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Abstract

Background and Objectives: Intrauterine growth restriction (IUGR) is worldwide a public health
problem. IUGR-born individuals acquire epigenetic “thrifty-phenotype” gene adaptations, according to the
“Barker hypothesis” and are more susceptible to develop metabolic related diseases. Small for Gestational
Age (SGA) fetuses consist of a transitional group between IUGR and normally grown fetuses (Appropriate
for Gestational Age, AGA). Currently, there is limited information in the literature whether IUGR or SGA
status affects the pluripotency of the Umbilical Cord Mesenchymal Stem Cell (UC-MSC) with respect to
gene expression at various stages of cell culture.

Materials and Methods: In this study, we investigated stemness marker expression in UC-MSCs derived
from twenty-one AGA, IUGR, and SGA fetuses. The relative expression of key genes involved in stemness,
pluripotency, and cell proliferation, namely IGF2BP1, CMYC, GLI1, P21, NANOG, OCT4, and SOX2, was as-
sessed in UC-MSCs at passages PO and P1 using flow cytometry and quantitative PCR.

Results: We found lower median expression levels of IGF2BP1 in IUGR group (P=0.044) and P21 in SGA
group (P=0.024) at PO compared to control group. GLI1 and OCT4 exhibited reduced expression at P1 in
the IUGR group (P=0.0434 and P=0.0343 respectively) compared to AGA. NANOG median expression dif-
fered statistically between CONTROL and IUGR group in PO (P=0.034) and P1 (P=0.0205). No significant
changes were noted for SOX2 and CMYC median expression among the various groups in PO and P1.
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Conclusion: The comparative analysis of stemness marker expression among UC-MSCs from these three

different sources is a novel descriptive aspect of our study, adding a new perspective to the existing literature.

Key words: IUGR, IGF2BP1, P21, NANOG, GLI1, OCT4, SOX2, CMYC, UC-MSC

Introduction

The arrest of fetal growth is referred to as Fetal
Growth Restriction (FGR) and is a public health
problem affecting approximately 10-15% of preg-
nant women, observed in 23.8% of the newborn.
Approximately 30 million babies in developing
countries suffer from FGR annually. In Fetal Growth
Restriction the embryo cannot reach its inherent
developmental potential. Sonographically, growth
in the third trimester is deviated from its expected
orbit and the estimated fetal weight remains be-
low the 5% Percentile in reference growth charts.
Recently, Intrauterine Growth Restriction (IUGR)
has been replaced by FGR therefore, in this study
both terms are used as synonyms. Early-onset FGR
(EoFGR) emerges before 32 weeks of gestation and
is attributed to severe placental insufficiency?!. It
complicates 1% of gestations and often coexists with
preeclampsia. A series of dynamic changes in fetal
doppler spectral waveforms in Umbilical Artery (UA),
Middle Cerebral Artery (MCA) and Ductus Venosus
(DV) occur as placental perfusion worsens in con-
junction with a decelerated growth. These changes
reflect a temporary fetal circulatory redistribution
of perfusion to the “precious organs” which include
brain, heart and adrenals (“Brain-Sparing Effect”).
This gradual decrease in the kidney perfusion even-
tually leads to reduced amniotic fluid prior to the
decompensation'. Late-onset FGF (LoFGR) emerges
after 34 gestational weeks while it is related to mild
placental insufficiency. The growth rate in reference
charts is flattened and remains under the 5" Percen-
tile however, the doppler waveforms are unaffected.
The dimensions of the fetus and the absolute fetal

perfusion per minute are higher compared to EOFGR
which precludes, redistribution adaptations. The
transient classification group of relatively small
fetuses with smooth growth orbit (5%-10" Percen-
tile) are defined as Small for Gestational Age (SGA).
Fetuses with normal growth are mentioned as AGA
(Appropriate for Gestational Age), an acronym that
resembles the SGA one.

Four decades ago, Barker after a series of epide-
miological studies in England formulated the Barker
hypothesis?. According to this hypothesis, a poor
nutritional status during intrauterine life (observed
especially during past famine historical periods)
could provoke a series of permanent gene expres-
sion adaptations, which fit to a “Thrifty-Phenotype”.
These responses seem to work well with low caloric
intake and low substrate supplementation, but are
inappropriate for a rich caloric intake and abundant
nutritional environment?. Today, this hypothesis has
been confirmed and expanded, including a series of
adult metabolic diseases like Diabetes Mellitus Type
II, Arterial Hypertension and Metabolic Syndrome.
These disorders are currently attributed to epigenetic
changes due to poor intrauterine nutritional status*®.
Gene expression can be altered without interfering
with genetic composition of DNA (base sequence)
through three well- known epigenetic mechanisms: A.
DNA base methylation and demethylation, B. Histone
modification and C. Small noncoding RNAs, (miRNAs).

Mesenchymal stem cells (MSCs) were initially
studied in the ‘70s by Friedenstein et al in the bone
marrow (BM) as cells with self-renewal and differ-
entiation potential’. Since then, great progress has
been made and MSCs have been found in almost all
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tissues, including umbilical cord (UC-MSC). MSCs
possess immunoregulatory, unique immunopheno-
typic and tissue-repair capacity. Several studies have
shown that MSCs are capable of migrating directly
to specific tissues, a phenomenon known as hom-
ing. The tropism property of MSCs into injury sites
and tumors makes them ideal vehicles for targeted
tumor therapy and tissue engineering however, the
exact mechanism of MSCs homing is still unknown®.

Collecting Umbilical Cord Mesenchymal Stem
Cells (UC-MSC) from waste tissues of delivery pro-
cess is not invasive in nature and without ethical
dilemmas. Public and private stem cell banks began
worldwide to commercial advertise and encourage
future parents to invest on the potential therapeu-
tic efficacy of these UC-MSC cells through storage,
processing and deep freezing. Previously, we have
investigated the role of IGF2BP1 upon interference
when UC-MSC were cultured from fetuses with
normal growth (AGA). Decreasing levels of IGF2BP1
lead to decreased cell proliferation, lower CMYC and
GLI1 expression levels and increased P21 expres-
sion levels under the epigenetic control of TET1/2
demethylases®.

However, it still remains to be clarified whether
UC-MSC sampled from AGA, IUGR and SGA fetuses
share the same biological features. Therefore in this
study, we sought to investigate the relative expres-
sion of IGF2BP1, CMYC, GLI1, P21, NANOG, OCT4
and SOX2 known to be involved in the stemness,
pluripotency, and cell proliferation at passages PO
and P1 in UC-MSC from AGA, IUGR and SGA fetuses.

Materials and Methods

For the purpose of this study twenty-one embryos
(M1-M21) from the 1%t Department of OB/GYN,
University of Athens, “Alexandra Hospital” were
enrolled. Ten were assigned to IUGR (FGR) group,
three to SGA group and eight to AGA group (CON-
TROL) according to the aforementioned estimated
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growth criteria. There were two twin pregnancies:
one dichorionic (samples M5 and M6) and one mono-
chorionic - diamniotic (samples M15 and M16). The
total number of the pregnant women assessed was
nineteen (P1-P19) (Table 1). Mean maternal age was
32 years for AGA, 27 years for SGA and 31, 5 years
for IUGR group.

All women in the pathologic branch (IUGR, SGA)
were admitted for close prenatal clinical surveillance
in the “High-risk pregnancy” department of the
clinic. They underwent laboratory blood analysis,
biochemical testing, cardiotocographic control, on-
going sonographic growth assessment and doppler
velocimetry. Birth was appointed by morning routine
Cesarean Section (CS) in the optimal gestation week
and under optimal workflow conditions according
to the clinical protocols of 1st Department of OB/
GYN. The women in the CONTROL branch had an
appointment forcesarean section due to previous
CS. They also underwent routine laboratory blood
analysis and biochemical testing at the admission.
No oxytocin was used. Epidural anesthesia was used,
where medication exerts no systematic affects. All
donors were informed and had signed a consent
form. All procedures had prior approval from the
Research Ethics Committee of Alexandra Hospital.
Furthermore, at the time of sample collection, all
donors were free of disease.

Tissue sampling and transport

About ten centimeter of umbilical cord was sam-
pled from placental end (rich in MSCs) under sterile
conditions and embedded in Falcon containing PBS
5% v/v Fetal Calf Serum (FCS) Solution. Within
short time the sample was transported under strict
thermal conditions in the “Cancer Immunology and
Immunotherapy Center”, Saint Savas Cancer Hospital,
Athens. The physical distance between both hospitals
is short and the laboratory where sample processing
would take place was synchronized for readiness.
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Table 1. Summary of sample grouping and delivery characteristics. Each sample is defined as M1-M21.
Each pregnant woman is defined as P1-P19. Delivery age is depicted as the number of days from the

beginning of the full weeks. Maternal Age is mentioned as integers. The birth weight is expressed in
grams and in percentiles according to Hadlock growth charts. Apgar score is an indicator of well-being

of newborn assigning maximal score of 10. [UGR: Intra-Uterine Growth Restriction, SGA: Small for Gesta-
tional Age, CONTROL: normal grown fetuses. DCDA: Dichorionic Diamniotic twins, MCDA: Monochorionic

Diamniotic twins.

| SAMPLE ID PREGNANT  DELIVERY AGE MATERNAL AGE

} WOMAN ID (WEEKS) (YEARS)  PERCENTILE GROUP BIRTHWEIGHT ( GRAMS) 238’22
M1 P1 3642 21 84 SGA 2320 3 |
M2 P2 3646 36 4 IUGR 2260 8
M3 P3 3646 42 2,4 IUGR 2170 8
M4 P4 34+1 31 0 IUGR 940 8
M5 s 3442 30 14 IUGR,DCDA TWIN 1660 9
M6 PS 3442 30 2,3 IUGR,DCDA TWIN 1730 9
M7 P6 36+2 39 43 IUGR 2180 8
M8 P7 3645 27 8,6 SGA 2400 9
M9 P8 38+1 41 48,4 CONTROL 3204 8
M10 P9 3740 37 13,8 CONTROL 2610 8
M11 P10 3241 31 15,7 CONTROL 1670 8
 MI12 P11 3545 25 04 IUGR 1710 8
| m13 P12 3546 24 35 IUGR 1770 7
. M P13 3943 37 56,1 CONTROL 3470 9
M15 P14 3441 28 9,1 SGA,MCDA TWIN 1940 8
M16 P14 3441 28 89,7 CONTROL,MCDA TWIN 2860 6
M17 P15 3743 38 2,3 IUGR 2240 8
M18 P16 3643 32 17,6 CONTROL 2530 9
M19 P17 3846 32 79,6 CONTROL 3700 9
M20 P18 3845 40 18,8 CONTROL 2910 9
M21 P19 33+4 32 04 IUGR 1380 8

MSC isolation and culture

UC-MSC isolation was carried out according to
our previous study® with the following modifica-
tions: under sterile conditions in Laminar Flow
Chamber BH-EN-2004 (Faster, Italy) received UC was
rinsed twice in PBS-Dulbecco (Merck SA, Greece). A
hematoma-free piece of 5 cm was dissected and the
blood vessels were removed. The remaining tissue
was cut into small pieces and plated outin a T175

culture flask (Greiner Bio-One, Merck SA, Greece)
in complete medium of aMEM with 20% v/v FCS
and 1% Pen/Strep antibiotic mixture. For smooth
cell proliferation and development, incubation was
carried out at 37°C, in a gas mixture of 95% air and
5% CO, within incubation chamber (Thermo Sci-
entific, USA). After 24h, small pieces were removed
and culture material was renewed every 3-4 days.
Cells were observed in reverse optic microscope
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(Euromex, Holland). This timepoint is referred to
as Passage 0 (P0). Two to three weeks upon initial
plating, dense colonies were formed, and the first
re-culture was performed. This timepoint is referred
to as Passage 1 (P1). Cells were trypsinized in 0.25%
trypsin-ethylenediaminetetraacetic acid (EDTA) (1x,
Gibco) solution for 5 minutes to allow detaching and
re-plated in complete medium with a cell density of
250/cm? Medium was replenished twice a week and
further passage was performed when cells reached
80% confluence. The remaining cells were deeply
frozen to -80°C for less than 6 months®.

MSCs were cryopreserved in 10% dimethyl sulf-
oxide (DMSO) together with fetal calf serum (FCS),
to sustain cell viability. The DMSO serves as the
cryoprotectant to prevent formed ice crystals. No
differences in cell recovery and viability from vari-
ous fetuses were observed after thawing among the
three groups.

At PO and P1 passage, when cells reached about
80% confluency, were sub- cultured to ensure proper
growth and health, since high cell density inhibits the
mesenchymal proliferation rate. The IUGR samples
delayed to reach density levels compared to the
other samples, however this was not addressed.
This could be attributed to the slicing and placement
of the umbilical cord within the flask. The exact
number of mesenchymal stem cells contained per
tissue varies greatly amongst the donors as this is an
endogenous characteristic for each individual. Slight
differences on the initial umbilical tissue placed in
culture could magnify further variations. However,
these differences also apply to control samples. Pure
mesenchymal stem cell population, confirmed by
flow cytometry, isolated and cultured at passages
P0 and P1 proliferated similarly amongst the groups
and had no apparent deviations.

Cell counting and viability determination
Trypan blue staining was used for the assessment
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of cell survival rate, as it can pass the cell membrane
only in dead cells and stain them blue. Cell counting
was performed in Neubauer counting chamber and
visualized under a microscope.

Phenotypic and functional characterization

The population doubling time (TD) was calculated
as previously described® using the known equation:
TD =1In2 -Dt/(InNt - InNO), where Dt is the time for
which the culture was allowed to grow and NO is
the cell number in the inoculum, while Nt is the cell
harvest number. The population doubling (PD) was
calculated by the equation: PD = (logNt - logN0)/
log2, where NO is the inoculum cell number and Nt is
the cell harvest number. The growth index (GI) was
calculated using the following equation: GI = Nt/NO,
where NO is the inoculum cell number and Nt is the
cell harvest number. The cumulative GI (cGI) was
calculated using the following equation: cGI = GIn -
GI (n - 1), where n is the passage number.

Cells were collected from the culture and rinsed in
flow cytometry (FACS) buffer solution 1xPBS + 2%
FBS + 0.1% Sodium azide (N3Na). An appropriate
number of cells (10°) was incubated with specific
antibodies for 15 minutes at room temperature.
Immunoluminesensce reaction was carried out in a
100pL final volume. The concentration of the antibod-
ies used was predetermined after titration. All anti-
human MSC antibodies used were purchased from
Biolegend™: CD45-FITC (Clone: HI30), CD44-PE/Cy7
(Clone: B]18), CD11b-APC/Cy7 (Clone: ICRF44), HLA-
DR-PE (Clone: L243), CD90-Briliant Violet 421 (Clone:
5E10), CD105-APC (Clone: 43A3), CD73-PerCP5.5
(Clone: AD2). MSC are CD45, CD11B, HLA-DR nega-
tive and CD105, CD90, CD44, CD73 positive. After 15
minutes incubation, cells were rinsed twice in FACS
buffer solution for the removal of unbound antibod-
ies. Cells were diluted in 1% PFA + PBS solution in
a final volume of 200 pL. The expression of surface
markers for the characterization of MSCs was then
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assessed by flow cytometry on a FACSCanto II (BD,
Becton Dickinson Biosciences, NJ, USA) and analysis
was carried out with FACS DIVA™ and Flow]o-V10®
software. Negative and FMO (Fluorescence minus
one (FMO) controls were used to help set gates for
flow cytometry.

RNA isolation and quantitative RT-PCR analysis

RNA isolation and quantitative RT-PCR analysis.
Total RNA was extracted from MSCs using the Nu-
cleospin RNA II kit® (Macherey-Nagel GmbH& Co,
Dueren, Germany, according to the manufacturer’s
instructions. Photometric assessment of total RNA
concentration was done with measurement of optical
density (OD) in 260 nm and 280 nm. 1 ug of total RNA
was used for cDNA synthesis (complementary DNA)
with the use of PrimeScript RT Reagent Kit (Perfect
Real Time) (TaKaRa) according to the manufacturer’s
instructions on a SimpliAmp Thermal Cycler, (Thermo
Fisher). Quantitative RT-PCR (qPCR) was performed
in Real Time PCR QuantStudio 5® (Thermo Fisher
Scientific, USA) according to the manufacturer’s
instructions using specific primers for MSC genes of
interest (IGF2BP1, NANOG, SOX2, GLI1, P21, CMYC,
0CT4) and the housekeeping gene GAPDH (Table 2).
The final volume of reaction per sample was 20 pL.
Two hundred nanograms of cDNA in 2 pL solution
were mixed with 10 pL of KAPA SybrFast qPCR kit
(Kapa Biosystems, Boston, MA), 6,8 pL of PCR-grade
water, 0,4 pL of 10uM forward primer, 0,4 pL of 10
UM reverse primer 0,4 pL of 50x ROX High/Low.
PCR conditions were the following: Enzyme activa-
tion with one cycle in 95 °C for 20 sec, 40 cycles of
each 41 sec (95 °C for 1 sec, 54-60 °C depending of
the primer pair for 20 sec, and 72 °C for 20 sec) for
denaturation - annealing-extension- data acquisition
and one cycle in 95 °C for 1 sec for dissociation. To
confirm amplification specificity, a melting curve
analysis was performed at the end of each cycle.
The DDCt method was used for data analysis of gene

Table 2. Primer sequences and annealing tem-
peratures (in Celsius scale) used for RT-PCR of the
IGF2BP1, NANOG, SOX2, GLI1, P21, CMYC, OCT4
genes. Housekeeping gene in this study is GAPDH.

ANNEALING
GENE PRIMER SEQUENCE TEMPERATURE
Forward GAAGGTGAAGGTCGGAGTC
GAPDH 59°C
Reverse GAAGATGGTGATGGGATTTC
Forward GACCCAGTCCAAGATAGACG
IGF2BP1 60°C
Reverse GTGTCCTTAGCCTCTTTATGC
Forward CCTGTGATTTGTGGGCCTG
NANOG 60°C
Reverse GACAGTCTCCGTGTGAGGGAT
Forward | GTATCAGGAGTTGTCAAGGCAGAG
SOX2 60°C
Reverse | TCCTAGTCTTAAAGAGGCAGCAAAC
Forward GTGCAAGTCAAGCCAGAACA
GLI1 59°C
Reverse ATAGGGGCCTGACTGGAGAT
Forward CAGCATGACAGATTTCTACCAC
P21 60°C
Reverse | AGACTAAGGCAGAAGATGTAGAG
Forward CCAGCAGCGACTCTGAGGA
CMYC 59°C
Reverse GAGCCTGCCTCTTTTCCACAG
Forward CTCCTGGAGGGCCAGGAATC
oCT4 54°C
Reverse CCACATCGGCCTGTGTATAT

expression levels, as previously described’. GAPDH
was used as housekeeping gene. The mRNA levels
of the genes investigated in MSCs were normalized
to normal umbilical cord mesenchymal stem cells
(Umbilical cord-derived mesenchymal stem cells,
UC-MSCs).

Statistics

Non Parametric Mann-Whitney U-test, Two-tailed,
was performed using GraphPad Prism® version 8.4.3
for Windows, www.graphpad.com). The minimum
level of significance was set at 0.05 (*P <0.05).

Results
Perinatal Characteristics
Comparisons of the median values of the gesta-
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tional ages at delivery (IUGR vs CONTROL: 35.80
vs 37.55 weeks, P=0.1272, SGA vs CONTROL: 36.3
vs 37.55 weeks, P=0.2970 and IUGR vs SGA: 35.8
vs 36.3 weeks, P>0,99) showed no apparent differ-
ences (Figure 1).

When median values of the birth weight were
compared (IUGR vs CONTROL: 1750 vs 2885 grams,
P=0.0021, IUGR vs SGA: 1750 vs 2320 grams,
P=0.077 and SGA vs CONTROL: 2320 vs 2885 grams,
P=0.0848) only control group (AGA) and IUGR dif-
fered. The absolute values of birth weight (Figure
2A) in grams were converted into percentiles ac-
cording to the Hadlock standard prenatal growth
charts with Astraia® software. Comparisons of the
median percentile values (IUGR vs CONTROL: 2.3
vs 33.6, P<0.0001, IUGR vs SGA: 2.3 vs 8.6, P=0.007
and SGA vs CONTROL: 8.6 vs 33.6, P=0.0121) showed
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Figure 1. Gestational weeks on delivery among all groups.
Horizontal color columns represent individual values from
different samples (numbered M1-M21) of each source (Red:
IUGR, Black: SGA, White: CONTROL). Ten mothers were
assigned to IUGR group, three to SGA group and eight to
CONTROL group. Numerical values of gestational weeks on
delivery for each sample are also depicted on Table 1, third
column. Non-parametric Mann-Whitney U-test, two tailed
was used to perform statistical analysis. Statistical differences
P>0.05 are referred to as non-significant (ns).

38

statistical significant differences among all groups
(Figure 2B). APGAR score reflects the well-being of
the newborn during delivery after the assessment of
five clinical variables (Appearance, Pulse, Grimace,
Activity and Respiration) where each parameter
can take 0, 1 or 2 points. Maximal score is 10. Com-
parisons on the median APGAR scores (IUGR vs
CONTROL: 8.00 vs 8.00, P=0.361, IUGR vs SGA: 8.00
vs9.00, P=0.279 and SGA vs CONTROL: 9.00 vs 8.50,
P=0.909) showed no statistical significant differences
confirming the optimal perinatal outcome among all
groups (Figure 2C).

Gene expression characteristics in UC-MSC

Comparative analysis of relative gene expres-
sion of IGF2BP1, P21, NANOG, GLI1, OCT, SOX2 and
CMYC was performed in PO and P1 of UC-MSC of
CONTROL, SGA and IUGR groups. MSC were pheno-
typically characterized by flow cytometry based on
the negative expression of CD45, CD11B, HLA-DR
and positive staining for CD105, CD90, CD44 and
CD73 (Figure 3A).

The median expression of IGF2BP1 differed sta-
tistically between CONTROL and IUGR group, only
in PO, (IUGR vs CONTROL: 44.37 vs 137.4, P=0.0044,
SGA vs CONTROL: 34.44 vs 137.4,P=0.08 and IUGR
vs SGA: 44.37 vs 34.44, P=0.69) but notin P1, (IUGR
vs CONTROL: 47.53 vs 51.18, P=0.965, SGA vs CON-
TROL :37.92 vs 51.18, P=0.9212 and IUGR vs SGA
147,53 vs 37,92, P=0.57) (Figure 3B, 3C). The me-
dian expression of P21 in PO (IUGR vs CONTROL:
428.7 vs 687.1,P=0.359, SGA vs CONTROL: 274.3 vs
687.1, P=0.0242 and IUGR vs SGA: 428.7 vs 274.3,
P=0.1608) was different only in CONTROL and SGA
group whereas in P1, the median expression of P21
had no differences among all groups (IUGR vs CON-
TROL: 537.9 vs 680.2, P=0.633, SGA vs CONTROL
:406.3 vs 680.2, P=0.278 and IUGR vs SGA: 537.9 vs
406.3, P=0.286) (Figure 3D, 3E). The median NANOG
expression differed between CONTROL and IUGR
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Figure 2. Perinatal Characteristics: A. Birthweight, B. Percentiles and C. APGAR score among three groups of fetuses. Non-
parametric Mann-Whitney U-test, two tailed was used to perform statistical analysis. Dots represent individual values from
different samples of each source (n=10 IUGR, n=3 SGA and n=8 CONTROL). Statistical differences P >0.05 are referred to

as non-significant (ns).

samples in PO (IUGR vs CONTROL:1.051 vs 22.23,
P=0.0434, SGA vs CONTROL: 0.689 vs 22.23, P=0.497
and IUGR vs SGA: 1.051 vs 0.689, P>0,999), which
was further potentiated in P1 (IUGR vs CONTROL:
1.090vs 11136, P=0.0205, SGA vs CONTROL: 5.503
vs 11136, P=0.194 and IUGR vs SGA: 1.090 vs 5.503,
P>0,999) (Figure 3EG).

Furthermore, the median expression of GLI1 in
PO remained unaltered among the three groups
(IUGR vs CONTROL: 14.31 vs 19.76, P=0.459, SGA
vs CONTROL: 10.30 vs 19.76, P=0.497 and IUGR
vs SGA: 14.31 vs 10.30, P=0.937). On the contrary,
GLI1 median expression in P1 (IUGR vs CONTROL:
10.91vs 7170, P=0.0434, SGA vs CONTROL: 17.19
vs 7170, P=0.084 and IUGR vs SGA: 10.91 vs 17.19,
P=0.811) varied in the CONTROL vs IUGR group
(Figure 4A, 4B). Regarding, median expression of
OCT4 in PO (IUGR vs CONTROL: 0.4584 vs 1.487,
P=0.122, SGA vs CONTROL: 0.1615 vs 1.487, P=0.497
and [UGR vs SGA: 0.4584 vs 0.1615, P=0.573) no sta-
tistical differences were observed between groups
whereas in P1, median expression of OCT4 (IUGR
vs CONTROL: 0.3527 vs 1744, P=0.0343, SGA vs
CONTROL: 1.279 vs 1744, P=0.278 and IUGR vs

SGA: 0.3527 vs 1.279, P>0,999) differed only in
the CONTROL vs the IUGR group (Figure 4C, 4D).
The median expression of SOX2 in PO (IUGR vs
CONTROL: 2.383 vs 20.01, P=0.0545, SGA vs CON-
TROL: 2.090 vs 20.01, P=0.497 and IUGR vs SGA:
2.383 vs 2.090, P=0.937) showed no statistical
significant differences among the three groups.
In addition, the median expression of SOX2 in P1
(TUGR vs CONTROL: 4.403 vs 5546, P=0.2375, SGA
vs CONTROL: 5.335 vs 5546, P=0.1939 and IUGR vs
SGA: 4.403 vs 5.335, P=0.692) had no differences
among the three groups (Figure 4E, 4F).

Lastly, the median expression of CMYC in PO (IUGR
vs CONTROL: 76.65 vs 261.9, P=0.0545, SGA vs
CONTROL: 88.22 vs 261.9, P=0.497 and IUGR vs SGA:
76.65 vs 88.22,P=0.692) and P1 (IUGR vs CONTROL:
124 vs 2009, P=0.1011, SGA vs CONTROL: 154.1
vs 2009, P=0.2788 and IUGR vs SGA: 124 vs 154.1,
P=0.8111) showed no statistical variations among
the three groups (Figure 4G, 4H).

Discussion
The isolation and culture of mesenchymal stem
cells (MSC) from human umbilical cord is a sensi-
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Figure 3. A. Representative Flow Cytometric dot plots for MSC characterization. Phenotypic characterization of MSCs by
flow cytometer. Cells were stained for CD45, CD11B, HLA-DR CD105, CD90, CD44 and CD73. B-G. IGF2BP1, P21 and NANOG
gene expression in CONTROL, SGA and IUGR groups in PO and P1 passages. Dots represent individual values from different
samples of each source (n=10 IUGR, n=3 SGA and n=8 CONTROL). Non-parametric Mann-Whitney U-test, two tailed was
used to perform statistical analysis. Statistical differences P>0.05 are referred to as non-significant (ns).

tive and laborious process, which requires full-staff
laboratory readiness, shortly after baby delivery.
IUGR fetuses belong to a rare and special subgroup
of cases, which necessitate admission of the moth-
er and close prenatal surveillance of the fetus at
specific High-Risk Pregnancy departments. Most
unstable IUGR cases with hemodynamic instabil-
ity and pathologic cardiotocography are delivered
in unpredictable hours of the day or weekends.
Therefore, the enrolled IUGR cases belong to the
more “predictable”, late onset spectrum, shifting the
interest to milder clinical phenotypes. For uniformity
purposes, enrolled women from SGA and CONTROL
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group delivered in comparable weeks. Comparative
analysis of delivery weight (absolute values expressed
in grams) had significant differences only between
CONTROL vs IUGR and SGA vs IUGR, but conversion
to gestational age-specific percentiles enforced the
degree of statistical significance among all groups
and confirmed the initial group selection according
to the IUGR and SGA definitions. APGAR score had no
differences among all groups, reflecting an optimal
perinatal care.

Insulin Growth Factor 2 - Binding Protein 1
(IGF2BP1), known as CRD-BP (Coding Region De-
terminant - Binding Protein) is coded in 17q21.32
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Figure 4. A-H. GL1, 0CT4, SOX2 and CMYC gene expression in CONTROL, SGA and IUGR groups in PO and P1 passages. Dots
represent individual values from different samples of each source (n=10 IUGR, n=3 SGA and n=8 CONTROL). Non-parametric
Mann-Whitney U-test, two tailed was used to perform statistical analysis. Statistical differences P>0.05 are referred to as

non-significant (ns).

and is considered an oncofetal mRNA-binding pro-
tein!?. It promotes the expansion of plethora of
solid tumors, while evidence has shown thatis also
expressed in large amounts during embryogenesis
and neonatal age, but remains silent in adults. De
Novo expression is combined with oncogenesis and
low survival rate!l. Recently, the role of IGF2BP1 has
been investigated in lung adenocarcinoma through
KRAS signaling, in neuroblastoma through MYC
signaling, in ovarian cancer and liver carcinoma*?4,
Known mRNA targets of IGF2BP1 are among others
CMYC and GLI1. 5’ or 3’ untranslated regions of mRNA
(3’'UTRs) are important for mRNA turnover control,
subcellular spatial arrangement for translational
prioritization, cellular polarity and cellular migration.

IGF2BP1 recently was recognized as a M6A (N6-
Methyladenosine) methylation pattern reader with
stabilization properties!>!¢, IGF2BP1 also stabilizes
mRNAsS rich in AU-rich elements (AREs). The latter
are involved in apoptosis, cancer growth, cell cycle
regulation and cellular response in stress!”!8, In our
UC-MSC study, IGF2BP1 median expression differed
only in PO between CONTROL and IUGR. This trend
was eliminated in P1, indicating the potential lack of
permanent adverse IGF2BP1 epigenetic signatures
in IUGR and SGA fetuses.

P21, also known as cyclin-dependent kinase in-
hibitor 1 is coded in 6p21.2 region and regulates
cell transition from G1 to S phase. Elevated levels
of expression are related to GO phase whereas low
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levels are related to cellular proliferation®®. High
expression of P21 combined with increased expres-
sion of P53 in cancers is related to poor expectancy
of life. In our study median P21 expression differed
only in PO between CONTROL vs SGA groups (687.1
vs 274.3,P=0.0242). Therefore, these findings could
indicate the lack of permanent adverse P21 epigenetic
signatures in IUGR and SGA groups.

NANOG is a transcriptional regulator of inner
cell mass during gastrulation in embryogenesis. It is
coded in 12p13.31 region and promotes proliferation
and self-renewal of the embryonic stems cells (ESC).
Acts synergistically with OCT4 and SOX2 genes for
the preservation of ESC character?’. Several cancer
types are NANOG related. In our study median NANOG
expression was significantly altered in CONTROL vs
IUGR analysis in both PO and P1 (P=0.04 and P=0.02
respectively). These findings could suggest a poten-
tial epigenetic suppression of NANOG expression in
UC-MSC derived from IUGR fetuses .

GLI1 is a zinc finger protein, initially isolated from
human Glioblastoma cells. It is coded in 12q13.3
region and acts as a transcription enhancer of other
transcriptional factors that are involved in the re-
cruiting of Sonic Hedgehog (Hh) signaling cascade.
Embryologically is involved in craniofacial morpho-
genesis, digit formation and central nervous and
gastrointestinal system. Several studies have shown
that overexpression of GLI1 as a single standing fac-
tor may lead to tumorigenesis, especially in skin?.
In the current study, GLI1 expression differed only
between IUGR vs CONTROL group in P1 (P=0.04).
This finding could indicate a trend of potential epi-
genetic suppression .

Octamer-binding transcription factor 4, 0CT4 is
also known as POU5F1 (POU domain, class 5, tran-
scription factor 1).Itis coded in 6p21.33 region and
is amember of the POU (Pit-Oct-Unc) transcription
factors. OCT4 is involved in self-renewal processes of
undifferentiated embryonic stem cells and along with
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SOX2 they create a heterodimeric structure on DNA
for pluripotence preservation and inner cell mass
fate during early morphogenesis. OCT4 is involved
in several cancer types in adult life. Embryos with
low expression of OCT4 or depletion fail to create
inner cell mass and differentiate trophoectoderm,
while stem cells lose multipotency??. OCT4 is one
of the transcriptional factors (among others SOX2
and CMYC) for the creation of induced pluripotent
stem cells (iPSCs)%. Similarly, in the current study,
median OCT4 expression had no significant differ-
ences among all groups in PO, but a significant [IUGR
vs CONTROL difference in P1 (P=0.03). In PO OCT4
expression was in the same order of magnitude in
IUGR and SGA and one power of ten higher in CON-
TROL (IUGR vs CONTROL vs SGA: 0.4584 vs 1.487
vs 0.1615), but in P1 OCT4 expression differed in
the CONTROL group by three additional powers of
ten (IUGR vs CONTROL vs SGA: 0.3527 vs 1744 vs
1.279) and in the SGA group by one additional power
of ten. In IUGR group median OCT4 expression levels
are almostidentical in PO and P1 (0.4584 vs 0.3527)
indicating a potential epigenetic gene suppression.

SOX2 (SRY BOX2, Sex determining region Y- box2)
is a transcriptional factor for the conservation of
undifferentiated stem cells. It is coded in 3q26.33
region and is fundamental in nervous system mor-
phogenesis and bronchial tree branching air airway
epithelial differentiation. Overexpression of SOX2 is
related to epithelial hyperplasia and lung cancer?*.
SOX2 tumor expression is related to poor response of
prostatic cancers to GnRH analogues administration
and to poor response of breast cancers to tamoxifen
administration®?. In our study, median SOX2 expres-
sion had no significant difference among all groups
in PO and P1. In PO SOX2 expression was in the same
order of magnitude in IUGR and SGA and one power
of ten higher in CONTROL (IUGR vs CONTROL vs SGA
:2.383 vs 20.01 vs 2.090), but in P1 SOX2 median
expression differed in the CONTROL group by two
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additional orders of magnitude (IUGR vs CONTROL
vs SGA: 4.403 vs 5546 vs 5.335), but there was no
statistical power to show any difference .

CMYC is a nuclear phosphoprotein and acts as
a transcription factor promoting cell proliferation
by decreasing P21 levels and activating HATs (His-
tone Acetyl- Transferases) which alter epigeneti-
cally packed DNA. It is coded in 8q24.21 region and
promotes B cell proliferation. CMYC is related to
aggressiveness of Burkitt Lymphoma and Multiple
Myeloma in case of translocations in coding loci of
immunoglobins and CMYC. CMYC is overexpressed in
stomach, pancreatic, colon, breast and lung cancer?’.
Together with aforementioned transcription factors
(OCT4, S0X2), is an induction factor for induced
pluripotent stem cells (iPSCs) as initially recognized
by Yamanaka et al.?8. All therapeutic attempts to
block CMYC expression directly in several cancers
have failed®. In our study, CMYC expression had no
significant difference among the various groups in PO
and P1. In PO CMYC median expression levels were
in the same order of magnitude in all groups (IUGR
vs CONTROL vs SGA: 76.65 vs 261.9 vs 88.22).In P1
CMYC median expression differed in the control group
by one power of ten (IUGR vs CONTROL vs SGA: 124
vs 2009 vs 154.1), but there was no statistical power
to show any difference. These findings indicate a
trend of potential epigenetic suppression of CMYC
gene expression in SGA and IUGR, however more
studies are required to further clarify this.

Reconsidering the above mentioned results, we
noticed some interesting descriptive patterns. We
compared the absolute numbers of median gene
expression in P1 in relation to P0. NANOG and OCT4
genes showed a similar exponential increase pattern.
Three orders of magnitude (powers of ten) increase
in the CONTROL (11136 vs 22.23 for NANOG and
1744 vs 1.487 for OCT4), one power of ten increase in
SGA (5.503 vs 0.689 for NANOG and 1.279 vs 0.1615
for OCT4) and same order of magnitude in IUGR

(1.090 vs 1.051 for NANOG and 0.3527 vs 0.4584
for OCT4). It is known that NANOG attaches OCT4/
POUSF1 promoter region, suppressing P21 levels and
inducing cell replication through induction of G1 cell
phase. With respect to GLI1, the descriptive pattern
is two powers of ten increase in the CONTROL (7170
vs 19.76), and no increase in SGA (17.19 vs 10.30)
and IUGR (10.91 vs 14.31). In SOX2, the pattern is
two powers of ten increase in the CONTROL (5546
vs 20.01) and just doubling levels in SGA (5.335 vs
2.090) and IUGR (5.335 vs 2.090). Finally, in CMYC
the pattern is one power of ten increase in the CON-
TROL (2009 vs 261.9) and just doubling levels in SGA
(154.1 vs 88.22) and IUGR (124 vs 76.65).

Umbilical Cord Mesenchymal Stem Cells (UC-
MSC) from pregnancies with normal growth pattern,
which consisted the CONTROL group of this study,
seem to have in P1 a higher median expression of
NANOG, GLI1, OCT4 and differed statistically only
from IUGR. SOX2 and CMYC expression in CONTROL
vs IUGR group in P1 follow the same trend, although
not reaching statistical significance (P<0.05). These
genes are gene promoters and strong predictors of
stem cell pluripotency and self-renewal potential.
Additionally, UC-MSC from SGA fetuses have only
a limited compensatory increase of NANOG, GLI1,
0CT4, SOX2 and CMYC median expression in P1 but
there was no statistical power to show any difference.

This is the first time in clinical medical literature,
where adverse intrauterine nutritional conditions
seem to affect the in vitro expression of some pluri-
potency genes in re-cultured human UC-MSC. These
findings could possibly be attributed to epigenetic
adaptation in IUGR and to a lesser degree in SGA-
derived cells due to poor intrauterine nutritional
conditions, a cellular analogue of “thrived-phenotype”
hypothesis formulated by Barker et al. four decades
ago*.

This observation could be of immense impor-
tance when it comes to potential clinical implica-
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tions. UC-MSC from IUGR and SGA fetuses could
have poor culturing and regenerative potential in
medicine of tissue scaffolding and engineering.
Meanwhile, the proposed epigenetic adaptations
in these cells could be advantageous in stem cell-
based therapeutic protocols. The described stem
cells could potentially retain homing properties in
stem-cell based clinical protocols without promoting
unnecessary angiogenesis and harmful paracrine
action®%%, Additionally, these data could provide
novel prediction tools for the management of IUGR
pregnancies and the designing of better therapeutic
approaches .The sample size for the SGA group is
only 3, which raises concerns regarding the ability to
draw robust comparative conclusions between SGA
and the other two groups. As previously referred,
IUGR and AGA fetuses consist clearly delineated
clinical entities and SGA group consist of a marginal
and transitional clinical zone. In this study, we used
SGA mostly for descriptive reasons. More studies
with higher numbers of samples are required to
further investigate this hypothesis.

Conclusion

IUGR remains a clinical challenge due to prema-
turity, low birth weight and poor perinatal outcome.
SGA consists of a transient clinical group of low birth
weight fetuses. We found that poor nutritional status
of IUGR and SGA fetuses seem to influence the ex-
pression of some pluripotency genes in the collected
UC-MSC, indicating potential epigenetic alterations
or signatures. It is possible that this could further
affect their qualitative characteristics and their
future exploitation therapeutically. Current clinical
applications of UC-MSCs have contradictory results.
Here, we also propose the need to further elucidate
this hypothesis after conducting more studies, with
higher numbers of samples and passages of UC-MSC
from IUGR and SGA fetuses
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