyrinth requires members of the
VEGF family. Continued capillary growth and development depends on
pericytes differentiation, while angiopoietins control remodeling of the
primary vascular plexus into a mature capillary bed [53,62]. Finally, the
activation of TGF-β signaling between endothelial cells and pericytes
inhibits further growth and promotes terminal differentiation of the
mature capillary [36]. Considering the diversity of the SCAP KO
placental phenotypes, it is unlikely that any single change in a pathway
or in the resultant expression of a gene after preventing SCAP expression
is responsible for all of them. Indeed, SCAP KO caused many changes in
signaling pathways (TGF-β and VEGF signaling pathways, etc.) and gene
expression (Ang2, Tgfbr2, etc.) that are closely related to angiogenesis
during the process of pericyte/endothelial interactions. This study in
dicates the new insight that the deletion of SCAP in pericytes leads to
defective vascularization in the placental labyrinth by influencing the
interactions between pericytes and endothelial cells.
It is worth noting that some of the genes (such as Tgfbr1, Tgfbr3,
Tgfb3, and Ang 1) that belong to the same pathways as the ones that we
identified as being affected by SCAP KO were not significantly altered
between the WT and KO groups. Tgfb isoforms display similar, but not
identical, biological activity and differential tissue expression [63].
During the process of angiogenesis, pericytes mainly express the ligands
Tgfb1 and Tgfb2, which activate the Tgfbr2-ALK5-Smad2/3 pathway in
endothelial cells to promote terminal differentiation of the mature
capillary [64,65]. Other isoforms, such as Tgfb3, are mainly expressed in
trophoblasts and participate in the regulation of trophoblast outgrowth
[66]. Some studies in other models and organs have illuminated, directly
or indirectly, the importance of Tgfbs and Tgfbrs in peri
cytes/endothelial interactions [67–70]. Additionally, Ang1 and Ang2
are secreted by different cells and their roles in angiogenesis are
antagonistic [71,72]. Mice with pregnancy-associated hypertension
have impaired placental neovascularization, with dilated capillaries,
reduced Ang1 expression, and increased Ang2 expression in the placenta
[73]. Another study suggested that Ang2 expression is strongly
up-regulated in endothelial cells during sprouting angiogenesis [74].
The results of these studies support our conclusions. Therefore, we
suggest that the differential activities and tissue expression explain why
certain genes (Tgfbr1, Tgfbr3, Tgfb3, Ang 1, etc.) were not significantly
up- or down-regulated. The placenta is an intricately arranged organ

Fig. 7. Changes in gene expression in relation to placental lineages. Green, red,
and grey indicate significantly up-regulated, down-regulated, and nonsignificant genes, respectively, in SM22α-Cre-specific SCAP knockout (KO)
compared to wildtype (WT) placenta.

development of the labyrinth requires SCAP expression in pericytes. It is
commonly known that SCAP regulates the development of multiple or
gans; however, we are the first to provide evidence that SCAP plays a
critical role in the development of the placenta.
Although our results repeatedly highlighted the developmental de
fects in the placental labyrinth due to SCAP KO in SM22α+ cells, there
are no VSMCs in the placental labyrinth. Pericytes, which express
SM22α and α-SMA, are related to VSMCs and are generally assumed to
belong to the same cell lineage. Our results demonstrated that the
placental pericytes express SCAP, while the SCAP KO placental pericytes
did not. These findings laid the foundation for our subsequent research.
Pericytes participate in capillary wall formation in the placental laby
rinth [55]. Research has suggested that changes in pericyte function can
affect the vascularization of the labyrinth, involving decreasing the
number and diameter of blood microvessels, although pericyte migra
tion remains unchanged [56]. These previous discoveries regarding
pericyte function were similar to the findings in our research.
SCAP KO placentas had reduced numbers of pericytes and fetal
vessels and disordered trophoblasts (i.e., a large number of trophoblast
cell masses and an aberrant increase in the number of trophoblasts).
SCAP KO in pericytes and the consequent loss of pericyte functions may
have been the primary cause of the abnormal proliferation of the cells in
the labyrinth. The lower efficiency of gas transport and the exchange of
other substances in the KO placental labyrinth was reflected by the de
creases in nucleated erythrocytes and vessels, and the increase in the
number of trophoblast cells. Some studies have suggested that reduced
nutrient exchange is a crucial reason for fetuses dying in either the early
or late period [57–61]. The decreases in the percentages of Ki67+ and
PCNA+ cells suggested that a larger proportion of cells in the KO
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consisting of multiple interdependent and mutually-regulated cells, with
every cell proliferating and differentiating under the precise control of
specific genes. Because of the large regulatory network, the deletion of a
single gene such as SCAP may lead to changes in multiple genes or
pathways. Although we found some DEGs that were consistent with our
original hypothesis regarding the notion that SM22α-Cre-specific SCAP
KO causes defective placental development, the structural complexity
and cellular diversity means that the full explanation of how SCAP in
fluences the expression of so many genes remains unknown. Even so, we
believe that a certain connection must exist between SCAP and these
genes.
Although SCAP KO had a significant impact on the placental laby
rinth, causing the secondary defect in fetuses, we were unable to illu
minate the relationship between this defect and the death of SCAP KO
mice prior to birth. Research on other mutants revealed that the reduced
substance exchange alone is insufficient to lead to fetal death [59].
However, it is likely that the reduced maternal–fetal transport increases
the risk of fetal death. Other processes are also likely to be disrupted,
which require further physiological studies.
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