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Аim. To determine the chan ges of gene expression in human placenta during the physiologi-
cal course of pregnancy. Methods the integrative analysis of publicly available data. Results. 
We have revealed that between the first and second trimesters of gestation the main changes 
relate to immune processes, morphogenesis and intercellular communication through the 
surface receptors of the cellular membrane. In the interval between the second and third tri-
mesters, the main changes concern the regulation of the response to external stimuli, meta-
bolic processes, morphogenesis of individual tissues, regulation of signaling pathways via 
transmembrane serine / threonine protein kinase receptors. Conclusion. The changes in gene 
expression in human placenta in the course of physiological gestation will serve as a reliable 
control with the changes during the pathological course of gestation.
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Introduction

The placenta is a temporary organ that devel-
ops ab ovo to a multifunctional organ and 
provides a close relationship between mother 
and fetus throughout pregnancy. The disruption 
in placenta’s functioning is the cause of sev-
eral serious complications of pregnancy such 
as primarily preeclampsia, a common compli-
cation in the world (5–10 % of pregnancies) 
with the highest maternal and fetal mortality 
[1, 2]. The beginning of preeclampsia is con-
nected with the adverse placentation and its 

clinical manifestations do not appear until the 
20th week [3]. For a detailed study of the pre-
eclampsia pathogenesis at the molecular level, 
it is necessary to know what changes in the 
molecular processes of the placenta occur dur-
ing the physiological course of pregnancy. The 
work is dedicated to clarifying this issue. 

Rapid development of systems biology and 
high-performance technologies has led to a 
large-scale study of the processes occurring in 
the placenta and its structures during the 
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physio logical and pathological course of preg-
nancy [4, 5]. The vast majority of large-scale 
gene expression data have been so far obtained 
using the microarray technology for the sam-
ples of the bulk placental tissue and its com-
ponents [6, 7]. These data are stored in the 
Gene Expression Omnibus (GEO) and Array 
Express databases and are available to scien-
tists as a source of information and as a mate-
rial for comparative studies. The available 
studies tend to use the samples of small size 
due to a high cost of the analysis, which affects 
the statistical reliability of the findings. There 
are two ways to increase the samples size: the 
meta-analysis, by which the results of each 
analysis are combined, and the integrative 
analysis, which consists in combining the 
original data into a new larger group with 
normalization of the previous data and subse-
quent simultaneous analysis of all the data in 
a newly created group. The first approach pro-
vides a list of differentially expressed genes 
[8] whereas the second provides quantitative 
characteristics of the differentially expressed 
genes, but it requires the use of a more com-
plex mathematical apparatus [9]. The aim of 
the study was to determine how the gene ex-
pression changes in the bulk tissue of the hu-
man placenta in the intervals from the first to 
the second and from the second to the third 
trimesters of pregnancy by the integrative 
analysis of the publicly available data on gene 
expression.

Material and Methods

1. General description of the data 
From the open databases GEO [10] and 
ArrayExpress [11], we downloaded [the] data 

from 8 studies of gene expression in the human 
placenta from three trimesters of pregnancy 
using the R package ArrayExpress (Table 1). 
From the specialized database for microarray 
experiments’ metadata developed by us, we 
downloaded the relevant standardized meta-
data [12]. 
Table 1. Structure of data from gene expression 
profiles in the human placenta.

GSE accession 
number

Samples count
Gene 
countTotal 

Trimesters 
І ІІ ІІІ

GSE122214 4 4 20261
GSE22490 6 5 1 20261
GSE35574 26 26 24547
GSE37901 4 4 20342
GSE6573 1 1 20326
GSE73374 12 12 29509
GSE73685 12 12 20624
GSE9984 12 4 4 4 20342
Total 77 13 9 55

2. Pipeline: data processing and analysis

We used the affy [13] R package to access and 
preprocess the expression data from Affymetrix 
raw CEL files that store the results of the in-
tensity calculations on the pixel values. A sin-
gle representative intensity value is stored per 
cell (feature) of the image. The Affy package 
uses a robust multi-array average (RMA) al-
gorithm [14] based on the quantile normaliza-
tion algorithm [15]. RMA maps probes to 
genes, then the raw intensity values are back-
ground corrected, log2 transformed and quan-
tile normalized. For Illumina arrays we used 
a similar lumi R package [16]. We cross-nor-
malized the data between datasets eliminating 
non-biological variability (batch-effect) using 
the empirical Bayes method implemented as a 
ComBat function from the sva R package [17]. 
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We identified differentially expressed genes 
using generalized linear models implemented 
in the limma R package [18]. A linear model 
was fit to each gene with moderated t-statistics 
computed. P-value was adjusted to account for 
multiple gene comparisons with Benjamini & 
Hochberg method (FDR) [19]. We took genes 
with adjusted p-value < 0.05 and |logfc>1| for 
the analysis. Differentially expressed genes 
were clustered using a type of greedy algo-
rithm (fastgreedy) [20] based on String data 
[21]. In these clusters the functionally enriched 
groups of differentially expressed genes were 
found using Gene Ontology [22]. To increase 
the Gene Ontology results readability, catego-
ries of biological processes were grouped 
based on semantic proximity using REVIGO 
web tool (revigo.irb.hr) [23]. 

Results and Discussion
The clustering of differentially expressed 
genes revealed the presence of 4 clusters of 
functionally enriched genes from a total of 
eight clusters when comparing the data from 
the first and second trimesters, and 7 clusters 
of functionally enriched genes from a total of 
fourteen clusters when comparing the data 

from the second and third trimesters (Tables 2 
and 3). Both tables show the clusters of genes 
with enrichment coverage value in the range 
of 0–1.0. This value shows the proportion of 
genes in a cluster, which are included in at 
least one enriched biological process according 
to Gene Ontology.

We identified 253 differentially expressed 
genes between the first and second trimester 
placenta (comparison 1_2); 152 up-regulated 
and 101 down-regulated in the second trimes-
ter. Table 2 contains a detailed breakdown by 
clusters. Comparison between the second and 
third trimester pregnancies (comparison 2_3) 
yielded 489 differentially expressed genes be-
tween; 221 genes are up-regulated and 268 are 
down-regulated in the third trimester. There are 
almost twice as many differentially expressed 
genes in 2_3 vs 1_2 most likely due to a larger 
gestational age gap in 2_3. Namely, the gesta-
tional age values in the datasets we used are in 
the range of 7–11 weeks for the first trimester, 
13–18 weeks for the second and 38–42 for the 
third trimester (term). Majority of genes are 
up-regulated in 1_2 but down-regulated in 2_3. 
Furthermore, from 54 genes that are differen-
tially expressed in both 1_2 and 2_3, 21 genes 

Table 2. General characteristics of clusters of differentially expressed and functionally enriched genes 
between the first and second trimesters of pregnancy.

Clusters
Genes count Log Fс

Min
Log Fс

Max
Enrichment 

coverage Overall Up Down 
1. Immune system processes 114 81 33 -3,23 2,97 0,87
2. Organ and blood vessel development 22 62 60 -3,2 2,15 0,88
3. Cellular response to zinc ion 10 3 7 -4,43 1,55 1
4. Cell surface receptors signalling pathways 7 6 1 -2,68 2,25 1
Total 253 152 101

Note: Up — the number of genes, the expression of which  is upregulated between the first and second trimesters; 
Down — the number of genes, the expression of which  is downregulated between the first and second trimesters; 
Min — minimal value; Max - maximal value; Log FC — log fold change.



76

O. K. Lykhenko, A. O. Frolova, M. Yu. Obolenskaya

are up-regulated in 1_2 and down-regulated in 
2_3 (UpDown). Respectively, 18 genes are 
UpUp, 12 genes are DownDown and only 3 
are DownUp. These numbers suggest the exis-
tence of biological processes that peak in mid-
gestation which requires additional research.

Shown below are the GO biological pro-
cesses, grouped based on semantic proximity 
by Revigo. The cluster names in GO terms are 
given by the names of the biological process-
es with the lowest p-values.

1. Comparison of gene expression 
in human placenta from the first 
and second trimesters of gestation

When comparing gene expression between 
the first and second trimesters of pregnancy, 
the largest number of differentially expressed 
genes belongs to the first two clusters.

Cluster 1. Immune system processes
The placenta functions as an immunologi-

cally privileged barrier between mother and 
fetus. Their mutual immune tolerance is en-
sured by three main mechanisms: the placenta 
separates the tissues of the mother and the 
fetus; syncytiotrophoblast does not express 
leukocyte antigens of I and II classes, and 
extravillous trophoblast expresses typical 
HLA-C and atypical HLA-E and HLA-G leu-
kocyte antigens and therefore avoids the action 
of maternal cytotoxic T-, NK-cells [24].

The proteins coded by differentially ex-
pressed genes between the first and the second 
trimesters are involved in humoral immune 
response; response to other organism; regu-
lated exocytosis; inflammatory response; re-
sponse to stress; chemokine-mediated signal-
ing pathway; positive regulation of ERK1 and 

ERK2 cascade[s]; killing of cells of other or-
ganism; modification of morphology or phys-
iology of other organism; multi-organism pro-
cess; locomotion

Therefore, the immune system processes 
have more versatile functions for the placental 
development than supporting immune tolerance.

Cluster 2. Organ and blood vessel development
At the end of the 10–12 weeks of pregnancy, 

the maternal blood enters the intervillous space, 
and the histiotrophic nutrition of the placenta 
changes to hemotrophic [25]. The following 
processes are ongoing at this time: vasculogen-
esis and angiogenesis as well as the organ de-
velopment, which includes morphogenesis or 
the formation of a three-dimensional spatial 
structure, and tissue growth occurring mainly 
through the cell division. The categories of this 
cluster represent the mentioned functions: reg-
ulation of angiogenesis; blood circulation and 
chemotaxis; regulation of the cAMP-dependent 
protein kinase activity and regulation of growth; 
regulation of the anatomical structure size; 
G-protein coupled receptor signaling pathway; 
multicellular organismal process; cell commu-
nication; response to external stimulus; move-
ment of cell or subcellular component. 

Cluster 3. Cellular response to zinc ion
Zinc is the most abundant microelement in 

the body after iron. In addition to its role in 
the catalytic activity of enzymes, zinc is in-
volved in the regulation of innate and adaptive 
immunity and guards the immune response 
[26]. The peculiarity of zinc ions is the lack of 
redox potential and the ability to form coordi-
nation bonds in the structure of proteins. Zink 
is involved in the enzymes, in the structural 
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Fig. 1. Interaction graph for differentially expressed genes in between first and second trimesters of pregnancy. Clus-
ters are named based on the most representative enriched biological processes according to Gene Ontology. Clusters 
5–8 are unnamed because no enriched processes are found for them.

Fig. 2. Interaction graph for differentially expressed genes in between 
second trimester and term. Clusters are named based on the most rep-
resentative enriched biological processes according to Gene Ontology.
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proteins for which redox processes would lead 
to their destruction [27]. Among the differen-
tially expressed genes of this cluster, the fol-
lowing processes are distinguished: the cel-
lular response to zinc ion; the response to 
chemicals; negative regulation of growth; 
plasma lipoprotein particle remodeling; cho-
lesterol homeostasis; reactive oxygen species 
metabolic process; positive regulation of cy-
tokine secretion. 

Cluster 4. Cell surface receptors signalling 
pathways

Signaling pathways from the receptors on 
cellular membranes are essential for the pro-
cesses of morphogenesis. Every cell type has 
different number of adhesion molecules of 
different types on the cell membrane. The 
interaction between the adhesion molecules of 
different cells determines the mutual cellular 
localization in the tissue [28]. The genes of 
this cluster are involved in several signalling 
pathways: interleukin-35-mediated signaling 
pathway; response to peptide hormone; JAK-
STAT cascade; positive regulation of cytokine 

production; peptidyl-tyrosine phosphorylation; 
positive regulation of phosphatidylinositol 
3-kinase signaling; cytokine production and 
positive regulation of developmental growth. 

Full list of differentially expressed genes 
and enriched biological processes between the 
1 and 2 trimesters can be found in Supplement 1 
(.xlsx file, pages 1, 3).

2. Comparison of gene expression 
in the human placenta between the 
second and third trimesters of pregnancy
The time interval from the second to the third 
trimester is characterized by intensive placen-
tal and fetal growth. The duration of gestation, 
the fetal length and weight at birth linearly 
depend on the thickness and area of placenta. 
These parameters are recommended to use to 
clarify the duration of pregnancy [29]. As can 
be seen from the list of categories below, the 
genes are involved in the general processes of 
development and in morphogenesis of spe-
cific structures. Unlike the differentially ex-
pressed genes between the first and second 
trimesters, the differentially expressed genes 

Table 3. General characteristics of clusters of differentially expressed and functionally enriched genes 
between the second and third trimester[s] of pregnancy

Cluster names
Number of genes LogFс

Min
LogFс
Max

Enrichment 
coverageTotal Up Down

1. Regulation of response to external stimulus 145 56 89 -3.94 6.14 0.95
2. Metabolic processes 119 43 76 -1.91 2.97 0.93
3. O-glycan processing 36 24 12 -2.13 6.65 0.14
4. Tissue morphogenesis 168 84 84 -2.68 3.58 0.91
5. Sodium ion transmembrane transport 7 3 4 -1.83 1.48 0.57
6. Chloride transmembrane transport 8 5 3 -2.01 1.44 1
7. Pregnancy specific beta-1-glycoproteins 6 6 0 3.16 4.97 1
Total 489 221 268

Note: Up — the number of genes, the expression of which is upregulated between the second and third trimesters; 
Down — the number of genes, the expression of which is downregulated between the second and third trimesters. For 
other notations — see Table 2.
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between the second and third trimesters con-
tain more genes, the expression of which is 
downregulated in the term placenta (38–
42 weeks of pregnancy). 

Cluster 1. Regulation of response to external 
stimulus

This cluster contains the following catego-
ries: humoral immune response; platelet de-
granulation; inflammatory response; response 
to cytokine; plasma lipoprotein particle remod-
eling; regulation of angiogenesis; cellular re-
sponse to chemokine; modification of mor-
phology or physiology of other organism. At 
this stage, the cytokines, which include the 
chemokines, interferon, lymphokines and tu-
mor necrosis factor, play the special role. They 
are involved in the cellular and humoral im-
munity. The signaling via chemokines is im-
portant for the coordinated cellular migration 
in space and time [30].

Cluster 2. Metabolic processes
The fully formed placenta is an active me-

tabolizing organ. The following categories refer 
to this cluster: steroid metabolic process; or-
ganic substance metabolic process; cellular hor-
mone metabolic process; cellular response to 
xenobiotic stimulus; nitric oxide biosynthetic 
process; regulation of neurotransmitter level.

Cluster 3. O-glycan processing. This small clus-
ter is enriched with only one category – O-glycan 
processing. Glycans are the sequences of carbo-
hydrates that are added to proteins and lipids to 
modulate their structure and function. In pla-
centa, glycans modify the proteins required for 
trophoblast function, and alterations have been 
associated with pathological conditions [31]. 

This cluster also contains the genes involved in 
interferon gamma signalling pathway (HLA-G, 
TRIM62, IFI27) and the genes involved in or-
ganophosphate biosynthetic processes (AGPAT4, 
IP6K3, ElOVL7), the relations between which 
require further investigation.

Cluster 4. Tissue morphogenesis
According to Revigo and GO, this cluster 

contains the categories, reflecting the participa-
tion of its genes in: anatomical structure mor-
phogenesis; heart development; tissue morpho-
genesis; negative regulation of cell differentia-
tion; reproductive structure development; 
regulation of epithelial cell proliferation; odon-
togenesis; limb development. Epidemiological, 
clinical and experimental data confirmed the 
existing connection between placenta and the 
heart development [32]. The mechanistic basis 
for this connection is not clear – whether this 
connection is the result of the general role of 
placenta providing the nutrient substances to 
the fetus and removing the waste products, the 
adequate blood supply, the active placental 
metabolic activity, or there is a specific interac-
tion between placenta and the fetal morpho-
genesis. The regulation of transmembrane re-
ceptor protein serine/threonine kinase signaling 
pathway is also enriched in this cluster. 
Transmembrane serine/threonine protein kinase 
receptors making up about a quarter of all pro-
tein kinases possess the catalytic and receptor 
functions. The binding of the extracellular li-
gand to these receptors activates the enzyme at 
the intracellular side of the cell membrane, 
which leads to phosphorylation of the corre-
sponding proteins and signal transmission to 
the nucleus. The proteins of this group are in-
volved in the MAPK signaling pathway, in the 



80

O. K. Lykhenko, A. O. Frolova, M. Yu. Obolenskaya

interaction of cytokine receptors with cyto-
kines, the TGFb signaling pathway, and the 
formation of adhesive intercellular contacts in 
epithelium and endothelium [33]. The catego-
ries of this cluster expand the list in the previ-
ous cluster by including the categories con-
nected with the development of various organs 
and systems, cellular response to growth factors 
and hormones, regulation of non-canonical and 
canonical Wnt signaling pathway, regulation 
of pathway-restricted SMAD protein phos-
phorylation, mesenchymal cell differentiation 
and extracellular matrix organization. 
Clusters 5 and 6. Sodium transport and trans-
membrane transport of chloride

The genes of the 5th cluster refer to the 
nucleoside salvage synthesis and the trans-
membrane transport of sodium ions. The sal-
vage nucleoside synthesis in contrast to de 
novo synthesis, is characteristic to the tissues 
with the low proliferative activity typical for 
the term placenta [34]. Transmembrane chlo-
ride transport and the general category trans-
port are included in the 6th cluster.

Cluster 7. Pregnancy specific beta-1-glyco-
proteins

The pregnancy-specific glycoproteins (PSG) 
are complexes consisting of carbohydrate and 
protein, which are prevalent in the maternal 
bloodstream at the later stages of pregnancy. 
There are 10 protein-coding PSG genes (PSG1 
- PSG9, PSG11) and 9 of them (no PSG5) are 
represented in differentially expressed genes. 
These proteins have immunoregulatory, pro-
angiogenic and antithrombotic functions. They 
interact [with] and activate anti-inflammatory 
cytokines, growth factors TGFβ1 and TGF-β2, 
making them one of the few known biological 

activators of these important cytokines. TGF-β 
regulates many biological processes necessary 
for successful pregnancy [35]. 

Conclusion
Between the first and second trimesters of 
gestation the main changes relate to the im-
mune processes, morphogenesis and intercel-
lular communication through the surface re-
ceptors of the cellular membrane. In the inter-
val between the second and third trimesters, 
the main changes concern the regulation of the 
response to external stimuli, metabolic pro-
cesses, morphogenesis of individual tissues 
and systems and regulation of signaling path-
ways via the transmembrane serine / threonine 
protein kinase receptors. The described chang-
es in gene expression will serve as a reliable 
control for comparison with any pathological 
changes that occur in the human placenta. 

Full list of differentially expressed genes 
between the 2 and 3 trimesters can be found 
in Supplement 1 (.xlsx file, pages 2, 4).
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Зміни транскриптому в плаценті людини 
впродовж фізіологічного перебігу вагітності
O. K. Лихенко, А. O. Фролова, М. Ю. Oболенська

Мета. Визначити як змінюється експресія генів у ці-
лісній тканині плаценти людини впродовж фізіологіч-

ного перебігу вагітності. Методи. Інтегративний ана-
ліз наявних у відкритому доступі даних. Результати. 
Показано, що в інтервалі між першим і другим триме-
стром основні зміни стосуються імунних процесів, 
морфогенезу і міжклітинного спілкування через по-
верхневі рецептори клітинної мембрани. В інтервалі 
між другим і третім триместром основні зміни стосу-
ються регуляції відповіді на зовнішній стимул, мета-
болічних процесів, морфогенезу окремих тканин, ре-
гуляції сигнальних шляхів через трансмембранні се-
рин/треонін протеїнкіназні рецептори. Висновки. 
Зміни в експресії генів плаценти впродовж фізіологіч-
ного перебігу вагітності слугуватимуть надійним 
контролем для порівняння зі змінами впродовж пата-
логічного перебігу вагітності.
К л юч ов і  с л ов а: плацента людини, транскриптом, 
інтегративний аналіз

Изменения в плацентарном транскриптоме 
человека в течение физиологического течения 
беременности
O. K. Лихенко, А. А. Фролова, М. Ю. Oболенська

Цель. Определить как меняется экспрессия генов в 
плаценте человека в течение физиологической беремен-
ности. Методы. Интегративный анализ имеющихся в 
открытом доступе данных. Результаты. Показано, что 
в интервале между первым и вторым триместром ос-
новные изменения касаются иммунных процессов, мор-
фогенеза и межклеточного общения через поверхност-
ные рецепторы клеточной мембраны. В интервале меж-
ду вторым и третьим триместром основные изменения 
касаются регуляции ответа на внешний стимул, метабо-
лических процессов, морфогенеза отдельных тканей, 
регуляции сигнальных путей через трансмембранные 
серин/треонин протеинкиназные рецепторы. Выводы. 
Изменения в экспресии генов плаценты на протяжении 
физиологического течения беременности будут служить 
надежным контролем для сравнения с изменениями при 
паталогическом течении беременности.
К л юч е в ы е  с л ов а: плацента человека, транс-
криптом, интегративный анализ
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