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ARTICLE INFO ABSTRACT

Keywords: Background: Though a large number of pregnant females have been affected by COVID-19, there is a dearth of

SARS-CoV-2 information on the effects of SARS-CoV-2 infection on trophoblast function. We explored in silico, the potential

COVID-19 interactions between SARS-CoV-2 proteins and proteins involved in the key functions of placenta.

?:gr}l;rlljist Methods: Human proteins interacting with SARS-CoV-2 proteins were identified by Gordon et al. (2020). Genes

P - N . that are upregulated in trophoblast sub-types and stages were obtained by gene-expression data from NCBI-GEO
rotein-protein interaction a ) X i N A X X

Placenta and by text-mining. Genes altered in pathological states like pre-eclampsia and gestational diabetes mellitus were

also identified. Genes crucial in placental functions thus identified were compared to the SARS-CoV-2 inter-
actome for overlaps. Proteins recurring across multiple study scenarios were analyzed using text mining and
network analysis for their biological functions.

Results: The entry receptors for SARS-CoV-2 — ACE2 and TMPRSS2 are expressed in placenta. Other proteins that
interact with SARS-CoV-2 like LOX, Fibulins-2 and 5, NUP98, GDF15, RBX1, CUL3, HMOX1, PLAT, MFGES, and
MRPs are vital in placental functions like trophoblast invasion and migration, syncytium formation, differenti-
ation, and implantation. TLE3, expressed across first trimester placental tissues and cell lines, is involved in
formation of placental vasculature, and is important in SARS-CoV (2003) budding and exit from the cells by COPI
vesicles.

Conclusion: SARS-CoV-2 can potentially interact with proteins having crucial roles in the placental function.
Whether these potential interactions identified in silico have effects on trophoblast functions in biological settings
needs to be addressed by further in vitro and clinical studies.

the reproductive age group have already been infected with
SARS-CoV-2, and more are at potential risk of infection, given the RO of

1. Background

COVID-19, the viral respiratory disease caused by Severe Acute
Respiratory Syndrome Corona Virus 2 (SARS-CoV-2) was first reported
in Wuhan, Hubei province, China, in December 2019 [1,2]. A large
number of the affected individuals, indeed more than 50% of COVID-19
patients, belong to the reproductive age group and about 47% of the
affected individuals are females [3]. Thus, a large number of females in

about 2.28 of COVID-19 [4].

A characterization of pregnant females who were hospitalized for
delivery during the COVID-19 outbreak showed that 15.4% of these
women were positive for SARS-CoV-2, and among these, 87.9% were
asymptomatic [5]. The major consensus is that there is no vertical
transmission of SARS-CoV-2, like the predecessor coronaviruses causing
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SARS and MERS [6-9], though certain systematic reviews and case re-
ports do not completely rule out such a possibility [10-12]. SARS-CoV-2
infection in the third trimester of pregnancy was found to be associated
with an increased risk of preterm delivery and intrauterine fetal distress
and the requirement for Cesarean sections [13]. During SARS of 2003,
pregnant females who presented with the disease during the first
trimester had an adverse outcome, with 57% of pregnancies ending in
spontaneous miscarriage, and 4 out of 5 patients who presented with the
disease progressing into preterm delivery [14]. The reasons behind this
adverse outcome in pregnancy in females infected with SARS-CoV re-
mains enigmatic. At present, there is limited data on the effect of first
trimester SARS-CoV-2 infection on the pregnancy outcome. Initial re-
ports suggest that COVID-19 does not increase the risk of spontaneous
abortions [15], though placenta can be infected by SARS-CoV-2, as
evident by in situ RNA hybridisation, electron microscopy [16-20], and
detection of SARS-CoV-2 spike protein in placental villi in COVID-19
positive pregnancies [12,21].

Since the placenta executes and orchestrates fetal growth-related
pathways, placental dysfunction has deleterious effects on the
outcome of pregnancy. While certain reports suggest that SARS-CoV-2
infection is not associated with specific histopathological alterations,
there are evidences of gross pathological alterations nonetheless [16].
Another study on the effect of SARS-CoV-2 on placenta in 16 pregnant
females with COVID-19 revealed that five of the placentas were small for
gestational age; there was histological evidence of decidual arteriopathy
and maternal vascular malperfusion in 12 of 16 pregnancies [22]. Other
vascular abnormalities in placenta included fetal vascular malforma-
tions and malperfusion in 10 out of 20 pregnancies [23]. Similar findings
were observed in some other pregnancies with COVID-19 [24-26]. Since
there is evidence of compromised placental function in pregnancy, we
studied the interaction between SARS-CoV-2 and the proteins that are
associated with important placental functions like invasion, differenti-
ation, maturation, arterial remodelling etc. We used an in-silico based
approach, employing the SARS-CoV-2 human interactome and differ-
ential expression analysis of genes associated with critical placental
functions, to predict the effects on SARS-CoV-2 infection on placental
functions.

2. Materials and methods
2.1. SARS-CoV-2 human interactome

Gordon et al. identified 332 proteins that can interact with 26 of the
29 SARS-CoV-2 proteins, using an affinity-purification (following clon-
ing of viral proteins and their expression in HEK293T cells) and mass

spectrometry approach [27]. These proteins are listed online (and in
Supplementary Table 1).

2.2. Identification of proteins involved in crucial functions of placenta

Datasets from NCBI-GEO involving studies on placenta were
analyzed for differential gene expression using GEO-2R. The datasets

Table 1

Summary of datasets used to study placental functions and pathology.
Dataset Condition Figure No.
GSE9984 Term placenta vs First trimester placenta Fig. 1
GSE28551
GSE9773 Villous vs Extravillous trophoblasts Fig. 2
GSE130339  Day 7 (differentiated) vs day O (undifferentiated)

trophoblasts

GSE20510 JEG3 vs HTR-8/SVneo cell lines Fig. 4
GSE20510 JEG3 vs SGHPLS5 cell lines
GSE66273 Pre-eclampsia vs Control placenta Fig. 5
GSE48424
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used and the samples for differential expression are summarised in
Table 1. The datasets were chosen to identify genes that are upregulated
during various physiological processes and states involving the placenta
— including invasion of trophoblasts, trophoblast differentiation, and
disease conditions associated with pregnancy.The significant differen-
tially expressed genes were identified by a cut-off adjusted p-value of
0.05, calculated using Benjamini & Hochberg false discovery rate
method. From the significant differentially expressed genes, those with a
log, fold change of >1 and < —1 were considered significant upregu-
lated and downregulated, respectively.

Genes/proteins involved in critical placental functions or that are
differentially expressed in placental pathology were also obtained by
text mining, and literature search of studies involving such analysis — the
genes that are upregulated in cytotrophoblasts, syncytiotrophoblasts
and migratory trophoblasts were obtained from a study by West et al.
[28], and the differentially expressed genes in gestational diabetes
mellitus from a study by Radaelli et al. [29].

2.3. Identification of Proteins Involved in Placental Functions that can
Bind to SARS-CoV-2

For each dataset, the significant upregulated and downregulated
proteins that were identified was compared to the list of proteins
interacting with SARS-CoV-2. The lists were compared using Venny
2.1.0 [30] to identify the overlapping proteins. The functions of the
proteins that were recurring across multiple study scenarios were
further analyzed using text mining and network analysis using Gene-
MANIA [31] and/or STRING [32] to evaluate their interactome and
possible biological function.

The complete approach to the discovery of the proteins involved in
placental functions that can bind to SARS-CoV-2 is given in Supple-
mentary Figure 1.

3. Results

3.1. SARS-CoV-2 interacting proteins that are upregulated in first
trimester and term placentas

Analysis of two different datasets, GSE9984 and GSE28551, were
performed to identify the SARS-CoV-2 interacting proteins that are
upregulated in first-trimester placenta and term placenta. The data sets
revealed that 3 proteins (GSE9984) and 14 proteins (GSE28551),
upregulated in first-trimester placenta interacting with SARS-CoV-2 in
the two queried data sets (Fig. 1a and b). We further observed 21 pro-
teins (GSE9984) and 19 proteins (GSE28551) that were upregulated in
term placenta in these two data sets (Fig. 1a and b) that could interact
with SARS-CoV-2. We then identified the candidate proteins in the first
trimester (3 and 14) and term placenta (21 and 19) that were common in
the two data sets. Our results yielded LOX as a common candidate in the
term placenta and SCARB1 and PRKAR2B in the first trimester that
could potentially interact with SARS-CoV-2 (Fig. 1c).

LOX (lysyl oxidase) upregulated in term placenta can interact with
SARS-CoV-2 orf8. Downregulation of LOX has been implicated in
impaired trophoblast migration and invasion [33]. The interaction
network of LOX is shown in Fig. 1d. LOX is also highly expressed in the
mesenchymal cells of placenta [34]; since LOX is involved in maturation
of collagen, it has been shown to be associated with remodelling of
vasculature in various tissues including placenta and lungs [33,35].
Knock-down of LOX suppressed trophoblast migration, an essential
process in spiral artery remodelling [33].

SCARB1 and PRKAR2B were the two common first trimester proteins
from both the datasets. Scavenger receptor class B type 1 or SCARB1
functions as the receptor for HDL and is important in HDL uptake by
trophoblasts [36], and along with CD81, it forms the entry receptor for
hepatitis C [37], which is an RNA virus-like SARS-CoV-2. It interacts
with SARS-CoV-2 nsp7. PRKAR2B or cAMP-dependent protein kinase
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Fig. 1. SARS-CoV-2 Interacting Proteins that are
Upregulated in First Trimester Placenta and Term
Placenta. Fig. 1a and b shows data from GSE9984 and

[pRKARZE ZOWHes | GSE28551, respectively. Fig. 1c shows the over-
SCARB1 AKAPSL lapping proteins in term placenta (left) and first
;ﬁ:’; SLMG;’DI trimester placenta (right) from GSE9984 and
GRIPAP1 ACSL3 GSE28551, that interact with SARS-CoV-2. Fig. 1d
PLAT  CEP135 shows the LOX interaction network. The expansions
(TLE3 _ POR of all the protein names and the SARS-CoV-2 proteins

COL6A1 MFGES
CENPF  LOX CCDC86
NIN CRTC3 STOM  ATP6AP1
FKBP10 ERMP1 MRPS2  LMAN2
PDE4DIP ABCC1 TMEM97 MOV10
GPAA1  HS2ST1
0s9 PCSK6
Upregulatedin Human SARS-CoV-2 HSEST2  SLC27A2
Term Placenta Interactome wee1 UGGT: Upregulatedin Human SARS-CoV-2 TLEL RABTA
SLC25A212NF31 Term Placenta Interactome
NLRX1 MARK1 ALGS PIGS
FBLNS  WFS1 PRIM1  GLA
(a) NPC2 (b) PRIM2

£9984
SCARB1
PRKAR2B

GSE28551

(c)

type II-beta regulatory subunit interacts with SARS-CoV-2 nsp13.

3.2. SARS-CoV-2 Interacting Proteins that are Upregulated in Villous and
Extravillous Trophoblasts, and during Villous Trophoblast Differentiation

Considering the importance of both villous and extravillous lineages
of trophoblast in placentation and fetal development [38] we investi-
gated if SARS-CoV-2 interacting proteins are crucial during this differ-
entiation program. We analyzed the villous and extravillous data set
(GSE9773) (Fig. 2a and b). The extravillous trophoblast (EVT) pop-
ulations are highly motile and exhibit a migratory phenotype, which
enables them to leave the villous core and enter the maternal endome-
trium. As seen in the intersecting Venn (Fig. 2a), GSE9773 identified 5
common entries between villous cytotrophoblasts and SARS-CoV-2
interactome. COL6A1 (collagen type VI al chain), identified as one
target, is reported to play a critical role in cell migration [39] and cancer
metastasis [40].

Another target, FBLN5 (fibulin-5) is a member of the fibulin family
that alters cell adhesive and invasive properties and is expressed in
human villous cytotrophoblasts as reported by Winship et al. [41]
Derived from decidua and EVT, it regulates EVT invasion and
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interacting with them are given in Supplementary
Table 2.

placentation. Gauster et al. [42] based on cell culture experiments with
the villous trophoblast-derived placental fusogenic cell line BeWo,
showed that fibulin-5 expression was downregulated during functional
differentiation and intercellular fusion. BeWo under hypoxia showed a
reduced tendency to fuse, along with an increase in FBLN5 expression.
Moore et al. [43] localized major microfibrillar networks in amnion.
Other targets NPC2 (along with NPC1) are required for egress of lyso-
somal cholesterol, by which cholesterol is removed from the late
endocytic pathway [44]. Placenta is an active steroidogenic tissue; this
pathway is therefore of paramount importance, which can be perturbed
upon interaction with SARS-CoV-2. We then identified the overlapping
proteins between EVT and SARS-CoV-2 interactome, which yielded
eight interacting members (GSE9984) (Fig. 2b). FAR2 is abundantly
expressed in placenta and trophoblast (Supplemenatry Fig. 2) [45], but
currently, its function is unknown.

We next looked into the role of STOM (Stomatin) gene as one of the
candidates in our analysis. Chen et al. [46] found that STOM can induce
trophoblast fusion and hence could play a role in syncytiotrophoblast
formation. Similarly, NUP98 plays a role in the nuclear pore complex
(NPC) assembly and/or maintenance. NUP98, along with NUP96, are
involved in bi-directional transport across the NPC. NUP98 seems
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critical for embryonic stem cell development, as was associated with
pregnancy loss [47]. The interaction networks of STOM and NUP98 are
shown in Fig. 2¢ and d respectively. Thus, we conclude that several key
proteins related to trophoblast fusion, invasion, and genome mainte-
nance seem to be part of SARS-CoV-2 interactome.

Our observation was also reinforced when we analyzed the next data
gene set (GSE130339). This gene data set associated with early and
latter day 7 trophoblast differentiation (Fig. 2e and f). STOM and NUP98
were also found to be enriched here. Of particular interest is FBN2. A
recent report published by Yu Y et al. [48] mentions that FBN1 encodes
asprosin, a glucogenic hormone, following furin cleavage of the C-ter-
minus of profibrillin. They identified a peptide hormone, placensin
encoded by FBN2 in trophoblasts of human placenta. Placensin secretion
by immortalized human trophoblastic HTR-8/SVneo cells is accompa-
nied by an increase in matrix metalloproteinase-9 (MMP9) expression,
thereby promoting cell invasion. FBN2 also seems to interact with GCM1
(Fig. 2g and h), a critical factor for trophoblast differentiation. GCM1 is a
master regulator of trophoblast differentiation and seems to be associ-
ated with several HDAC complex and is possible that this alters the
epigenetic landscape in the cell, an event needed prior to differentiation
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Fig. 2. SARS-CoV-2 Interacting Proteins that are
Upregulated in Villous Trophoblasts (Fig. 2a) and
Extravillous Trophoblasts (Fig. 2b). The data was

SLC27A2 COMT obtained by analysing GSE9773. Fig. 2c and d shows

GGH  STOM GeneMANIA network showing STOM and NUP9S,
GLA  DNMT1 . .

FBN2  RTNG respectively, as hub of a complex interactome.
DPY19L1 CENPF Several cell cycle genes associated with NUP98.
BRD2  NUP98

Fig. 2e and f shows SARS-CoV-2 Interacting Proteins
that are Upregulated on Day 0 and Day 7 of Villous
Trophoblast Differentiation, respectively. The data
was obtained by analyzing GSE130339. Fig. 2g and h
depict GeneMANIA network showing FBN and GCM1
interactome. GeneMANIA network showing GDF15
interactome is given in Fig. 2i. The expansions of all
the gene names are given in Supplementary Table 2.

cLecy
HS6ST2

SCARB1 SCCPDH
PKP2 cLPa
GDF15  FBLNS
PVR NDUFAF2
SLC44A2 ACSL3
RDX BZW2

and lineage commitment.

Of interest is GDF15 present in Day 0 differentiation. Recently Turco
et al. [49], using placental organoids derived from early placental villi,
found that these cultures organize into villous-like structures and se-
cretes placental-specific peptides and hormones, including human cho-
rionic gonadotropin (hCG), growth differentiation factor 15 (GDF15).
This gene encodes a secreted ligand of TGF superfamily, which binds to
various TGF-beta receptors leading to recruitment and activation of
SMAD family transcription factors that regulate gene expression. GDF15
is involved in trophoblast development where it controls apoptosis and
differentiation [50]. GDF15 interactome showed p53 and ERBB2 as
close neighbors (Fig. 2i).

3.3. SARS-CoV-2 Interacting Proteins that are Upregulated in
Cytotrophoblasts, Syncytiotrophoblasts and Migrating Trophoblasts

We did the data mining for SARS-CoV-2 interactome with genes
highly expressed in cytotrophoblasts, syncytiotrophoblasts, and
migrating trophoblasts (Fig. 3a, b and 3c, respectively). A significant
number of genes upregulated in cytotrophoblasts were found to overlap
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Fig. 3. SARS-CoV-2 Interacting Proteins that are Upregulated in Cytotrophoblasts, Syncytiotrophoblasts, and Migrating Trophoblasts (Fig. 3a, b and 3c, respectively).
Fig. 3d shows RBX1 CUL3 complex which is predominantly expressed in invasive EVT. Fig. 3e shows HMOX1 interactome. Several of the interacting partners play
important roles in trophoblast invasion. The expansions of all the gene names are given in Supplementary Table 2.

with SARS-CoV-2 interactome (approx. 94, also see Supplementary
Table 3), implying that SARS-CoV-2 can strongly influence cyto-
trobhoblast stem cells. We observed about ten overlapping proteins
related to syncytiotrophoblast formation. Of special interest is RBX1, a
ring box 1 protein which is found to be abundantly expressed in placenta
(Fig. 3d). Cullin 3 (CUL3), is a scaffold protein that assembles into a
large number of ubiquitin ligase complexes, similar to SKP1-Cullin 1-F-
box protein complex. CUL3 associates with Bric-a-brac-Tramtrack-Broad
(BTB) complex and RBX1 to form a BTB-CUL3-RBX1 (BCR) ubiquitin
ligase complex. CUL3 was found to be highly expressed in the invasive
EVTs of human placenta villi from normal pregnant women, and the
expression of CUL3 in the less invasive EVTs from PE patients was
significantly lower [51]. CUL3 also promoted the invasion and migra-
tion of human trophoblast cells in the human EVT cell line HTR8/SVneo
as well as in placental explants. These results show that RBX1 interac-
tion with SARS-CoV-2 proteins is crucial for EVT invasion.

Further, we found 18 genes related to migratory trophoblast over-
lapped with SARS-CoV-2 interactome. Of particular interest is HMOX1,
which produces a signaling molecule, carbon monoxide (CO). Bilban
et al. [52] reported that modulation of HMOX1 expression in
loss-of-function as well as gain-of-function cell models (BeWo and
HTR8/SVneo, respectively) demonstrated a reciprocal relationship of
HMOX1 expression with trophoblast migration. Also, HMOX1 expres-
sion led to an increase in peroxisome proliferator-activated receptor
(PPAR) gamma. The HMOX1 interactome is depicted in Fig. 3e.

3.4. SARS-CoV-2 interacting proteins that are upregulated in placental
cell lines

We next explored that to what extent SARS-CoV-2 interacting pro-
teins overlap with those derived from the cell lines (Fig. 4). Our analysis
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interrogated gene set data from HTR8/SVneo, SGHPL5, and JEG3 cell
lines, three of the most popular trophoblast cell lines, using the dataset
GSE20510. Our results show 18 and 43 overlapping proteins between
HTR8/SVneo and JEGS3 cell lines, respectively, and 8 and 42 overlapping
proteins between SGHPL5 and JEG3 cell lines, respectively. 5 proteins
overlapped between the representative early placental cell lines —
SGHPL5 and JEG3 (Supplementary Figure 3). We next looked for the
overlaps between the genes upregulated in the early placental cell lines —
HTR8/SVneo and SGHPL5 - and early placenta and the human SARS-
CoV-2 interactome, using datasets GSE20510 and GSE28551. The
result showed the commanility of transducin-like enhancer protein 3
(TLE3) (Fig. 4e).

TLE3 is a transcriptional co-repressor. In murine models, TLE3
known out was associated with abnormal placental development with a
severe defect in the vasculature and intrauterine death. TLE3 has also
involved in Notch-3 mediated signaling and is involved in the devel-
opment of trophoblast giant cells lining maternal blood spaces in the
mouse placenta [53]. The interaction network of TLE3 using STRING
shows its association with various proteins involved in the transcrip-
tional regulation like Histone deacetylase 1 (HDAC1), CREB-binding
protein (CREBBP), C-terminal-binding protein 1 (CTBP1) and Fork-
head box protein A1 (FOXA1) (Fig. 4f). GeneMANIA of TLE3 inter-
actome (Fig. 4g) showed strong associations with COPB1 and COPZ1.
These are components of coat protein I (COPI) complex which is
involved in intracellular protein trafficking. They are also involved in
the binding of SARS-CoV (cause of SARS of 2003) spike protein (S
protein) to the membrane protein (M-protein), a process required for
viral entry into the endoplasmic reticulum (ER)-Golgi intermediate
compartment (ERGIC), budding and viral shedding [54]. This also im-
plies that inhibition of COPI complex using specific pharmacological
agents may prevent the virus infection cycle, at least as observed with
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Fig. 4. SARS-CoV-2 Interacting Proteins that are Upregulated in Different Placental Cell Lines. Fig. 4a and ¢ shows genes upregulated in HTR-8/SVneo and SGHPL5
cells, respectively, in comparison with JEG3 cells (Fig. 4b and d). The dataset used was GSE20510. Fig. 4e shows combined analysis of datasets GSE20510 and
GSE28551 involving genes that are upregulated in first trimester placenta and surrogates used in vitro studies for first-trimester placenta - HTR8/SVneo and SGHPL-
5 cell lines, and the human SARS-CoV-2 interactome. STRING (Fig. 4f) and GeneMANIA (Fig. 4g) analysis show TLE3 interacting proteins. The expansions of all the

gene names are given in Supplementary Table 2.

the influenza virus [55].

We further explored on ARCNI, as one of the potential TLE3 inter-
acting partners as evident from GeneMANIA (Fig. 4g and Supplementary
Figure 4). Results show ARCN1 as a hub, interacting with a large family
of COP proteins (COPA, COPB1, COPB2, COPG1, COPG2, COPE, COPZ1)
as well as Golgi components (GOLPH3, GOLPH3L). As discussed above,
COP plays an important role in virus entry, assembly, and transmission,
thereby indicating that these trophoblast cell lines may suffice as a
suitable models to study the viral infection cycle.

3.5. SARS-CoV-2 Interacting Proteins that are Altered in Pre-eclampsia
and Gestational Diabetes Mellitus

So far, we saw that a significant number of genes associated with
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trophoblast invasion, differentiation, and migration that could poten-
tially interact with SARS-CoV-2. This prompted us to speculate the status
of engagement between SARS-CoV-2 and females with preeclampsia
(PE). The datasets for PE included GSE66273, where gestational age for
PE was 31.0 (30.9-34.0) weeks, and controls were 31.2 (29.3-33.2)
weeks, and GSE48424, where gestational age for PE was 34 (31-35)
weeks, and for controls was (33-37) weeks. Our analysis of the dataset of
genes overexpressed in preeclampsia using GSE66273 revealed MFGES8
(milk fat globule-epidermal growth factor-factor 8) as one of the targets
that was also upregulated in PE (Fig. 5a). MFGES8 protein (Fig. 5e) is
highly expressed in human chorionic villi at all trimesters of gestation
and in murine implantation sites [56]. MFGE8 performs an important
role in physiological conditions during menstrual endometrium
remodelling and implantation, and dysfunctions of its expression may be
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Fig. 5. SARS-CoV-2 Interacting Proteins that are Altered in Pre-eclampsia (Fig. 5 a, b, and c) and Gestational Diabetes Mellitus (Fig. 5d). Fig. 5e and f shows
GeneMANIA protein interaction networks of MFGE8 and PLAT, respectively. Fig. 5g shows STRING protein interaction network of PVR (CD155). The expansions of

all the gene names are given in Supplementary Table 2.

associated with endometrial pathological conditions. Further, Schmitz,
et al. [57] investigated that MFGES8 and its receptor integrin avp3 play
an important role in the attachment of trophoblast cells to the endo-
metrial epithelium. Yu et al. [58] reported MFGES8 as a master regulator
for TGFbetal in orchestrating EMT, an event that seems to be dysfunc-
tional in PE. Of particular interest is that MMP2 (72 kDa MMP) as one of
the interacting partners for MFGES as identified in the gene interaction
model (Fig. 5e). MMP2 has been strongly associated with the onset of PE
[59]. Therefore, we can conclude that SARS-CoV-2 interaction with
MFGES could have potentially serious consequences in the onset of PE.

We next investigated the genes down-regulated in PE overlapping
with SARS-CoV-2 interactome and identified PLAT as one member
(Fig. 5b). PLAT (Plasminogen Activator Tissue Type) interaction
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network comprises (Fig. 5f) of several serine proteases and their in-
hibitors - SERPINE1 (also called PAI-1, Plasminogen Activator Inhibi-
tor), PLAU (Plasminogen Urokinase Activator), PLG (Plasminogen). One
of the PLAT interacting partners, LRP1 (LDL receptor Related Protein 1)
is reported to be poorly expressed in preeclamptic group placental in
SGA (Small for Gestational Age) delivering mothers [60] which explains
the atherosclerotic phenotype of preeclamptic placentas. Several of the
members of this interaction network (SERPINE1, LRP1, PDGFD, JunD)
seems to be associated with preeclampsia and PIH [61,62].

Analysis of GSE48424 (Figure 5c) showed one of the overlapping
proteins upregulated in PE and human SARS-CoV-2 as F2LR1. F2LR1 or
coagulation factor II (thrombin) receptor-like 1, also known as Protease-
activated receptor 2. PAR2 expression was found to be absent in normal



A.A. Seethy et al.

placental endothelial cells but overexpressed in placental endothelial
cells of pre-eclampsia patients. Since this is an extracellular receptor, it
will be intriguing to know whether pre-eclampsia placenta will be at risk
for SARS-CoV-2 binding compared to normal pregnancies [63].

The list of genes with altered expression in gestational diabetes
mellitus (GDM) was obtained from a study by Radaelli et al. [29] The
average gestational age in GDM was 38.5 + 0.5 weeks and in controls
was 38.9 + 0.4 weeks. Among the overlapping genes with SARS-CoV-2
(Fig. 5d) interactome was FBN2 or Fibulin 2, which has already been
mentioned previously as upregulated during extra-villous trophoblast
differentiation. Another protein in the common Venn is poliovirus re-
ceptor (PVR) or CD155, which was found to interact with actin and
integrin alpha-V, which are known factors affecting cell motility and
migration; thus CD155 is involved in tumor cell invasion and migration,
a shared property of tumor cells and trophoblast cells [64]. The STRING
analysis also showed the confirmed this finding (Fig. 5g).

4. Discussion

We investigated, in silico, the effect of SARS-CoV-2 infection on
placental functions. Several of the key genes associated with trophoblast
invasion, villous vs. extravillous differentiation, as well as migratory
behavior of these cells seem to be a part of SARS-CoV-2 human inter-
actome. Our analysis also identified many novel, unreported candidate
proteins that could be targeted during these infections. We also explored
the differentially expressed proteomes from trophoblast cell lines and
found a significant number of overlaps with SARS-CoV-2, indicating that
these cells can be used as a model to study viral infection.

Since the SARS-CoV-2 interactome reported by Gordon et al. [27]
does not include cell surface proteins, we also manually sifted through
the list of genes upregulated in various processes and states associated
with placenta to check for the entry receptors — ACE2 and TMPRSS2 - of
SARS-CoV-2 [65]. Though some studies are skeptical regarding the
co-expression of these proteins in term placenta [66,67], others suggest
the presence of both ACE2 and TMPRSS2 in first trimester [68,69]. Our
analysis showed that TMPRSS2 is up-regulated in term placenta relative
to first trimester (GSE28551), while ACE2 is upregulated in extravillous
trophoblasts (GSE9773), thus, further making the interaction between
SARS-CoV-2 and placental tissue probable.

Analysis of placental morphology in COVID-19 pregnancies by
Shanes et al. [22] revealed widespread abnormalities in the vasculature
and maternal vascular malperfusion in the studied samples, although
limited in number. Two of the proteins that were recurring in our in silico
analysis, that were found to be interacting with SARS-CoV-2 and upre-
gulated in early and term placental tissues or surrogates were TLE3 and
LOX, respectively. Both these proteins play important roles in the
establishment of placental vasculature and arterial remodelling, and
their downregulation has been associated with abnormal placentation in
animal models [53]. Interestingly, this was predicted and substantiated
in the preprint version of the current article [70], which was published
before the findings by Shanes et al. [22] were available. Further, Baer-
gen and Heller [23] observed that amongst 50% of COVID-19 positive
pregnant females, there was evidence of fetal vascular malperfusion or
fetal vascular thrombosis, a possibility well predicted in our current
study given the fact that SARS-CoV-2 interaction with EVT can alter
trophoblast mediated alteration of maternal vasculature, leading to poor
perfusion and hypoxia [71].

We also explored the interaction of placental proteins with SARS-
CoV-2 in pathological states like preclampsia and GDM, two of the
most common associated pathological states in pregnancy. We found a
few interesting overlapping members, both in PE and GDM. PLAT and
MFGES8 in PE seem to be associated with serine proteases and their
regulators, many of which were reported to be associated with matrix
remodelling, invasion, and vasculogenesis. Though certain studies hy-
pothesize a probability for development of PE in COVID-19 pregnancies,
there are no definite evidences to suggest so [72].
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One limitation of the current analysis is that the human proteins
interacting with SARS-CoV-2 obtained after cloning the viral proteins in
HEK293T cells (which are human embryonic kidney cells) may not be
exactly similar to the interactome of SARS-CoV-2 in placental cells.
However, to the best of our knowledge, there are no reports available on
the latter, and at this stage, the former study is unique in that manner.
Further, we investigated the transcription profile in placenta and in
kidney [45] and found that a majority of the proteins that are a part of
the SARS-CoV-2 interactome in HEK293T cells are also represented in
the placental transcriptome (Supplementary Figure 5) indicating that we
could potentially see these similar interactions conserved there.

We attempted KEGG and GO pathway analysis with DAVID 6.8 [73]
for functional annotation of the proteins interacting with SARS-CoV-2,
that are overlapping with those involved in key roles in placental
biology. However, the analysis did not suggest any significant enrich-
ment of specific biological processes or pathways. This could be due to
the already restricted number of proteins of the SARS-CoV-2 inter-
actome, which is further narrowed down by a screen for their role in
placental function.

Stefanovic [74] reported that the rate of Cesarean deliveries among
COVID-19 women is unacceptably high and that while significant
attention is devoted to the mother, the fetus also needs to be treated as a
patient and deserves even more attention. However, there are only very
few clinical reports on the outcome of COVID-19 during the first
trimester of pregnancy when the trophoblast invasion and differentia-
tion are very critical. The lack of this information should be factored in
before making any rigid conclusions from our study, which is solely
based on in silico analysis.

5. Conclusion

Our findings suggest that SARS-CoV-2 might have a profound in-
fluence on the placentation process through their effect on the tropho-
blast cells, as several of the viral proteins can potentially interact with
host proteins that are critical components of trophoblast invasion,
migration, proliferation, and differentiation processes. We, however,
want to add a note of caution that our conclusion is entirely based upon
in silico data analysis and therefore lack experimental validation. Given
the robustness of the process and the individual variability, the final
results may differ. It will be interesting to analyze more clinical results to
substantiate our prediction. Though clinical studies are limited,
following our findings, it becomes, even more, a priority to take into
account the possible consequences of COVID-19 on placental functions
and prepare health care professionals to adopt effective management to
avoid an adverse health crisis affecting both mother and the child.

Authors contribution

SK and RD oversaw the whole project. SK, RD, and AS performed
data analysis and drafted the manuscript with assistance from SS. SS
assisted in animations and arranging figures. IM, KP, K Pethusamy also
assisted in manuscript preparation, bibliography, and critical discussion.
SK and RD want to thank JBS and RSS for this assistance with clinical
discussion and manuscript preparation. SK expresses his sincere grati-
tude to the Department of Biochemistry, AIIMS, New Delhi for providing
support with infrastructure and logistics.

Funding

The research was funded by the Indian Council of Medical Research,
and the All India Institute of Medical Sciences, New Delhi (COVID-19
Intramural Project-45/2020).

Declaration of competing interest

All the authors declare that there are no conflicts of interest.



A.A. Seethy et al.

Acknowledgments

We thank the Indian Council of Medical Research (ICMR) for finan-
cial assistance to SK and providing fellowship to K Pethusamy. We thank
the Council for Scientific and Industrial Research (CSIR) for providing
fellowship to IM and SS and the Department of Biotechnology(DBT) for
providing salary to RD and KP. We express our sincere gratitude to the
All India Institute of Medical Sciences (AIIMS), New Delhi, for providing
fellowship to AS.

Appendix A. Supplementary data

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.placenta.2020.10.027.

References

[1]

[2

—

[3

=

[4

=

[5

—

[6]

71

[8

—

[9

—_

[10]

[11]

[12]

[13]

[14]

[15]

[16]

P. Zhou, X.-L. Yang, X.-G. Wang, B. Hu, L. Zhang, W. Zhang, H.-R. Si, Y. Zhu, B. Li,
C.-L. Huang, H.-D. Chen, J. Chen, Y. Luo, H. Guo, R.-D. Jiang, M.-Q. Liu, Y. Chen,
X.-R. Shen, X. Wang, X.-S. Zheng, K. Zhao, Q.-J. Chen, F. Deng, L.-L. Liu, B. Yan, F.-
X. Zhan, Y.-Y. Wang, G.-F. Xiao, Z.-L. Shi, A pneumonia outbreak associated with a
new coronavirus of probable bat origin, Nature 579 (2020) 270-273, https://doi.
org/10.1038/541586-020-2012-7.

F. Wu, S. Zhao, B. Yu, Y.-M. Chen, W. Wang, Z.-G. Song, Y. Hu, Z.-W. Tao, J.-

H. Tian, Y.-Y. Pei, M.-L. Yuan, Y.-L. Zhang, F.-H. Dai, Y. Liu, Q.-M. Wang, J.-

J. Zheng, L. Xu, E.C. Holmes, Y.-Z. Zhang, A new coronavirus associated with
human respiratory disease in China, Nature 579 (2020) 265-269, https://doi.org/
10.1038/541586-020-2008-3.

Coronavirus Disease, COVID-19) Situation Report - 198 (n.d.), https://www.who.
int/docs/default-source/coronaviruse/situation-reports/20200805-covid-19-sitre
p-198.pdf?sfvrsn=f99d1754 2. (Accessed 9 September 2020). accessed.

S. Zhang, M. Diao, W. Yu, L. Pei, Z. Lin, D. Chen, Estimation of the reproductive
number of novel coronavirus (COVID-19) and the probable outbreak size on the
Diamond Princess cruise ship: a data-driven analysis, Int. J. Infect. Dis. IJID Off.
Publ. Int. Soc. Infect. Dis. 93 (2020) 201-204, https://doi.org/10.1016/j.
1jid.2020.02.033.

D. Sutton, K. Fuchs, M. D’Alton, D. Goffman, Universal screening for SARS-CoV-2
in women admitted for delivery, N. Engl. J. Med. (2020), https://doi.org/10.1056/
NEJMc2009316, 0, null.

S.A. Rasmussen, J.C. Smulian, J.A. Lednicky, T.S. Wen, D.J. Jamieson, Coronavirus
Disease 2019 (COVID-19) and pregnancy: what obstetricians need to know, Am. J.
Obstet. Gynecol. (2020), https://doi.org/10.1016/j.ajog.2020.02.017.

Y. Li, R. Zhao, S. Zheng, X. Chen, J. Wang, X. Sheng, J. Zhou, H. Cai, Q. Fang, F. Yu,
J. Fan, K. Xu, Y. Chen, J. Sheng, Lack of vertical transmission of severe acute
respiratory syndrome coronavirus 2, China, emerg, Inf. Disp. 26 (2020), https://
doi.org/10.3201/eid2606.200287.

H. Chen, J. Guo, C. Wang, F. Luo, X. Yu, W. Zhang, J. Li, D. Zhao, D. Xu, Q. Gong,
J. Liao, H. Yang, W. Hou, Y. Zhang, Clinical characteristics and intrauterine vertical
transmission potential of COVID-19 infection in nine pregnant women: a
retrospective review of medical records, Lancet Lond. Engl. 395 (2020) 809-815,
https://doi.org/10.1016/50140-6736(20)30360-3.

J. Qiao, What are the risks of COVID-19 infection in pregnant women? Lancet
Lond. Engl. 395 (2020) 760-762, https://doi.org/10.1016/50140-6736(20)30365-
2

M.A. Ashraf, P. Keshavarz, P. Hosseinpour, A. Erfani, A. Roshanshad, A. Pourdast,
P. Nowrouzi-Sohrabi, S. Chaichian, T. Poordast, Coronavirus disease 2019 (COVID-
19): a systematic review of pregnancy and the possibility of vertical transmission,
J. Reproduction Infertil. 21 (2020) 157-168.

A. Kotlyar, O. Grechukhina, A. Chen, S. Popkhadze, A. Grimshaw, O. Tal, H.

S. Taylor, R. Tal, Vertical transmission of COVID-19: a systematic review and meta-
analysis, Am. J. Obstet. Gynecol. (2020), https://doi.org/10.1016/j.
ajog.2020.07.049.

F. Facchetti, M. Bugatti, E. Drera, C. Tripodo, E. Sartori, V. Cancila, M. Papaccio,
R. Castellani, S. Casola, M.B. Boniotti, P. Cavadini, A. Lavazza, SARS-CoV2 vertical
transmission with adverse effects on the newborn revealed through integrated
immunohistochemical, electron microscopy and molecular analyses of Placenta,
EBioMedicine 59 (2020) 102951, https://doi.org/10.1016/j.ebiom.2020.102951.
H. Zhu, L. Wang, C. Fang, S. Peng, L. Zhang, G. Chang, S. Xia, W. Zhou, Clinical
analysis of 10 neonates born to mothers with 2019-nCoV pneumonia, Transl.
Pediatr. 9 (2020) 51-60, https://doi.org/10.21037/tp.2020.02.06.

S.F. Wong, K.M. Chow, T.N. Leung, W.F. Ng, T.K. Ng, C.C. Shek, P.C. Ng, P.W.
Y. Lam, L.C. Ho, W.W.K. To, S.T. Lai, W.W. Yan, P.Y.H. Tan, Pregnancy and
perinatal outcomes of women with severe acute respiratory syndrome, Am. J.
Obstet. Gynecol. 191 (2004) 292-297, https://doi.org/10.1016/j.
ajog.2003.11.019.

C.S,C.A,C.J,B.F,C.M,B.M,F. C,D. A, G. V, D.P. G, B. C, COVID-19 and First
Trimester Spontaneous Abortion: a Case-Control Study of 225 Pregnant Patients,
2020, https://doi.org/10.1101,/2020.06.19.20135749.

J.L. Hecht, B. Quade, V. Deshpande, M. Mino-Kenudson, D.T. Ting, N. Desai,

B. Dygulska, T. Heyman, C. Salafia, D. Shen, S.V. Bates, D.J. Roberts, SARS-CoV-2
can infect the placenta and is not associated with specific placental histopathology:

149

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

Placenta 103 (2021) 141-151

a series of 19 placentas from COVID-19-positive mothers, Mod. Pathol. Off. J. U. S.
Can. Acad. Pathol. Inc. (2020), https://doi.org/10.1038/s41379-020-0639-4.

A. Best Rocha, E. Stroberg, L.M. Barton, E.J. Duval, S. Mukhopadhyay, N. Yarid,
T. Caza, J.D. Wilson, D.J. Kenan, M. Kuperman, S.G. Sharma, C.P. Larsen,
Detection of SARS-CoV-2 in formalin-fixed paraffin-embedded tissue sections using
commercially available reagents, Lab. Investig. J. Tech. Methods Pathol (2020),
https://doi.org/10.1038/s41374-020-0464-x.

L. Patane, D. Morotti, M.R. Giunta, C. Sigismondi, M.G. Piccoli, L. Frigerio,

G. Mangili, M. Arosio, G. Cornolti, Vertical transmission of coronavirus disease
2019: severe acute respiratory syndrome coronavirus 2 RNA on the fetal side of the
placenta in pregnancies with coronavirus disease 2019-positive mothers and
neonates at birth, Am. J. Obstet. Gynecol. MFM. 2 (2020), 100145, https://doi.
org/10.1016/j.ajogmf.2020.100145.

G.N. Algarroba, P. Rekawek, S.A. Vahanian, P. Khullar, T. Palaia, M.R. Peltier, M.
R. Chavez, A.M. Vintzileos, Visualization of severe acute respiratory syndrome
coronavirus 2 invading the human placenta using electron microscopy, Am. J.
Obstet. Gynecol. 223 (2020) 275-278, https://doi.org/10.1016/j.
ajog.2020.05.023.

G.N. Algarroba, N.N. Hanna, P. Rekawek, S.A. Vahanian, P. Khullar, T. Palaia, M.
R. Peltier, M.R. Chavez, A.M. Vintzileos, Confirmatory evidence of visualization of
SARS-CoV-2 virus invading the human placenta using electron microscopy, Am. J.
Obstet. Gynecol. (2020), https://doi.org/10.1016/j.aj0g.2020.08.106.

E. Taglauer, Y. Benarroch, K. Rop, E. Barnett, V. Sabharwal, C. Yarrington, E.

M. Wachman, Consistent localization of SARS-CoV-2 spike glycoprotein and ACE2
over TMPRSS2 predominance in placental villi of 15 COVID-19 positive maternal-
fetal dyads, Placenta 100 (2020) 69-74, https://doi.org/10.1016/j.
placenta.2020.08.015.

E.D. Shanes, L.B. Mithal, S. Otero, H.A. Azad, E.S. Miller, J.A. Goldstein, Placental
pathology in COVID-19, Am. J. Clin. Pathol. (2020), https://doi.org/10.1093/
ajcp/aqaa089.

R.N. Baergen, D.S. Heller, Placental pathology in covid-19 positive mothers:
preliminary findings, Pediatr. Dev. Pathol. Off. J. Soc. Pediatr. Pathol. Paediatr.
Pathol. Soc. 23 (2020) 177-180, https://doi.org/10.1177/1093526620925569.
A.L. Hsu, M. Guan, E. Johannesen, A.J. Stephens, N. Khaleel, N. Kagan, B.C. Tuhlei,
X.-F. Wan, Placental SARS-CoV-2 in a pregnant woman with mild COVID-19
disease, J. Med. Virol. (2020), https://doi.org/10.1002/jmv.26386.

R. Richtmann, M.R. Torloni, A.R. Oyamada Otani, J.E. Levi, M. Crema Tobara,
C. de Almeida Silva, L. Dias, L. Miglioli-Galvao, P. Martins Silva, M. Macoto Kondo,
Fetal deaths in pregnancies with SARS-CoV-2 infection in Brazil: a case series, Case
Rep. Womens Health 27 (2020), e00243, https://doi.org/10.1016/j.crwh.2020.
e00243.

M.C. Sharps, D.J.L. Hayes, S. Lee, Z. Zou, C.A. Brady, Y. Almoghrabi, A. Kerby, K.
K. Tamber, C.J. Jones, K.M. Adams Waldorf, A.E.P. Heazell, A structured review of
placental morphology and histopathological lesions associated with SARS-CoV-2
infection, Placenta 101 (2020) 13-29, https://doi.org/10.1016/j.
placenta.2020.08.018.

D.E. Gordon, G.M. Jang, M. Bouhaddou, J. Xu, K. Obernier, K.M. White, M.

J. O’Meara, V.V. Rezelj, J.Z. Guo, D.L. Swaney, T.A. Tummino, R. Huettenhain, R.
M. Kaake, A.L. Richards, B. Tutuncuoglu, H. Foussard, J. Batra, K. Haas, M. Modak,
M. Kim, P. Haas, B.J. Polacco, H. Braberg, J.M. Fabius, M. Eckhardt, M. Soucheray,
M.J. Bennett, M. Cakir, M.J. McGregor, Q. Li, B. Meyer, F. Roesch, T. Vallet, A.
M. Kain, L. Miorin, E. Moreno, Z.Z.C. Naing, Y. Zhou, S. Peng, Y. Shi, Z. Zhang,
W. Shen, L.T. Kirby, J.E. Melnyk, J.S. Chorba, K. Lou, S.A. Dai, I. Barrio-Hernandez,
D. Memon, C. Hernandez-Armenta, J. Lyu, C.J.P. Mathy, T. Perica, K.B. Pilla, S.
J. Ganesan, D.J. Saltzberg, R. Rakesh, X. Liu, S.B. Rosenthal, L. Calviello,

S. Venkataramanan, J. Liboy-Lugo, Y. Lin, X.-P. Huang, Y. Liu, S.A. Wankowicz,
M. Bohn, M. Safari, F.S. Ugur, C. Koh, N.S. Savar, Q.D. Tran, D. Shengjuler, S.

J. Fletcher, M.C. O’Neal, Y. Cai, J.C.J. Chang, D.J. Broadhurst, S. Klippsten, P.

P. Sharp, N.A. Wenzell, D. Kuzuoglu, H.-Y. Wang, R. Trenker, J.M. Young, D.

A. Cavero, J. Hiatt, T.L. Roth, U. Rathore, A. Subramanian, J. Noack, M. Hubert, R.
M. Stroud, A.D. Frankel, O.S. Rosenberg, K.A. Verba, D.A. Agard, M. Ott,

M. Emerman, N. Jura, M. von Zastrow, E. Verdin, A. Ashworth, O. Schwartz,

C. d’Enfert, S. Mukherjee, M. Jacobson, H.S. Malik, D.G. Fujimori, T. Ideker, C.
S. Craik, S.N. Floor, J.S. Fraser, J.D. Gross, A. Sali, B.L. Roth, D. Ruggero,

J. Taunton, T. Kortemme, P. Beltrao, M. Vignuzzi, A. Garcfa-Sastre, K.M. Shokat, B.
K. Shoichet, N.J. Krogan, A SARS-CoV-2 protein interaction map reveals targets for
drug repurposing, Nature (2020) 1-13, https://doi.org/10.1038/541586-020-
2286-9.

R.C. West, H. Ming, D.M. Logsdon, J. Sun, S.K. Rajput, R.A. Kile, W.B. Schoolcraft,
R.M. Roberts, R.L. Krisher, Z. Jiang, Y. Yuan, Dynamics of trophoblast
differentiation in peri-implantation-stage human embryos, Proc. Natl. Acad. Sci. U.
S. A. 116 (2019) 22635-22644, https://doi.org/10.1073/pnas.1911362116.

T. Radaelli, A. Varastehpour, P. Catalano, S. Hauguel-de Mouzon, Gestational
diabetes induces placental genes for chronic stress and inflammatory pathways,
Diabetes 52 (2003) 2951-2958, https://doi.org/10.2337/diabetes.52.12.2951.

-. Venny, Venn Diagrams for comparing lists, By Juan Carlos Oliveros., (n.d.),
https://bioinfogp.cnb.csic.es/tools/venny old/venny.php. (Accessed 29 April
2020). accessed.

D. Warde-Farley, S.L. Donaldson, O. Comes, K. Zuberi, R. Badrawi, P. Chao,

M. Franz, C. Grouios, F. Kazi, C.T. Lopes, A. Maitland, S. Mostafavi, J. Montojo,
Q. Shao, G. Wright, G.D. Bader, Q. Morris, The GeneMANIA prediction server:
biological network integration for gene prioritization and predicting gene function,
Nucleic Acids Res. 38 (2010) W214-W220, https://doi.org/10.1093/nar/gkq537.
D. Szklarczyk, A.L. Gable, D. Lyon, A. Junge, S. Wyder, J. Huerta-Cepas,

M. Simonovic, N.T. Doncheva, J.H. Morris, P. Bork, L.J. Jensen, C. von Mering,
STRING v11: protein-protein association networks with increased coverage,


https://doi.org/10.1016/j.placenta.2020.10.027
https://doi.org/10.1016/j.placenta.2020.10.027
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1038/s41586-020-2008-3
https://doi.org/10.1038/s41586-020-2008-3
https://www.who.int/docs/default-source/coronaviruse/situation-reports/20200805-covid-19-sitrep-198.pdf?sfvrsn=f99d1754_2
https://www.who.int/docs/default-source/coronaviruse/situation-reports/20200805-covid-19-sitrep-198.pdf?sfvrsn=f99d1754_2
https://www.who.int/docs/default-source/coronaviruse/situation-reports/20200805-covid-19-sitrep-198.pdf?sfvrsn=f99d1754_2
https://doi.org/10.1016/j.ijid.2020.02.033
https://doi.org/10.1016/j.ijid.2020.02.033
https://doi.org/10.1056/NEJMc2009316
https://doi.org/10.1056/NEJMc2009316
https://doi.org/10.1016/j.ajog.2020.02.017
https://doi.org/10.3201/eid2606.200287
https://doi.org/10.3201/eid2606.200287
https://doi.org/10.1016/S0140-6736(20)30360-3
https://doi.org/10.1016/S0140-6736(20)30365-2
https://doi.org/10.1016/S0140-6736(20)30365-2
http://refhub.elsevier.com/S0143-4004(20)30424-0/sref10
http://refhub.elsevier.com/S0143-4004(20)30424-0/sref10
http://refhub.elsevier.com/S0143-4004(20)30424-0/sref10
http://refhub.elsevier.com/S0143-4004(20)30424-0/sref10
https://doi.org/10.1016/j.ajog.2020.07.049
https://doi.org/10.1016/j.ajog.2020.07.049
https://doi.org/10.1016/j.ebiom.2020.102951
https://doi.org/10.21037/tp.2020.02.06
https://doi.org/10.1016/j.ajog.2003.11.019
https://doi.org/10.1016/j.ajog.2003.11.019
https://doi.org/10.1101/2020.06.19.20135749
https://doi.org/10.1038/s41379-020-0639-4
https://doi.org/10.1038/s41374-020-0464-x
https://doi.org/10.1016/j.ajogmf.2020.100145
https://doi.org/10.1016/j.ajogmf.2020.100145
https://doi.org/10.1016/j.ajog.2020.05.023
https://doi.org/10.1016/j.ajog.2020.05.023
https://doi.org/10.1016/j.ajog.2020.08.106
https://doi.org/10.1016/j.placenta.2020.08.015
https://doi.org/10.1016/j.placenta.2020.08.015
https://doi.org/10.1093/ajcp/aqaa089
https://doi.org/10.1093/ajcp/aqaa089
https://doi.org/10.1177/1093526620925569
https://doi.org/10.1002/jmv.26386
https://doi.org/10.1016/j.crwh.2020.e00243
https://doi.org/10.1016/j.crwh.2020.e00243
https://doi.org/10.1016/j.placenta.2020.08.018
https://doi.org/10.1016/j.placenta.2020.08.018
https://doi.org/10.1038/s41586-020-2286-9
https://doi.org/10.1038/s41586-020-2286-9
https://doi.org/10.1073/pnas.1911362116
https://doi.org/10.2337/diabetes.52.12.2951
https://bioinfogp.cnb.csic.es/tools/venny_old/venny.php
https://doi.org/10.1093/nar/gkq537

A.A. Seethy et al.

[33]

[34]

[35]

[36]

[371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[471

[48]

[49]

[50]

[51]

supporting functional discovery in genome-wide experimental datasets, Nucleic
Acids Res. 47 (2019) D607-D613, https://doi.org/10.1093/nar/gky1131.

X.-H. Xu, Y. Jia, X. Zhou, D. Xie, X. Huang, L. Jia, Q. Zhou, Q. Zheng, X. Zhou,
K. Wang, L.-P. Jin, Downregulation of lysyl oxidase and lysyl oxidase-like protein 2
suppressed the migration and invasion of trophoblasts by activating the TGF-
p/collagen pathway in preeclampsia, Exp. Mol. Med. 51 (2019) 1-12, https://doi.
org/10.1038/512276-019-0211-9.

S. Hein, S.Y. Yamamoto, K. Okazaki, C. Jourdan-LeSaux, K. Csiszar, G.D. Bryant-
Greenwood, Lysyl oxidases: expression in the fetal membranes and placenta,
Placenta 22 (2001) 49-57, https://doi.org/10.1053/plac.2000.0580.

N.Ah, M.LN.G,S.H,R.F, T.ML, V. F, H. S, M. K, V. I, W. N, S. W, B. J, M. Re,
Lysyl oxidases play a causal role in vascular remodeling in clinical and
experimental pulmonary arterial hypertension, Arterioscler. Thromb. Vasc. Biol. 34
(2014), https://doi.org/10.1161/ATVBAHA.114.303534.

C. Wadsack, A. Hammer, S. Levak-Frank, G. Desoye, K.F. Kozarsky, B. Hirschmugl,
W. Sattler, E. Malle, Selective cholesteryl ester uptake from high density
lipoprotein by human first trimester and term villous trophoblast cells, Placenta 24
(2003) 131-143, https://doi.org/10.1053/plac.2002.0912.

S.B. Kapadia, H. Barth, T. Baumert, J.A. McKeating, F.V. Chisari, Initiation of
hepatitis C virus infection is dependent on cholesterol and cooperativity between
CD81 and scavenger receptor B type I, J. Virol. 81 (2007) 374-383, https://doi.
org/10.1128/JVI.01134-06.

G. Barrientos, M. Pussetto, M. Rose, A.C. Staff, S.M. Blois, J.E. Toblli, Defective
trophoblast invasion underlies fetal growth restriction and preeclampsia-like
symptoms in the stroke-prone spontaneously hypertensive rat, Mol. Hum. Reprod.
23 (2017) 509-519, https://doi.org/10.1093/molehr/gax024.

Z. Chen, Q. Wu, C. Yan, J. Du, COL6A1 knockdown suppresses cell proliferation
and migration in human aortic vascular smooth muscle cells, Exp. Ther. Med. 18
(2019), https://doi.org/10.3892/etm.2019.7798, 1977-1984.

K.G. Owusu-Ansah, G. Song, R. Chen, M.I.A. Edoo, J. Li, B. Chen, J. Wu, L. Zhou,
H. Xie, D. Jiang, S. Zheng, COL6A1 promotes metastasis and predicts poor
prognosis in patients with pancreatic cancer, Int. J. Oncol. 55 (2019) 391-404,
https://doi.org/10.3892/ij0.2019.4825.

A. Winship, C. Cuman, K. Rainczuk, E. Dimitriadis, Fibulin-5 is upregulated in
decidualized human endometrial stromal cells and promotes primary human
extravillous trophoblast outgrowth, Placenta 36 (2015) 1405-1411, https://doi.
org/10.1016/j.placenta.2015.10.008.

M. Gauster, V.M. Berghold, G. Moser, K. Orendi, M. Siwetz, B. Huppertz, Fibulin-5
expression in the human placenta, Histochem. Cell Biol. 135 (2011) 203-213,
https://doi.org/10.1007/s00418-011-0784-4.

R.M. Moore, R.W. Redline, D. Kumar, B.M. Mercer, J.M. Mansour, E. Yohannes, J.
B. Novak, M.R. Chance, J.J. Moore, Differential expression of fibulin family
proteins in the para-cervical weak zone and other areas of human fetal membranes,
Placenta 30 (2009) 335-341, https://doi.org/10.1016/j.placenta.2009.01.007.
M. Zhang, P. Liu, N.K. Dwyer, L.K. Christenson, T. Fujimoto, F. Martinez,

M. Comly, J.A. Hanover, E.J. Blanchette-Mackie, J.F. Strauss, MLN64 mediates
mobilization of lysosomal cholesterol to steroidogenic mitochondria, J. Biol. Chem.
277 (2002) 33300-33310, https://doi.org/10.1074/jbc.M200003200.

M. Uhlén, E. Bjorling, C. Agaton, C.A.-K. Szigyarto, B. Amini, E. Andersen, A.-

C. Andersson, P. Angelidou, A. Asplund, C. Asplund, L. Berglund, K. Bergstrom,
H. Brumer, D. Cerjan, M. Ekstrom, A. Elobeid, C. Eriksson, L. Fagerberg, R. Falk,
J. Fall, M. Forsberg, M.G. Bjorklund, K. Gumbel, A. Halimi, I. Hallin, C. Hamsten,
M. Hansson, M. Hedhammar, G. Hercules, C. Kampf, K. Larsson, M. Lindskog,

W. Lodewyck, J. Lund, J. Lundeberg, K. Magnusson, E. Malm, P. Nilsson,

J. Odling, P. Oksvold, I. Olsson, E. Oster, J. Ottosson, L. Paavilainen, A. Persson,
R. Rimini, J. Rockberg, M. Runeson, A. Sivertsson, A. Skollermo, J. Steen,

M. Stenvall, F. Sterky, S. Stromberg, M. Sundberg, H. Tegel, S. Tourle, E. Wahlund,
A. Waldén, J. Wan, H. Wernérus, J. Westberg, K. Wester, U. Wrethagen, L.L. Xu,
S. Hober, F. Pontén, A human protein atlas for normal and cancer tissues based on
antibody proteomics, Mol. Cell. Proteomics MCP. 4 (2005) 1920-1932, https://doi.
org/10.1074/mcp.M500279-MCP200.

T.-W. Chen, H.-W. Liu, Y.-J. Liou, J.-H. Lee, C.-H. Lin, Over-expression of stomatin
causes syncytium formation in nonfusogenic JEG-3 choriocarcinoma placental
cells, Cell Biol. Int. 40 (2016) 926-933, https://doi.org/10.1002/cbin.10636.

L. Kasak, K. Rull, S. Sober, M. Laan, Copy number variation profile in the placental
and parental genomes of recurrent pregnancy loss families, Sci. Rep. 7 (2017)
45327, https://doi.org/10.1038/srep45327.

Y. Yu, J.-H. He, L.-L. Hu, L.-L. Jiang, L. Fang, G.-D. Yao, S.-J. Wang, Q. Yang,

Y. Guo, L. Liu, T. Shang, Y. Sato, K. Kawamura, A.J. Hsueh, Y.-P. Sun, Placensin is a
glucogenic hormone secreted by human placenta, EMBO Rep. (2020), e49530,
https://doi.org/10.15252/embr.201949530.

M.Y. Turco, L. Gardner, R.G. Kay, R.S. Hamilton, M. Prater, M.S. Hollinshead,

A. McWhinnie, L. Esposito, R. Fernando, H. Skelton, F. Reimann, F.M. Gribble,
A. Sharkey, S.G.E. Marsh, S. O’Rahilly, M. Hemberger, G.J. Burton, A. Moffett,
Trophoblast organoids as a model for maternal-fetal interactions during human
placentation, Nature 564 (2018) 263-267, https://doi.org/10.1038/541586-018-
0753-3.

D.W. Morrish, J. Dakour, H. Li, Life and death in the placenta: new peptides and
genes regulating human syncytiotrophoblast and extravillous cytotrophoblast
lineage formation and renewal, Curr. Protein Pept. Sci. 2 (2001) 245-259, https://
doi.org/10.2174/1389203013381116.

Q. Zhang, S. Yu, X. Huang, Y. Tan, C. Zhu, Y.-L. Wang, H. Wang, H.-Y. Lin, J. Fu,
H. Wang, New insights into the function of Cullin 3 in trophoblast invasion and
migration, Reprod. Camb. Engl. 150 (2015) 139-149, https://doi.org/10.1530/
REP-15-0126.

150

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

Placenta 103 (2021) 141-151

M. Bilban, P. Haslinger, J. Prast, F. Klinglmiiller, T. Woelfel, S. Haider, A. Sachs, L.
E. Otterbein, G. Desoye, U. Hiden, O. Wagner, M. Knofler, Identification of novel
trophoblast invasion-related genes: heme oxygenase-1 controls motility via
peroxisome proliferator-activated receptor gamma, Endocrinology 150 (2009)
1000-1013, https://doi.org/10.1210/en.2008-0456.

M. Gasperowicz, C. Surmann-Schmitt, Y. Hamada, F. Otto, J.C. Cross, The
transcriptional co-repressor TLE3 regulates development of trophoblast giant cells
lining maternal blood spaces in the mouse placenta, Dev. Biol. 382 (2013) 1-14,
https://doi.org/10.1016/j.ydbio.2013.08.005.

C.E. McBride, J. Li, C.E. Machamer, The cytoplasmic tail of the severe acute
respiratory syndrome coronavirus spike protein contains a novel endoplasmic
reticulum retrieval signal that binds COPI and promotes interaction with
membrane protein, J. Virol. 81 (2007) 2418-2428, https://doi.org/10.1128/
JVI.02146-06.

E. Sun, J. He, X. Zhuang, Dissecting the role of COPI complexes in influenza virus
infection, J. Virol. 87 (2013) 2673-2685, https://doi.org/10.1128/JVI.02277-12.
S.M. Bocca, S. Anderson, B. Amaker, R.J. Swanson, A. Franchi, F. Lattanzio,

S. Oehninger, Milk fat globule epidermal growth factor 8 (MFG-E8): a novel
protein in the mammalian endometrium with putative roles in implantation and
placentation, Placenta 33 (2012) 795-802, https://doi.org/10.1016/j.
placenta.2012.06.015.

C. Schmitz, L. Yu, S. Bocca, S. Anderson, J.S. Cunha-Filho, B.S. Rhavi,

S. Oehninger, Role for the endometrial epithelial protein MFG-E8 and its receptor
integrin avf3 in human implantation: results of an in vitro trophoblast attachment
study using established human cell lines, Fertil. Steril. 101 (2014) 874-882,
https://doi.org/10.1016/j.fertnstert.2013.12.015.

L. Yu, R. Hu, C. Sullivan, R.J. Swanson, S. Oehninger, Y.-P. Sun, S. Bocca, MFGE8
regulates TGF-p-induced epithelial mesenchymal transition in endometrial
epithelial cells in vitro, Reprod. Camb. Engl. 152 (2016) 225-233, https://doi.org/
10.1530/REP-15-0585.

S. Espino Y Sosa, A. Flores-Pliego, A. Espejel-Nunez, D. Medina-Bastidas, F. Vadillo-
Ortega, V. Zaga-Clavellina, G. Estrada-Gutierrez, New insights into the role of
matrix metalloproteinases in preeclampsia, Int. J. Mol. Sci. 18 (2017), https://doi.
org/10.3390/ijms18071448.

M.R. Hentschke, C.E. Poli-de-Figueiredo, B.E.P. da Costa, L.O. Kurlak, P.

J. Williams, H.D. Mistry, Is the atherosclerotic phenotype of preeclamptic placentas
due to altered lipoprotein concentrations and placental lipoprotein receptors? Role
of a small-for-gestational-age phenotype, J. Lipid Res. 54 (2013) 2658-2664,
https://doi.org/10.1194/jlr.M036699.

V. Sitras, R.H. Paulssen, H. Grgnaas, J. Leirvik, T.A. Hanssen, A. Vartun,

G. Acharya, Differential placental gene expression in severe preeclampsia, Placenta
30 (2009) 424-433, https://doi.org/10.1016/j.placenta.2009.01.012.

J. Briese, S. Sudahl, H.M. Schulte, T. Loning, A.-M. Bamberger, Expression pattern
of the activating protein-1 family of transcription factors in gestational
trophoblastic lesions, Int. J. Gynecol. Pathol. Off. J. Int. Soc. Gynecol. Pathol. 24
(2005) 265-270, https://doi.org/10.1097/01.pgp.0000163023.49965.10.

Y. Wang, Y. Gu, M.J. Lucas, Expression of thrombin receptors in endothelial cells
and neutrophils from normal and preeclamptic pregnancies, J. Clin. Endocrinol.
Metab. 87 (2002) 3728-3734, https://doi.org/10.1210/jcem.87.8.8727.

K.E. Sloan, B.K. Eustace, J.K. Stewart, C. Zehetmeier, C. Torella, M. Simeone, J.
E. Roy, C. Unger, D.N. Louis, L.L. Ilag, D.G. Jay, CD155/PVR plays a key role in cell
motility during tumor cell invasion and migration, BMC Canc. 4 (2004) 1-14,
https://doi.org/10.1186,/1471-2407-4-73.

M. Hoffmann, H. Kleine-Weber, S. Schroeder, N. Kriiger, T. Herrler, S. Erichsen, T.
S. Schiergens, G. Herrler, N.-H. Wu, A. Nitsche, M.A. Miiller, C. Drosten,

S. Pohlmann, SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is
blocked by a clinically proven protease inhibitor, Cell 181 (2020) 271-280,
https://doi.org/10.1016/j.cell.2020.02.052, e8.

A.P. Mahyuddin, A. Kanneganti, J. Wong, P.S. Dimri, L.L. Su, A. Biswas, S.

E. Illanes, C. Mattar, R.-J. Huang, M. Choolani, Mechanisms and evidence of
vertical transmission of infections in pregnancy including SARS-CoV-2, Prenat.
Diagn, 2020, https://doi.org/10.1002/pd.5765.

R. Pique-Regi, R. Romero, A.L. Tarca, F. Luca, Y. Xu, A. Alazizi, Y. Leng, C.-D. Hsu,
N. Gomez-Lopez, Does the human placenta express the canonical cell entry
mediators for SARS-CoV-2? ELife 9 (2020) https://doi.org/10.7554/¢Life.58716.
B.A.T. Weatherbee, D.M. Glover, M. Zernicka-Goetz, Expression of SARS-CoV-2
receptor ACE2 and the protease TMPRSS2 suggests susceptibility of the human
embryo in the first trimester, Open Biol 10 (2020) 200162, https://doi.org/
10.1098/rs0b.200162.

D. Cui, Y. Liu, X. Jiang, C. Ding, L.C. Poon, H. Wang, H. Yang, Single-cell RNA
expression profiling of ACE2 and TMPRSS2 in the human trophectoderm and
placenta, Ultrasound Obstet. Gynecol. Off. J. Int. Soc. Ultrasound Obstet. Gynecol.
(2020), https://doi.org/10.1002/u0g.22186.

A.A. Seethy, S. Singh, I. Mukherjee, K. Pethusamy, K. Purkayastha, J.B. Sharma,
R. Dhar, S. Karmakar, An in Silico Analysis of Potential SARS-CoV-2 Interactions
with Proteins Involved in Placental Functions, 2020, https://doi.org/10.20944/
preprints202005.0333.v1.

P. Wintermark, T. Boyd, M.M. Parast, L.J. Van Marter, S.K. Warfield, R.

L. Robertson, S.A. Ringer, Fetal placental thrombosis and neonatal implications,
Am. J. Perinatol. 27 (2010) 251-256, https://doi.org/10.1055/5-0029-1239486.


https://doi.org/10.1093/nar/gky1131
https://doi.org/10.1038/s12276-019-0211-9
https://doi.org/10.1038/s12276-019-0211-9
https://doi.org/10.1053/plac.2000.0580
https://doi.org/10.1161/ATVBAHA.114.303534
https://doi.org/10.1053/plac.2002.0912
https://doi.org/10.1128/JVI.01134-06
https://doi.org/10.1128/JVI.01134-06
https://doi.org/10.1093/molehr/gax024
https://doi.org/10.3892/etm.2019.7798
https://doi.org/10.3892/ijo.2019.4825
https://doi.org/10.1016/j.placenta.2015.10.008
https://doi.org/10.1016/j.placenta.2015.10.008
https://doi.org/10.1007/s00418-011-0784-4
https://doi.org/10.1016/j.placenta.2009.01.007
https://doi.org/10.1074/jbc.M200003200
https://doi.org/10.1074/mcp.M500279-MCP200
https://doi.org/10.1074/mcp.M500279-MCP200
https://doi.org/10.1002/cbin.10636
https://doi.org/10.1038/srep45327
https://doi.org/10.15252/embr.201949530
https://doi.org/10.1038/s41586-018-0753-3
https://doi.org/10.1038/s41586-018-0753-3
https://doi.org/10.2174/1389203013381116
https://doi.org/10.2174/1389203013381116
https://doi.org/10.1530/REP-15-0126
https://doi.org/10.1530/REP-15-0126
https://doi.org/10.1210/en.2008-0456
https://doi.org/10.1016/j.ydbio.2013.08.005
https://doi.org/10.1128/JVI.02146-06
https://doi.org/10.1128/JVI.02146-06
https://doi.org/10.1128/JVI.02277-12
https://doi.org/10.1016/j.placenta.2012.06.015
https://doi.org/10.1016/j.placenta.2012.06.015
https://doi.org/10.1016/j.fertnstert.2013.12.015
https://doi.org/10.1530/REP-15-0585
https://doi.org/10.1530/REP-15-0585
https://doi.org/10.3390/ijms18071448
https://doi.org/10.3390/ijms18071448
https://doi.org/10.1194/jlr.M036699
https://doi.org/10.1016/j.placenta.2009.01.012
https://doi.org/10.1097/01.pgp.0000163023.49965.10
https://doi.org/10.1210/jcem.87.8.8727
https://doi.org/10.1186/1471-2407-4-73
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1002/pd.5765
https://doi.org/10.7554/eLife.58716
https://doi.org/10.1098/rsob.200162
https://doi.org/10.1098/rsob.200162
https://doi.org/10.1002/uog.22186
https://doi.org/10.20944/preprints202005.0333.v1
https://doi.org/10.20944/preprints202005.0333.v1
https://doi.org/10.1055/s-0029-1239486

A.A. Seethy et al.

[72] A.M. Abbas, O.A. Ahmed, A.S. Shaltout, COVID-19 and maternal pre-eclampsia: a
synopsis, Scand. J. Immunol. 92 (2020), €12918, https://doi.org/10.1111/

sji.12918.

Placenta 103 (2021) 141-151

[73] D.W. Huang, B.T. Sherman, R.A. Lempicki, Systematic and integrative analysis of
large gene lists using DAVID bioinformatics resources, Nat. Protoc. 4 (2009) 44-57,
https://doi.org/10.1038/nprot.2008.211.

[74] V. Stefanovic, COVID-19 infection during pregnancy: fetus as a patient deserves
more attention, J. Perinat. Med. (2020), https://doi.org/10.1515/jpm-2020-0181.

151


https://doi.org/10.1111/sji.12918
https://doi.org/10.1111/sji.12918
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1515/jpm-2020-0181

