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Abstract

Background: The placenta remains one of the least studied organs within the human body. Yet, placental dysfunc-
tion has been associated with various pregnancy complications leading to both maternal and fetal death and long-
term health consequences. The aim of this study was to characterise the protein networks of healthy term placental
sub-anatomical regions using label free quantification mass spectrometry.

Methods: Three healthy placentae were sampled at five sample sites and each biopsy was dissected into maternal-,
middle-, and fetal- sub-anatomical regions. Quadrupole-orbitrap mass spectrometer was used in data dependant
analysis mode to identify 1859 unique proteins before detailed differential expression between regions.

Results: Protein profiling identified 1081, 1086, and 1101 proteins in maternal, middle, and fetal sub-anatomical
regions respectively. Differentially expressed proteins were identified considering the effect between sample site
location and sub-anatomical region on protein expression. Of these, 374 differentially expressed proteins (Two-way
ANOVA adjusted p-value <0.05, HSD Tukey adjusted p-value 0.05) were identified between sample site locations and
sub-anatomical regions. The placenta specific disease map NaviCenta (https://www.sbi.uni-rostock.de/minerva/index.
xhtml?id=NaviCenta) was used to focus functional analysis results to the placenta specific context. Subsequently,
functional analysis with a focus on senescence, and mitochondrial function were performed. Significant differences
were observed between sub-anatomical regions in protein intensity and composition. A decrease in anti-senescent
proteins within the maternal sub-anatomical region, and an increase in proteins associated with a switch from ATP to
fatty acid consumption as a source of energy between middle and fetal sub-anatomical regions were observed.

Conclusion: These results suggest that normal proteomic variations exist within the anatomical structure of the
placenta, thus recommending serial sectioning methodology for consistent placental research.
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Background

The placenta is a complex organ playing a critical role
in the development and preservation of a healthy preg-
nancy. It is appropriately defined by Harland Mossman
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Nevertheless, the placenta remains the least studied
organ in the human body, whose structural and func-
tional composition have possible implications for long
term maternal and child health outcomes [4, 5]. A healthy
placenta at term is a disc shaped organ around 22 cm in
diameter and weighing approximately 500 g [2]. Although
the placental is a fetal organ, its anatomical regions can
be loosely termed as: Maternal and Fetal, based on its
proximity to foetus [6, 7]. This multifaceted transient
organ is characterised by different anatomical struc-
tures; the chorionic plate with umbilical cord attached,
at the fetal side (fetal sub-anatomical region), the basal
plate which borders the maternal endometrium (mater-
nal sub-anatomical region) and the intermediate region
connecting the basal plate and chorionic plate (middle
sub-anatomical region) [8, 9]. Placental villi, the core
structural unit are classified as stem villi which connect
to the chorionic plate with limited exchange functional-
ity; intermediate villi classified as mature or immature
consisting of cytotrophoblast subtypes with differing
functional roles and the syncytiotrophoblasts layer which
acts as principal transfer site especially in first and sec-
ond trimester. As pregnancy progresses the terminal villi
which are completely formed at 20 weeks’ gestation, are
the dominant morphological feature with syncytiotroph-
oblasts being immersed in maternal blood facilitating its
functional role in nutrient and gaseous exchange [6, 10].
The placenta ages gradually as the pregnancy proceeds.
At 40 weeks of gestation, the placenta is at its verge of
decline, exhibiting morphological and physiological
senescence [11]. However, in presence of undesirable
oxidative stress, placental aging may be accelerated in
certain pregnancy conditions such as preeclampsia (PE),
intrauterine growth restriction (IUGR) and stillbirth,
characterized by both mitochondrial dysfunction and
premature cellular senescence [12, 13].

The placental proteome has been used to further our
understanding of the molecular mechanisms involved in
development of the placenta and in the pathophysiology
of placental disorders [3]. Furthermore, this technology
has been used in clinical research to aid in the discovery
of protein or metabolite biomarkers to incorporate as a
diagnostic tool for clinical utility [14]. Proteomics has
been widely used in pregnancy complication such as PE
and IUGR, by using novel methods in specific trimester
of pregnancies, for diagnosis, and understanding patho-
physiological mechanism to improve maternal and neo-
natal health outcomes [15].

Uniformity of placental sampling has been lacking in
research with some studies focusing on single placental
sampling sites which may not always be representative of
the global signature of this large heterogenous metabolic
organ. Standardization of placental tissue sampling can
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improve the quality of placental research, and facilitate
sharing of samples between groups, allowing larger data-
sets to be generated [16]. Burton et al., summarized the
factors such as methodological flaws including sampling
and processing samples that might be limiting placental
research [17]. The aim of this research was to determine
the proteomic signature of a healthy term placenta, while
investigating proteomic composition and molecular
pathways enriched across the placental sub-anatomical
regions.

Methods

Patient recruitment and sample collection

Subjects were recruited as part of the COMRADES
Study, a non-interventional cohort study of nulliparous
singleton pregnancies with the aim of characterizing
placental premature senescence in preeclampsia (PE)
and Intra-uterine growth restriction (IUGR). The COM-
RADES study was conducted according to the guidelines
laid down in the Declaration of Helsinki, and all the pro-
cedures were approved by the Clinical Research Ethics
Committee of the Cork Teaching (ECM4 (ff) 04/12/18).
All women provided written informed consent to take
part in the study. Three normotensive, healthy preg-
nant participants with no obstetric complications were
recruited as a part of the COMRADES Study between
February and July 2020. Placental samples were collected
from nulliparous, singleton pregnancies undergoing
Caesarean section for non- obstetric indications such as
breech presentation with consent from the participants.
Placental sampling was completed within 20 min of deliv-
ery, snap frozen in liquid nitrogen and stored at -80 °C for
long term storage. Placental sectioning was performed in
accordance with the standard protocol described by Bur-
ton et al. [16].

Tissue samples [2—-4 c¢m in diameter] were isolated
from 5 different sample sites across the placenta. We
defined the sub-anatomical regions of the placenta as:
maternal, middle, and fetal to evaluate the basal plate,
chorionic plate and the middle part connecting the two
surfaces of the placenta. Sectioning was performed by
keeping close to the fetal membrane from the chorionic
plate, the maternal part was sectioned closer to the basal
membrane and the middle region was selected from
between maternal and fetal sections (Additional file 1:
Figure S1). Fetal membranes were not included in the
sectioning [16].

Protein extraction and quantification

Processing of placental tissue for proteomics analysis
was based on previously established laboratory protocols
[18]. Placental tissue (50 mg) was homogenized using
TissueLyser II (Qiagen, Germany) and protein isolated)



Manna et al. Clinical Proteomics (2023) 20:1

using Tetraethylammonium bicarbonate (TEAB) buffer
(Sigma-Aldrich, Ireland) in presence of Phosphatase
inhibitor (PhosSTOP™, Roche, Ireland) and Protease
Inhibitor (Roche, Ireland) Mechanical tissue homog-
enization. Protein quantification was assessed with BCA
Assay (Pierce” Thermo Fisher Scientific, USA) and pro-
tein volume adjusted to 50 pg/50 ul concentration with
MS grade dH,O (Additional file 2).

Protein solubilisation and desalination

Protein solubilisation and desalination process has been
previously described [18]. Protein enzymatic digestion
was performed using Trypsin (Promega, MyBio, Ireland)
with the aid of Rapigest (1%) solution (Waters, Ireland).
To aid with Trypsin (Promega — details) 50 mM Tris(2-
carboxyethyl) phosphine hydrochloride (TCEP) (Sigma-
Aldrich, Ireland) solution was added to the denatured
proteins and samples reduced for 60 min at 60 °C, fol-
lowed by addition of 200 mM Indole-3-acetic acid (IAA)
solution (Sigma-Aldrich, Ireland) to alkylate proteins,
which were incubated overnight at 37 °C with 1:100
sequential grade trypsin according to manufacturer’s
instruction followed by addition of 1% Formic acid was
used to stop digestion. Precipitation of Rapigest was
done by centrifuging samples at 13,000 rpm for 10 min
and supernatants collected and air dried on MiVac
Quattro sample concentrator (Fisher Scientific, Swe-
den) followed by resuspension in 0.5% Formic Acid (FA)
(Sigma-Aldrich, Ireland). Desalting and sample clean-
up was performed using Zip-Tip columns with 0.6 pl
binding volume C18 resin (Sigma-Aldrich, Ireland). For
maximum binding of protein to resin present on zip-tip
column, the tips are equilibrated using 0.1% Trifluoro-
acetic acid (TFA) in H20; followed by washing and bind-
ing of protein, and finally the protein are eluted into 10 pl
elution solution composed of 50% ACN in 0.1% TFA. The
process was repeated to achieve 1 pg/pl concentration.
The samples are then re-dried on MiVac Quattro sample
concentrator (Fisher Scientific, Sweden) and all samples
were resuspended in 0.1% FA to 1 ug/pl volume for LC—
MS/MS analysis. Equal aliquots of digested protein in
the experiment were pooled into one sample for internal
quality control (QC) standard which was injected three
times at the beginning of the MS study and throughout
the experiment every 10 to condition the column and
monitor the MS performance. LC-MS/MS analysis was
performed in the Proteomics Core in the Conway Insti-
tute of Biomolecular and Biomedical Research, UCD,
Dublin.

Mass spectrometry (MS) sample preparation
Proteomics samples were enzymatically digested with
Trypsin (Promega sequencing grade) according to
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manufacturer’s instruction and in the presence of Rapi-
gest SF (Waters). Briefly, samples were first reduced with
Tris(2-carboxyethyl) phosphine hydrochloride (TCEP)
at 60 °C for 60 min, and alkylated with Iodoacetamide
(IAA, final concentration y mM) for 30 min in the dark,
prior to the addition of trypsin in a ratio of enzyme to
protein of 1:100 (w/w). The samples were incubated over-
night at 37 °C followed by addition of 1% Formic acid the
next morning to stop digestion and precipitate the Rapi-
gest. Removal of Rapigest by-products was performed
by centrifugation of samples at 13000 rpm for 10 min
and supernatants collected and dried under vacuum
with a MiVac Quattro sample concentrator (Fisher Sci-
entific, Sweden). The dried digests were resuspended in
0.5% Formic Acid (FA) (Sigma-Aldrich, Ireland) prior to
de-salting with C18 ZipTips (Millipore). Finally, the de-
salted digests were resuspended in 0.1% FA for LC-MS/
MS analysis. Equal aliquots of digested protein from each
sample in the experiment were pooled into a single sam-
ple for an internal quality control (QC) standard which
was injected three times at the beginning of the MS study
and throughout the experiment every 10 samples, and to
condition the column and monitor the MS performance.
LC-MS/MS analysis was performed in the Proteomics
Core in the Conway Institute of Biomolecular and Bio-
medical Research, UCD, Dublin.

Mass spectrometry

All samples were injected in a randomized sequence
combining Internal standards and samples for discov-
ery of sub anatomical region proteomic profiles. 5 pl of
each sample was injected in duplicate onto the Thermo
Scientific Q-Exactive® connected to a Dionex Ultimate
3000 High-performance Liquid Chromatography (HPLC)
system. The digests were loaded onto a fused silica emit-
ter (75 pm ID), pulled using a laser puller (Sutter Instru-
ments P2000) and packed with UChrom C18 (1.8um)
reverse phase media (nanoLCMS Solutions LCC). Pep-
tides were separated using an increasing acetonitrile
gradient (250nL/min) for 60 min [18]. The mass spec-
trometer was operated in data dependent analysis (DDA)
mode on a TopN 12 mode with setting: mass range 300-
1600Th; resolution for MS1 scan 70,000; AGC target 3e6;
resolution for MS2 scan 17,500; AGC target 2e4; charge
exclusion unassigned, 1; dynamic exclusion 40 s.

Bioinformatics and data pre-processing

Raw data obtained from LC-MS/MS runs were searched
against the Uniprot Human reference proteome
UP000005640 (downloaded 24-05-2021) with Max-
Quant (version 1.6.17) using default settings and addi-
tionally including the ‘Match Between Runs’ and ‘Label
free quantification (LFQ)  options. The ProteinGroups.
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txt output file obtained from the MaxQuant analysis was
processed in Perseus (version 1.6.15.0). Data was filtered
to remove possible contaminants. Samples were cat-
egorised by sub-anatomical region. LFQ intensity data
was log2 transformed, and proteins not identified in all
biological replicates were removed. After rigorous filter-
ing to assure reproducibility, including filtering for valid
values in at least 100% of biological replicates, 70% valid
values of samples per sample site, and 70% valid values
of samples per sub-anatomical region, these proteomic
differences did not persist. Furthermore, proteins absent
in 70% of samples in at least one sub-anatomical region/
sample site were removed. Missing values were replaced
by values from the normal distribution.

Statistical analysis

Statistical analysis was conducted using the built-in
statistical tests in Perseus. To analyse the effect of sub-
anatomical region and sample site on protein expression
a two-way ANOVA was performed. Two-way ANOVA
models allow accounting for more than one known
source of variation. In this study “sub-anatomical region”
and “sample site” were considered independent vari-
ables and LFQ protein intensity was the dependent vari-
able (https://www.ncbi.nlm.nih.gov/pmc/articles/PMC25
28956/pdf/nihms60473.pdf). Simple main effects were
analysed using simple ANOVA and Tukey’s HSD tests.
The results were corrected for false discovery (p<0.05)
within Perseus [19].

Pathway analysis

Functional analysis of differentially overrepresented gene
ontology (GO) terms and pathways associated with dif-
ferentially expressed proteins, was performed using
Cytoscape v 3.9.1 ClueGO plugin [20]. GO and path-
way term overrepresentation results were corrected for
false discovery using Bonferroni step down correction
(p<0.05) and considered significantly overrepresented
with an adjusted p value <0.5.

Placenta specific characteristics

The term disease map was defined as “a comprehensive,
knowledge-based representation of disease mechanisms”
[21, 22]. The NaviCenta consists of human and machine-
readable representations of processes involved in healthy
and dysfunctional placentae in SBGN process description
and activity flow (https://www.sbi.uni-rostock.de/miner
va/index.xhtml?id=NaviCenta). Phenotype predictions
based on user defined data uploaded onto the NaviCenta
were performed with plugins [23]. The uploaded infor-
mation consisted of HGNC identifiers for the genes of all
identified proteins, their difference score as calculated in
Perseus, and adjusted p values.
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Mitochondria and senescence specific function analysis
Identified proteins that map to mitochondrial function
were filtered using or the products of genes associated
with mitochondrial functions incorporating information
from the Human Protein Atlas mitochondrial sub-cel-
lular location (www.proteinatlas.org) [24], MitoXplorer
human interactome [25], and MitoCarta3.0 [26]. The
overlap between mitochondrial protein and gene data-
bases, proteins identified in maternal, middle, and fetal
regions were visualized using InteractiVenn [27]. Sepa-
rately, DEPs were filtered to exclusively contain proteins
that map to senescence associated molecular process.
Senescence associated proteins and genes were identi-
fied from the Human Ageing Genomic Resource College
Build 20 [28], Cell Senescence Gene Database CSGene
[29], and the NCBI gene database with search key “senes-
cence” (https://www.ncbi.nlm.nih.gov/gene/?term=senes
cence, accessed October 2021). GO biological process
terms were visualized using the R Version 4.0.5 and R
package GOPlot [30].

Results

Study demographics

Patient demographic and clinical information can be
found in Table 1. Each placenta had five sample sites
(A-E) taken across the placenta. These samples were then
separated into three sub-anatomical regions: fetal, mid-
dle, and maternal (Additional file 1: Figure S1; resulting
in a total number of 45 samples. Sub-anatomical regions
were confirmed histologically (Additional file 1: Figure
S1).

Proteome profile shows variation across placental regions
and sample sites

In total 1081, 1086, and 1101 proteins were identified
in maternal, middle, and fetal sub-anatomical regions,
respectively. We identified 14, 8, and 21 proteins as

Table 1 Patient demographics and clinical
recruited women

parameters of

Characteristics Mean +SD
Maternal age (years) 346+£25
BMI (kg/m?) 236+4.1
Parity 0
Gestational age (days) 270.7+55
Systolic BP (mm Hg) 1220+£75
Diastolic BP (mm Hg) 747+55
Fetal weight (kg) 33+02
Fetal individualized customised centile 529454
Maternal smoking/tobacco habit no
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exclusive to the maternal, middle, or fetal sub-anatomical
regions, respectively (Fig. 1).

We analyzed fifteen individual samples were available.
Contaminants were removed from further analysis.

EnrichR Cell Marker Database [31] cell type prediction
identified only minor differences between sub-anatom-
ical regions (Additional file 1: Figure S2). Although pla-
cental tissues were not specifically implicated based on
cell markers, most enriched cell types indicate fetal tis-
sues, such as monocytes from fetal kidney, natural killer
T (NKT) cells from fetal kidney, mitotic fetal germ cells
and other phenotypically similar cell types, which is in
line with the placenta being a fetal organ.

Proteomic differences were also found between sam-
ple sites, with 520 unique proteins identified in sample
site E (Additional file 1: Figure S3). ClueGO functional
analysis showed that in particular proteins aligning with
GO terms of membrane organization, protein-contain-
ing complex and subunit organization, vesicle-mediated
transport, organo-nitrogen compound biosynthetic pro-
cess, and translation initiation factor activity are over-
represented (Additional file 1: Figure S4). All unique
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proteins to sample site E but SNRPD2, SPP2, EPS8-11,
and ACAA2 were filtered out for the analysis of both sub-
anatomical region and sample site considering biological
replicates.

The placental proteome varies with sub-anatomical region
Two-way ANOVA considering both sub-anatomical
region and sample site revealed 374 out of 1038 DEPs
(adjusted  p-value<0.05) between sub-anatomical
regions. Strong interaction between the effect of sample
site and sub-anatomical region on LFQ protein inten-
sity was indicated (p-value interaction<0.05) for some
proteins. The intensity of biological replicates of four
proteins (CBR1, HBG2, ANXA4, and FHL1) which dem-
onstrates the highest interaction between sub-anatomical
region and sample site on protein intensity are shown in
Fig. 2. No pattern was apparent, allowing the separate
analysis of DEPs between sub-anatomical regions and
sample sites.

Simple ANOVAs revealed no significant DEPs
between sample sites. Sub-anatomical region com-
parison maintained the previously identified 374

ACOT13 ECI1
CAV1 FKBP1A
CNBP HTRA1
DNM1L IGFBP1

listed next their respective sub-anatomical region

MFAPS
NSF
STRAP

ABHD14B
ASNA1
ATP5D
CAPNS1
CAPS
CHMP4B
COPS5
CSE1L
EFTUD2
GPX1
HBQ1
HEXA
MAPK3
NEDD8
PSMD8
RPL10
SEC23B
TMEM33
TOM1
UFM1
VPS26A

METTL7A TIMP3

IGKV1-5

Fig. 1 Venn diagram of identified proteins in middle, fetal, and maternal regions. Proteins identified in exclusively one sub-anatomical region are
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DEPs. Maternal vs middle sub-anatomical region
comparison revealed 128 wupregulated, and 152
downregulated DEPs on the maternal side. Mater-
nal vs fetal comparison revealed 115 upregulated,
and 123 downregulated DEPs, respectively. Middle
vs fetal sub-anatomical region comparison revealed
64 upregulated, and 41 downregulated DEPs in the

middle sub-anatomical region (Table 2, Additional
file 1: Figure 3).

The top three up and downregulated DEP are detailed
in Table 2. These proteins are associated with an array of
molecular functions such as actin binding, protein bind-
ing, DNA binding, heparin binding, lipid binding and
collagen binding.
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Table 2 Summary of differentially expressed proteins (HGNC identifier) between maternal, middle, and fetal sub-anatomical regions

Up DEP

Top 3 DEP

FC

Down DEP

Top 3 DEP

FC

Maternal vs middle sub-
anatomical region

Maternal vs fetal sub-
anatomical region

Middle vs fetal

128

115

MYH1

NUTF2*

CFHR
MYH1

COL14AT***
NUTF2**

pzp**

SCIN®*
LTF**

[

148
1.01
0.80

1.24
1.16
1.00

2.29
0.80
0.70

152

xxe

1 *x%

*

PZP***
SCIN***

KDELC2***

KRT19***
SNRPD2*
CAPS*

SNRPD2**

ERAP***

- 141
—1.15
—-0.79

- 071
— 069
— 052

— 074
— 0.66
— 046

*

Top three DEPs MYH11, NUTF2, CFHr1, COL14A1, NUTF2, PZP, SCIN, LFT based on highest fold change (FC). Adjusted p val <0.05, up = upregulated,
down =downregulated. *** = adjusted p val <0.001, ** =adjusted p val <0.01, *=adjusted p val < 0.05. p values adjusted for FDR

Functional analysis of placenta regions and sample site

proteome

To further our understanding of functional differences
between sub-anatomical regions based on associated
DEP, functional analysis was conducted. DEP of mater-
nal vs fetal, maternal vs middle, middle vs fetal sub-ana-
tomical regions were directly compared within ClueGO
regarding biological process gene ontology (GO), molec-
ular function GO, and cellular component GO over-
representation. As there was overlap between up and

downregulated DEPs (Additional file 1: Figure S4), func-

tional comparisons were separated to consider upregu-

lated DEPs and downregulated DEPs [20].

GO overrepresentation analysis indicated a number
of biological processes and molecular functions to be
enriched (Fig. 3). Processes and functions important in
inflammation, humoral and stress responses were over-
represented in both up and down regulated proteins.
Processes associated with transcription and translation,
such as regulation of RNA, RNA catabolic processes, and
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Fig. 3 ClueGO functional analysis of differentially expressed proteins (DEP) between maternal, middle, and fetal sub-anatomical regions.
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phenylpyruvate
tautomerase activity intramolecular

leukocyte mediated
immuni

>

extracellular matrix
organization

negative regulation

of proteolysis. hydrogen peroxi

metabolic process.

antigen processing
presentation of
endogenous
peptide antigen

muscle filament  basement
Siiding membrane
peroxidase activity

endopeptidase
inhibitor activity

i Speneoee,

relationship between GO terms is indicated by edges

humora! indiang |\
Sponso;

protein targeting to
ER

organization

regulation of RNA splicing
positive regulation of MRNA
splicing, via spliceosome
regulation of
mRNA processing

complement
activation
negative regulation of
collular catabolic process
‘aggative reguialich

MRNA
‘melabolic process

MRNA stabilization

cytoplasmic
; CROD-mediated mRNA stabilzation transiation
o
vesiclo-mediated
transport to the
plasma mombrane
. reguiation of DNA
maintenance of  "*Blosynihetic N
acute inflammatory blood-brain barrier process organization
espont

coll-cell adhesion ~ endocytic recycling

mediator activity

protein localization

to bicellular tight
junction

ide

cadherin binding involved
in cell-celladhesion
reassombly
leukocyte
degranuiation, S
| organization

tissue homeostasis intestinal absorption N

cholesterol
colagen fibril ~ Sholosterel positive regulation of protein
organization o rane ocalization to cell periphery

poly-pyrimidine
tract binding

mRNA binding

single-stranded MRNA 3-UTR binding

'RNA binding

mRNA 3-UTR AU-rich
region binding

Srganelie

vesicle localization

Downregulated DEP

cellular aldehyde
metabolic process

positive regulation

receptor metabolic
‘of intracellular Process

antigen processing
‘and presentation of
‘exogenous antigen

‘antigen processing
and presentation
of peptide antigen

localization

synaptic vesicle
transport

ostablishment of p

synaptic vesicle

regulation of cholesterol
biosynthetic process.
mitotic nucloar

response to

nucleotide-sugar o L

biosynthetic

cellular response to
corticalactin  transferrin unfolded protein
Cytoskeleton  yo0o

organization  transport

response to

Golgi localization interleukin4

carbon-oxygen
Iyase activity
translation elongation
factor activity
translation
regulator activity,

hucleic acid binding

hydro-lyase activity

MHC class Il protein

1-phosphatidylinositol
binding coll-cell adhesion
‘mediator activity

mMRNA 5-UTR
binding cadherin binding involved

in cell-cell adhesion

compgX binding oxidoreductase

telomerase activity SNARE binding

glyoxylate metabolic - metabolic process

G2/M transition of

nitric oxide

antigen processing and
presentation of peptide
antigen via MHC class |

morphogenesis of a
polarized epithelium
essing and presentation

dependent
regulation of G2IM
transition of

L mitotic cell cycle

f
plasma lipoprotein
itotic cell cycle particle clearance

regulator activity
viral translation

modulation of
process of other
organism involved
i symbiotic
interaction

interleukin-12-mediated
signaling pathway

cadherin binding

low-densi
lipoprotein particle
receptor binding

phosphatidylinositol
binding




Manna et al. Clinical Proteomics (2023) 20:1

regulation of DNA biosynthetic process were primarily
overrepresented in downregulated DEPs in the maternal
compared to the fetal sub-anatomical region. Processes
associated with intracellular transport were primarily
enriched in downregulated DEPs in the maternal com-
pared to the middle sub-anatomical region (Table 3).

Mitochondria and senescence associated processes and
functions such as, regulation of G2/M transition mitotic
cell cycle, nitric oxide metabolism, oxidoreductase activ-
ity, and telomerase activity were overrepresented in
downregulated DEPs between maternal and middle sub-
anatomical regions. Proteins associated with glyoxylate
metabolic processes were overrepresented in downregu-
lated DEPs between maternal and middle or fetal sub-
anatomical regions.

Terms that are overrepresented in general but not
significant to one specific comparison group are visual-
ized in grey. Upside arrows indicate upregulation, and
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downside arrows downregulation. Simplified results are
summarized, including adj. p value (significance) indica-
tor and associated proteins.

GO overrepresentation analysis revealed a myriad of
differentially regulated processes and functions. In order
to focus results further, and make them placenta specific,
we used the NaviCenta, a placenta specific disease map.
In contrast to traditional methods to characterize the
function of deregulated genes or proteins the NaviCenta
allows for consideration of DEPs including their respec-
tive fold change.

Placenta specific functional analysis

Placenta specific phenotype prediction showed the
proteins found in the maternal sub-anatomical region
indicate increased endothelial cell (EC) migration, EC
apoptosis, and EC proliferation in comparison to both
middle and fetal sub-anatomical regions. The phenotypes

Table 3 Summary table of GO terms overrepresented in DEPs between maternal and middle sub-anatomical region (blue), maternal
and fetal sub-anatomical region (red), middle and fetal sub-anatomical region (pink), compared to each other

GO term Proteins Significance [*]
regulation of DNA biosynthetic process ¥ DDX398,HNRNPA1, HNRNPD, HNRNPU, HSP90AAT,HSPOAB1,NIBAN2 *
regulalion of MRNA processing CIRBP, DDX17, DHX9, HNRNPA1, HNRNPU, HSPAS, PRDX6, PTBP1, SNRNP70 **

regulation of mMRNA splicing

positive regulation of mRNA splicing via spliceosome
negative regulation of cellular catabolic process
negative regulation of mMRNA metabolic process
(CRD-mediated) mRNA stabilization

CIRBP, HSPA8, PRDX6, SNRNP70
CIRBP. HSPA8, PRDX6. SNRNP70

DHX9, HNRNPU, SYNCRIP

transcription and translation

mRNA 3-UTR AU rich region binding
mRNA 5"-UTR binding
poly-pyrimidine tract binding

ELAVL1, HNRNPAO, HNRNPD
IGF2BP3, RPS3A, SYNCRIP
HNRNPH1, HNRNPU, PABPC1, PTBP1

*
*

CIRBP, DHX9, ELAVL1, HNRNPAO, HNRNPD, HNRNPU, HP, HSP90AB1, PABPC1, SCFD1, SEC22B, SNRNP70, SYNCRIP, USP14 ***
CIRBP, DHX9, ELAVL1, HNRNPAO, HNRNPD, HNRNPU, PABPC1, PTBP1, SYNCRIP wkk

*k

translation regulator activity ¥ CIRBP. EEF1B2, EEF2, EIF3B, EIF4A1, EIF4H, IGF2BP3. PABPC1, RPS9. TUFM ok

mRNA binding ¥ ACO1, CARHSP1, CIRBP, DHX9, EIF4A1, ELAVL1, HNRNPAQ, HNRNPD, HNRNPM, HNRNPU, IGF2BP3, PABPC1, PCBP1, PCBP2, ik
PTBP1, PURB, RPS3A, RPSS, SERBP1, SNRNP70, SYNCRIP, TPR

single-stranded RNA binding ANXA1, DHX9, EIF4H, HNRNPA1, HNRNPH1, HNRNPU, PABPC1, PTBP1 wexx

*
*
*k

translation elongation factor aclivity ¥ EEF1B2, EEF2, TUFM *
[
% cholesterol biosynthetic process *
@ ion of i ic process APOB, KPNB1, RAN, VDAC2 *
_g low-density lipoprotein particle receptor binding + AP2A1, AP2M1, APOB, CSRP1, LRPAP1, PICALM Fkk
®
2 glyoxylate metabolic process ¥ ALDH4A1, IDH1, IDH2 *
§ regulation of G2iM transilion of mitotic cell cycle ¥ DYNC1H1. DYNC1I2, FHL1, HSP90AA1, PPP2R1A, PSMC2, PSMC3, PSMD13. PSMD2, TUBA1A, TUBB, TUBB4B **
g nitric oxide metabolic process + ASS1, CYB5R3, DDAH2, DNM2, HSPS0AA1, HSPS0AB1, VDAC2 dkk
@ G2/M transition of mitotic cell cycle ¥ DNM2, DYNC1H1, DYNC112, FHL1, HSP90AA1, PPP1CB, PPP2R1A, PSMC2, PSMC3, PSMD13, PSMD2, TUBA1A, TUBB, TUBB4B s
B
© carbon-oxygen lyase activity ¥ ACO1. FASN, HADHA, HADHB. TPI1, XRCC6 *%x
© - !
.= oxidoreductase activity, acting on the CH-OH
-é group of donors, NAD or NADP s acceptor ¥ AKR1B1, AKR7A2, CBR1, FASN, HADHA, HADHB, HSD17B1, IDH1, IDH2, LDHB, MDH1, PGD, TSTA3 ok
_g telomerase activity * HNRNPD, HSP90AA1, HSPS0AB1 *
8 cysteine-type endopeptidase inhibitor activity + LTF, PRDXS5, SERPINBS *
=
€
transferrin transport 13 CIRBP, HSPA8, PRDXS, SNRNP70 *k
£ endocytic recydling ¥ ARHGAP1, EHD1, EHD2, RAB11B, RAB14, RAB7A, SNX3 ok
% receptor metabolic process * AP2A1, AP2M1, CAPN1, DNM2, EZR, LRPAP1, PICALM, RAB11B, TFRC, VAMP3 ¥k
< positive regulation of intracellular transport DHX9, DYNC1H1, EHD1, EHD2, EZR, FLNA, HSP90AB1, KIF5B, NUMAT, RAN, TPR, YWHAZ *%
& vesicle-mediated transport to the plasma membrane ¥ ARHGAP1, DNM2, EHD1, EHD2, KRT18, RAB11B, RAB14, RAB7A, SNX3, VAMP3 ek
protein localization to plasma membrane AKR1B1, AP2M1, EHD1, EHD2, EPB41L3, EZR, FLNA, KIF5B, KRT18, LRPAP1, PICALM, RAB7A, SLC9A3R1, VAMP3 *k
anligen processing and presentation
of eﬁdogenous pegpﬁde antigen ¥ AP2A1, AP2M1, DNM2. DYNC1H1, DYNC1I2, ERAP1, PDIA3, PSMC2, PSMC3, PSMD13, PSMD2. RAB7A. SEC22B, VAMP3 ok
antigen processing and presentation ¥ AP2A1, AP2M1, AP3B1, DNM2, DYNC1H1. DYNC112, PDIA3, PSMC2. PSMC3, PSMD13, PSMD2, RAB7A, SEC22B, VAMP3 ook
of exogenous antigen
antigen processing and presentation of ¥ ERAP1, PDIA3, PSMC2, PSMC3, PSMD13, PSMD2, SEG228, VAMP3 ok
peptide antigen via MHC class |
negative regulation of chemotaxis 4 C5, DDT. DPP4, ELANE, S100A8, S100A9 ok
neutrophi killing of 4 CTSG, ELANE, F2 ok

leukocyte mediated immunity

humoral imune response

acute inflammatory response

IL-23 mediated signaling pathway

response to IL-4 ¥

e e

LMNB1, PDCD4, RPLP0, SERPINB2, TALDO1
FASN, HSPS0AB1, HSPAS, RPLPO, STAT5B

stress and immune response

phenylpyruvate tautomerase activity + DDT, S100A8, S100A9

A1BG, ACLY, ALAD, B2M, C1QB, C3, C4A, C4BPA, C5, C8G, CD14, CORO1A, COTL1, CPNE1, CPNE3, CTSD, CTSG, ELANE [57] *%**
A2M, C1QB, C3, C4A, C4BPA, C5, C8G, CFB. CFH, CFHR1, CPNE1, CTSG, DEFA3, ELANE, F2, FGA, FGB, GPI, IGHA1(38] Kk
APOA2, ASS1, C3, ELANE, F2, ITIH4, ORM1, S100A8, SERPINA3, SERPINC1 *

adj. p value

" * <0.05

<0.01
™ *xx < 0.001

* *k
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contraction is higher in the maternal sub-anatomical
region compared to both fetal and middle sub-anatomical
regions, but lower in the middle sub-anatomical region
compared to the fetal sub-anatomical region. Comple-
ment cascade and chemotaxis are lower in maternal and
middle sub-anatomical regions compared to the fetal
sub-anatomical region. Ferritinophagy is lower in the
maternal than the middle sub-anatomical region, while
mRNA splicing is higher in the maternal than the middle
sub-anatomical region (Table 4).

Placental sub-anatomical regions present differing
mitochondrial status

The list of all identified proteins was filtered to only
include proteins (HGNC IDs) included in the mitochon-
drial gene and proteome databases Human Protein Atlas
mitochondrial sub-cellular location( www.proteinatlas.
org), MitoXplorer human interactome [25], and human
MitoCarta3.0 [26] (Fig. 4). HPA contains 1139 proteins
associated with mitochondrial function, MitoCarta 3.0
1136, and MitoXplorer 1229, respectively (Fig. 4A). These
databases showed overlapping content proteins both with
each other and with the DEPs identified between sub-
anatomical placenta regions. Ensuing functional analysis
was conducted using the intersection of any mitochon-
drial database with placental proteins. Of all identified
proteins 147 out of 1081 in the maternal sub-anatomical
region, 144 out of 1086 in the middle sub-anatomical
region, and 148 out of 1101 in the fetal sub-anatomical
region are associated with mitochondrial function and
processes. 53 DEPs out of the previous 374 DEPs are
associated with mitochondrial function and processes.
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The tricarboxylic acid cycle is indicated in all three con-
ditional comparisons. Downregulated proteins are more
evident on the maternal side compared with middle and
fetal regions, and exclusively upregulated proteins com-
paring middle with fetal sub-anatomical region. Protein
homotetramerization is indicated by upregulated pro-
teins in the maternal region compared to both the fetal
and the middle regions. Proteins associated with nega-
tive regulation of oxidative stress-induced cell death are
upregulated in the maternal region compared with both
middle and fetal regions. Summarizing the results, a gen-
eral switch from glucose to lipid consumption appears to
be initiated in the maternal and middle compared to the
fetal sub-anatomical region. Terms indicating glycoly-
sis, tricarboxylic acid cycle, and lipid consumption as an
energy source are gluconeogenesis, glucose 6-phosphate
metabolic process, fatty acid transmembrane transport,
acetyl-CoA biosynthetic process from pyruvate, NADH
regeneration, and fatty acid beta oxidation.

Comparing maternal and fetal sub-anatomical region,
mitochondria associated terms such as mitochondrion
organization and mitochondrial RNA 3’-end processing
are upregulated in the maternal sub-anatomical region,
while APEX1 associated with telomere organization is
downregulated in the middle sub-anatomical region
compared to the fetal sub-anatomical region.

Placental sub-anatomical regions offer divergent
senescence status

The difference in senescence state between the three sub-
anatomical regions was analysed using three senescence
specific databases. Human Ageing Genomic Resource
(HAGR) CellAge Build 20, consisting of 307 genes (Avelar

Table 4 NaviCenta differential phenotype prediction based on DEP (Benjamini — Hochberg FDR correction) p-value including adj.
Pval<0.01 between maternal, middle, and fetal sub-anatomical regions and the proteins leading to each phenotype prediction

Phenotype Mat-fet pval Gene Name Mat-mid log2FC pval Mid-fet log2FC pval Gene Names
log2FC

EC migration 028 594e % PLG 0.18 3767 PLG 0 1

Inflammatory —026 591e7?" IGHG4 0 1 —031 2300 % IGHG4

response

contraction 1 151e7"3 MYHT1 1 541e7% MYH11,TAGLN —033 3.13e7% TAGLN

EC apoptosis 02 1.84e~"" BLVRB 0.15 239> BLVRB 0 1

EC proliferation 02 512e~"" BLVRB 0.15 583e~'* BLVRB 0 1

Complement cascade —027 103e™% IGHG4 0 1 —031 39477 IGHG4

chemotaxis —027 391e7 % IGHG4 0 1 —031 53078 IGHG4

Antigen clearance 041 0003 IGHAT,IGLC3  —0.05 0.070 063 2227 IGHA1

Destruction of patho- 0.15 0.008 MPO 0.07 0.048 0 1

gens

Ferritinophagy 0.2 0453 —0.14 0.001 FTL, FTH1 0 1

mRNA splicing 0 1 0.12 0.003 ACINT 0 1
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Fig. 4 Mitochondria associated DEPs and their functional analysis. A Venn diagram of DEPs of maternal vs fetal, maternal vs middle, middle vs
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mitochondria specific, and MitoCarta V3.0. The section of proteins used for further analysis is within the red border. B GO biological processes
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et al. 2020), Cell Senescence Gene Database (CSGene)
consisting of 503 genes, and the National Centre for Bio-
technology Information Search database (NCBI) specifi-
cally genes associated with senescence in homo sapiens
consisting of 988 genes. Of all identified proteins 790 out
of 1081 in the maternal sub-anatomical region, 794 out of
1086 in the middle sub-anatomical region, and 804 out of
1101 in the fetal sub-anatomical region were associated
with senescence.

In total, 290 of the previously 374 DEPs were associated
with senescence (Fig. 5). Both transcription and transla-
tional processes (translation, nuclear-transcribed mRNA
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stability) were differentially regulated between maternal
and middle sub-anatomical region, with primarily down-
regulated proteins on the maternal side, most of which
were also downregulated in the middle compared to the
fetal sub-anatomical region. Interestingly, proteins asso-
ciated with negative regulation of, or regulation of cell
death and apoptotic processes were primarily downregu-
lated in the maternal compared to the middle sub-ana-
tomical region and upregulated in the middle compared
with the fetal sub-anatomical region.

Proteins associated with stress responses were down-
regulated in the maternal compared to the middle sub-

catabolic process, gene expression, regulation of mRNA  anatomical region and primarily upregulated in the
logFC
© downregulated transcription and translation
@ upregulated mitochondrial and senescence processes
z-score cell death
stress and immune response
decreasing  increasing
maternal vs middle maternal vs fetal middle vs fetal
od Go., 65 Go: 02 Go;
40°“10 000698 6 0_00“0‘3 1903202 o .@\59 0006986
0" @ Y e [0}
0, ° % e 2,
S W TN % & %, s - %,
O 7. [ ) %
N e % S o % & %
I @ % S N % S %
g
© . ‘ © s . ) © o0
.' @ o @ ° ° ‘ . ) °
2 e g ! 4 g . s 8
g Qe e 2 2 °8 § ® s 2
S . ] 5 ° D £ 3 A s 8
3 © g g ° g g = e 3
2 O . J A,
o] o o 2
° S . Vag -, . @oV
&% & & ™~ P S e =% S
2, < o %2, ° $ K ¢ O/ 4]
v 9, A
% Y & s N %, ° ¥ % © 0 s & $
o e & R 2 3 e 2y o800 ¢ 3
9560, 0 %° ° osg, Wwo? 2oy 0 %°
000:05  7\V® 00:05 0¥ L00:09  W®
D Description D Description D Description
G0:0006986 response to unfolded protein G0:1903202 negative regulation of oxidative stress-induced cell death G0:0006986 response to unfolded protein
G0:0043069 negative regulation of programmed cell death G0:0062197 cellular response to chemical stress G0:0043069 negative regulation of programmed cell death
G0:0043066 negative regulation of apoptotic process G0:0034599 cellular response to oxidative stress G0:0043066 negative regulation of apoptotic process
G0:1902175 regulation of oxidative stress-induced intrinsic apoptotic signaling pathway ~ GO:0071731 response to nitric oxide G0:0002446 neutrophil mediated immunity
GO0:0006412 translation GO0:0051289 protein homotetramerization GO0:0006412 translation
G0:0000956 nuclear-transcribed mRNA catabolic process G0:0072350 tricarboxylic acid metabolic process G0:0010467 gene expression
GO:0010467 gene expression GO0:0006094 gluconeogenesis G0:0016072 rRNA metabolic process
G0:0043488 regulation of mRNA stability G0:0051156 glucose 6-phosphate metabolic process G0:0044267 cellular protein metabolic process
G0:0010389 regulation of G2/M transition of mitotic cell cycle G0:0007005 mitochondrion organization G0:0072350 tricarboxylic acid metabolic process
G0:0007004 telomere maintenance via telomerase G0:0000965 mitochondrial RNA 3'-end processing G0:0015909 long-chain fatty acid transport
Fig. 5 Senescence associated DEPs and their functional analysis. A Venn diagram of DEPs of maternal vs fetal, maternal vs middle, middle vs fetal,
and proteins and genes associated with mitochondrial functions and processes from the databases CellAge, CSGene, and NCBI database results
for the keyword senescence. The section of proteins used for further analysis is within the red border. B GOCircle plots of the 10 most significantly
overrepresented GO biological process terms, including senescence associated DEPs falling into each term. Regulation direction is colour coded:
upregulated (red), downregulated (blue). Size of the inner segments is indicative of the number of proteins falling into each term. The colour of
each inner segment indicates the z-score—general up or downregulation of the GO term considering the number up- and downregulated proteins




Manna et al. Clinical Proteomics (2023) 20:1

middle compared to the fetal sub-anatomical region.
Other senescence associated proteins (regulation of
G2/M transition of mitotic cell cycle, telomere mainte-
nance) were primarily downregulated in the maternal
compared to the middle sub-anatomical region.

Discussion

The placenta is a highly complex organ and crucial for
embryo development, however molecular interactions
and their association with pregnancy complications
remain poorly understood [32, 33].

In this study, for the first time, the proteomics structure
of healthy placentae was investigated. Three placentae
from healthy uncomplicated pregnancies were sampled
at five sample sites, and further categorised into three
sub-anatomical regions. We ensured reproducibility
by ensuring that the 5 identical cross sections collected
from the placenta which were further divided into three
sub-anatomical regions, represented approximate sub-
anatomical regions, i.e., maternal, mid and fetal through
histopathological confirmation. Subsequent LFQ mass
spectrometry analysis revealed distinct protein signatures
of placental sub-anatomical regions. Resulting functional
differences were characterized using functional analysis.

Placental sub-anatomical regions differ in senescence
states switch from glucose to fatty acids as a source
for energy
Mitochondria and senescence associated processes and
functions such as, regulation of G2/M transition mitotic
cell cycle, nitric oxide metabolism, and telomere main-
tenance are overrepresented in downregulated DEPs
between maternal and middle sub-anatomical regions,
indicating increased cell-cycle arrest of cells in the mater-
nal sub-anatomical region compared with the middle
sub-anatomical region. Additionally, proteins associ-
ated with glyoxylate metabolic processes were overrep-
resented in upregulated DEPs between middle and fetal
sub-anatomical regions, suggesting an age induced switch
from glucose to fatty acids via the activation of glyoxylate
cycle, as a source of energy [34]. A high number of DEPs
were associated with senescence, some of which over-
lap with mitochondria associated proteins. Interestingly
both maternal versus fetal and maternal versus middle
sub-anatomical region comparison indicate a decrease
in senescence associated protein levels. When inspected
more closely these DEPs, such as DEAD-Box Helicase 17
(DDX17), and heterogeneous nuclear ribonucleoprotein
Al (HNRNPA1), between maternal and fetal sub-ana-
tomical regions do not possess pro-senescent qualities
but protective functions against senescence [35, 36].
Similarly, the DEPs trifunctional enzyme subunit alpha
and beta (HADHA) and (HADHB), 3-hydroxyacyl-CoA
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dehydrogenase type-2 (HSD17B10), and L-lactate dehy-
drogenase B chain (LHDB) are associated with senes-
cence, mitochondrial dysfunction, and the beta-oxidation
pathway [37, 38]. Downregulation of HADHA, HADHB,
and HSD17B10 have been shown to induce mitochon-
drial dysfunction and senescence [39]. LHDB is involved
in the conversion of pyruvate to (S)-lactate; its down-
regulation causes downregulation of mitochondrial func-
tion. Whereas the induction of LDHB expression causes
enhanced mitochondrial function- including positive
changes in mitochondrial respiratory subunits, mito-
chondrial membrane potential, ATP, NAD+ /NADH
ratio [40]. This indicates that the more senescent pheno-
type within the maternal sub-anatomical region is caused
by the downregulation of mitochondrial proteins with
anti-senescent properties.

The placentas collected are from term gestation
(>37 weeks of gestation), hence the ageing changes seen
in the maternal sub-anatomical region is more physi-
ologically rather than pathological. This hypothesis is
also supplemented by lower ferritinophagy in the mater-
nal sub-anatomical region. Ferritinophagy is a ferroptosis
regulator and associated with iron-dependent regulated
necrosis usually caused by massive lipid peroxidation-
mediated membrane damage [41]. Moreover, we also
report mitochondrial dysfunction in the form of glucose
to lipid oxidation shift for energy production within the
maternal sub-anatomical region compared to middle, or
fetal sub-anatomical regions. This change can be indica-
tive of change in trophoblastic microenvironment as a
consequence of higher oxidative stress within this region
[42].

Mitochondrial activity is higher in the middle
sub-anatomical region compared to maternal and fetal
sub-anatomical regions

Mitochondrial-related DEPs were predominantly down-
regulated on the maternal side compared with the middle
sub-anatomical regions, and predominantly upregulated
proteins comparing the middle with the fetal sub-ana-
tomical region.

The upregulated proteins in the middle versus fetal
sub-anatomical region, included IDH1, IDH2, ALDH4A1
and PDHAL. Isocitrate dehydrogenases (IDH) protein 1
found in the cytosol, while IDH2 is found in mitochon-
dria and converts isocitrate to alpha-ketoglutarate (a-KG)
in the TCA cycle and production of NADPH [43]. Upreg-
ulated protein expression of IDH1 and IDH2 levels in
the middle region compared to maternal or fetal regions,
suggests a higher production of NADPH and higher
mitochondrial activity in this sub-anatomical region.
In fact, studies have shown that IDH2 in pregnancy is
inversely related to pregnancy conditions such as IUGR
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and high maternal BMI [44, 45]. Superoxide dismutase 2
(SOD2), which is upregulated in the middle sub-anatomi-
cal region compared to the fetal sub-anatomical region, is
an enzymatic antioxidant that regulates oxidative stress,
lack of antioxidant defence can lead to increased oxida-
tive stress which in turn can damage cells, proteins, as
well as DNA and accelerate aging. In pregnancy, this may
lead to placental insufficiency linked to preeclampsia and
IUGR [46, 47]. The increased expression of SOD2 along
with IDH1, IDH2 indicate high energy homeostasis and
metabolism, along with antioxidant defence in the middle
sub-anatomical region [48, 49].

Apurinic/apyrimidinic endodeoxyribonuclease 1 or
APEX-1 are multifunctional protein usually associated to
DNA Damage Repair (DDR) functionality in cells expe-
riencing oxidative insults [50]. Our results indicate that
APEX-1 is downregulated in the middle sub-anatomical
region compared to the fetal region. This might be indic-
ative of higher oxidative stress experienced by this sub-
anatomical region, causing telomere damage. The lack
of indicators of oxidative stress within the fetal sub-ana-
tomical region may be due to the presence of anti-senes-
cent proteins, providing protection to the placental cells
of this region. Moreover, upregulation of mitochondrial
organization of genome and mitochondrial RNA 3’-end
processing might be also indicative of mitochondrial
stress response experience by the maternal sub-anatomi-
cal compared to fetal. However, the mechanism by which
mitochondrial organization works is not completely
understood [51].

The effect of sub-anatomical region on protein intensity

is not equal across sample sites

Independent analysis of unique proteins identified in
placental sample sites revealed a myriad of proteins
solely identified in one sample site E (Fig. 1) before
normalisation. These were filtered out when adjusted
for consideration of sub-anatomical regions. Addition-
ally, strong interaction between the effect of sample site
and sub-anatomical region on LFQ protein intensity
was shown. This suggests that the effect between sub-
anatomical region on LFQ proteins intensity is not the
same for all sample sites. This may have been caused by
individual variations and the placenta not being geo-
metrically oval and stresses the importance of sam-
pling several placenta sites from the same patient and
recruiting an increased study number to compensate
for the extremely high individual variability of placen-
tal shapes, size, and structure [16, 52]. Our sample col-
lection protocol has been based on recommendation
detailed by Burton et al.,, 2014 where we selected five
different sites across the placenta [16]. As our results
show, there is minute variations across the different
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sampling sites, with one site in particular showcasing
unique proteins. We, therefore, concur with published
recommendation for proteomic analysis by including at
least five sites while sampling for both qualitative and
quantitative validity [16]. We also identified proteomic
differences between sub-anatomical regions, which we
recommend considering in future studies. However, we
did not include fetal and maternal membranes for sub-
anatomical proteomic analysis. Through our results, we
demonstrate a variable protein composition between
sub-anatomical regions, with higher senescence associ-
ated protein and upregulated translation and transcrip-
tion proteins in maternal and middle compared to fetal
sub-anatomical region, hence we conclude separating
these regions for a robust placental analysis.

NaviCenta provides additional information to placental
data analysis

Traditional functional analysis techniques such as GO
terms are not tissue specific but consider all biologi-
cal processes and molecular functions present within
the human body. Even using the manually curated Cell-
Marker database, the different placental cells could not
be identified. Traditional functional analysis is unbiased.
Although this is an advantage, in the context of placenta
research, a more placenta focused approach is useful. The
NaviCenta exclusively contains placenta tissue specific
cells and phenotypes and enables network based in silico
perturbations and the integration of log2FC, and p-value
information. The NaviCenta indicated deregulated apop-
tosis, non-apoptotic cell death, and cell proliferation
associated phenotypes of endothelial cells in particular
[22]. These have been shown to be governed by mito-
chondrial function [53] and are associated with a more
senescent state [54].

Conclusion

This study provides a comprehensive proteomic assess-
ment of separate sub-anatomical regions of the placenta
reporting proteomic signature of healthy placentae, pro-
viding an insight into mitochondrial functioning and
placental ageing. The proteome differences between
placental sub-anatomical regions, referred to as mater-
nal, middle, and fetal side, indicating cell senescence,
mitochondrial dysfunction, and specifically activities
of endothelial cells. Our results indicate a pronounced
increase in senescence in both the maternal and middle
sub-anatomical regions by downregulation of proteins
protective against senescence. DEPs indicate additionally
a senescence associated switch from ATP to fatty acids as
a source of energy.
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Novelty and limitation

Availability of official annotation for sub-anatomical
regions

The sub-anatomical regions in this study are referred to
as maternal, middle, and fetal sub-anatomical regions. In
fact, the placenta is essentially a fetal organ and a selec-
tive barrier between maternal and fetal circulations [6].
The chosen nomenclature solely describes the location
in reference to the foetus as described in Fig. 1 and was
not intended to insinuate that there was transfer between
maternal and fetal sub-anatomical region instead of the
capillaries of the terminal villi.

Individual variability of placental shape and structure

We observed that although there were no DEPs between
the five placenta sample sites, some proteins showed
increased interaction between sample site and sub-ana-
tomical regions. This may have been caused by individual
variations in placental morphology not being a geometri-
cally perfect oval. This stresses the importance of extract-
ing several placenta samples from the same patient and
recruiting an increased number of participants to com-
pensate for the extremely high individual variability of
placental shapes, size, and structure [16, 52].

Label free quantification

LC-MS techniques largely fall into two categories (i)
relative quantification; and (ii) using a stable isotope-
labelled standard to determine peptide abundance.
Most research questions are addressed using relative
quantification. Relative quantification can be further
grouped into (i) labelled; and (ii) label-free. Samples can
be labelled in vitro in the form of stable isotope label-
ling with amino acids in cell culture (SILAC) or modi-
fied using i.e., tandem mass tag (TMT). These techniques
diminish variability caused by sample preparation and
make protein quantitation more exact [55, 56]. LFQ is
a cost- and labour-effective alternative to both SILAC
and TMT. The advantage here is that protein abundance
alterations can be measured across samples indepen-
dently of isotopic labelling. A disadvantage, however, is
the acquisition time, as each sample must be run con-
secutively [57]. In this study, samples were minimally
manipulated after extraction. No additional experimental
conditions, but the proteomic differences between sub-
anatomical regions were studied, making LFQ the pre-
ferred technique.

NaviCenta—the placenta specific disease map

When it comes to disease or even tissue specific func-
tional analysis and systemic data interpretation, com-
putational and mathematical tools are not widely
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available, yet. The NaviCenta is a human and machine
readable multiscale computational model. The Navi-
Centa consists of information regarding processes and
cell interactions within the placenta, and of relevance
to healthy placentation, including molecular interac-
tions between proteins, RNA, and DNA, enriched
with regulatory factors, such as transcription factors,
miRNA, and IncRNA, which can be used for network-
based analyses [21]. In this study, the NaviCenta was
used to perform placenta specific phenotype predic-
tion, also considering protein fold change, which the
general functional analysis was integrated into, ena-
bling a more meaningful interpretation of results.
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The raw mass spectrometry data is privately available on Fairdom hub upon
request.

Mitochondrial proteins and genes: Human protein atlas information spe-
cific to the mitochondrial subcellular location was downloaded from https://
www.proteinatlas.org/search/subcell_location:Mitochondria. The mitochon-
drial interactome from MitoXplorer was downloaded from http://mitoxplorer.
ibdm.univ-mrs.fr/interactome.php. Human MitoCarta 3.0 was downloaded
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from https://www.broadinstitute.org/mitocarta/mitocarta30-inventory-
mammalian-mitochondrial-proteins-and-pathways.

NaviCenta: The placenta specific disease map is available under https://
www.sbi.uni-rostock.de/minerva/index.xhtmli?id=NaviCenta. Plugins used for
phenotype prediction are available upon request.

Mitochondrial and Senescence Data:

Mat-fet: https://maayanlab.cloud/Enrichr/enrich?dataset=23a1f5d1e221476
2a57c6e9d41a4b006.

Mito mat-mid: https://maayanlab.cloud/Enrichr/enrich?dataset=a0339b7b96
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Enrichr bp:
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mat-mid: https://maayanlab.cloud/Enrichr/enrich?dataset=ac55a8568727078
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