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ARTICLE INFO ABSTRACT

Keywords: Introduction: The molecular mechanisms behind poor foetal growth are not fully known. The aim of this study
Foetal growth was to explore global microRNA expression in placentas of infants born small for gestational age (SGA) com-
Inflammation pared to infants with a normal birth weight (NBW).

Eiacgeoril:A Methods: Placental biopsies from term infants were identified in a biobank and divided into four groups: infants

born SGA with (n = 13) or without (n = 9) exposure to low maternal gestational weight gain (GWG) and infants
born with NBWs with (n = 20) or without (n = 26) exposure to low GWG. All women and infants were healthy,
and no woman smoked during pregnancy. Only vaginal deliveries were included. Next-generation sequencing
was performed with single read sequencing of > 9 million reads per sample. Differential microRNA expression
was analysed using ANOVA for unequal variances (Welch) with multiple testing corrections through the
Benjamini-Hochberg method. A fold change > 2 and a corrected p value < 0.05 were considered significant.
Adjustments for possible confounding factors were made using a linear regression model.

Results: A total of 1870 known, mature human microRNAs were detected in the sample. MiR-3679-5p and miR-
193b-3p were significantly upregulated, and miR-379-3p, miR-335-3p, miR-4532, miR-519e-3p, miR-3065-5p,
and miR-105-5p were significantly downregulated after adjustment for potential confounding factors in SGA
infants with normal GWG compared to infants with NBWs and normal GWG.

Discussion: Infants born unexplained SGA show differential microRNA expression in their placenta. Important

RNA-Sequencing
Small for gestational age

pathways for the differentially expressed microRNAs include inflammation and the insulin-IGF system.

1. Introduction

Foetal growth restriction (FGR) is defined as the failure of a foetus
to attain its full growth potential. The prevalence of FGR varies glob-
ally, depending on the population and the country's state of develop-
ment. It is one of the leading causes of perinatal morbidity and mor-
tality and a well-known risk factor for adult diabetes, hypertension, and
cardiovascular disease [1].

FGR is a heterogeneous condition resulting from a variety of causes
and often leads to an infant born small for gestational age (SGA).
However, not all infants born SGA are necessarily growth-restricted.
Some infants might be constitutionally small but healthy since the
normal size at birth varies by ethnicity, sex, parity, and maternal size
[2]. As only SGA births due to FGR are associated with an increased risk
of neonatal, childhood, and adult morbidity, attempts have been made
to distinguish pathological SGA births from physiological ones [3,4].

Even though several of the conditions that lead to SGA births are
known, as well as biological pathways that can be involved in foetal
growth, i.e. immune response, cell adhesion, response to oxidative
stress, and regulation of growth and cell differentiation [5], the mole-
cular mechanisms behind poor foetal growth are not fully understood.
This has led to a lack of appropriate diagnostic methods and effective
treatments. In addition, it is necessary to identify early biomarkers in-
dicating an increased risk for future disease in children born SGA. In-
creased knowledge about molecules involved in poor foetal growth
could potentially assist in all these areas.

MicroRNAs (miRNAs) are small non-coding RNA molecules that
regulate gene expression at the posttranscriptional level. They have
been reported to be involved in many biological functions, as well as in
several pathological processes [6].

MiRNAs are differentially expressed in various tissues, and their
expression is influenced by a multitude of diseases and external factors
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[7,8]. Additionally, miRNAs are expressed in the placenta, and differ-
ential miRNA expression in placenta has been reported in pregnancies
complicated by preeclampsia (PE), FGR, or maternal smoking [7,9-16],
indicating that miRNAs play a role in placental-associated diseases.

However, previous studies on miRNA expression in placentas of
infants born SGA have shown some methodological problems. Some did
not take into fully account possible confounding factors, such as ab-
normal maternal body mass index (BMI), premature delivery, maternal
smoking, and differences in delivery mode, infant sex, or parity be-
tween SGA and normal weight infants. All these parameters might have
influenced the results [11-14]. In addition, previous studies have only
investigated a small number of miRNAs or miRNA clusters
[11-14,17-21] or, when investigating a large number of miRNAs, have
only included a very small number of subjects [15,22] or only twins
[22]. To the best of our knowledge, no previous study has investigated
the global miRNA expression in placenta using a sequencing technique
in a larger sample set in relation to SGA births.

The aim of the present study was to explore the global expression of
miRNAs in the placentas of term infants with birth weights < —2
standard deviations (SD) compared to normal birth weight (NBW) in-
fants in order to improve our understanding of the pathogenesis un-
derlying poor foetal growth. We aimed at excluding or correcting for
possible confounding factors. We also aimed to describe pathways in-
volved in SGA births according to bioinformatic analyses of the dif-
ferentially expressed miRNAs that potentially could be found in the
study.

2. Methods
2.1. Subjects

The placental biopsies were recruited from a sample collection at
Orebro University Hospital, Sweden. The biopsies were collected during
2007-2012 at the Department of Obstetrics and Gynecology after
written, informed consent was obtained from the woman. The study
was approved by the Regional Board of Ethics in Uppsala, Sweden
(2010/189).

The inclusion criteria were healthy women with a normal BMI
(18.5-24.9) in early pregnancy, height > 150 cm, age 18-42 years at
the time of delivery, and vaginal delivery of a healthy, singleton full
term infant (gestational age 37 + 0 to 41 + 6).

The exclusion criteria were maternal smoking during pregnancy,
any pregnancy complication (gestational hypertensive diseases, dia-
betes, or erythrocyte immunization), induction of the delivery with
prostaglandins, asphyxia (defined as Apgar score < 7 at 5min), chro-
mosomal abnormality, or any anatomical malformation of the infant.

Placental biopsies of 22 infants born SGA (birth weights < —2 SD)
and 46 infants with NBWs, who fulfilled all criteria, were identified. In
order to try to make a subgroup of infants born SGA more homo-
geneous, the infants were sorted based on maternal gestational weight
gain (GWG; low or normal) resulting in four groups totally. All SGA
infants in the subgroup with poor maternal GWG shared an exposure
that could have led to poor foetal growth, namely low GWG (LGWG)
[23].

The subjects in the four groups were matched for sex of the infant,
gestational age, parity, and age of the woman, as far as possible.
However, since the woman-infant-pairs in the SGA groups were the
only ones in the sample collection fulfilling all inclusion and none of the
exclusion criteria, it was not possible to match these two groups to each
other.

The characteristics of the subjects are presented in Table 1. There
were no significant differences between the groups with respect to
maternal age, weight, height, BMI, parity, gestational age, or sex of the
infant. There were significant differences (p < 0.001) in GWG between
the subjects with LGWG and the subjects with normal GWG (NGWG).
There were also significant differences (p < 0.001) in birth weight,
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length, and head circumference between the SGA and the NBW infants.
Despite all of the infants in groups 1 and 2 were SGA, the infants in
Group 2 turned out to have lower birth weights than those in Group 1
(p = 0.042). There were no differences between the groups with re-
gards to time of the year for the births.

2.2. Clinical definitions and study procedures

Data were retrieved from the maternal health records. Weight and
height of the women were measured at the antenatal care clinics in the
first trimester of pregnancy. Weight was also measured at the delivery
ward at the time of delivery and GWG was calculated as the difference
between late and early pregnancy weight.

Women with a height below 150 cm were excluded in an attempt to
exclude infants born SGA physiologically. The cut off of 150 cm was
chosen since it corresponds to a height 3 SD below the mean height of
adult women in Sweden [24].

NGWG was defined as 11.5-16.0kg based on current re-
commendations [25]. In the present study, LGWG was defined as
=10kg. To attain a significant difference between LGWG and NGWG,
only women with at least 4kg greater GWG than the corresponding
woman in the LGWG groups were included in the NGWG groups.

Being SGA was defined as having a birth weight =2 SD below the
population mean [26] using a Swedish reference population [27]. NBW
was defined as a birth weight within + 1 SD from the population mean.
The z-scores for birth weight, length, and head circumference were
calculated using Swedish reference data taking sex and gestational age
into account [27].

2.3. Sample preparations

The placental biopsies were collected immediately after delivery.
The amniotic membranes were removed and two biopsies, each the size
of approximately 1cm, were sampled from random locations on the
maternal side of the placenta. The biopsies were rinsed in 30 mL of cold
phosphate buffered saline (Gibco, Life Technologies, Stockholm,
Sweden) and then stored at —80°C in 3mL of RNAlater (Ambion,
Stockholm, Sweden) until further processing.

2.4. RNA isolation

The entire RNA was extracted from 10 to 30 mg of placental tissue
using the Allprep DNA/RNA/miRNA Universal Kit (50), catalogue no.
80,224 (Qiagen, Nordic, Sollentuna, Sweden) per the manufacturer's
instructions. RNA concentration and purity were determined with a
Nano-Drop ND-1000 Spectrophotometer (Nano-Drop Technology Inc.,
Wilmington, DE, USA) and RNA quality was evaluated using an Agilent
2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) per the
manufacturers’ instructions. All samples passed the quality check,
which included total extracted RNA optical density 260/280: 1.8-2.2
and RNA integrity number =8.

2.5. Next-generation sequencing

Next-generation sequencing (NGS) was performed at GATC Biotech
AG (Konstanz, Germany). Illumina's Small RNA sample preparation
protocol (TruSeq Small RNA Sample Prep Kits (Illumina, San Diego, CA,
USA)) were used according to the manufacturer's instructions with
minor adaptations taken for the generation of small RNA libraries. The
libraries were sequenced on HiSeq 2500 (Illumina) according to the
manufacturer's protocol, with single read sequencing of > 9 million
reads per sample.

All data processing was performed using the Strand NGS software
suit, version 3.3.1. Initial adaptor trimming was performed, followed by
trimming of the bases with a base quality less than 20. Reads were then
aligned and mapped to the reference genome (Genome build: Homo
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Table 1
Clinical characteristics of the subjects.
Group 1 SGA + LGWG (n = 13) Group 2 SGA + NGWG (n = 9) Group 3 NBW + LGWG Group 4 NBW + NGWG p-value
(n = 20) (n = 26)
Maternal characteristics
Age (years) 31.8 (22.6-40.7) 27.8 (21.9-35.6) 28.9 (23.4-35.5) 30.2 (22.5-35.9) NS
Parity 0-para 9 (69%) 8 (89%) 13 (65%) 18 (69%) NS
Weight (kg) 61 (51-72) 63 (52-68) 60.5 (48-79) 62.5 (53-74) NS
Height (cm) 167 (158-174) 166 (158-178) 167.5 (158-178) 168.5 (158-178) NS
BMI (kg/mz) 22.3 (18.7-24.9) 22.6 (20.7-24.4) 21.6 (18.7-24.9) 22.1 (19.0-24.9) NS
GWG (kg) 10 (6-10) 13 (12-15) 9 (7-10) 15 (12-16) < 0.001*
Infant characteristics
GA (weeks) 40.6 (37.7-41.9) 39.7 (38.6-41.7) 40.3 (38.3-41.6) 40.7 (37.0-41.7) NS
Sex Females 3 (23.1%) 5 (55.6%) 6 (30%) 6 (23.1%) NS
Birth weight (g) 2840 (2155-3160) 2620 (2290-3060) 3597 (3265-4510) 3735 (3080-4355) < 0.0012
Birth length (cm) 48 (45-51) 49 (45-50) 50 (48-55) 51 (48-54) < 0.0012
Head circum-ference (cm)  34.0 (30-35) 33.0 (32-35) 35.3 (33-37) 35.3 (33-38) < 0.0012
Birth weight z-score —2.24 (-3.36-—2.01) —2.40 (—-2.95--2.11) —0.07 (—0.92-0.96) 0.16 (—0.87-0.85) < 0.0012
Birth length z-score —2.05 (—3.52--0.75) —2.15(-3.13--0.78) —0.54 (—2.28-1.52) —0.28 (—1.40-1.37) < 0.0012
Head circum-ference z- —1.63 (—3.35-—-0.86) —-1.71 (-2.38-—1.20) —0.46 (—-1.65-1.11) —0.22 (—1.82-2.01) < 0.0012

score

Data are the medians (min-max) or numbers (%). BMI = body mass index. GWG = gestational weight gain. GA = gestational age. NBW = normal birth weight.
NS = not significant. 1Group 1 vs. Group 2, as well as Group 1 vs. Group 4. 2Group 1 vs. Group 4, as well as Group 2 vs. Group 4.

sapiens, HG 19 (build 2009.06.14)) allowing up to one mismatch per
uniquely aligned read. In total, 5002 different small RNAs were iden-
tified in the sample. Of these, 1870 were mapped to known sequences
of miRBase-described mature human miRNAs. Data normalization was
performed with DESeq normalization prior to statistical testing.

2.6. ddPCR analyses

Droplet digital polymerase chain reaction (ddPCR) analyses were
performed in all samples of group 1, 2, and 4 (in total 48 samples) at the
Clinical Research Laboratory, Orebro University Hospital, Sweden. Five
miRNAs of interest and two reference genes were analysed for ver-
ification of the sequencing results. Complementary DNA (cDNA) was
generated from 450ng of RNA from each sample using the
TagMan®MicroRNA Reverse Transcription Kit (Thermo Fisher,
Waltham, MA, USA) and TaqMan@ Small RNA Assays (Primers: miR-
379-3p, assaylD 2133; miR-519e-3p, assaylD 2370; miR-380-3p,
assayID 569; miR-105-5p, assayID 2167; miR-193b, assayID 2367;
snRNAUG6, assayID 1973; and RNUS8A, assayID 1207, from Thermo
Fisher) in a C100 thermal cycler (BIO-RAD, Hercules, CA, USA). For
each ddPCR assay, 5.5 UL cDNA was used in a total sample and master
mix volume of 20 puL with 2 X ddPCR supermix for probes (BIO-RAD),
20 x TagMan assay miRNA probe (Thermo Fisher) with droplet gen-
eration using the QX100 droplet generator (BIO-RAD). Droplet reac-
tions were amplified by PCR for 40 cycles and droplets were read in the
QX200 droplet reader and analysed using the Quantasoft™ version 1.7.4
software (BIO-RAD). Results were obtained as absolute numbers of
cDNA copies/pL of 20 UL master mix. Target expression was normalized
to the geometrical mean of the reference genes snRNAU6 and RNU58A
and presented as target copies per 100,000 reference copies.

2.7. Statistic and bioinformatic analyses

Differences in clinical characteristics were assessed using SPSS
Statistics, version 22. The Chi-square test was used for proportions and
the Student's t-test or the Mann-Whitney U test was used for continuous
variables, where appropriate. ANOVA testing for equal variances and
Kruskal-Wallis testing were used when comparing more than two
groups, where appropriate. A linear regression model was used to ad-
just for potential confounding factors. Data were presented as medians
(min-max) or numbers (%). Statistical significance was set at a p
value < 0.05.

Differential miRNA expression was analysed using ANOVA for
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unequal variances (Welch) with multiple testing corrections with the
Benjamini-Hochberg correction. Statistical significance was set to a
corrected p-value < 0.05 and biological significance was, after fold
change analysis, set to a fold change > 2.0. Analysis of clustering was
performed with hierarchical cluster analysis applied using Wards
linkage rule and Euclidean similarity measure of distance (Strand NGS
software suit).

Differentially expressed miRNAs were subjected to functional ana-
lyses through Ingenuity Pathway Analysis (IPA, QIAGEN Inc., https://
www.qiagenbioinformatics.com/products/ingenuitypathway-analysis)
Core analyses. Target prediction of miRNAs to potential mRNA targets
was performed by Strand NGS through mappings from TargetScan,
PicTar, TarBase, microRNA.org, and PITA target prediction databases.

The ddPCR data was analysed by Shapiro-Wilks test for normality
followed by Kruskal-Wallis test. Correlations were analysed by
Spearman's rank correlation test.

3. Results
3.1. Sequencing analyses

Hierarchical clustering analysis showed differential miRNA expres-
sion pattern in Group 2 (SGA + NGWG) compared to the other groups
(Fig. 1). The infants in Group 2 showed biologically and statistically
significant differential expression of eleven miRNAs in the placentas,
compared to the infants in Group 4 (NBW + NGWG; Table 2). Two
miRNAs were upregulated and nine were downregulated in Group 2.
Group 2 also differed statistically and biologically significant in miRNA
expression from Group 1 (SGA + LGWG), data not shown. No other
significant differences in miRNA expression between the groups were
found.

Since the sex distribution of infants in Group 2 appeared to differ
from that in the other groups, although not statistically significant (see
Table 1), a secondary analysis was performed, where the miRNA ex-
pression was compared between sexes (48 boys vs. 20 girls) regardless
of birth weight or GWG. This analysis showed no differential miRNA
expression in relation to sex.

Furthermore, the SGA infants in Group 2 had significantly lower
birth weights than the SGA infants in Group 1 (see Table 1). Therefore,
another secondary analysis was performed comparing the twelve in-
fants with the lowest birth weights (2575 g (2155-2790)) regardless of
GWG with twelve NBW infants matched for sex, parity, and GWG. This
analysis showed no differential miRNA expression between these two
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Group 2
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SGA + LGWG
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NBW + LGWG

Group 4
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a) Hierarchical clustering of miRNAs expressed in a minimum of 75% of the samples

in at least one group (n= 661).
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Group 1
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hsa-miR-181b-5p
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hsa-miR-500a-3p
hsa-miR-542-6p.
hsa-miR-379-3p.
hsa-miR-369-5p.
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hsa-miR-4532
hsa-miR-3065-5p
hsa-miR-105-5p.
hsa-miR-105-5p.

b) Hierarchical clustering of miRNAs with statistically significant differential

expression between groups (n= 20).

Fig. 1. Hierarchical clustering of miRNAs between groups according to NGS Strand. SGA = small for gestational age. NBW = normal birth weight. NGWG = normal
gestational weight gain. LGWG = low gestational weight gain. A stronger heat-map color denotes higher (red) or lower (blue) expression.

Table 2

miRNAs with differential expression, both biologically (defined as fold
change > 2) and statistically significant, in placentas from SGA infants
compared to infants with normal birth weights. All mothers had normal
GWG.

miRNA Fold change (Group 2 vs. Group 4)
miR-3679-5p 2.48
miR-193b-3p 2.09
miR-379-3p -3.27
miR-335-3p —3.04
miR-369-5p —2.90
miR-4532 —-2.87
miR-519e-3p —-2.85
miR-3065-5p —2.57
miR-330-5p —2.52
miR-105-5p —-2.28
miR-380-3p -2.25

SGA = small for gestational age. GWG = gestational weight gain.

new groups.

The correlations between the differentially expressed miRNAs and
the group destination (Group 2 vs. Group 4) were adjusted for maternal
age, parity, and infant sex in a linear regression model. Only minor
changes of the coefficients were found after the adjustment. However,
for three of the miRNAs the statistical significance of the correlations
decreased to a tendency toward significance (Table 3).
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Table 3

Associations between placental gene expression of miRNAs and birth weight
class (SGA vs. NBW), unadjusted and adjusted for possible confounding factors.
All infants’ mothers had normal GWG during the pregnancy.

Gene expression of miRNAs  Unadjusted  p-value Adjusted p-value
Coefficient Coefficient

miR-3679-5p —0.66 < 0.001 -0.74 < 0.001
miR-193b-3p —-0.53 0.003 —-0.57 0.003
miR-379-3p 0.86 0.006 0.83 0.012
miR-335-3p 0.80 0.004 0.82 0.009
miR-369-5p 0.77 0.016 0.69 0.051
miR-4532 0.76 0.005 0.76 0.009
miR-519e-3p 0.76 0.002 0.68 0.012
miR-3065-5p 0.68 0.012 0.58 0.044
miR-330-5p 0.67 0.008 0.45 0.078
miR-105-5p 0.59 0.002 0.71 0.001
miR-380-3p 0.58 0.032 0.58 0.063

The coefficients adjusted for maternal age, parity, and infant's sex. SGA = small
for gestational age. NBW = normal birth weight. GWG = gestational weight
gain.

3.2. ddPCR analyses

The ddPCR analyses showed the following fold changes (Group 2 vs.
Group 4) and mean concentrations (95% confidence intervals): For miR-
379-3p —1.90 (5.36 copies per 100,000 reference copies (—2.73-13.46)
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vs. 10.90 (6.43-15.37), p = 0.025); for miR-519e-3p —3.06 (799.85
copies per 100,000 reference copies (—85.23-1684.94) vs. 2690.00
(1402.51-3977.49), p = 0.016); for miR-380-3p —1.22 (1.41 copies per
100,000 reference copies (0.64-2.17) vs. 1.81 (1.29-2.33), p = 0.675);
for miR-105-5p —1.95 (4.28 copies per 100,000 reference copies
(2.06-6.50) vs. 8.93 (6.55-11.30), p = 0.036); and for miR-193b 2.21
(44,806.91 copies per 100,000 reference copies (935.21-88,678.60) vs.
20,694.83 (16,559.28-24,830.37), p = 0.319).

The correlation coefficient between sequencing and PCR data was
for miR-379-3p 0.79 (p < 0.001), for miR-519e-3p 0.67 (p < 0.001),
for miR-380-3p 0.57 (p < 0.001), for miR-105-5p 0.62 (p < 0.001),
and for miR-193b 0.74 (p < 0.001).

3.3. Bioinformatic analyses

The IPA of the eleven miRNAs with differential expression between
Group 2 and Group 4 showed no common upstream regulator, but
downstream effects targeted the Disease and Function Analysis group
“Cancer Drug Resistance”. The Disease and Function analysis of them
based on IPA found 101 statistically significant annotations, of which
involved the biology of different tumours. Other important annotations
involved cell viability, cell migration, and inflammation. One involved
severe late-onset PE. The network between the differentially expressed
miRNAs, other miRNAs involved, and their associated proteins in re-
lation to the function “Inflammation” is shown in Fig. 2. The corre-
sponding network in relation to “Cell viability” was very similar (data
not shown).

The 20 most statistically significantly predicted targeted mRNAs of
the eleven differentially expressed miRNAs are presented in Table 4.

4. Discussion

In the present study, significant differences in miRNA expression in
the placentas of term infants born SGA compared to matched infants
with NBWs were found. The results support previous evidence that
miRNA expression in the placenta seems to be involved in the patho-
genesis of or the compensatory mechanisms for poor foetal growth
[12,13,15]. The bioinformatic analyses showed that the differentially
expressed miRNAs in this study are involved in cell viability, cell mi-
gration, and inflammation, i.e. processes of importance to placental
function or dysfunction and, consequently, foetal growth. The analyses
also showed connections to tumours, which may be due to the large
number of miRNA studies performed in relation to tumours [28].
However, the placenta shows similarities with tumours with regards to
invasive and rapid growth [29], indicating that miRNAs that are sig-
nificant in tumours may also be relevant to placental dysfunction.

It is interesting that differential miRNA expression was evident in
Group 2, clearly shown by the hierarchical clustering analyses (see
Fig. 1), and not in the smallest children, as indicated by one of the
secondary analyses performed. A common feature of the infants in
Group 2 is that their low birth weights have no obvious explanation
since no factor known to be involved in FGR are applicable to them
(maternal smoking during pregnancy, poor maternal health, low GWG,
abnormal maternal body size, pregnancy complications, or malforma-
tions of the infant). Our findings may point at pathways of importance
for unexplained SGA births.

To the best of our knowledge, only one of the differentially ex-
pressed miRNAs found in this study has been reported before as dif-
ferentially expressed in placentas in relation to SGA births. That miRNA
is miR-519, which was downregulated both in the present and in pre-
vious reports [12,13]. In contrast, Wang et al. [18] reported upregu-
lation of miR-519a in placentas from FGR pregnancies. In disagreement
with the findings on SGA births by others [12,13,18], downregulation
of miR-518 was not demonstrated in this study. These differences may
be due to differences in study design.

The miR-519 gene belongs to the Chromosome 19 miRNA cluster
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(C19MC) found at 19q13.41. This cluster is paternally imprinted and
primarily expressed in placenta and other organs of the reproductive
system, suggesting its importance in embryonic development [30].
Downregulation of miR-519e has been found together with upregula-
tion of miR-193b and miR-4532 in placentas from pregnancies com-
plicated with PE superimposed on chronic hypertension [31]. Upregu-
lation of miR-193b alone or together with downregulation of miR-379
have been found in preeclamptic placentas [32,33], a finding consistent
with our findings, indicating that the combination of downregulated
miR-519 and miR-379 and upregulated miR-193b seems to be im-
portant in placentas complicated by either PE or FGR.

MiR-193b-3p decreased the migration and invasion of trophoblast
cells [33], indicating that upregulation of miR-193b may be part of the
pathogenesis of poor foetal growth. However, miR-193b has also been
found to improve insulin signalling [34], which would promote growth.
This inconsistency may be due to the diverse effects of miRNAs in
different cells and circumstances and needs further investigations.

MiR-379 has been found to target insulin-like growth factor I (IGF-I)
[351, which belongs to the insulin-IGF system, which is crucial to and
regulates placental and foetal growth and development [36,37]. It is
also important for energy homeostasis [38]. The downregulation of
miR-379-3p found in this study is supposed to increase the expression of
IGF-I [35]. Therefore, downregulation of miR-379-3p would constitute
a compensatory mechanism for poor foetal growth. This needs to be
further elucidated in future studies.

MiR-379 has also been found to inhibit cell proliferation and induce
cell cycle arrest [39], indicating that low miR-379 expression would
promote growth.

The genes encoding miR-379-3p, miR-369-5p, and miR-380-3p be-
long to the Chromosome 14 miRNA cluster (C14MC) found at the re-
gion 14p32 [30]. Decreased expression of them were found in this study
in SGA infants. C14MC is maternally imprinted and may be important
to human embryonic development [30]. Mouse pups with a hetero-
zygote maternal deletion of C14MC displayed partially penetrant neo-
natal lethality with defects in the maintenance of energy homeostasis
[40].

There is compelling evidence to support the idea that C14MC is a
tumour suppressor locus involved in multiple cancers [41]. MiR-105,
miR-193b, miR-330-5p, miR-335, and miR-519 are also reported to be
tumour suppressors in different forms of cancer [42-46]. These miRNAs
showed differential expression in this study, but they do not belong to
C14MC. Besides that, miR-105 also seems to have a tumour promoting
effect [47].

The expression of miR-335 has been found to be regulated by hy-
poxia in human trophoblasts [48]. MiR-335 has also been found to
negatively regulate the migration of trophoblasts [49]. In this study,
miR-335-3p was significantly downregulated in placentas from infants
born SGA without a known reason. This is in contrast to findings of
upregulation of miR-335 in placentas of women with PE [49,50], in-
dicating that even though PE often cause FGR, the placental molecular
pathways may differ between these two pregnancy complications.

In this study, miR-3679-5p was significantly upregulated, and miR-
3065-5p was significantly downregulated in placentas from infants born
SGA compared to infants with NBWs. To the best of our knowledge,
none of them has been described before in relation to human preg-
nancy, embryology, placenta, or foetal growth. The significance of their
expression in placenta to human foetal growth needs to be further in-
vestigated.

The network analysis performed in the present study showed that
four of the eleven differentially expressed miRNAs, namely miR-379-
3p, miR-335-3p, miR-330-5p, and miR-193b-3p, were connected to the
insulin-IGF system (see Fig. 2). This indicates that miRNAs in the pla-
centa may influence, at least to some extent, foetal growth through this
important growth-promoting system. The network analysis was based
on the function “inflammation”, which was one of the important an-
notations for the differentially expressed miRNAs in this study.
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Fig. 2. Network of differentially expressed miRNAs with associated gene products and their connections to the function “Inflammation of organ” according to the
NGS Strand. The color of associated gene products and their nodes denotes a predicted activation (orange) or inhibition (blue) of their function with regards to the

differential expression of the miRNAs.

Inflammation inhibits postnatal growth, probably by inhibition of in-
flammatory cytokines on the insulin-IGF system [51]. Placental in-
flammation has also been postulated to be involved in the development
of FGR [51].

Some of the predicted targeted genes in the present study (see
Table 4) may be more relevant to foetal growth than other based on
current knowledge on them. The possibly more relevant predicted
targeted genes were grouped according to their functions: the ubiquitin
(or ubiquitin-like) system (UFL, UBE3D, COPS3, COMMDS3); in-
flammation (IFNW1, NLRC4, MPO); angiogenesis (CLEC14A, EFNA4);
metabolism of toxins (CYP2E1, KLHL1); and transcription factors
(TFAP2A). Exploring these genes in placental tissue and their re-
lationship with foetal growth in future studies may reveal new, im-
portant mechanisms for FGR.

Previous studies on miRNAs in placenta have used microarrays or
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RT-PCR depending on the number of molecules of interest. Only a few
studies have used a sequencing technique to profile the placental
transcriptome or global miRNA expression [12,31,52,53], even though
sequencing has the potential to find new miRNAs [54]. Most of the
previous sequencing studies in human placenta have had small sample
sizes.

Koh et al. [55] found a strong correlation between sequencing and
microarray results in serum, indicating that either method can be used.

The strengths of this study include the strictly selected subjects.
Mother-infant pairs with maternal hypertensive disease, abnormal BMI,
diabetes, other chronic diseases, maternal smoking during pregnancy,
prematurity, caesarean section, or asphyxia were excluded as these
conditions may influence gene expression in the placenta. In addition,
infants born SGA were carefully matched to the NBW infants. Cox et al.
[5] emphasized the importance of closely matching the control subjects,
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Table 4
Top 10 targeted mRNAs as predicted by NGS Strand for the up and downregulated miRNAs found in Group 2 in comparison to Group 4.
mRNA Upregulated miRNAs found in Group 2 p-value
NLRC4 miR-193b-3p 0.005
MPO miR-3679-5p, miR-193b-3p 0.006
COPS3 miR-3679-5p, miR-193b-3p 0.006
ASPRV1 miR-3679-5p, miR-193b-3p 0.007
ATP5C1 miR-3679-5p, miR-193b-3p 0.007
EFNA4 miR-3679-5p, miR-193b-3p 0.008
CAMK2N2 miR-3679-5p, miR-193b-3p 0.009
AAED1 miR-3679-5p, miR-193b-3p 0.009
UBE2L6 miR-3679-5p, miR-193b-3p 0.010
ATF5 miR-3679-5p, miR-193b-3p 0.011
mRNA Downregulated miRNAs found in Group 2 p-value
UFL1 miR-519e-3p, miR-3065-5p, miR-330-5p, miR-105-5p, miR-379-3p, miR-380-3p, miR-335-3p 0.001
DKFZP58611420 miR-379-3p, miR-330-5p, miR-380-3p, miR-105-5p, miR-335-3p 0.001
FAM74A1 miR-3065-5p, miR-519e-3p, miR-330-5p, miR-105-5p, miR-335-3p 0.001
FMO6P miR-105-5p, miR-335-3p, miR-380-3p 0.001
IFNW1 miR-379-3p, miR-380-3p, miR-3065-5p, miR-105-5p 0.001
PCNP miR-519e-3p, miR-3065-5p, miR-330-5p, miR-105-5p, miR-379-3p, miR-380-3p,miR-335-3p 0.001
TFAP2A miR-519e-3p, miR-3065-5p, miR-330-5p, miR-105-5p, miR-369-5p, miR-379-3p, miR-380-3p, miR-335-3p 0.001
KCNG1 miR-3065-5p, miR-519e-3p, miR-379-3p, miR-4532, miR-380-3p 0.001
CLEC14A miR-379-3p, miR-330-5p, miR-380-3p, miR-335-3p 0.001
UBE3D miR-519e-3p, miR-3065-5p, miR-330-5p, miR-105-5p, miR-379-3p, miR-380-3p, miR-335-3p 0.001

Group 2 = SGA + NGWG. Group 4 = NBW + NGWG. SGA = small for gestational age. NBW = normal birth weight. NGWG = normal gestational weight gain.

since factors such as gestational age, infant sex, and mode of delivery
influence miRNA expression in the placenta. Furthermore, we adjusted
for potential confounding factors in a regression model.

Another strength was the inclusion of only the smallest infants and
the exclusion of very short women, which probably led to exclusion of
infants born physiologically small. The definition of SGA used in this
study (birth weight < - 2 SD [26]) corresponds to the smallest ap-
proximately 2% of infants, while the other commonly used definition of
SGA (birth weight < 10th percentile [56]) corresponds to the smallest
10% of infants, which increases the risk of including physiologically
small infants. However, FGR was not verified by ultrasonography
during pregnancy in this study.

The results from the ddPCR analyses were in good agreement with
the results from the sequencing analyses. This technical validation
shows the robustness of the findings, but biological validation in an-
other cohort is needed in the future.

In conclusion, term infants born SGA without any known cause
show significant differential expression of miRNAs in the placenta
compared to infants born with NBWs. A common link for the differ-
entially expressed miRNAs are inflammation and the insulin-IGF
system. We propose that term infants born unexplained SGA may have
been subjected to subclinical placental inflammation, leading to dis-
turbances in the insulin-IGF system. This needs to be investigated fur-
ther in future research.
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