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Abstract

A linkage of dichorionic (DC) twin pregnancies with selective intrauterine growth restriction (IUGR) to alterations in pla-
cental gene expression is unclear. The aim of the study was to identify placental genes related to hypoxia, adipogenesis and
human growth which may contribute to [UGR development. The study group (IUGR/AGA) comprised dichorionic (DC)
twin pregnancies, where the weight of the twins differed by > 15%; in addition, one twin was small for gestational age (< 10th
percentile-SGA) (IUGR) while the other was appropriate for gestational age (> 10th percentile-AGA). In the control group
(AGA/AGA), both fetuses were AGA and their weights differed by < 15%. In the first step (selection), placental expression
of 260 genes was analysed by commercial PCR profiler array or gPCR primer assay between six pairs of [UGR/AGA twins.
In the second stage (verification), the expression of 20 genes with fold change (FC) > 1.5 selected from the first stage was
investigated for 75 DC pregnancies: 23 ITUGR/AGA vs. 52 AGA/AGA. The expression of Angiopoetin 2, Leptin and Kruppel-
like factor 4 was significantly higher, and Glis Family Zinc Finger 3 was lower, in placentas of SGA fetuses (FC=3.3; 4.4;
1.6; and — 1.8, respectively; p <0.05). The dysregulation of gene expression related to angiogenesis and growth factors in
placentas of twins born from IUGR/AGA pregnancies suggest that these alternations might represent biological fetal adap-
tation to the uteral condition. Moreover, DC twin pregnancies may be a good model to identify the differences in placental
gene expression between SGA and AGA fetuses.

Introduction

Intrauterine growth restriction (IUGR) is an important cause
of fetal and neonatal morbidity and mortality. As it is usu-
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the very early stages of blastocyst implantation for appro-
priate placentation to take place, as it stimulates cytotroph-
oblast proliferation and angiogenesis (Khalig et al. 1999;
Wallner et al. 2007). However, a prolonged reduction of oxy-
gen availability results in restricted fetal growth (Ream et al.
2008) and may affect the expression of many adipogenesis
genes (Diaz et al. 2013; Sagawa et al. 2002). Alternations
in placental gene expression profile associated with hypoxia
may not only play a key role in the development of IUGR,
but may also influence the programming of metabolic disor-
ders occurring in postnatal life (Struwe et al. 2010).

Observations of twin pregnancies, i.e. where both fetuses
had been developing in the same maternal environment and
at the same time, indicate that the local environment created
by the area of implantation in the decidua was the only fac-
tor differentiating the two fetuses (Chang et al. 2013). This
inequality in placental territory may influence fetal develop-
ment and differentiate their growth (Chang et al. 2013). As
the disparity in fetal growth between a pair of twins in the
same mother cannot be attributed to confounding maternal
variables (Westwood et al. 2001), the best control for the
SGA fetus seems to be its AGA co-twin.

We believe that dichorionic (DC) twin pregnancy is a
better model for separating the influence of local factors
(uterine and placental) from maternal homeostasis factors
than monochorionic (MC) twin pregnancy. This model
eliminates the effect of anastomoses between siblings: 95%
of MC twins possess vascular anastomoses on the placental
surface, their presence slows the development of one of the
fetuses by reducing the blood supply (Lewi et al. 2013). In
contrast, placental anastomoses appear only occasionally in
DC gestation.

To check the impact of impaired placentation on fetal
development, the study compares the expression of selected
genes by SGA fetuses and their AGA co-twins from [UGR
pregnancies. We hypothesize that the SGA and AGA sib-
lings of the IUGR/AGA pregnancy may differ in expression
of placental genes engaged in adipogenesis, hypoxia and
human growth may differ between them. Any difference in
the gene expression may be related with the adaptation of
the fetuses to the intrauterine environment.

Moreover, the present study compares the levels of gene
expression between twins born from IUGR/AGA and AGA/
AGA pregnancies to determine whether maternal homeo-
stasis may influence the modulation of mRNA level by the
fetus. The study assumes that when a difference in gene
expression is observed only between the AGA and SGA
co-twins born from a [IUGR/AGA pregnancy, this expres-
sion is strictly linked with the local uterine environment
created by placentation; however, when such a difference is
observed between twins born from IUGR/AGA and AGA/
AGA pregnancies, these genes are generally regulated by
maternal homeostasis.
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Materials and methods

The whole study was conducted according to scheme pre-
sented by the Fig. 1.

Clinical characterization of subject

The study included 75 DC twin pregnancies: 23 pregnan-
cies with [UGR/AGA, defined as fetus birth weight discord-
ance > 15% and the weight of one sibling below 10th per-
centile whereas the weight of its co-twin was between the
10th and the 95th percentile. Control group consists of 52
twin AGA/AGA pregnancies whose weight difference below
15% and the weight of both siblings was between the 10th
and 95th percentile. The exclusion criteria for [UGR/AGA
and AGA/AGA groups comprised the presence of chro-
mosomal abnormalities, placental vascular abnormalities
and infarction. Premature rupture of membranes (PROM),
pregnancy-induced hypertension, maternal hypothyroidisms
and gestational diabetes mellitus did not exclude the patients
from the study. Both groups included similar proportions of
women who had conceived by IVF, delivered twins by Cae-
sarian section or vaginally, and both groups included similar
proportions of fetuses with regard to sex, i.e. male—male,
female—female, male—female. Dichorionic twin pregnancy
was identified based on ultrasonography conducted in the
first trimester of gestation.

All patients were recruited in the Polish Mother’s Memo-
rial Hospital Research Institute, Lodz, Poland. All clini-
cal investigations were conducted in accordance with the
guidelines of The Declaration of Helsinki, and approved
by the Ethical Committee of the Polish Mother’s Memorial
Hospital Research Institute (No 85/2013). All patients gave
informed consent before joining the study.

Laboratory examinations

Data concerning maternal age and pre-pregnancy weight
were provided by participants. Body mass index (BMI) was
calculated by dividing the weight of the participant in kilo-
grams (kg) by height in meters (m) squared. Maternal weight
growth per week (kg) was calculated based on information
taken from the pregnancy chart. Maternal blood samples
were collected from the patients before delivery. The fol-
lowing haematological tests were performed according to
standard laboratory methods in the diagnostic laboratory
of the hospital: white blood count (WBC), red blood count
(RBC), haemoglobin level (Hb), Haematocrit (Ht), mean
corpuscular volume (MCV), corpuscular/cellular haemoglo-
bin concentration (MCHC).
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Fig. 1 Algorithm of the study. SGA fetus delivered with the small
weight for gestational age that means with the weight lower than the
10th percentile for the gestational age, AGA fetus delivered with the

Biopsy procedure and RNA isolation

Immediately after the birth of the fetuses, a 5 cm-long frag-
ments of each placenta were taken from the site of the umbil-
ical cord attachment. The amniotic membranes and maternal
decidua were removed. The placenta sample was washed in
PBS and placed in the tube with RNA later.

Total RNA was isolated using a commercial Rneasy Mini
Kit (Qiagen, Germany) according to the manufacturer’s pro-
tocol. The concentration and purity of RNA were measured
by NanoDrop (Thermo Fisher, USA). The 280/260 absorb-
ance ratio for the RNA sample was found to be between 1.8
and 2.1, indicating that the sample was of sufficient quality
for further analysis.

Reverse transcription and PCR arrays in discovery
phase

An RNA sample (1 pg) was used for the reverse transcriptase
reaction (RT2 SYBR® Green gPCR Mastermix, Qiagen,
USA). The resulting cDNA was diluted fivefold in DNA-
and RNA-free distilled water and stored at — 20 °C until use.

Three commercial RT2 Profiler PCR Arrays (Qiagen,
USA) were used to determine the expression profile of
254 genes in each placenta sample taken from six pairs
of twins born from IUGR/AGA pregnancies. The first of
the arrays included 84 genes related to growth factors, the
second included 84 involved in adipogenesis and the third
included 84 genes related to the response to low oxygen

weight appropriate for the gestational age that means with the weight
between the 10th and 95th percentile for the gestational age

level (hypoxia). Gene expression array studies were per-
formed according to the manufacturer’s instructions in a
LightCycler 480 (Roche) device. As well as the 84 stud-
ied genes, the PCR array also contained the following 12
internal control genes: five housekeeping genes (beta-2-mi-
croglobulin (B2 M), hypoxanthine phosphoribosyltrans-
ferase 1 (HPRTI), Ribosomal Protein Lateral Stalk Subunit
PO (RPLPO), Glyceraldehyde-3-Phosphate Dehydrogenase
(GAPDH) and Actin Beta (ACTB)), three reverse transcrip-
tion controls, three positive Real-time PCR controls and
one human genomic DNA contamination control (HGDC).
The results were normalised according to the mean of the
housekeeping genes, for which the expression stability was
in the range of 0.016-0.063, as indicated by the NormFinder
tool (Andersen et al. 2004). The relative expression of each
gene was determined by the fold change (2724t) method,
as described elsewhere (Demes et al. 2012; Gao et al. 2013;
Livak and Schmittgen 2001). A fold change > 1.5 indicated
a significant change in gene expression.

The three Real-time PCR control genes (PPC) and three
reverse transcription genes (RTC) were used as internal con-
trols of reaction and for calculation of inter-plate variability;
the calculation of coefficient of variability (CV) for each
type of plate was described elsewhere (Dunk et al. 2000;
Tavano et al. 2017). The coefficient of variability calcu-
lated for all arrays together was as follows (CVgc=14%;
CVppc=9%). Intra-assay variations are in an acceptable
range for CV <25% (Demes et al. 2012).
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This step analysed the expression profiles of six addi-
tional genes related to genetic disorders characterised by
the low fetal weight: IGFR2, GLIS3, MAGEL, H19, GRBI0,
and PHLDA?2. These were included into the analysis using a
commercial primer assay (RT2 qPCR Primer Assay, Qiagen,
USA). The relative expression of these genes was calculated
by the Pfaffl method (Pfaffl 2002).

At the end of the first step the twenty genes were selected
based on the fold change > +1.5 between IUGR (SGA) and
AGA co-twins. The list of selected genes was presented in
the Table 1.

Quantitative RT-PCR in validation phase

A total of 75 DC pregnancies were enrolled: 23 with IUGR/
TUGR (6 pairs from the first step and 17 new pairs of twins)
with birthweight discordance > 15% and one sibling with
weight < 10th percentile (SGA sibling), and 52 with birth
weight discordance below 15% and both siblings had weight
between the 10th and 95th percentile. A custom RT2 PCR
Array CLAH27161 (Qiagen, USA) was used to analyse the
20 genes selected in the first step in this population.

The relative expression of each gene was determined by
the fold change (2722Y) method, as described previously.

The inter-assay coefficient of variability was calculated at
CV =7.7%; the acceptable range for CV is below 25%, as
noted elsewhere (Demes et al. 2012).

Statistical analysis

Statistical analyses were performed using Statistica version
13.1 (Statsoft, Poland). The distribution of the analysed hae-
matological, clinical, and expression data was checked by
the Shapiro—Wilk test. Normally distributed data were fur-
ther analysed with the Student’s ¢ test, while non-normally
distributed data were analysed using Mann—Whitney U test.
The p values for gene expression were calculated using the
Mann-Whitney U test on 272 values calculated separately
for each twin. The categorical variables were calculated
by the Chi-square test or with Yates’s correction. The rela-
tive gene expression among three sets of siblings selected
according to their gender (girl-girl, boy—boy, boy—girl) was
evaluated using the Kruskal-Wallis test with the post hoc
Dunn’s test. A p value below 0.05 for the test results was
considered as statistically significant.

Table 1 Genes investigated in

Unigene GeneBank Symbol The full name of the gene
the second step of the study
Adipogenesis pathway
Hs.583870 NM_001147 ANGPT2 Angiopoietin 2
Hs.591251 NM_000024 ADRB?2 Adrenergic, beta-2-, receptor, surface
Hs.473163 NM_001719 BMP7 Bone morphogenetic protein 7
Hs.699463 NM_004364 CEBPA CCAAT/enhancer-binding protein (C/EBP), alpha
Hs.202354 NM_000793 DIO2 Deiodinase, iodothyronine, type IT
Hs.391561 NM_001442 FABP4 Fatty acid-binding protein 4, adipocyte
Hs.367725 NM_032638 GATA2 GATA binding protein 2
Hs.465744 NM_000208 INSR Insulin receptor
Hs.376206 NM_004235 KLF4 Kruppel-like factor 4 (gut)
Hs.194236 NM_000230 LEP Leptin
Hs.696032 NM_006238 PPARD Peroxisome proliferator-activated receptor delta
Hs.466693 NM_012237 SIRT?2 Sirtuin 2
Growth factors
Hs.40499 NM_012242 DKK1 Dickkopf homolog 1 (Xenopus laevis)
Hypoxia
Hs.523012 NM_019058 DDIT4 DNA-damage-inducible transcript 4
Hs.514505 NM_015167 JMJID6 Jumonji domain containing 6
Hs.707978 NM_000603 NOS3 Nitric oxide synthase 3 (endothelial cell)
Hs.2795 NM_005566 LDHA Lactate dehydrogenase A
Hs.372914 NM_006096 NDRGI1 N-myc downstream regulated 1
Others genes related to growth
Hs.533566 NR_002196 HI9 H19, imprinted maternally expressed transcript
(non-protein coding)
Hs.162125 NM_001042413 GLIS3 GLIS family zinc finger 3
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Results

The clinical and laboratory test data, as well as pregnancy
and delivery characteristics, are presented in Table 2.

No significant differences were observed between the
study and control groups with regard to BMI, maternal hae-
matological parameters or pregnancy outcomes. Maternal
age was significantly higher in the study group compared to

controls. No difference was found in newborns according to
sex and to the week of delivery.

The first stage of the study—discovery phase
Six pairs of twins from the discordant group were chosen

randomly for the first step of our study. The expression
profiles of 260 genes of the SGA babies were compared

with those of their AGA siblings. The univariate analyses
indicated that 20 genes varied between the SGA and AGA

Table2 A comparison of the clinical, haematological and pregnancy-related characteristics between IUGR/AGA pregnancies and subjects with
less than 15% birth weight discordance between twins (AGA/AGA group)

Maternal parameter TUGR/AGA group (N=23 cases) AGA/AGA group (N=52 p value
cases)
Maternal age (years)* 33+4.1 31+49 < 0.009
Week of delivery® 35+24 35+2.1 0.697
Maternal weight growth per week (kg)* 0.44+0.1 0.40+0.1 0.114
RBC (10%pl)? 4.1+0.36 4.1+0.38 0.994
Hb (g/dl)? 12.1+1.6 124+1.2 0.322
Ht (%)* 35.1+3.5 36.6+3.2 0.307
PLT (10%/pl)® 181+53 191+63 0.526
BMI (kg/m?)° 23 (19-26) 23 (21-25) 0.885
WBC (10%/ul)° 9.8 (7.5-11.8) 9.9 (8.8-12.7) 0.448
MCV (f)° 87 (83-88) 87 (83-91) 0.262
MCHC (g/d1)® 34 (32-35) 34 (33-35) 0.836
Primiparous® 13 (56%) 33 (63%) 0.755
Miscarriage® 0 (0%) 0(0%) -
Assisted fertilisation (IVF)® 5(22%) 14 (27%) 0.851
Caesarean section® 20 (87%) 48 (92%) 0.76
Cholestasis® 4 (17%) 5(10%) 0.569
GDM® 4 (17%) 8 (15%) 0.902
HA® 6 (26%) 7 (13%) 0.317
Hypothyroidism® 4 (17%) 10 (19%) 0.894
PPROM® 4 (22%) 13 (28%) 0.896
Uterus contractions® 13 (56%) 16 31%) 0.040
Using oxytocin during delivery® 6 (26%) 6 (11%) 0.214
Placenta localisation in uterus different than 4 (17%) 12 (23%) 0.804
anterior or posterior®
Child parameters Study group (SGA + AGA) (23 pairs of twins) Control group (AGA) (52 p value
pairs of cases)
Weight of the child (g)° SGA + AGA 2375 (2100-2600) where SGA 1948 2400 (2235-2610) 0.037*
(1650-2360)
AGA 2500 (2120-2900)
Male newborns® 26 (57%) 55 (53%) 0.680%*

BMI body mass index, WBC white blood cells, RBC red blood cells, HB haemoglobin concentration, HCT haematocrit, MCV mean corpuscular
volume, MCHC mean corpuscular haemoglobin concentration, PLT platelets, kg/m? kilograms/meter square, ul microlitre, g/dl grams/decilitre,
% percent, fl fentolitre, g grams, SGA small to gestational age twin, AGA appropriate for gestational age twin, PPROM Preterm premature rup-
ture of membranes, GDM Gestational diabetes mellitus, HA hypertension, /VF, in vitro fertilisation

*Data presented as mean + standard deviation; p value calculated using 7 Student test
®Data presented as median and lower—upper quartile, p value calculated using U Mann-Witney test

“Data presented as the number of cases and percent (%), p value calculated using chi-square test
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Table 3 Relative fold changes in placental gene expressions of the
SGA (IUGR) twin in comparison to the AGA twin from [IUGR/AGA
pregnancies

Studied gene FC* p value
Adipogenesis pathway
ANGPT2 20.2 0.031
DIO2 184 0.229
LEP 16.2 0.031
BMP7 9.5 0.093
CEBPA 4.9 0.298
KLF4 4.1 0.128
INSR 33 0.575
GATA2 2.7 0.229
ADRB2 2.4 0.093
PPARD 2.35 0.298
FABP4 2.3 0.575
SIRTI 22 0.471
Hypoxia pathways
LDHA -2.8 0.229
NDRG1 -2.6 0.298
NOS3 -22 0.297
DDIT4 -22 0.378
JMJD3 -19 0.575
Growth factors
DKK1 -25 0.235
Other genes related to growth
HI9 -1.8 0.575
GLIS3 3.6 0.378

The results of the first stage of the study based on six pairs of twins

*FC Fold change was calculated based on relative gene expression
calculated by 2722 method or Pfaffl method for HI9 and GLIS3
genes

**p value calculated using the Mann—Whitney U test

Fig.2 Relative fold changes
in placental gene expression
by the SGA twin of an [IUGR
pregnancy compared to its
AGA co-twin. The analysis
was performed on 23 pairs of
twins during the second stage
of the study. Fold change was
calculated based on relative
gene expression calculated by
the 2724 method; the p value
was calculated using the Mann—
Whitney U test

GLIS3
p=0.042
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siblings (fold change > 1.5) (Table 3). These 20 genes were
qualified to the next step of the study.

Second step of the study—verification phase

The levels of expression of twenty genes chosen in the first
step were analysed in 75 twin pregnancies: 23 from study
TUGR group (6 pairs from the first stage and 17 new pairs of
twins) and 52 from AGA/AGA pregnancies (control group).

The initial test examined which of the chosen genes could
be associated with the development of IUGR independent
of maternal environment, so analyses were conducted only
on fetuses from the discordant group. The univariate analy-
ses of SGA fetuses and their AGA co-twins indicated four
genes which were significantly associated with the local
environment that may have influenced the IUGR develop-
ment (Fig. 2). No such difference was observed between the
smaller and the larger co-twins (weight discrepancy < 15%)
in the AGA/AGA group.

To eliminate the influence of the results from the discov-
ery phase on the result achieved in the verification phase,
we decided to analyse the population of twins from IUGR/
AGA pregnancies, but after elimination of the six pairs of
twins from the validation stage. The Mann—Whitney U test
based on the 17 new pairs of twins enrolled to the verifica-
tion phase found that the occurrence of the two genes GLIS3
and KLF4 differs significantly between SGA and AGA twins
(fold change — 1.8, fold change 1.5, respectively), whereas
the expression of LEP and ANGPT2 was insignificantly
higher in the SGA twins than the AGA twins (fold change
2.4 and 2.0, respectively).

An analysis was carried out on the study group to
determine whether the arrangement of fetuses’ sex
(female—female, male-male, male—female) influences gene
expression. The Kruskal-Wallis analysis indicated that
none of the genes apart from DDKI were associated with

Relative fold changes in placental gene expression of SGA (IUGR) twin
vs AGA co-twin from IUGR/AGA pregnancies.

LEP

KLF4
p=0.017

ANGPT2
p=0.033

4 5

FOLD CHANGE (FC)
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the combination of sexes for each set of twins. However,
this relationship failed the post-hoc Dunn’s test (p > 0.05),
indicating that this gene does not play any significant role in
the IUGR development.

In the next step, the IUGR (AGA and SGA together)
populations of twins and the AGA/AGA populations (all
twins together) were compared with regard to the rela-
tive expressions of all genes qualified to the second step.
CEBPA and FABP4 expression was significantly lower in
the placentas obtained from the [IUGR/AGA twin popula-
tion (AGA and SGA together) than the AGA/AGA group
(FC=-1.7; p=0.011 and FC=-1.7; p=0.008; respec-
tively). Interestingly, a comparison of AGA twins from the
IUGR/AGA pregnancies and those from AGA/AGA preg-
nancies (AGA + AGA) indicated that CEBPA and FABP4
genes were also significantly downregulated in AGA twins
from ITUGR/AGA gestations (FC=-2.3 and FC=-2.1;
p <0.01; respectively). In addition, ANGPT?2 and KLF4 gene
expression was significant lower in the population of the
AGA twins from ITUGR/AGA gestations than those from
the AGA/AGA pregnancies (FC=-2.9 and FC=-2.3;
p <0.01; respectively).

The association between the fetus sex and the gene expres-
sion was compared between the placentas from [UGR/AGA
pregnancies and the AGA/AGA pregnancies. The two sexual
groups demonstrated different profiles of gene dysregulation.
FABP4 and PPARD expression was downregulated in female
placentas from the IUGR pregnancies (FC=-2.8; p=0.014
and FC=—1.5; p=0.046; respectively). In contrast, male
placentas from IUGR group demonstrated downregulated
CEBPA expression (FC=-2.1; p=0.039).

Discussion

It is generally accepted that the common cause for IUGR
development is abnormal placentation. This leads to a
restriction in oxygen and nutrient supply through the pla-
centa to the fetus thus resulting in placental hypoxia and its
apoptosis (Erel et al. 2001).

The present study found significantly increased expres-
sion of ANGPT2, KLF4, and LEP but lower expression of
GLIS3 gene in the placentas of SGA twins compared to their
AGA co-twins.

Angiopoetin 2B, encoded by the ANGPT?2 gene, is linked
to vascular remodelling and the induction of endothelial cell
apoptosis. This protein plays a significant role in placental
development in humans, ewes, and mice (Dunk et al. 2000;
Hess et al. 2006; Zhang et al. 2016). The role of angiopoetin
depends on the presence of proangiogenic factors, especially
vascular endothelial growth factor (VEGF), whose level is
modulated by its soluble receptor (sVEGFR known as sFlt-1)
in placentas complicated by IUGR (Khalig et al. 1999; Nevo

et al. 2008; Yinon et al. 2014). In the presence of VEGF,
angiopoetin enables endothelial cell migration, proliferation
and angiogenesis but when VEGEF is absent, angiopoetin 2
expression induces vascular regression (Holash et al. 1999;
Kappou et al. 2014; Maisonpierre et al. 1997). It has been
proposed that angiopoetin 2 inhibition influences the reduc-
tion of inflammatory-associated changes in the cells of the
endothelium and allows the blood vessels to normalize (Fal-
con et al. 2009).

Elevated ANGPT?2 expression has been observed in the
placentas of singleton preeclamptic pregnancies compli-
cated by IUGR (Kappou et al. 2014). However, a study of
gestationally matched placentas from the third trimester of
pregnancies (N=10) and from IUGR gestations (N=4),
found no significant change in ANGPT2 mRNA expression
(Dunk et al. 2000). In the present study, a higher level of
ANGPT?2 gene expression was observed in the placentas of
SGA (IUGR) twins compared to their AGA siblings. This
might suggest that the upregulation of this gene is asso-
ciated with the attempt of the small twin to adapt to the
local placental environment. However, ANGPT2 gene was
found to be downregulated in the placenta of the AGA twin
from the [IUGR/AGA pregnancy compared to the two AGA
twins in the AGA/AGA pregnancy; whereas, the placentas
of SGA (IUGR) fetuses demonstrated similar expression to
the AGA fetuses from the AGA/AGA pregnancies (Fig. 3a).
It is therefore possible that in case of the AGA fetus from
the IUGR pregnancy the ANGPT2 downregulation (protect-
ing the utero/placental vessels against the regression char-
acteristic for [IUGR pregnancies where VEGF is depleted or
inhibited by sVEGFR), may be an adaptive mechanism to
obtain the proper growth. It is well known that mammalian
placentas secrete leptin into maternal blood (Gavrilova et al.
1997). This may be one of the mechanisms by which the
maternal metabolism mobilizes fat and provides the fetus
with nutrient supplies (Laivuori, et al. 2006). Our findings
indicate that leptin expression is higher in the placentas
of the SGA (IUGR) twins than in their AGA co-twins. In
addition, it is possible that the dysregulation of leptin gene
expression between SGA (IUGR) and AGA co-twins may
be associated with the local environment typical for the
SGA fetus, as indicated by the lack of any significant differ-
ences between the leptin gene expression by AGA of [IUGR/
AGA vs. both AGA co-twins from AGA/AGA pregnancies,
and between SGA + AGA (from IUGR/AGA pregnancies)
vs AGA + AGA (from AGA/AGA gestations). Numerous
studies show that leptin produced by trophoblastic cells is
responsible for regulation of placental angiogenesis (Hog-
gard et al. 2001; Park et al. 2001). It has been proposed that
the upregulation of leptin gene expression and its concentra-
tion in the placental cells of fetuses born from IUGR preg-
nancies compensate for any induced growth restriction in
the placenta (Schrey et al. 2013). A study conducted on MC
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twin pregnancies with IUGR found that LEP gene expres-
sion was significantly higher in the placentas of SGA fetuses
than in their co-twins (FC =24.59, p <0.05), this relation-
ship was also observed on the protein level (Schrey et al.
2013). On the contrary, Laivuori et al. (2006) found that
the placental leptin gene expression did not differ between
IUGR and uncomplicated pregnancies.

Our present findings indicate that KLF4 and GLIS3 genes
are dysregulated in the placentas of SGA (IUGR) twins com-
pared to their co-twins, KLF4 gene is upregulated whereas
GLIS3 is downregulated. Both genes encode the proteins
that act as activators or repressors of the transcription pro-
cess. KLF4 is mainly engaged in the regulation of normal
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placentation and apoptosis (Blanchon et al. 2001; Rowland
et al. 2005) while GLIS3 is implicated in the development of
some fetal organs, such as the pancreas or thyroid (Dimitri
2017; Dimitri et al. 2011; Nogueira et al. 2013). Some case
studies indicate that patients with a GLIS3 gene mutation
resulting in a truncated non-functional protein demonstrated
IUGR (Dimitri et al. 2011).In addition, patients with distur-
bances in the GLIS3 gene demonstrate impaired beta cell
function and an altered fasting glucose and diabetes mel-
litus phenotype (Wen and Yang 2017; Yang et al. 2013).
Further functional studies are needed to establish why the
GLIS3 gene is depleted in the placentas of SGA (IUGR)
fetuses developing in a limited energy environment. It is
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possible that GLIS3 downregulation might lead to the dis-
turbances in insulin level and in the glucose metabolism of
the SGA fetus; these may be intended to prevent significant
consumption of glucose by the peripheral tissues and pre-
vent the central hypoglycemia and thus support the brain
glucose uptake. This regulation may prevent the death of
the SGA fetuses. Numerous studies have noted that SGA
fetuses demonstrate a similar level of glucose in the cord
blood as AGA fetuses, despite the concentration of insulin
being significantly depleted (Akerman et al. 2018; Bozzetti
et al. 1988; Unterman et al. 1993).

The reduced amounts of oxygen and nutrients avail-
able to fetuses in pregnancies complicated by IUGR result
in enhanced placental apoptosis and aberrant angiogen-
esis (Arroyo and Winn 2008; Gaccioli and Lager 2016).
Kruppel-like factor 4 (KLF4) has been implicated in both
processes. Our present findings indicate that KLF4 gene
expression is upregulated in the placentas of SGA (IUGR)
fetuses in comparison to their AGA co-twins. However, it
was also found that the discrepancy in KLF4 gene expression
between SGA and AGA co-twins (from IUGR/AGA preg-
nancies) was due to KLF4 downregulation by the AGA fetus
rather than its upregulation by the SGA fetus. SGA (IUGR)
fetuses present similar gene expression as AGA fetuses from
AGA/AGA pregnancies (Fig. 3b). This finding suggests that
KLF4 downregulation is needed to maintain appropriate
fetal weight in a limited energy and oxygen environment.
This downregulation has been found to negatively correlate
with VEGF in numerous studies (Ray et al. 2013; Tiwari
et al. 2013). The human VEGF promoter contains an over-
lapping site for KLF4, which suppresses VEGF expression
and is believed to be a regulator of cell apoptosis. However,
the role of KLLF4 with regard to apoptosis is dependent on its
genetic and cellular context (Malik et al. 2015). Therefore,
further studies are warranted to determine the role of KLF4
in placentas of SGA and AGA fetuses born from IUGR/
AGA twin pregnancies.

Although no differences were found between the twins
born from ITUGR/AGA (SGA + AGA) and AGA/AGA
(AGA + AGA) pregnancies regarding the expression of
ANGPT2, LEP, KLF4 and GLIS3, the profiles of the CEBPA
(CCAAT/enhancer-binding protein alpha) and FABP4 genes
differed. Both the genes implicated in the proliferative pro-
cesses and processes involved in the regulation of liver, adi-
pose tissue, and placenta function (Scifres et al. 2011, 2012;
Voutila et al. 2017) were significantly depleted in IUGR
pregnancies. In addition, CEBPA and FABP4 gene expres-
sion was found to be downregulated in AGA fetuses from
IUGR/AGA pregnancies compared to AGA fetuses from
AGA/AGA gestations (FC=-2.1, FC=-1.7; p<0.01;
respectively) (Fig. 3c, d). As these genes were depleted in
the total [IUGR/AGA group (SGA 4+ AGA) and in the AGA
twins from ITUGR/AGA pregnancies with regard to AGA/

AGA group, and no difference in gene expression was found
between SGA (IUGR) and AGA (co-twins), it is possible
that this downregulation may be related with unknown
maternal factors. These maternal factors may modulate the
process of placentation of both twins where one of them
(AGA) adapts more efficiently than the other (SGA).

In addition, both maternal and local uterine factors affect
the fetal development and may lead to the initiation of the
phenomenon called “thrifty genes”. The two-hit hypoth-
esis has been proposed to account for the programming of
the health pathology of adult people due to their prenatal
insults This hypothesis suggests that a genetic susceptibil-
ity combined with an insult occurring during perinatal life
(“first-hit”) leads to the reorganization of the various organ
systems, which alone might be insufficient to alter the adult
phenotype. However, endocrine imbalances resulting from
the perinatal insults and postnatal life factors may act as a
“second-hit,” which may induce a disease state by unmask-
ing or amplifying the underlying defects (Padmanabhan
et al. 2015). It is well documented that the children born
from pregnancies complicated by IUGR tend to develop
diabetes mellitus, metabolic syndrome or cardiovascular in
their postnatal life. Further studies are needed to determine
whether the differences observed in the analysed genes of
fetuses in the present study may induce differences in chil-
dren development and their adult metabolism.

The limitation of our study is the fact that DC twins are
not genetically identical, as individual fetuses may have dif-
ferent potential to grow and develop IUGR. Paternal fac-
tors make them exhibit individual features similar to those
siblings who are not twins. This may influence the pace of
growth of the fetus and account for some of the variance
in our experimental model. However, the lack of any dis-
crepancy in the gene expression between AGA siblings born
from AGA/AGA pregnancies suggests that the expression
profile of the studied genes does not depend on the genotype
of the fetuses but is associated with the unfavourable intrau-
terine condition. A second limitation is that the present study
did not assess the level of proteins encoded by the analysed
genes or perform any functional study. Therefore, our future
research strategy will comprise conducting laboratory analy-
ses on the protein level and performing functional studies to
confirm our suggestion presented in this manuscript.

Conclusions: as both fetuses develop in the same maternal
environment, a DC twin pregnancy is a good model to iden-
tify differences in gene expression between SGA (IUGR)
and AGA co-twins. A difference in gene expression levels
between SGA and AGA co-twins could be connected with
the adaptation of fetuses to the local uterine environment.

Acknowledgements The authors would like to thank all patients who
agreed to participate in this study. This study was supported by Grant
No. 2014/15/B/NZ5/03495 funded by The National Science Center
(NCN), Poland.

@ Springer



658

Human Genetics (2019) 138:649-659

Compliance with ethical standards

Conflict of interest On behalf of all authors, the corresponding author
states that there is no conflict of interest.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

Akerman F, Mokarami P, Killén K, Olofsson P (2018) The small-for-
gestational-age fetus has an intact ability to develop lacticemia
when exposed to hypoxia: a retrospective comparative register
study. J Matern Fetal Neonatal Med 31:1290-1297. https://doi.
org/10.1080/14767058.2017.1315098

Andersen CL, Jensen JL, @rntoft TF (2004) Normalization of real-time
quantitative reverse transcription-PCR data: a model-based vari-
ance estimation approach to identify genes suited for normaliza-
tion, applied to bladder and colon cancer data sets. Cancer Res
64:5245-5250. https://doi.org/10.1158/0008-5472.CAN-04-0496

Arroyo JA, Winn VD (2008) Angiogenesis in the IUGR Placenta.
Semin Perinatol 32:172-177. https://doi.org/10.1053/j.sempe
1i.2008.02.006

Blanchon L, Bocco JL, Gallot D, Gachon AM, Lémery D, Déchelotte P,
Dastugue B, Sapin V (2001) Co-localization of KLF6 and KLF4
with pregnancy-specific glycoproteins during human placenta
development. Mech Dev 105:185-189. https://doi.org/10.1016/
S0925-4773(01)00391-4

Bozzetti P, Ferrari MM, Marconi AM, Ferrazzi E, Pardi G, Makowski
EL, Battaglia FC (1988) The relationship of maternal and fetal
glucose concentrations from midgestation until term. Metabilism
37:358-363

Breathnach FM, Malone FD (2012) Fetal growth disorders in twin
gestations. Semin Perinatol 36:175-181. https://doi.org/10.1053/j.
semperi.2012.02.002

Chang YL, Wang CN, Wei PC, Peng HH, Chao AS, Chang SD, Cheng
PJ, Wang TH (2013) Mitochondrial activation in the growth-
restricted fetus of monochorionic twins. Fertil Steril. https://doi.
org/10.1016/j.fertnstert.2013.03.003

Demes M, Bartsch H, Scheil-Bertram S, Miicke R, Fisseler-Eckhoff
A (2012) Real-time PCR data processing shown by the analysis
of colorectal specific candidate genes, ERCC1, RRM1 and TS
in relation to B2 M as endogenous control. Appl Sci 2:139-159.
https://doi.org/10.3390/app2010139

Diaz M, Bassols J, Aragonés G, Mazarico E, Lopez-Bermejo A, Ibafiez
L (2013) Decreased placental expression of pre-adipocyte fac-
tor-1 in children born small-for-gestational-age: association to
early postnatal weight gain. Placenta 34:331-334. https://doi.
org/10.1016/j.placenta.2013.01.011

Dimitri P (2017) The role of GLIS3 in thyroid disease as part of a
multisystem disorder. Best Pract Res Clin Endocrinol Metab
31:175-182. https://doi.org/10.1016/j.beem.2017.04.007

Dimitri P, Warner JT, Minton JAL, Patch AM, Ellard S, Hattersley AT,
Barr S, Hawkes D, Wales JK, Gregory JW (2011) Novel GLIS3
mutations demonstrate an extended multisystem phenotype. Eur
J Endocrinol 164:437—443. https://doi.org/10.1530/EJE-10-0893

Dunk C, Shams M, Nijjar S, Rhaman M, Qiu Y, Bussolati B,
Ahmed A (2000) Angiopoietin-1 and angiopoietin-2 acti-
vate trophoblast tie-2 to promote growth and migration during

@ Springer

placental development. Am J Pathol 156:2185-2199. https://doi.
org/10.1016/S0002-9440(10)65089-4

Erel CT, Dane B, Calay Z, Kaleli S, Aydinli K (2001) Apoptosis
in the placenta of pregnancies complicated with IUGR. Int J
Gynecol Obstet 73:229-235. https://doi.org/10.1016/S0020
-7292(01)00373-3

Falcon BL, Hashizume H, Koumoutsakos P, Chou J, Bready JV, Coxon
A, Oliner JD, Mcdonald DM (2009) Contrasting actions of selec-
tive inhibitors of angiopoietin-1 and angiopoietin-2 on the nor-
malization of tumor blood vessels. Am J Pathol 175:2159-2170.
https://doi.org/10.2353/ajpath.2009.090391

Gaccioli F, Lager S (2016) Placental nutrient transport and intrauterine
growth restriction. Front Physiol 7:1-8. https://doi.org/10.3389/
fphys.2016.00040

Gao B, Sun W, Wang X, Jia X, Ma B, Chang Y, Zhang W, Xue D
(2013) Whole genome expression profiling and screening for
differentially expressed cytokine genes in human bone marrow
endothelial cells treated with humoral inhibitors in liver cir-
rhosis. Int J Mol Med 32:1204-1214. https://doi.org/10.3892/
ijmm.2013.1495

Gavrilova O, Barr V, Marcus-Samuels B, Reitman M (1997) Hyperlep-
tinemia of pregnancy associated with the appearance of a circulat-
ing form of the leptin receptor. J Biol Chem 272:30546-30551.
https://doi.org/10.1074/jbc.272.48.30546

Hess AP, Hirchenhain J, Schanz A, Talbi S, Hamilton AE, Giudice
LC, Kriissel JS (2006) Angiopoietin-1 and -2 MRNA and protein
expression in mouse preimplantation embryos and uteri suggests
a role in angiogenesis during implantation. Reprod Fertil Dev
18:509-516. https://doi.org/10.1071/RD05110

Hoggard N, Haggarty P, Thomas L, Lea RG (2001) Leptin MRNA
growth retarded protein normal leptln receptor protein IQG con-
trol. Biochem Soc Trans 29:57-63

Holash J, Maisonpierre PC, Compton D, Boland P, Alexander C, Zag-
zag D, Yancopoulos GD, Wiegand SJ (1999) Vessel cooption,
regression, and growth in tumors mediated by angiopoietins and
VEGEF. Science 284:1994-1999

Kappou D, Sifakis S, Androutsopoulos V, Konstantinidou A, Spandi-
dos DA, Papantoniou N (2014) Placental MRNA expression of
angiopoietins (Ang)-1, Ang-2 and their receptor Tie-2 is altered in
pregnancies complicated by preeclampsia. Placenta 35:718-723.
https://doi.org/10.1016/j.placenta.2014.07.001

Khalig A, Dunk C, Jiang J, Shams M, Li XF, Acevedo C, Weich H,
Whittle M, Ahmed A (1999) Hypoxia down-regulates placenta
growth factor, whereas fetal growth restriction up-regulates pla-
centa growth factor expression: molecular evidence for “placental
hyperoxia” in intrauterine growth restriction. Lab In 79:151-170

Laivuori H, Gallaher MJ, Collura L, Crombleholme WR, Markovic
N, Rajakumar A, Hubel JM, Powers RW (2006) Relationships
between Maternal plasma leptin, placental leptin MRNA and pro-
tein in normal pregnancy, pre-eclampsia and intrauterine growth
restriction without pre-eclampsia. Mol Hum Reprod 12:551-556.
https://doi.org/10.1093/molehr/gal064

Lewi L, Deprest J, Hecher K (2013) The vascular anastomoses in
monochorionic twin pregnancies. YMOB 208:19-30. https://doi.
org/10.1016/j.2j0og.2012.09.025

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression
data using real-time quantitative PCR and the 2-AACT method.
Methods 25:402-408. https://doi.org/10.1006/meth.2001.1262

Maisonpierre PC, Suri C, Jones PF, Bartunkova S, Wiegand SJ, Radzie-
jewski C, Compton D, Mcclain J, Aldrich TH, Papadopoulos N,
Daly TJ, Davis S, Sato TN, Yancopoulos GD (1997) Angiopoi-
etin-2, a natural antagonist for Tie2 that disrupts in vivo angio-
genesis. Science 277:55-60

Malik D, Kaul D, Press S (2015) KLF4 genome: a double edged sword.
J Solid Tumors 5:49-64. https://doi.org/10.5430/jst.v5n1p49


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1080/14767058.2017.1315098
https://doi.org/10.1080/14767058.2017.1315098
https://doi.org/10.1158/0008-5472.CAN-04-0496
https://doi.org/10.1053/j.semperi.2008.02.006
https://doi.org/10.1053/j.semperi.2008.02.006
https://doi.org/10.1016/S0925-4773(01)00391-4
https://doi.org/10.1016/S0925-4773(01)00391-4
https://doi.org/10.1053/j.semperi.2012.02.002
https://doi.org/10.1053/j.semperi.2012.02.002
https://doi.org/10.1016/j.fertnstert.2013.03.003
https://doi.org/10.1016/j.fertnstert.2013.03.003
https://doi.org/10.3390/app2010139
https://doi.org/10.1016/j.placenta.2013.01.011
https://doi.org/10.1016/j.placenta.2013.01.011
https://doi.org/10.1016/j.beem.2017.04.007
https://doi.org/10.1530/EJE-10-0893
https://doi.org/10.1016/S0002-9440(10)65089-4
https://doi.org/10.1016/S0002-9440(10)65089-4
https://doi.org/10.1016/S0020-7292(01)00373-3
https://doi.org/10.1016/S0020-7292(01)00373-3
https://doi.org/10.2353/ajpath.2009.090391
https://doi.org/10.3389/fphys.2016.00040
https://doi.org/10.3389/fphys.2016.00040
https://doi.org/10.3892/ijmm.2013.1495
https://doi.org/10.3892/ijmm.2013.1495
https://doi.org/10.1074/jbc.272.48.30546
https://doi.org/10.1071/RD05110
https://doi.org/10.1016/j.placenta.2014.07.001
https://doi.org/10.1093/molehr/gal064
https://doi.org/10.1016/j.ajog.2012.09.025
https://doi.org/10.1016/j.ajog.2012.09.025
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.5430/jst.v5n1p49

Human Genetics (2019) 138:649-659

659

Moore AM, O’Brien K (2006) Follow-up issues with multiples. Pae-
diatr Child Health 11:283-286

Nevo O, Many A, Xu J, Kingdom J, Piccoli E, Zamudio S, Post M,
Bocking A, Todros T, Caniggia I (2008) Placental expression of
soluble Fms-like tyrosine kinase 1 is increased in singletons and
twin pregnancies with intrauterine growth restriction. Endocrinol
Metab 93:285-292. https://doi.org/10.1210/jc.2007-1042

Nogueira TC, Paula FM, Villate O, Colli ML, Moura RF, Cunha DA,
Marselli L, Marchetti P, Cnop M, Julier C, Eizirik DL (2013)
GLIS3, a susceptibility gene for type 1 and type 2 diabetes, modu-
lates pancreatic beta cell apoptosis via regulation of a splice vari-
ant of the BH3-only protein Bim. PLoS Genet 9:1-17. https://doi.
org/10.1371/journal.pgen.1003532

Padmanabhan V, Cardoso RC, Puttabyatappa M (2015) Developmental
programming, a pathway to disease. Endocrinology 157:1328—
1340. https://doi.org/10.1210/en.2016-1003

Park HY, Kwon HM, Lim HJ, Hong BK, Lee JY, Park BE, Jang Y, Cho
SY, Kim HS (2001) Potential role of leptin in angiogenesis: leptin
induces endothelial cell proliferation and expression of matrix
metalloproteinases in vivo and in vitro. Exp Mol Med 33:95-102.
https://doi.org/10.1038/emm.2001.17

Pfaffil MW (2002) Relative expression software tool (REST(C)) for
group-wise comparison and statistical analysis of relative expres-
sion results in real-time PCR. Nucleic Acids Res 30:36e-36. https
://doi.org/10.1093/nar/30.9.e36

Ray A, Alalem M, Ray BK (2013) Loss of epigenetic kruppel-like
factor 4 histone deacetylase (KLF-4-HDAC) -mediated transcrip-
tional suppression is crucial in increasing vascular endothelial
growth factor (VEGF) expression in breast cancer®. ] Biol Chem
288:27232-27242. https://doi.org/10.1074/jbc.M113.481184

Ream M, Ray AM, Chandra R, Chikaraishi DM (2008) Early fetal
hypoxia leads to growth restriction and myocardial thinning. Am
J Physiol Regul Integr Comp Physiol 295:R583-R595. https://doi.
org/10.1152/ajpregu.00771.2007

Ropacka-Lesiak M, Brgborowicz G, Dera A (2012) Blood flow changes
in dichorionic twins with growth discordance. Twin Res Hum
Genet 15:781-787. https://doi.org/10.1017/thg.2012.51

Rowland BD, Bernards R, Peeper DS (2005) The KLF4 tumour sup-
pressor is a transcriptional repressor of P53 that acts as a context-
dependent oncogene. Nat Cell Biol 7:1074-1082. https://doi.
org/10.1038/ncb1314

Sagawa N, Yura S, Itoh H, Mise H, Kakui K, Korita D, Takemura M,
Nuamah MA, Ogawa Y, Masuzaki H, Nakao K, Fujii S (2002)
Role of leptin in pregnancy—a review. Placenta 23(Suppl A):S80—
S86. https://doi.org/10.1053/plac.2002.0814

Schrey S, Kingdom J, Baczyk D, Fitzgerald B, Keating S, Ryan G,
Drewlo S (2013) Leptin is differentially expressed and epige-
netically regulated across monochorionic twin placenta with dis-
cordant fetal growth. Mol Hum Reprod 19:764-772. https://doi.
org/10.1093/molehr/gat048

Scifres CM, Chen B, Nelson DM, Sadovsky Y (2011) Fatty acid bind-
ing protein 4 regulates intracellular lipid accumulation in human
trophoblasts. J Clin Endocrinol Metab 96:E1083-E1091. https://
doi.org/10.1210/jc.2010-2084

Scifres CM, Catov JM, Simhan H (2012) Maternal serum fatty acid
binding protein 4 (FABP4) and the development of preeclamp-
sia. J Clin Endocrinol Metab 97:349-356. https://doi.org/10.1210/
jc.2011-2276

Sharma D, Shastri S, Sharma P (2016) Intrauterine growth restric-
tion: antenatal and postnatal aspects. Clin Med Insights Pediatr
10:67-83. https://doi.org/10.4137/CMPed.S40070

Struwe E, Berzl G, Schild R, Blessing H, Drexel L, Hauck B,
Tzschoppe A, Weidinger M, Sachs M, Scheler C, Schleussner E,
Dotsch J (2010) Microarray analysis of placental tissue in intrau-
terine growth restriction. Clin Endocrinol 72:241-247. https://doi.
org/10.1111/j.1365-2265.2009.03659.x

Tavano B, Tsipouri V, Hardy GAD, Royle CM, Keegan MR, Fuchs D,
Patterson S, Almond N, Berry N, Ham C, Ferguson D, Boasso
A (2017) Immune responses in the central nervous system are
anatomically segregated in a non-human primate model of human
immunodeficiency virus infection. Front Immunol 8:1-13. https
://doi.org/10.3389/fimmu.2017.00361

Tiwari N, Meyer-schaller N, Arnold P, Antoniadis H, Pachkov M, Van
Nimwegen E, Christofori G (2013) Klf4 is a transcriptional regu-
lator of genes critical for EMT, including Jnk1 (Mapk8). PLoS
One 8:¢57329. https://doi.org/10.1371/journal.pone.0057329

Unterman TG, Simmons RA, Glick RP, Ogata ES (1993) Circulating
levels of insulin, insulin-like growth factor-I (IGF-I), IGF-II, and
IGF-binding proteins in the small for gestational age fetal rat*.
Endocrinology 132:327-336

Voutila J, Reebye V, Roberts TC, Protopapa P, Andrikakou P, Blakey
DC, Habib R, Huber H, Saetrom P, Rossi JJ, Habib NA (2017)
Development and mechanism of small activating RNA targeting
CEBPA, a novel therapeutic in clinical trials for liver cancer. Mol
Ther 25:2705-2714. https://doi.org/10.1016/j.ymthe.2017.07.018

Wallner W, Sengenberger R, Strick R, Strissel PL, Meurer B, Beck-
mann MW, Schlembach D (2007) Angiogenic growth factors
in maternal and fetal serum in pregnancies complicated by
intrauterine growth restriction. Clin Sci 112:51-57. https://doi.
org/10.1042/CS20060161

Wen X, Yang Y (2017) Emerging roles of GLIS3 in neonatal diabetes,
type 1 and type 2 diabetes. ] Mol Endocrinol 58:R73—-R85. https
://doi.org/10.1530/JME-16-0232

Westwood M, Gibson JM, Sooranna SR, Ward S, Neilson JP, Bajoria R
(2001) Genes or placenta as modulator of fetal growth: evidence
from the insulin-like growth factor axis in twins with discordant
growth. Mol Hum Reprod 7:387-395. https://doi.org/10.1093/
molehr/7.4.387

Yang Y, Chang BH, Chan L (2013) Sustained expression of the tran-
scription factor GLIS3 is required for normal beta cell function
in adults. EMBO Mol Med 5:92-104. https://doi.org/10.1002/
emmm.201201398

Yinon Y, Mazkereth R, Rosentzweig N, Jarus-Hakak A, Schiff E, Sim-
chen MJ (2005) Growth restriction as a determinant of outcome
in preterm discordant twins. Obstet Gynecol 105:80-84. https://
doi.org/10.1097/01.AOG.0000146634.28459.e8

Yinon Y, Meir E Ben, Berezowsky A, Weisz B, Schift E, Mazaki-
tovi S, Lipitz S (2014) Circulating angiogenic factors in mono-
chorionic twin pregnancies complicated by twin-to-twin trans-
fusion. Am J Obstet Gynecol 210:141.e1-141.e7. https://doi.
org/10.1016/j.ajog.2013.09.022

Zhang S, Barker P, Botting KJ, Roberts CT, McMillan CM, McMil-
len IC, Morrison JL (2016) Early restriction of placental growth
results in placental structural and gene expression changes in late
gestation independent of fetal hypoxemia. Physiol Rep 4:1-19.
https://doi.org/10.14814/phy2.13049

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1210/jc.2007-1042
https://doi.org/10.1371/journal.pgen.1003532
https://doi.org/10.1371/journal.pgen.1003532
https://doi.org/10.1210/en.2016-1003
https://doi.org/10.1038/emm.2001.17
https://doi.org/10.1093/nar/30.9.e36
https://doi.org/10.1093/nar/30.9.e36
https://doi.org/10.1074/jbc.M113.481184
https://doi.org/10.1152/ajpregu.00771.2007
https://doi.org/10.1152/ajpregu.00771.2007
https://doi.org/10.1017/thg.2012.51
https://doi.org/10.1038/ncb1314
https://doi.org/10.1038/ncb1314
https://doi.org/10.1053/plac.2002.0814
https://doi.org/10.1093/molehr/gat048
https://doi.org/10.1093/molehr/gat048
https://doi.org/10.1210/jc.2010-2084
https://doi.org/10.1210/jc.2010-2084
https://doi.org/10.1210/jc.2011-2276
https://doi.org/10.1210/jc.2011-2276
https://doi.org/10.4137/CMPed.S40070
https://doi.org/10.1111/j.1365-2265.2009.03659.x
https://doi.org/10.1111/j.1365-2265.2009.03659.x
https://doi.org/10.3389/fimmu.2017.00361
https://doi.org/10.3389/fimmu.2017.00361
https://doi.org/10.1371/journal.pone.0057329
https://doi.org/10.1016/j.ymthe.2017.07.018
https://doi.org/10.1042/CS20060161
https://doi.org/10.1042/CS20060161
https://doi.org/10.1530/JME-16-0232
https://doi.org/10.1530/JME-16-0232
https://doi.org/10.1093/molehr/7.4.387
https://doi.org/10.1093/molehr/7.4.387
https://doi.org/10.1002/emmm.201201398
https://doi.org/10.1002/emmm.201201398
https://doi.org/10.1097/01.AOG.0000146634.28459.e8
https://doi.org/10.1097/01.AOG.0000146634.28459.e8
https://doi.org/10.1016/j.ajog.2013.09.022
https://doi.org/10.1016/j.ajog.2013.09.022
https://doi.org/10.14814/phy2.13049

	Identification of placental genes linked to selective intrauterine growth restriction (IUGR) in dichorionic twin pregnancies: gene expression profiling study
	Abstract
	Introduction
	Materials and methods
	Clinical characterization of subject
	Laboratory examinations
	Biopsy procedure and RNA isolation
	Reverse transcription and PCR arrays in discovery phase
	Quantitative RT-PCR in validation phase
	Statistical analysis

	Results
	The first stage of the study—discovery phase
	Second step of the study—verification phase

	Discussion
	Acknowledgements 
	References




