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Aim: The placenta–brain axis reflects a developmental linkage where disrupted placental function is
associated with impaired neurodevelopment later in life. Placental gene expression and the expression of
epigenetic modifiers such as miRNAs may be tied to these impairments and are understudied. Materials
& methods: The expression levels of mRNAs (n = 37,268) and their targeting miRNAs (n = 2083) were
assessed within placentas collected from the ELGAN study cohort (n = 386). The ELGAN adolescents were
assessed for neurocognitive function at age 10 and the association with placental mRNA/miRNAs was
determined. Results: Placental mRNAs related to inflammatory and apoptotic processes are under miRNA
control and associated with cognitive impairment at age 10. Conclusion: Findings highlight key placenta
epigenome–brain relationships that support the developmental origins of health and disease hypothesis.

Plain language summary: Children born extremely preterm are at increased risk for neurodevelopmental
impairments such as cerebral palsy, intellectual disability and autism. The biological processes that lead
to these impairments likely begin before birth and involve altered placental function. In this study,
the authors analyzed placental genomic and epigenomic data from children who were born extremely
preterm in relation to cognitive assessments at 10 years of age. They examined the differences between the
expression of placental genes and molecules that influence the expression of placental genes, comparing
children who had impaired cognition at 10 years with children who did not. The results demonstrated
elevated expression levels of genes involved in inflammatory processes and molecules that control the
expression of these genes within the placentas of children who had impaired cognition at age 10.
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Understanding the etiologic factors that underlie cognitive impairment in children is of great importance to public
health. Individuals born prematurely are particularly at high risk for deficits in general cognitive ability (IQ)
and executive function [1]. There is increasing evidence that in utero exposure to environmental chemicals and
other stressors is associated with impaired neurodevelopment later in life [2]. The association between perinatal
exposure to chemicals and stressors and impaired neurodevelopment is an exemplar of the developmental origins
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of health and disease (DOHaD) framework. This framework posits that the fetal environment contributes to
long-term risk of noncommunicable health outcomes [3]. A target organ that may underlie the biological basis
for the DOHaD framework is the placenta [4]. Disrupted placental functioning can alter the trajectory of fetal
development, particularly in the brain [5]. This relationship between the placenta and fetal neurodevelopment is
known as the placenta–brain axis [6].

The placenta is a multifunctional organ that mediates nutrient, gas and waste exchange between the mother and
fetus during pregnancy. It also serves as a central regulator for healthy fetal development and a selective barrier
limiting exposure to environmental toxicants [7]. Disrupted placental functioning during pregnancy is associated
with adverse pregnancy and later in life health outcomes in offspring. These health outcomes include increased
risk of hypertension, diabetes, obesity and adverse neurodevelopment [4,8,9]. Specifically, placental morphology and
physiology, including epigenetic and gene expression changes, have been tied to later neurocognition [10–14].

Morphologic and physiologic disruptions in the placenta may be driven by transcriptomic alterations, which
in turn can be mediated through epigenetic modifications [15]. Epigenetic modifiers include the methylation of
CpG sites, the modification of histones, and altered miRNA expression [16]. The altered methylation of CpG
sites within specific genomic locations can result in gene silencing or activation [17]. Previous research by the
study authors has demonstrated links between placental CpG methylation and offspring neurocognition [12,18].
Other researchers have also found that the placental epigenome predicts neurodevelopmental outcomes, including
aggressive behavior [12,18–20]. However, less is understood about the relationship between the expression of placental
miRNAs, another critical epigenetic regulator, and later in life neurocognition.

MicroRNAs (miRNAs) are a class of short (∼22 nucleotides in length), noncoding RNAs that play an important
role in the regulation of gene expression at the post-transcriptional level [21]. Gene expression is regulated by the
binding of miRNAs to target sites within a target mRNA, where miRNA binding generally impedes translation,
resulting in the suppression of protein synthesis [21]. Less often, miRNAs have been found to upregulate gene
targets [22]. Several miRNAs display tissue-specific expression and are only expressed within the placenta [23,24].
The expression of miRNAs in the placenta has been tied to infant neurobehavior [25], supporting the potential for
miRNAs in the placenta to impact neurobehavior later in life [26]. Few studies to date have evaluated the relationship
between placental miRNA expression and later life neurocognition.

Understanding the role of sexual dimorphism is a vital facet of researching the association between placental
-omics signatures and later life outcomes. Sex-based differences in infant and later in life health outcomes are well-
described, as are sex-specific responses to maternal exposures to environmental toxicants [27]. Previous studies have
identified sexually dimorphic expression of placental mRNAs and miRNAs, which highlight the sex-dependent
genomic patterning in the placenta [26]. Further, sex-specific placental CpG methylation has been observed with
striking patterns of hyper- or hypo-methylation, depending on the sex of the fetus [27]. While sex-based differences in
the prevalence of cognitive impairment and other neurobehavioral outcomes are well characterized [28–30], sex-based
differences in the placental epigenome as it relates to neurocognition has been understudied.

This study examined whether gene and miRNA expression levels in the placenta are associated with neurocogni-
tion at age 10. Placentas were collected at birth from the Extremely Low Gestational Age Newborn (ELGAN) study
cohort. Within ELGANs, significant associations have been observed between postnatal circulating inflammatory-
related proteins and adverse neurodevelopmental outcomes at 10 years [31]. Based on this, the authors hypothesized
that mRNAs that encode for inflammatory-related proteins would be differentially expressed in the placenta in
relation to cognitive impairment at age 10. They further hypothesized that miRNAs would control some of the
differential expression observed in mRNAs. The results from this study may have implications for the application
of the DOHaD framework to neurodevelopment.

Materials & methods
Study subject recruitment
The recruitment process for the ELGAN study has been described in detail elsewhere [32]. Between the years of
2002 and 2004, infants born prior to 28 weeks’ gestational age were enrolled in 14 different hospitals in five states
in the USA. The institutional review boards for all participating ELGAN sites approved of the study protocol. Key
demographic and pregnancy data were collected via an interview and a review of the mothers’ medical records.

The initial ELGAN study comprised 1249 mothers and 1506 participating infants. From these 1506 infants,
a total of 1083 placentas were obtained. For the present study, a subset of 390 ELGAN placentas (n = 390) was
assessed for the expression of miRNAs and mRNAs. For the final study, a subset of 21 samples was removed due to
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missing demographic data or failure to pass quality assessment/quality control steps. Thus, a total of 369 placentas
were included in the final analyses. Such quality assessment/quality control steps are detailed below.

Placental sample collection
Placental collection for the ELGAN study has been described previously [32]. Briefly, placentas were collected on
delivery, at which time the extra embryonic membranes were separated by retracting the amnion and exposing
the underlying chorion. The final sample was taken from the base of the chorion, frozen in liquid nitrogen and
stored at -80◦C. The placental tissues were first processed on dry ice. To reduce any blood contamination, frozen
tissue samples were sliced into approximately 0.025 g segments using a sterile dermal curette and washed in 1x
phosphate-buffered saline (Fisher Scientific, MA, USA). The washed samples were then immediately snap frozen in
homogenization tubes and placed back on dry ice to preserve sample integrity. Tissue segments were homogenized
according to the manufacturer’s guidelines (Qiagen, MD, USA) and processed samples were placed at -80◦C until
the time of extraction of nucleic acids.

Placental mRNA & miRNA extraction & quantification
The AllPrep DNA/RNA/miRNA Universal Kit (Qiagen) was used to isolate RNA molecules ≥18 nucleotides.
A LabChip (Perkin Elmer, MA, USA) instrument was used to determine RNA quality, generating RNA integrity
numbers and DV200 values, which were in the acceptable range. The QuantSeq 3′ mRNA-Seq Library Prep Kit
(Lexogen) was used to assess genome-wide mRNA expression, selected for its sensitivity to transcripts with reduced
RNA integrity numbers [33]. Lexogen-derived protocols were used for library preparation, and the Illumina Hiseq
2500 was used to sequence single-end 50 bp reads of RNA. To prevent batch-to-batch artifacts, the Sciclone
G3 (Perkin Elmer) was used for automated library preparation. The GENCODE database v30 and Salmon
(version 0.11.3) were used to align the sequencing read counts and organize the data, respectively. A total of
37,268 unique human RNA transcripts, comprising both protein-coding and noncoding RNAs resulted from
this analysis [34,35]. The Salmon alignment package was used because it represents a relatively recent advancement
in quantifying transcript abundance from RNA-sequencing data, with advantages including the correction for
fragment biases yielding improved abundance estimate accuracies [34]. This package has been tested specifically for
utility in differential expression analyses through algorithms embedded in DESeq2, used here for the identification
of transcripts associated with cognitive outcomes [34]. Furthermore, this method is well recognized within the
transcriptomics field, is computationally efficient and has been successfully integrated into the authors’ prior
analyses leveraging the RNA-sequencing data in this cohort [26,36,37]. The aligned count data were used for all
subsequent data processing and statistical analyses, detailed as follows.

The HTG EdgeSeq miRNA Whole Transcriptome Assay (HTG Molecular Diagnostics, AZ, USA) was used to
assess genome-wide miRNA expression profiles for 2083 human miRNA transcripts. The counts of sequencing
reads were aligned to miRBase v20 and organized using Parser (HTG Molecular Diagnostics) [38]. Raw and processed
mRNA and miRNA count data have been submitted to the National Center for Biotechnology Information Gene
Expression Omnibus repository and are publicly available under Gene Expression Omnibus series GSE154829 [39].

Neurocognitive assessment of later life outcomes
Cognitive assessments of participants were conducted when they were 10 years of age and have been described
previously [40]. General cognitive ability was assessed using the School-Age Differential Ability Scales-II (DAS-
II) Verbal (verbal IQ) and Nonverbal Reasoning (nonverbal IQ) scales. The DAS-II and the Developmental
NEuroPSYchological Assessment Second Edition (NEPSY-II) were used to assess attention and executive function.
Two subtests from the DAS-II and five subsets from the NEPSY-II were used to assess executive function. DAS-
II recall of digits backward and recall of sequential order measured verbal working memory. Five subtests from
the NEPSY-II (auditory attention, auditory response set, inhibition, inhibition switching, and animal sorting)
were used to assess attention, inhibition and set switching (cognitive flexibility). A latent profile analysis (LPA)
of the nine measures was conducted based on the 873 children, yielding four classifications: ‘normal’ (34% of
the sample), ‘low normal’ (41%), ‘moderately impaired’ (17%) and ‘severely impaired’ (8%) cognitive function.
For this study, the LPA classifications were dichotomized into normal/low normal cognitive function (LPA score:
0) and moderate/severe cognitive impairment (LPA score: 1), termed ‘no cognitive impairment’ and ‘cognitive
impairment’, respectively [18,41].
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Statistical analysis of differential mRNA expression associated with later in life neurocognitive
impairment
mRNA sequencing data were processed using R (v4.0.2) (cran.r-project.org/). Universally lowly expressed tran-
scripts were filtered out from the count data. Specifically, for a gene to be included, >25% of the samples were
required to be expressed at signals above the overall median signal intensity across all genes, as done in the authors’
previous genome-wide mRNA and miRNA analyses [42–46]. This resulted in a total of 10,412 mRNA transcripts
included in the analyses. Quality assessment/quality control was conducted as described elsewhere [26]. Three surro-
gate variables captured variability across the principal components of the mRNA and miRNA data (Supplementary
Figure 1). The addition of these surrogate variables to the statistical model controls for batch effects and sample
heterogeneity due to causes such as cell type proportion variation.

A causal directed acyclic graph approach was used to identify a minimal sufficient adjustment set of covariates
to be included in the statistical model (Supplementary Figure 2). Directed acyclic graph analysis was conducted in
Dagitty (v3.0) [47]. After considering collinearity, the authors retained the following variables for the final models:
birth weight, infant sex, maternal age and health insurance [48–57]. Importantly, all of these variables have known
relationships with later neurocognitive function in other cohort studies [12,58,59]. In addition to the confounders
identified, three surrogate variables were included in each model. Therefore, the final model included cognitive
impairment (independent variable), birth weight, infant sex, maternal age and health insurance (all confounders)
as well as three surrogate variables.

mRNAs that were associated with cognitive impairment were identified using negative binomial generalized
linear models within DESeq2 [60]. DESeq2 uses a shrinkage estimator for fold changes for differential expression
analysis, which is well suited for the comparison of fold change across the wide dynamic range of RNA-sequencing
experiments [61]. The Benjamini–Hochberg (BH) procedure was then used to adjust p-values, in order to account
for multiple testing [62]. mRNAs that were defined as differentially expressed were those with a false discovery rate
<10%, based on a BH-adjusted p-value, and fold change in expression of ≥ ± 1.3 (comparing samples from
children with impaired/non-impaired neurocognition). The chromosomal locations of the mRNAs identified as
showing differential expression in relation to cognitive impairment were established relative to the 30 GENCODE
hg19 reference genome assembly.

Models were also run for males and females separately to test if there was a sex-dependent association between
placental mRNA expression and later in life cognitive impairment.

Identification of miRNA gene targets & association between expression levels of miRNA–mRNAs
miRNA regulators of the cognitive impairment-associated mRNAs were identified using miRsystem [63]. miRsys-
tem matches miRNAs of interest to up-to-date annotations and identifies the biological functions/pathways
regulated by miRNAs determined through the functions of the predicted target genes [63,64]. Factors that influence
the likelihood of miRNA–mRNA interactions, including binding site type and location, local adenine and uracil
content, target site abundance, seed-pairing stability and supplementary pairing, are summarized by cumulative
weighted context scores. The predicted gene targets were filtered to include only genes that were associated with
neurocognitive function in the authors’ statistical model, described above. The miRNA–mRNA pairs that re-
mained were predicted to be miRNA–mRNA expression pairs. The predicted miRNA–mRNA expression pairs
were queried for correlation between normalized counts. Pearson correlation coefficient (p < 0.1) was used as a
cutoff to explore the correlations between the normalized counts of miRNA–mRNA expression pairs and to estab-
lish if the increased miRNA expression was associated with decreased mRNA levels or vice versa. Thus, three factors
defined an expression pair: the mRNA was a predicted gene target of the miRNA, the mRNA was associated with
cognitive impairment and a significant correlation existed between the mRNA and miRNA normalized counts.
Taken together, the expression pairs represent miRNA–mRNA relationships in which the expression of the mRNA
is predicted to be under miRNA control.

Results
Participant characteristics
In this study, the authors analyzed data from a total of 386 ELGANs. These subjects had information available on the
expression levels of placental miRNAs and mRNAs as well as key demographic variables. The general characteristics
of the ELGAN participants, including neurocognitive impairment classification at age 10, are provided in Table 1.
In this subset, 87 of the placental samples were obtained from children with impaired neurocognition at age 10,
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Table 1. Summary of ELGAN study demographics for the subcohort used in this analysis (n = 386), consisting of mothers
who contributed placentas analyzed for miRNA and mRNA expression profiles.

Overall (n = 386) Impaired neurocognition (n = 87) Normal neurocognition (n = 299)

N (%) or mean (SD) N (%) or mean (SD) N (%) or mean (SD)

Gestational age (days) 182.5 (165–195) 180.5 (165–195) 183.1 (165–195)

Maternal age category (years)

�21 44 (11.4) 13 (14.9) 31 (10.4)

21–35 260 (67.4) 60 (69.0) 200 (66.9)

�35 82 (21.2) 14 (16.1) 68 (22.7)

Infant sex

Male 203 (52.6) 56 (64.4) 147 (49.2)

Female 183 (47.4) 31 (35.6) 152 (50.8)

Race

White 235 (60.9) 38 (43.7) 197 (65.9)

Black 112 (29.0) 39 (44.8) 73 (24.4)

Other 35 (9.06) 10 (11.5) 25 (8.36)

Missing 4 (1.04) 0 (0) 4 (1.34)

Ethnicity

Non-Hispanic 354 (91.7) 79 (90.8) 275 (92.0)

Hispanic 32 (8.3) 8 (9.2) 24 (8.0)

Smoking status

Yes 41 (10.6) 9 (10.3) 32 (10.7)

No 338 (87.6) 76 (87.4) 262 (87.6)

Missing 7 (1.8) 2 (2.3) 5 (1.7)

Marital status (single)

Yes 166 (43.0) 46 (52.9) 120 (40.1)

No 220 (57) 41 (47.1) 179 (59.9)

Maternal years of education

≤12 147 (38.1) 47 (54.0) 100 (33.4)

13–15 84 (21.8) 18 (20.7) 66 (22.1)

16+ 144 (37.3) 20 (23.0) 124 (41.5)

Missing 11 (2.8) 2 (2.3) 9 (3.0)

Maternal prepregnancy BMI

Underweight 29 (7.5) 7 (8.0) 19 (6.3)

Normal 199 (51.6) 37 (42.6) 162 (54.2)

Overweight 67 (17.4) 13 (14.9) 54 (18.1)

Obese 81 (21.0) 27 (31.0) 54 (18.1)

Missing 13 (3.4) 3 (3.5) 10 (3.3)

Health insurance status

Health maintenance organization or
private

236 (61.1) 39 (44.8) 197 (65.9)

Self-pay 5 (1.3) 0 (0.0) 5 (1.7)

Medicaid 126 (32.6) 43 (49.4) 83 (27.8)

None 5 (1.3) 1 (1.2) 4 (1.3)

Other 6 (1.6) 3 (3.4) 3 (1.0)

Missing 8 (2.1) 1 (1.2) 7 (2.3)

Birth weight category

�750 144 (37.3) 44 (50.6) 100 (33.4)

751–1000 171 (44.3) 33 (37.9) 138 (46.2)

1001–1250 63 (16.3) 8 (9.2) 55 (18.4)

�1250 8 (2.1) 2 (2.3) 6 (2.0)

Participants with missing data were included in the percentage calculation.
SD: Standard deviation; BMI: Body mass index.
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Figure 1. Distribution of placental mRNAs with significant differential expression associated with impaired
neurocognition (n = 48). MA plots illustrate distributions for those identified in all placentas. Plots display the median
normalized mRNA expression levels versus fold change in expression. FC values represent the ratio of mRNA
expression in placentas derived from children with impaired neurocognition/normal.
BH: Benjamini-Hochberg; FC: Fold change.

and 299 were obtained from children without neurocognitive impairment at age 10. The majority of the mothers
were between 21 and 35 years of age. The average gestational age for the infants was 182.5 days, or 26 weeks,
with a gestational age range of 161–195 days. Based on self-reported racial characteristics, the cohort comprised
60.9% White mothers, 29% Black mothers and 9.06% other, representing the diversity within the participants.
The majority of the participants did not report smoking during pregnancy (87.7%). While most of the mothers
of children of normal neurocognition had received 16+ years of education (41.5%), 54% of the mothers of
children with impaired neurocognition had received ≤12 years of education. Almost half of the mothers of children
with impaired neurocognition received Medicaid insurance (49.4%), while the mothers of children with normal
condition had mainly health maintenance organization or private insurance (65.9%).

Identification of placental mRNAs with expression associated with cognitive impairment
A total of 48 mRNAs showed differential expression (BH-adjusted p < 0.1) in relation to later in life neurocognitive
impairment (Figure 1). These analyses adjusted for maternal age, birth weight, infant sex and health insurance
status in a nonsex-stratified approach. A secondary analysis compared the expression of these mRNAs in relation
to chorioamnionitis and amnion inflammation and highlighted no statistical differences (Supplementary Table 1).

A total of 28 (58.3%) mRNAs displayed increased expression in the placentas of subjects who exhibited
cognitive impairment at age 10, and 20 (41.7%) mRNAs displayed decreased expression in the placentas of subjects
who exhibited impaired cognitive function at age 10 (Supplementary Table 2). Sex-stratified findings are shown
in Supplementary Table 3. The sex-stratified analysis demonstrated 0 significant differentially expressed genes
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Figure 2. Pathway of inflammatory response-associated genes. Genes are indicated in either red (increased
predicted expression) or green (decreased predicted expression). Orange is indicative of predicted activation, and
blue is indicative of predicted inhibition of the described function. Orange lines predict leads to activation, and blue
lines predict leads to inhibition. Gray lines indicate there is no effect predicted.

among female-derived placentas and 37 genes that were differentially expressed among male-derived placentas
(Supplementary Figure 3).

Among the 48 differentially expressed genes that were associated with neurocognitive impairment later in
life, several were found to encode proteins that have roles in inflammation, apoptosis and/or immune response
(Supplementary Table 2). The following displayed increased expression in relation to cognitive impairment:
UCHL3, TMEM43, SRPK2, GDPD5, GNAI1, FN1, ITGB2 and PYGL. In contrast, the following displayed
decreased expression in relation to cognitive impairment: RC3H1, ID2, CBX5, LOXL1, SDCBP, HBB and IQGAP1.
RC3H1 and UCHL3 are among those known to be involved in inflammatory processes, and ID2 plays roles in
both immune system regulation and inflammation. Genes that play apoptosis-associated roles include TMEM43,
SRPK2 and GDPD5. Interestingly, several genes, including CBX5, RAB5A and GNAI1, demonstrate roles in both
inflammation and apoptosis. A pathway analysis of the differentially expressed genes revealed a network involving
FN1, ITGB2, LOXL1, SDCBP, PYGL, HBB and IQGAP1 relating to various functions involved in the inflammatory
response (Figure 2).

Identification of miRNA–mRNA expression pairs
In addition to evaluating differentially expressed mRNAs, the authors set out to determine which mRNAs were
potentially under miRNA control by identifying mRNA–miRNA expression pairs. Specifically, these data were
analyzed in the context of the mRNAs that were associated with cognitive impairment. Among the 48 differentially
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Table 2. Summary of miRNAs from predicted miRNA–mRNA expression pairs (n = 20).
miRNA mRNA pair Correlation coefficient miRNA role

miR-765 RAB5A -0.590 Apoptosis and suppressed cell proliferation

CBX5 -0.580

RBM47 -0.535

SERPINB9 -0.510

IQGAP1 -0.624

SDCBP -0.492

GDPD5 -0.473

miR-296-3p IQGAP1 -0.615 Inflammation and cell invasion

RC3H1 -0.497

SERPINB9 -0.495

miR-885-3p RC3H1 -0.456 Inflammation and enhanced NF-�B signaling

SERPINB9 -0.490

TMEM192 -0.489

miR-1207-5p CBX5 -0.458 Inflammation

miR-671-5p RAB5A -0.453 Suppressed NF-�B and neuroinflammation

miR-920 RC3H1 -0.453 Production of proinflammatory cytokines

miR-936 SDCBP -0.428 Apoptosis

RC3H1 -0.447

miR-877-5p IQGAP1 -0.439 Reduced release of TNF-�, IL-1B and IL-6; suppressed inflammatory
response; and apoptosis

miR-202-3p RBM47 -0.425 Reduced inflammatory factor expression, angiogenesis and cancer cell
apoptosis

miRNAs chosen represent those observed within the first 20 pairs, based on correlation coefficient. Correlation between variance stabilized counts of miRNAs and
mRNAs was calculated using the Pearson correlation coefficient. All expression pairs show p � 0.1.

expressed mRNAs, 37 (77.1%) were predicted to be controlled by 289 unique miRNAs. This generated a total
of 1101 pairings overall, all of which were significantly correlated (p < 0.1; Supplementary Table 4). The general
biological relationship between miRNA–mRNA expression pairs reflects that of a negative association, where
increased miRNA expression is associated with decreased expression of the targeted mRNA (Figure 3). Thus, the
authors investigated the roles of the miRNAs in the top 20 miRNA–mRNA expression pairs with the largest
negative correlation coefficients, all of which were significant, with p < 0.1. Within these pairs, there were nine
unique miRNAs: miR-765, miR-296-3p, miR-885-3p, miR-1207-5p, miR-671-5p, miR-936, miR-920, miR-
877-5p, and miR-202-3p, representing nine targeted genes (Table 2). miR-765, miR-1207-5p, and miR-936 are
related to the suppression of cellular proliferation and promotion of apoptosis. With regard to inflammation, miR-
296-3p demonstrated differential expression in response to inflammatory signals and is associated with cellular
invasion. Similarly, miR-885-3p and miR-920 increase in expression with increases in proinflammatory cytokine
and the production of proinflammatory cytokines, respectively. Interestingly, miR-671-5p demonstrates roles in
suppressing NF-κB activity and neuroinflammation, and miR-202-3p has been shown to reduce inflammatory
factor expression and promote angiogenesis. The differentially expressed mRNAs represented by the miRNAs are
all on different chromosomes, with the exception of RBM47 and TMEM192, which are both on chromosome 4.
None of the chromosomes represented by these pairs are located on sex chromosomes.

Discussion
This study investigated the association between the expression levels of placental mRNAs and their targeting miR-
NAs as they relate to neurocognition later in life. These findings support a placenta epigenome–brain relationship
in children born extremely preterm. With a specific focus on the placenta as a unique target tissue, the authors
hypothesized that inflammation-related mRNAs would display higher expression in the placentas of children who
went on to later in life cognitive impairment at age 10 years. This hypothesis is based on the knowledge that
exposure to inflammation-related factors in utero disrupts fetal brain development [1,65]. Given the critical role of
miRNAs as epigenetic regulators in the placenta, the authors also anticipated that some of the mRNAs expressed
in the placenta would be under miRNA control.
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Figure 3. Six significantly correlated miRNA–mRNA expression pairings. The x-axis represents the variance stabilized
counts (’normalized count’) of miRNAs. The y-axis reflects variance stabilized counts (’normalized count’) of mRNAs.
Correlation coefficients and p-values are at the top of the plot.
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Several of the mRNAs that were identified as having increased expressed in the placenta and as positively
associated with cognitive impairment at age 10 are involved in proinflammatory signaling or apoptosis. Specifically,
TMEM43 and UCHL3 are key molecular components of the NF-κB pathway [66–69]. While the magnitude of
the gene expression changes is modest, the fact that there is an enrichment for these genes within common
biological pathways, including the NF-κB pathway, is noteworthy. This pathway serves as a convergence point
for proinflammatory responses and later in life health outcomes, as activation of the NF-κB pathway has been
associated with brain damage in the newborn [15,70]. Accordingly, these findings are consistent with prior research
indicating that inflammation early in life in ELGANs is associated with cognitive deficits [71–73], but they also
support that the placenta is a target tissue for this genomic inflammation.

In support of the a priori hypothesis, the majority (88.9%) of the 48 cognitive function-associated mRNAs
are predicted to be under epigenetic control of miRNAs. Additionally, in sex-stratified analysis, no significantly
differentially expressed genes were identified among female-derived placentas, while 37 differentially expressed genes
were identified among male-derived placentas. The genomic interactions observed in the analyses were defined
based on three criteria: the miRNA is a predicted regulator of the gene target (mRNA), the expression levels of
the miRNA and the targeted mRNA were associated with cognitive impairment and a significant correlation was
observed between the mRNA and miRNA expression levels. Placental miRNAs are critical to mRNA expression as
well as cognitive development [5,25,74]. Many of the identified miRNAs control inflammation or apoptotic processes
in cells. Specifically, miR-765 and miR-936 have roles in apoptosis and the suppression of cell proliferation [75,76].
Studies have shown that miR-296-3p, miR-885-3p, and miR-920 demonstrate differential expression in response
to inflammatory signals, as well as the increase in proinflammatory cytokine production [77–80]. These findings
contribute to the growing literature showing that miRNAs in the placenta may serve as biomarkers of risk for
impaired neurocognition later in life [5,25].

Several factors should be considered when interpreting the results of this study. First, the ELGAN cohort
comprises children who were all born extremely prematurely, and thus the results may not be generalizable to
non-preterm cohorts. To address this, future research should aim to replicate these analyses in term infants.
Second, the present study focused solely on neurocognition as the health outcome of interest. However, preterm
infants often experience comorbid neurodevelopmental impairments (e.g., depression, anxiety, autism, attention
deficit disorder). While the ELGAN research team is investigating the associations between the placental genomic
and epigenomic signatures and individual neurodevelopmental outcomes, such as social responsiveness and IQ [81],
these studies have lower statistical power than the present analysis of cognitive impairment. Future placental
programming studies should be designed to be powered to address comorbidity in neurodevelopmental outcomes.
This study also has several unique strengths. It is among the first to demonstrate the placenta epigenome–brain
axis as it relates to neurocognitive outcomes in children born preterm. While several studies have investigated the
role that CpG methylation plays in fetal development, few studies have examined placental mRNAs and the role of
miRNAs in controlling their expression. By connecting miRNAs to the genes they control, this study has further
elucidated the relationship between the expression of inflammation-related genes, the epigenome and cognitive
impairment later in life.

Conclusion
In summary, this study highlights the relationships among altered gene expression in the placenta in infants born
preterm, gene targeting miRNAs, and cognitive impairment later in life. The identified genes play critical roles in
inflammatory processes, which have established links to both preterm birth and later neurocognitive impairment [82–

84]. This work provides a basis for further investigations of the role of miRNAs in the placenta epigenome–brain axis.
The identified placental genes and miRNAs could serve as biomarkers for cognitive impairment risk in childhood.

Future perspective
This novel research is among the first to identify transcripts within the placenta that are under the epigenetic
control of miRNAs and are associated with later life neurocognition. These transcriptomic differences in the
placenta between individuals with and without impaired neurocognition at age 10 may be a result of exposure
to harmful factors in the environment, including environmental toxicants. With further investigation, specific
toxicants and stressors may also be identified that are potential drivers of these gene and miRNA changes. In
the present study, placental genomic and epigenomic signatures were identified as biomarkers of susceptibility for
neurodevelopmental later life health outcomes. Future research should investigate whether these biomarkers are
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associated with other later life neurocognitive outcomes, including autism spectrum disorder, depression and anxiety.
Finally, replication of these results is needed through the study of separate children’s cohorts, particularly those born
at term. The identified biological genes and pathways in the placenta associated with neurocognitive impairments
may be targets for interventions, including modulations within the maternal environment (i.e., chemical reduction,
dietary modification and stress reduction).

Summary points

• The relationship between the placenta and fetal neurodevelopment is known as the placenta–brain axis.
• Inflammatory signals during the neonatal period have been associated with damage to the developing fetal

brain.
• miRNAs are fundamental epigenetic regulators expressed in the placenta with critical roles during pregnancy.
• miRNA expression in the placenta is associated with infant neurodevelopment.
• Differences in placental mRNA and miRNA expression were evaluated in the ELGAN study (n = 386).
• A total of 48 mRNAs were found to be differentially expressed, and 37 of the mRNAs (77%) were predicted to be

under the control of 289 miRNAs.
• Several miRNA-controlled mRNAs, including RAB5A, RC3H1, CBX5 and IQGAP1, have known roles in

inflammatory processes.
• These data provide insight into the molecular mechanisms by which the placenta is tied to cognitive outcomes.
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