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ABSTRACT
Healthy feto-maternal communication is critical during pregnancy and is orchestrated by the placenta.
Dysfunction of the placenta leads to fetal growth complications; however, the underlying biological
mechanisms have yet to be fully elucidated. Circulating extracellular microRNAs (exmiRNAs) in the blood
have been implicated in cell-to-cell communication. Therefore, exmiRNAs may provide useful biological
information about communication between the mother, the fetus, and the placenta during pregnancy. We
used logistic regression to determine the association of exmiRNAs with abnormal fetal growth by
comparing mothers of infants classified as small-for-gestational age (SGA) (n D 36) and large-for-
gestational age (LGA) (n D 13) to appropriate-for-gestational age (AGA), matched by gestational age at
delivery and infant sex. In addition, we used linear regression to determine associations between
exmiRNAs and birth weight-for-gestational age (BWGA) z-score (n D 100), adjusting for maternal age,
body mass index, and parity. We found that higher levels of miR-20b-5p, miR-942-5p, miR-324-3p, miR-
223-5p, and miR-127-3p in maternal serum were associated with lower odds for having a SGA vs. AGA
infant, and higher levels of miR-661, miR-212-3p, and miR-197-3p were associated with higher odds for
having a LGA vs. AGA infant. We also found associations between miR-483-5p, miR-10a-5p, miR-204-5p,
miR-202-3p, miR-345-5p, miR-885-5p, miR-127-3p, miR-148b-3p, miR-324-3p, miR-1290, miR-597-5p, miR-
139-5p, miR-215-5p, and miR-99b-5p and BWGA z-score. We also found sex-specific associations with
exmiRNAs and fetal growth. Our findings suggest that exmiRNAs circulating in maternal blood at second
trimester are associated with fetal growth. Validation of our findings may lead to the development of
minimally-invasive biomarkers of fetal growth during pregnancy.

Abbreviations: AGA, Appropriate-for-gestational age; BMI, Body mass index; BWGA, Birth weight-for-gestational
age; C14MC, Chromosome 14 microRNA cluster; C19MC, Chromosome 19 microRNA cluster; Cq, Quantification cycle;
EVs, Extracellular vesicles; exmiRNAs, Extracellular microRNAs; FC, Fold change; LGA, Large-for-gestational age; SGA,
Small-for-gestational age; SD, Standard deviation
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Introduction

Extracellular RNAs in blood circulation are found either encased in
extracellular vesicles (EVs) or bound to proteins such as Argonaute
2 and low/high-density-lipoproteins. Emerging evidence shows
that extracellular RNAs, and in particular extracellular microRNAs
(exmiRNAs), are involved in functional cell-to-cell communica-
tion.1 In fact, microRNAs that are small noncoding RNAmolecules
(»22 nucleotides) can recognize and inhibit translation of multiple
mRNAs in the recipient cells, either by initiating their degradation
or by inhibiting the translational machinery.2 Therefore, exmiR-
NAs inmaternal blood circulation provide a unique opportunity to
non-invasively access biologic information that may be involved in
feto-maternal communication.

During pregnancy, the number of EVs in the blood circula-
tion increases significantly as compared with non-pregnant

women.3 In fact, previous work demonstrated that EVs are an
active communication mechanism between mother, fetus, and
the placenta, and that fetal and placental RNAs are found in
EVs in the maternal blood circulation.4,5 Several members of
the placental-specific microRNA clusters on chromosomes 14
(C14MC) and 19 (C19MC) that are implicated in placental reg-
ulation have been found to be differentially expressed in nor-
mal and abnormal placentas, and were detected in maternal
blood EVs as well.6 In addition, a few studies have identified
microRNAs that were differentially expressed in placentas from
pregnancies complicated by fetal growth restriction.7-9 How-
ever, no studies have assessed the presence of exmiRNAs in
maternal blood circulation during pregnancy using a high-
throughput method and determined their association with fetal
growth.
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Healthy placental communication between mother and fetus
during pregnancy is critical, but our knowledge of the mechanisms
involved in this communication and how they affect maternal,
fetal, and placental health, is very limited. In this study, we screened
for 754 exmiRNAs in serum samples prospectively collected at sec-
ond trimester from pregnant women (n D 100) who participated
in the Programming Research in Obesity, Growth Environment,
and Social Stress (PROGRESS) birth cohort study, and determined
exmiRNA association with fetal growth. We hypothesized that
exmiRNAs circulating in maternal blood at second trimester are
associated with fetal growth.

Results

Characteristics of study participants

Mothers of large-for-gestational age (LGA) infants were older
than those of small-for-gestational age (SGA) infants
(P D 0.03) and had higher body mass index (BMI) (P D 0.003)
than mothers of either SGA or appropriate-for-gestational age
(AGA) infants. As expected, there was a significant difference
in birth weight between SGA, AGA, and LGA infants
(P < 0.0001). No differences were observed in any of the
matching variables (i.e., gestational age at delivery and infant
sex), or any other characteristics between SGA, AGA, and LGA
mother-infant pairs (Table 1).

Second trimester exmiRNAs in maternal blood are
associated with fetal growth

A total of 444 exmiRNAs were found in at least one of the
serum samples analyzed (n D 100), but only 124 exmiRNAs
were detected in �50% of the samples (Table S1).

When we compared the matched pairs (by gestational age
and infant’s sex), we found that differential expression of
specific exmiRNAs was associated with fetal growth. In par-
ticular, we found that mothers had lower odds of having
SGA vs. AGA infant with increased levels of miR-20b-5p
[odds ratio (OR) D 0.49, P D 0.02], miR-942-5p (OR D
0.48, P D 0.02), miR-324-3p (OR D 0.44, P D 0.03), miR-
223-5p (OR D 0.47, P D 0.05), and miR-127-3p (OR D 0.61,
P D 0.06) (Fig. 1). We also found higher odds of having an
LGA vs. AGA infant with increased levels of miR-661
(OR D 4.00, P D 0.07), miR-212-3p (OR D 3.20, P D 0.08),
and miR-197-3p (OR D 4.73, P D 0.10) (Fig. 1). Although
the associations were significant, when we adjusted for
multiple comparisons no significance was sustained.

We also found that lower levels of miR-483-5p (b D ¡0.19,
P D 0.002), miR-10a-5p (b D ¡0.33, P D 0.002), miR-204-5p
(b D ¡0.29, P D 0.01), miR-202-3p (b D ¡0.28, P D 0.01),
miR-345-5p (b D ¡0.18, P D 0.01), miR-885-5p (b D ¡0.23,
P D 0.01), miR-127-3p (b D ¡0.24, P D 0.02), miR-148b-3p
(b D ¡0.28, P D 0.02), miR-324-3p (b D ¡0.24, P D 0.02),
miR-1290 (b D ¡0.19, P D 0.02), miR-597-5p (b D ¡0.30,
P D 0.02), miR-139-5p (b D ¡0.18, P D 0.03), miR-215-5p
(b D ¡0.25, P D 0.05), and miR-99b-5p (b D ¡0.15, P D
0.05) in second trimester maternal serum were associated
with lower birth weight-for-gestational age (BWGA) z-score
(Fig. 2; Table S2). Again, when we adjusted for multiple

comparisons, no significance was observed for any of the
abovementioned exmiRNAs.

In silico pathway analysis showed that 7 of the most associ-
ated exmiRNAs with fetal growth (miR-10a-5p, miR-127-3p,
miR-197-3p, miR-202-3p, miR-204-4p, miR-215-5p, and miR-
483-5p) could interact with 43 experimentally validated
mRNAs that regulate several biological pathways downstream.
These pathways were enriched for functions and diseases
related to embryo and fetal development, including the size of
placenta and embryo, development of body axis and body
trunk, size and formation of bones, angiogenesis and others
(Fig. 3). The full list of functions and diseases regulated by these
exmiRNAs, together with the molecules involved and P values
are provided in Table S3.

Sex-specific associations between exmiRNAs and fetal
growth

To further examine any differences between male and female
infants in the expression of serum exmiRNAs, we stratified our
analysis in mothers of SGA/LGA vs. AGA infants. In mothers
of SGA vs. AGA infants, we found that most of the significantly
associated exmiRNAs were concordantly regulated in both
male and female infants, such as miR-127-3p, miR-20b-5p,
miR-324-3p, and miR-942-5p (Fig. 4). All together, we found
that 50 exmiRNAs were concordantly downregulated and 22
concordantly upregulated in mothers of both male (n D 18)
and female (n D 18) SGA vs. AGA infants. We also found that
47 exmiRNAs were downregulated in male, but upregulated in
female infants, and that 7 exmiRNAs were upregulated in male,
but downregulated in female infants (Table S4). Similarly,
when we analyzed the expression levels of exmiRNAs in moth-
ers of LGA vs. AGA infants by gender, we found that the most
exmiRNAs were downregulated in males (n D 7) and upregu-
lated in females (n D 6). Interestingly, 3 of the top hits, miR-
139-5p, miR-215-5p and miR-30d-5p, were downregulated in
males, but upregulated in females (Fig. 5). Overall, there were 8
exmiRNAs concordantly downregulated and 29 concordantly
upregulated in mothers of both male and female LGA vs. AGA
infants. On the contrary, there were 84 exmiRNAs that were
downregulated in male, but upregulated in female infants, and
5 exmiRNAs that were upregulated in male, but downregulated
in female infants (Table S5).

Discussion

In this exploratory study, we conducted a high-throughput
screening of extracellular microRNAs from 100 serum samples
collected from pregnant women at second trimester. Overall,
we observed lower exmiRNAs levels in serum of mothers of
SGA infants, and higher exmiRNAs levels in mothers of LGA
infants, when compared with mothers of AGA infants. To the
best of our knowledge, several of these exmiRNAs have not
been previously associated with fetal growth.

Previous studies have identified differentially expressed
microRNAs in placentas from complicated pregnancies, sug-
gesting their role in placental regulation and fetal development.
Emerging evidence shows that several of these microRNAs can
also be detected in the maternal blood circulation during
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pregnancy. Several of these studies focused on microRNAs of
the placenta-specific C14MC (e.g., miR-376c-3p) and C19MC
(e.g., miR-517a-3p, miR-520h, and miR-525-3p) clusters, which
were associated with pregnancy-related complications, includ-
ing impaired fetal growth.10,11 In our study, we found no signif-
icant associations with any of the detected C19MC microRNA
members and fetal growth. Consistent with our findings,
Hromadnikova et al. investigated C19MC placenta-specific
microRNAs (i.e., miR-516-5p, miR-517-5p, miR-518b,
miR-520a-5p, miR-520h, miR-525-3p, and miR-526a-3p) in
the plasma of normal and fetal growth restricted pregnancies,
and found no significant differences.8 Similarly, Mouillet et al.
compared the levels of 12 placenta-specific microRNAs, includ-
ing C19MC cluster members (i.e., miR-517-5p, miR-518b,
miR-518e, and miR-524), in plasma samples of gestational
age-matched normal and fetal growth restricted pregnancies;
the investigators reported no significant differences in any of
the screened C19MC microRNAs.9

We found the most robust association between abnormal
fetal growth and miR-127-3p—a member of the C14MC clus-
ter—which had not been evaluated in relation to fetal growth
by previous studies. In particular, we found that mothers that
had higher levels of extracellular miR-127-3p in their blood
had lower odds of having SGA infant. We also compared the
expression levels of miR-127-3p in mothers of SGA, AGA, and
LGA and found that mothers of SGA had the lowest levels, fol-
lowed by mothers of AGA and LGA; miR-127-3p levels in

serum of mothers of SGA infants were significantly lower
(P < 0.05) than those of LGA infants, although these pairs
were unmatched (Fig. S1). When we further tested for linear
association of miR-127-3p and BWGA z-score using data from
all 100 analyzed samples, we found that lower levels of miR-
127-3p were associated with lower BWGA z-score. Together,
these findings suggest a dose-response relationship between
miR-127-3p and fetal growth. Labialle et al. showed that while
knockout of the C14MC cluster in mice was not associated
with specific placental adverse phenotypes, these mice exhibited
partially penetrant neonatal lethality.12 A more recent study by
Ito et al. showed that when miR-127-3p was deleted in mice,
the placenta developed insufficiencies in the labyrinthine zone,
which is analogous to the human placenta villous area that is
directly involved in the transfer of gases and nutrients between
the mother and the fetus.13 Although in mice, these findings
are consistent with ours, suggesting that miR-127-3p may be
associated with placental development and fetal growth.

We also found an association between abnormal fetal growth
and miR-20b-5p, a member of the miR-17–92 cluster, which is
expressed in a wide spectrum of tissues14 and has been suggested
to play an important role in embryonic development.15,16 Mem-
bers of this cluster were previously found to be associated with
pregnancy complications, suggesting their importance in placen-
tal and fetal development.17 We found that miR-20b-5p levels
were significantly lower in serum of mothers of SGA, as com-
pared with mothers of AGA infants. Wang et al. found that

Table 1. Summary of study participants’ characteristics.

Matched groups

Characteristica All Participantsb SGAb AGAb LGAb

n 100 36 51 13 P valued

Maternal
Age (years) 27.8 § 6.1 26.0§ 6.1 28.4 § 5.8 30.6 § 6.4 0.03
Height (cm) 154.4 § 5.1 153.4 § 5.4 154.7 § 4.8 156.0 § 4.9 0.09
Body weight (kg) 62.7 § 9.5 61.0§ 10.8 61.8 § 7.9 71.2 § 7.6 0.001
Body mass index (BMI) (kg/m2) 26.3 § 3.7 25.9§ 4.1 25.8 § 3.3 29.2 § 2.6 0.003
Hemoglobin levels (g/dL) 12.8 § 1.0 13.0§ 1.1 12.7 § 0.9 12.7 § 1.4 0.44
Multiparous; n (%) 65 (65.0) 20 (55.6) 34 (66.7) 11 (84.6) 0.17
Alcohol consumption; n (%) 0.72
Yes 6 (6.0) 3 (8.3) 3 (5.9) 0 (0.0)
No 94 (94.0) 33 (91.7) 48 (94.1) 13 (100.0)

Socioeconomic status; n (%) 0.93
Low 49 (49.0) 17 (47.2) 25 (49.0) 7 (53.8)
Medium 40 (40.0) 15 (41.7) 21 (41.2) 4 (30.8)
High 11 (11.0) 4 (11.1) 5 (9.8) 2 (15.4)

Smoke exposure in the homee; n (%) 0.49
Yes 28 (28.6) 9 (25.7) 17 (33.3) 2 (16.7)
No 70 (71.4) 26 (74.3) 34 (66.7) 10 (83.3)

Infant
Birth weight (g) 3014 § 633 2396§ 220 3190§ 393 4038 § 331 <0.0001
Gestational age (weeks)f 38.3 § 1.0 38.2§ 1.0 38.3 § 1.1 38.3 § 1.0 0.89
Birthweight-for-gestational ageg (z-score) ¡0.6 § 1.3 ¡1.9§ 0.4 ¡0.2§ 0.7 1.5 § 0.3 <0.0001
Sexf; n (%) 1.00
Males 51 (51.0) 18 (50.0) 26 (51.0) 7 (53.8)
Females 49 (49.0) 18 (50.0) 25 (49.0) 6 (46.2)

aAll maternal information was collected during the second trimester visit (16-22 weeks).
bAll values are shown as mean § SD, unless otherwise noted.
cParticipants in the SGA, AGA, and LGA groups were matched by gestational age at delivery and infant’s sex.
dP value corresponds to Chi squared (continuous) or Fisher’s exact (categorical) test for the difference in study participants’ characteristics between SGA, AGA, and LGA
groups.

eData are missing for 2 participants.
fVariables used to match controls (LGA) to cases (SGA or LGA).
gAdjusted for gestational age and infant sex.
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expression of miR-20b-5p was altered in placentas collected from
women with pre-eclampsia, suggesting its regulating potential in
placental angiogenesis and trophoblast development,18 processes
that are important for normal fetal development.

One of the exmiRNAs most significantly associated with SGA
in our study was miR-942-5p, which is implicated in angiogene-
sis, an important process in normal placental development. To
the best of our knowledge, no studies investigated the association
of miR-942-5p and fetal growth; however, 2 studies that exam-
ined its association with preeclampsia found no significant
results.19,20 Other exmiRNAs (i.e., miR-10a-5p, miR-197-3p,
miR-204-5p, and miR-483-5p) that we found to be associated
with abnormal fetal growth and were enriched in related biologic
pathways in silico, were also found to be dysregulated under
pregnancy-related adverse outcomes, such as preterm delivery,
pregnancy-induced hypertension, and pre-eclampsia.21-23

Previous studies have shown that regulation of several
microRNAs under certain conditions is sexually dimorphic.24

In our study, we observed notable sex-specific differences in
the levels of exmiRNAs when comparing mothers of LGA vs.
AGA, but not in SGA vs. AGA infants. In a recent study, Mura-
limanoharan et al. found that the expression of miR-210 in the
placenta was regulated by fetal sex via the NFkB1 pathway and
estrogen levels in obese pregnant women, a condition known to
be a risk factor for LGA pregnancies.25 Sexual dimorphism in
fetal cardiac miRNAs under intrauterine growth restriction
conditions has also been linked to the NFkB1 pathway.26 Lastly,
Bouhaddioui et al. showed that specific miRNAs involved in
mouse fetal lung development are androgen-depended.27

Whether these sex-specific differences under certain conditions
during pregnancy can be attributed to fetal sex or other biologi-
cal mechanisms that are associated with, it remains to be fully
elucidated.

Our study has certain limitations. Despite the large number
of known microRNAs screened (n D 754), we acknowledge the
possibility that other exmiRNAs, not screened in our analysis,
may be present in the maternal blood circulation and associated
with fetal growth. In addition, due to the relatively small sample
size of this exploratory study, no significant associations were
sustained after correction for multiple comparisons. Nonethe-
less, in silico analysis of most associated exmiRNAs revealed
their significant enrichment in biologically relevant pathways
for placental and fetal development. Therefore, we encourage
external validation of our findings in larger and more diverse
epidemiological studies. Strengths of our study include the
nested case-control design within a prospective cohort study,
with careful matching by gestational age at delivery and infant’s
sex. In addition, we very carefully evaluated several potential
confounders in the association between exmiRNAs levels and
fetal growth, and adjusted for maternal age, BMI, and parity.
Last, the homogeneity of the study population helped reduce
any unmeasured confounding that may be attributed to differ-
ences at the population level.

This exploratory study suggests that circulating exmiRNAs early
in pregnancy—some of which placenta-specific—are associated
with fetal growth. Our findings highlight a unique opportunity to
easily collect biological information implicated in feto-maternal
communication, which may help us develop minimally-invasive
biomarkers of fetal growthmonitoring during pregnancy.

Materials and methods

Study design and sample selection

Study participants were enrolled during their first prenatal care
visit (<20 weeks of gestation) at the Mexican Social Security
Institute clinics in Mexico City, as part of the prospective birth
cohort study PROGRESS. The profile of the cohort is described
elsewhere.28 Our base population was composed of pregnant
women who agreed to participate (n D 948) and had a live
birth. The study was approved by the Institutional Review
Boards of Brigham and Women’s Hospital, Harvard T.H. Chan
School of Public Health, Icahn School of Medicine at Mount
Sinai, and the Mexican National Institute of Public Health
(#14265-101; #14706-101; #2006-P-001416; #2006-P-001792;
#12-00751; #560). All study participants provided written

Figure 1. Odds ratios for having an SGA or LGA vs. AGA infant in association with
levels of extracellular microRNAs (exmiRNAs) in maternal serum. Odds ratios are
adjusted for gestational age and infant’s sex; -log10 (P Value) indicates transformed
P values of the association between exmiRNAs and SGA or LGA. Odds ratios
between SGA and AGA are shown in white and between LGA and AGA in gray.

Figure 2. Associations between extracellular microRNAs (exmiRNAs) in maternal
serum and birth weight-for-gestational age z-score (n D 100). Volcano plot show-
ing the association between serum exmiRNAs at second trimester and birth
weight-for-gestational age z-score; estimates are adjusted for maternal age, gesta-
tional age, body mass index, parity, and infant’s sex; -log10 (P value) indicates
transformed P values of the association between exmiRNAs and birth weight-for-
gestational age z-score.
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informed consent in accordance with the Declaration of
Helsinki ethical principles for medical research.

Blood samples were collected in EDTA tubes (Becton Dick-
inson, Cat. No. 366643) at the second trimester visit (16-22
weeks of gestation), and serum fraction was separated within
2 h by centrifugation at 1,500 £ g for 15 min, following stan-
dard operating procedures. Serum was aliquoted in cryovial
tubes, stored at ¡80�C, and shipped to the Harvard T.H. Chan
School of Public Health, Laboratory of Environmental Epige-
netics for further analysis. Infants were considered as SGA if
they were in the <10th percentile, AGA if they were between
the 10th - 90th percentile, and LGA if they were in the >90th
percentile of the birth weight-for-gestational age (BWGA) dis-
tribution according to the international infant growth charts.29

For exmiRNAs screening, all samples were selected from
pregnant women who delivered between 37 to 40 weeks of ges-
tation (n D 786). More specifically, we randomly selected 36
serum samples from women with SGA infants and 13 samples

from women with LGA infants. We also selected 51 samples
from women with AGA infants that were used as controls for
SGA and/or LGA samples, for a total of 100 serum samples
analyzed in our study (Fig. S2). Each SGA and/or LGA sample
was matched to an AGA control sample (1:1 ratio) by gesta-
tional age at delivery and infant’s sex. Due to the lack of ultra-
sound data, gestational age at the time of enrollment was
calculated using the date of last menstrual period.

RNA extraction and microRNA profiling

Serum samples (0.7 mL) were thawed on ice and filtered using a
0.8-mmmembrane unit (Millipore Corp., Bedford, MA) to remove
any cell debris and large aggregates. Following this step, we used
the exoRNeasy Serum/Plasma Maxi kit (Qiagen, Cat. No. 77064),
to extract total extracellular RNA.30 Total RNA was eluted in
»12–mL volumes and subsequently concentrated to 6-mL volumes
using the RNA Clean & Concentrator-5 (Zymo Research, Cat. No.

Figure 3. Pathway analysis illustrating experimentally validated mRNA targets of the most associated exmiRNAs with fetal growth. Biological relevance with functions and
diseases related to fetal growth is also identified by the Ingenuity Pathway Analysis�. Direct relationships are represented with solid lines and indirect relationships with
dotted lines.
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R1015), before microRNA expression analysis. We used the
TaqMan OpenArray technology to measure the expression levels
of 754 knownmicroRNAs (miRBase v14).

All RNA samples were reverse transcribed and pre-amplified
(16 cycles) usingMegaplex Reverse Transcription Primers, Human
Pool A v2.1 (Life Technologies, Cat. No. 4399966) and Human
Pool B v3.0 (Life Technologies, Cat. No. 4444281), and Megaplex
PreAmp Primers, Human Pool A v2.1 (Life Technologies, Cat. No.
4399233) and Human Pool B v3.0 (Life Technologies, Cat. No.
4444748), following the manufacturer’s protocol. The quantitative
polymerase chain reaction (qPCR) step was performed on the
QuantStudio 12K Flex Real-Time PCR System (Life Technologies)
and relative quantification cycle (Cq) values were calculated. Cq val-
ues were defined as the PCR cycle where the amplification curve
exceeded background fluorescence threshold.

Data analysis

Descriptive characteristics of the study participants are reported
as mean § standard deviation (SD), unless otherwise specified.
We performed quality control on raw qPCR data according to

the following criteria, suggested by the manufacturer: (a) Cq val-
ues <35, (b) amplification scores �1.1, and (c) Cq confidence
�0.8. Data that did not meet these criteria were treated as miss-
ing values in the analysis. Following this step, exmiRNAs were
ranked based on their frequency of detection across all analyzed
samples, and for reasons of statistical power, we only considered
exmiRNAs detected in �50% of the analyzed samples (n D 124)
in the analysis. Due to the lack of reference genes for exmiRNAs
analysis, we used the global mean method to normalize our data
and calculated Delta Cq (DCq) values according to the
DCq_microRNAi D (Cq_microRNAi - Cq_microRNAi_global_mean) formula.31

We used logistic regression (adjusted for gestational age and
infant’s sex) to determine the association [odds ratio (OR)]
between serum exmiRNAs at second trimester and SGA or
LGA among matched pairs. We also used linear regression to
determine the association between serum exmiRNAs levels at
second trimester and BWGA z-score (continuous). All models
were adjusted for maternal age (continuous), body mass index
(continuous), gestational age (continuous), parity (multiparous
or nulliparous), and infant’s sex. Other covariates such as
maternal hemoglobin levels, socioeconomic status, smoking
exposure in the home, and alcohol consumption were also eval-
uated as confounders in the analysis, but not included in our
final models as they did not confound our estimates. To balance
for the potential bias due to oversampling of SGA and LGA
cases in our analysis, we used inverse probability weights. We
allocated weights to each group by using the probability that
each sample could have been selected from our base popula-
tion. We then used these weights to estimate weighted effect
estimates (b coefficients), which can be interpreted as the
weighted change in BWGA z-score for every 1 unit (DCq)
increase in the expression of a specific exmiRNA.

Last, to examine any differences by gender in the expression
levels of exmiRNAs between pregnant women who delivered
male vs. female SGA, AGA, and LGA infants, we used the fold
change method according to the 2¡DDq formula. To test statisti-
cal significance after correcting for multiple comparisons we
used the Benjamini-Hochberg method. All statistical analyses
were performed in SAS version 9.4 (SAS Institute Inc., Cary,
NC). Ingenuity Pathway Analysis (IPA) software (Ingenuity
Systems�, Redwood City, CA) was used to identify experimen-
tally validated mRNA targets of the most associated exmiRNAs
with fetal growth, and further explore relevant downstream
biological pathway and functions.
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mothers of large- and appropriate-for-gestational age infants by gender. Volcano
plot showing the fold change of all tested serum exmiRNAs at second trimester
from mothers of male (white) and female (gray) LGA vs. AGA infants.
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