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Abstract 

 

Placental microRNA expression as a mechanism in the developmental programming of long-

term health outcomes 

 

By Jesse Melaoud Morad Tehrani 

 

Abstract 

Genetic and environmental influences during in utero development may contribute to an 

individual’s risk of adverse health outcomes in both early life and adulthood. As the master 

regulator of early development, the placenta is responsible for initiating, and maintaining, changes 

in maternal physiology to sustain pregnancy as well as for promoting fetal growth and 

development. The placenta acts as a unique window into early development allowing the study of 

the molecular mechanisms underlying these genetic and environmental impacts toward adverse 

lifelong health outcomes and risk of chronic disease. One such mechanism involves the regulation 

of gene expression through microRNAs. MicroRNAs (miRNAs) are post-transcriptional 

regulators of gene expression that participate in critical processes, including embryogenesis, 

implantation and placentation. Aberrant expression of placental microRNAs is associated with 

variation in newborn birth weight, an early life predictor of life-long health. In this study, placentae 

from the New Hampshire Birth Cohort Study (NHBCS) and from the Rhode Island Child Health 

Study (RICHS) were selected for genotyping, trace element profiling and small RNA 

transcriptomic analysis. The design of these placenta-focused cohort studies resulted in the 

collection of anthropomorphic and medical data from mother-infant pairs, placental trace metal 

concentrations and placental miRNA transcript abundances. Within RICHS alone, fetal genotypes 

and total mRNA sequencing data were also obtained. Here, we characterize associations between 

various genetic and environmental risk factors throughout gestation with the expression of 

placental miRNAs. The mRNA targets of these miRNAs were predicted to influence endothelial 

maintenance and function, metabolic programming, and potentially, nervous system development. 

The characterization of placental miRNA transcriptomic profiles as they associate with genetic 

and environmental sources of variation during gestation offers critical insight into the molecular 

mechanisms underlying the developmental origins of health and disease. The identification of such 

relationships may allow for the utilization of placental miRNAs as biomarkers, offering the 

opportunity to develop interventional methods, or implementation of preventative measures to 

alter an individual’s lifelong risk of chronic illness. 
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Chapter 1 - Introduction 

The developmental origins of health and disease 

Epidemiological and experimental relationships have been defined between both 

maternal and fetal stressors throughout gestation, and the development of lifelong adverse health 

outcomes in offspring. Fetal stressors, including maternal health and behaviors, and 

environmental exposures serve as significant risk indicators for the development of long-term 

chronic disease (1-4). These relationships were originally highlighted in observational studies of 

economically disadvantaged areas of England and Wales, and found that these regions 

experienced higher rates of mortality due to cardiovascular disease as opposed to wealthier 

geographies (5). This relationship initially appeared counterintuitive, as cardiovascular 

complications were expected to be higher in wealthier communities where indulgent, fattier 

foods were much more abundant and accessible. However, a strong correlation was identified 

between that of geographical infant mortality between 1921-1925 and ischemic heart disease 

related mortality in 1968-1978 (5). This work resulted in the postulation of the Developmental 

Origins of Health and Disease hypothesis (DOHaD). The DOHaD hypothesis speculates that 

variability in gestational conditions (ex: prenatal caloric insufficiency) may play a role in 

developmentally programming, and priming, offspring for specific postnatal conditions, 

ultimately creating hyper susceptibilities to the development of chronic diseases resulting from 

differing environmental conditions than those experienced in utero (ex: postnatal caloric 

sufficiency) (5). 

Birth weight outcomes are an early life predictor of chronic disease risk 

Birth weight serves as an early life metric that has been identified as a strong risk indicator 

for not only infant mortality, but also exhibits a strong relationship with risk of developing 

cardiometabolic diseases in adulthood (6, 7). Throughout gestation, humans experience an 
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immense amount of developmental plasticity which allows for environmental stimuli to promote 

advantageous adaptations in offspring (8). This plasticity quickly diminishes following birth; 

however, physiological and metabolic modifications that occurred in utero may initiate lifelong 

changes within the offspring (8). Birth weight is the product of a fetal growth trajectory that is 

established very early in development and is highly influenced by in utero conditions which may 

alter the capacity of gestational tissues to support and sustain this trajectory (9). While birth 

weight itself is not thought to contribute directly to the etiology of these chronic diseases, it is 

hypothesized that the conditions of the in utero environment may act in a way to 

developmentally program lifelong health outcomes, which may manifest postnatally as birth 

weight (10-12). Both low and high birth weight are associated with development of adult onset 

cardiometabolic diseases. Individuals born within low birth weight categories are at higher risk 

of developing cardiovascular disease in adulthood, whereas high birth weight individuals are at 

increased risk of both type II diabetes and obesity in adulthood (13, 14). The metabolic 

consequences of adverse gestational conditions which manifest as differential birth weight 

outcomes may lead to metabolic overcompensation in offspring once these conditions are 

removed postpartum (9). The lingering impacts of these gestational conditions and their 

manifestation as adult onset cardiometabolic illness suggests a significant role of developmental 

programming as a mechanism for propagation of chronic diseases (Figure 1-1).  

While the initial studies supporting the DOHaD hypothesis largely investigated relationships 

between maternal nutrition, birth weight and cardiometabolic outcomes, these relationships have 

since proven to be much more complex. These studies have become multifaceted and are now 

interested in the role of various gestational environmental conditions as they relate to newborn 
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metabolic and neurological traits and how these conditions may manifest as long-term health 

outcomes.  

Developmental programming via changes in placental physiology and function 

As a central, vascular organ critical to overseeing fetal growth and development, proper 

functionality of the placenta is essential to successful gestational outcomes. The placenta is the 

largest gestational tissue of fetal origin and begins formation following implantation and 

invasion of the blastocyst into the maternal decidua (15). Trophoblast cells invade into the 

decidua to gain access to the maternal blood supply, allowing the placenta to facilitate a myriad 

of molecular processes such as nutrient transport, gas and waste exchange, immunomodulation, 

endocrine signaling and overall environmental surveillance (Figure 1-2) (15). The execution of 

the placenta’s diverse capabilities is made possible through the construction of a highly complex 

villi-based vasculature system (3, 16-19).  

Maternal cardiometabolic conditions and environmental exposures during pregnancy have 

been implicated in abnormal development of placental micro and macro-vascularization 

networks, which are a key pathological characteristic of placental insufficiencies, such as 

preeclampsia (20). During normal placental implantation, cytotrophoblasts migrate and invade 

deep into the myometrium to establish the necessary vascular network (21). In cases of 

preeclampsia, abnormal remodeling of maternal arteries following implantation and invasion 

may lead to narrower maternal vessels in addition to various other endothelial perturbations, 

resulting in inadequate vascularization and manifesting as maternal hypertension (21). These 

deficiencies in placental function are associated with adverse gestational outcomes, such as fetal 

growth restriction, which serves as a significant risk indicator for the development of chronic 

disease later in life (6, 7, 22). However, these clinical placental pathologies are somewhat 
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uncommon in the general population, and thus cannot completely account for the prevalence of 

the adverse gestational outcomes that they are potentially responsible for programming. The 

subtle alterations in placental function that occur in response to gestational conditions may partly 

be responsible for the developmental programming of longitudinal health outcomes in offspring. 

Additionally, while the relationship between the overall quality of gestational conditions, 

placental function and lifelong health outcomes in offspring is well defined, the molecular 

mechanisms that oversee this developmental programming are poorly understood (20, 23, 24).  

MicroRNAs are dynamic, post-transcriptional regulators of gene expression 

MicroRNAs (miRNAs) are small RNA molecules (~22 nucleotides) capable of post-

transcriptional regulation of gene expression that utilize base-pairing to bind target mRNAs 

resulting in either translational repression or mRNA degradation (25). MicroRNAs have been 

identified as playing a significant role in almost all cellular processes, particularly ones that 

modulate regulatory and signaling pathways involved in development, differentiation and overall 

health and disease states (25). Biogenesis of miRNAs begins in the nucleus, where they are 

initially transcribed, and spontaneously shaped into complex, multiple hairpin RNA structures, 

known as pri-miRNA, that are estimated to be around 2 kilobases in length (25). They are first 

cleaved by Drosha, an RNAse III enzyme, into pre-miRNA that are single hairpin structures 

around 60-100 nucleotides in length, prior to being exported into the nucleus through the 

Exportin 5 active nuclear transporter (25). Within the cytoplasm, these pre-miRNA hairpins are 

then processed by Dicer, an additional RNAse III enzyme, into a double stranded RNA 

molecule(25). It is in this double stranded state that the miRNA is then loaded into the RNA-

induced Silencing Complex (RISC) through association with Argonaut proteins (25). During this 

loading stage, one of the two strands from the final double stranded miRNA duplex is released 

and degraded. This leaves only a single strand to be used as a targeting mechanism via sequence 
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complementarity for the RISC RNA:protein complex to bind to relevant mRNAs, and to exert its 

regulatory function (25). Interestingly, miRNAs do not require directly complementarity with 

their mRNA targets which greatly increases the capabilities of a single miRNA to regulate 

multiple mRNAs, and to have significant physiological impacts when dysregulated. It is 

currently estimated that miRNAs in humans are capable of regulating at least 60% of all known 

expressed genes (25). 

Placental microRNA expression is essential to successful gestational outcomes 

While initially discovered, and functionally characterized, within the nematode 

Caenorhabditis elegans in 1993, miRNAs quickly were discovered in humans, with initial work 

linking specific miRNAs to fetal cardiac development, cardiac remodeling and adult onset 

cardiovascular diseases (26-30). The importance of microRNAs as potential biomarkers of 

disease, particularly in cardiovascular disease and various cancers, was initially highlighted in 

2008 when miRNAs were identified as stable in human circulation, capable of being isolated 

from both serum and plasma to characterize patient disease states (31).  

MiRNAs in the context of pregnancy are particularly unique considering they can be 

transcribed by either the mother or the fetus, many of which are capable of crossing the placental 

interface to regulate gene expression, adding to the complex, yet sensitive, regulatory potential of 

miRNAs during pregnancy (32, 33).  Considering the placenta’s significant circulatory function, 

and the commonality of humoral growth signals with the cardiovascular system, this critical role 

of miRNAs in cardiac development and function remained true for the placenta as well (34-36). 

Select miRNAs may be specifically relevant to pregnancy, such as the two primate specific 

miRNA clusters, chromosome 19 and 14 clusters (C19MC and C14MC) (37-39). They are the 

largest miRNA clusters currently known, spanning 40-100 kilobases in length and each 
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containing more than 40 individual miRNAs (37-39). Both clusters are expressed almost 

exclusively in the placenta wherein they demonstrate differential expression trajectories 

throughout gestation, likely influencing processes such as invasion, implantation and 

placentation (37-39). While invasion of embryonic cells into the uterus is not a process specific 

to the development of humans, the most pronounced levels of invasion amongst all eutherian 

mammals is seen in humans, distinguishing the role of miRNAs as they contribute to the specific 

needs of a successful birth (38-40).  

Placental microRNAs are potential biomarkers of maternal and fetal health 

outcomes 

Many miRNAs have been identified as stable in maternal serum and have since been utilized 

as biomarkers of pregnancy-related conditions, including ectopic pregnancies, preeclampsia, 

gestational diabetes, and preterm birth (41, 42). While the functional role of miRNAs in each of 

these specific conditions is not well understood, the dysregulation of placental miRNA 

expression has been implicated in preeclampsia and fetal growth restriction, highlighting their 

potential role as modifiers of newborn and maternal health outcomes (43). Interestingly, 

placental miRNAs that enter maternal circulation have previously been shown to exhibit 

signature expression profiles in maternal serum within individuals that develop both mild and 

severe preeclampsia as compared to non-preeclamptic mothers (44). These miRNAs that enter 

circulation offer the unique advantage of being monitored throughout gestation, and may serve as 

strong biomarkers of both maternal and fetal health outcomes as they relate to placental 

physiology and function throughout gestation. Additionally, the expression profiles of placental 

miRNAs are also associated with birthweight percentile (45).  Specifically, these birth weight 

associated miRNAs were predicted to regulate the expression of genes within the adipokine 

signaling pathway (45). Disruption to adipokine signaling during gestation is known to correlate 
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with the both onset and severity of preeclampsia (46). Additionally, birth weight-associated 

miRNAs were also predicted to target genes broadly involved in angiogenesis, energy 

metabolism and endocrine signaling, suggesting their dysregulation could lead to significant 

consequences to normal placental function (45). Given their association with newborn health 

outcomes, and their potential role in regulating critical pathways relevant to placental function 

and physiology, miRNA expression may serve as a mechanism in the developmental 

programming of lifelong risk of chronic disease (Figure 1-3) (45).  

Toxic metal exposures are implicated in placental insufficiencies 

Humans are constantly exposed to numerous toxic metals through contaminated food and 

drinking water, airborne sources and through occupational means. With the increase in 

industrialization and urbanization, the ubiquitous nature of metals in the environment has 

increased the general population’s rate of chronic exposure to trace metals such as cadmium and 

arsenic. Gestation is an extremely vulnerable point of development by which these 

environmental contaminants may exert their toxic effects to impact the lifelong health of an 

offspring exposed in utero (47-49). While the placenta acts as a selective barrier to prevent the 

passage of certain chemicals across the maternal-fetal interface, some toxic metals are able to 

freely pass through the interface, while others are shown to accumulate within the tissue itself 

(50). Toxic metal exposures may influence both maternal and fetal health through placental 

insufficiencies, where gestational exposure of toxic metals is associated with increased risk of 

preeclampsia, including: cadmium, arsenic, and mercury (17, 51-53).  

The regulation of miRNAs is known to be responsive to acute exposure and accumulation of 

both cadmium and arsenic, indicating that expression profiles of specific miRNAs may be 

capable of serving as biomarkers of exposure (53-55). MiRNAs have been shown to be 



 

8 

extremely sensitive in their expression levels when challenged with cadmium and arsenic in 

various tissues and may contribute to carcinogenesis and neurodegeneration that occurs in 

response to exposure (56).   

Gestational Cd exposure is associated with adverse pregnancy and birth outcomes including: 

decreased overall placental efficiency, and increased risk of preeclampsia and low birth weight 

(17-19, 57). A growing body of evidence suggests that the atypical neurobehavioral outcomes 

and intellectual deficits seen in children exposed to Cd in utero are linked to Cd levels in cord 

blood and maternal circulation during pregnancy(57-61). Given the placenta’s ability to produce 

neurotransmitters and its involvement in supporting fetal brain development, these data suggest 

that gestational Cd may affect exposure as a potential mediator of neurodevelopment by acting 

through the placenta (62-64). 

Arsenic exposure occurs through primarily through inhalation or the consumption of 

contaminated food and drinking water (65). Research out of Bangladesh, a country with 

abnormally high levels of inorganic arsenic in the soil and water, have showcased arsenic-

associated changes in miRNA expression as a casual mediator of adverse birthweight outcomes 

(65). The arsenic-associated miRNAs identified within this study were predicted to regulate the 

expression of biochemical pathways contributing to Insulin-like Growth Factor (IGF) signaling 

cascades; a pathway which contributes greatly to fetal growth and metabolism (65). 

However, the direct role of miRNA expression in the placenta in response to toxic metal 

exposure, and the onset of placental insufficiencies in response to metal exposure in vivo, is not 

well understood. The molecular response to trace metal exposure may manifest as changes in 

placental physiology and, in turn, contribute to the development of placental insufficiencies. 

Profound insufficiencies, such as preeclampsia, are relatively rare within the general population 
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(5-8% of all pregnancies), and thus do not completely account for the entirety of long term 

offspring health outcomes that may arise from adverse environmental exposures during 

pregnancy (66). Subtle alterations in placental physiology may occur throughout gestation in 

response to chronic trace metal exposure in utero, playing a larger role in the developmental 

origins of chronic disease by acting through dysregulation of placental miRNA expression.  

Human genetic variation may influence microRNA regulatory potential 

Genetic variation introduces multiple facets of complexity with respect to miRNA-mediated 

regulation of gene expression. The location at which this variation occurs may have differential 

consequences in terms of the functional significance of that variant and how it may influence the 

miRNA regulatory pathway (67, 68). Variants introduced within the sequence of the miRNAs 

themselves, or that of their mRNA targets may alters the miRNA:mRNA interaction capabilities 

within a tissue-specific transcriptome (67, 68). Additionally, other genomic variants, may 

influence the transcriptional patterns of specific miRNAs through alteration of chromatin 

accessibility or transcription factor activity (67, 68). Given the sensitive nature of miRNA-

mediated regulation of gene expression to genetic variation, there may exist a quantitative 

relationship between specific variants and the expression of miRNAs. Variants holding this 

specific relationship, coined as miRNA quantitative trait loci (miR-QTLs), have been 

characterized in various tissues, including whole blood and neuronal tissue (69, 70).  

The quantitative relationship that exists between specific genetic variants, phenotypic 

outcomes and transcriptomic patterns is carefully outlined with respect to cardiovascular disease 

on the mRNA level (expression QTLs – eQTLs). These relationships explain upwards of 13% of 

inter-individual variation in cardiometabolic traits, including hyperlipidemia and hyperglycemia 

(71). The presence of eQTLs have been characterized within placental tissue in a study which 
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outlined relationships surrounding the expression of various mRNAs in the placenta and their 

quantitative relationship with genetic variants that are implicated in fetal growth, birth weight 

outcomes and metabolic syndromes (72, 73). Considering the critical role of placental miRNA 

expression to successful gestational outcomes, miRNA expression is believed to be sensitive to 

genetic variation, as well, within the placenta.  

Heritability estimates of common metabolic syndromes within the US are speculated to have 

anywhere between 16% to 60% genetic contributions, meaning chronic conditions relevant to the 

DOHaD hypothesis may have strong genetic components (74). With the highly variable 

contribution of genetic predisposition to the development of cardiometabolic conditions, these 

genetic variants may also act through the placenta to alter miRNA expression, effectively acting 

through miRNA expression to developmentally program an increased risk of disease later in life 

(75).  

Dissertation Overview 

In conclusion, placental miRNA expression is a critical molecular component of early 

development, and may play an even more significant role in the developmental programming of 

chronic disease. Dysregulation of human placental miRNA expression, as a result of both 

environmental and genetic variation, are hypothesized to initiate downstream impacts on 

newborn health outcomes. This dissertation investigates how both genetic and environmental 

exposures disrupt placental miRNA expression in the placenta utilizing epidemiological, 

anthropomorphic and molecular data gathered from two large mother-infant cohorts from the 

northeastern United States. The primary aims of this work are: 

Aim 1: Investigate the genetic influence of cardiometabolic disease toward placental 

miRNA expression in the Rhode Island Child Health Study (RICHS). Hypothesis: Placental 
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miRNA expression is associated with the incidence of familial cardiovascular disease within 

RICHS.  

Aim 2: Characterize the influence of gestational environmental conditions, in the form of 

trace metal exposure, toward placental miRNA expression within both RICHS and the New 

Hampshire Birth Cohort Study (NHBCS). Hypothesis: Placental miRNA expression is associated 

with placental cadmium accumulation within both RICHS and NHBCS. 

 These aims are addressed in the following dissertation chapters, two of which have been 

submitted for publication as stand-alone manuscripts. Chapter 2 addresses Aim 1 by 

investigating the influence of maternal family history of cardiovascular disease as it relates to 

miRNA expression in the placenta. The goal of this study was to analyze combined genetic and 

environmental risk factors associated with familial cardiovascular disease and their influence 

toward placental miRNA expression. Chapter 3 also addresses Aim 1 by further investigating the 

implication of cardiovascular disease genetics as it relates to placental miRNA expression. The 

goal of this study was to calculate a cardiovascular disease polygenic risk score for each 

individual, and characterize its influence toward placental miRNA expression. Chapter 4 

addresses Aim 2 by investigating the role of gestational toxic metal exposure, namely cadmium, 

and its role in placental miRNA expression patterns. The goal of this study was to characterize 

cadmium-sensitive miRNAs, and to analyze the ability of these expression profiles to predict 

longitudinal health outcomes in exposed offspring. Lastly, Chapter 5 summarizes the research 

conclusions and discusses future directions.   
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FIGURES 

Figure 1-1: Developmental programming of chronic disease. Developmental plasticity and 

the risk of developing chronic disease are inversely proportional throughout the lifespan of an 

individual with the highest level of plasticity occurring during early development. Genetic 

influences of developmental programming remain relatively constant while environmental 

influences are much more dynamic, in both temporality and magnitude, with respect to how they 

contribute to the developmental programming of chronic disease. Created with 

www.BioRender.com. 

 

  

http://www.biorender.com/
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Figure 1-2: Overview of the critical functions of the placenta. The placenta is responsible for 

various processes to support and sustain gestational growth and development, including nutrient 

transport, environmental surveillance, gas and waste exchange, in addition to 

immunomodulation. These functions of the placenta work in unison to support growth and 

development and regulate maternal immune responses, all while responding to gestational 

stressors to allow for fetal adaptations to best support life postnatally. Created with 

www.BioRender.com. 

 

http://www.biorender.com/
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Figure 1-3: Placental miRNA expression is associated with gestational outcomes and may 

be predictive of chronic disease risk. Dysregulation of placental miRNA expression in the 

placenta has been implicated in gestational outcomes such as preterm birth, low birth weight and 

preeclampsia. These gestational outcomes are thought to arise largely from abnormalities in 

placental physiology, and are associated with increased risk of adverse cardiometabolic health in 

adulthood, suggesting placental miRNA expression may serve as a mechanism of developmental 

programming of lifelong health outcomes in utero. Created with www.BioRender.com.   

 

  

http://www.biorender.com/
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ABSTRACT 

 

In the United States, cardiovascular disease is the leading cause of death and the rate of maternal 

mortality remains among the highest of any industrialized nation. Maternal cardiometabolic 

health throughout gestation and postpartum is representative of placental health and physiology. 

Both proper placental functionality and placental microRNA expression are essential to 

successful pregnancy outcomes, and both are highly sensitive to genetic and environmental 

sources of variation. Placental pathologies, such as preeclampsia, are associated with maternal 

cardiovascular health but may also contribute to the developmental programming of chronic 

disease in offspring. However, the role of more subtle alterations to placental function and 

microRNA expression in this developmental programming remains poorly understood. We 

performed small RNA sequencing to investigate microRNA in placentae from the Rhode Island 

Child Health Study (n=230). MicroRNA counts were modeled on maternal family history of 

cardiovascular disease using negative binomial generalized linear models. MicroRNAs were 

considered to be differentially expressed at a false discovery rate (FDR) less than 0.10. Parallel 

mRNA sequencing data and bioinformatic target prediction software were then used to identify 

potential mRNA targets of differentially expressed microRNAs. Nine differentially expressed 

microRNAs were identified (FDR< 0.1). Bioinformatic target prediction revealed 66 potential 

mRNA targets of these microRNAs, many of which are implicated in TGFβ signaling pathway 

but also in pathways involving cellular metabolism and immunomodulation. A robust association 

exists between familial cardiovascular disease and placental microRNA expression which may 

be implicated in both placental insufficiencies and the developmental programming of chronic 

disease. 
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INTRODUCTION 

As the leading cause of death in the United States, cardiovascular disease (CVD) is 

expected to affect 44.1% of the population by 2035 (1). CVD has an extremely complex, 

multifactorial etiology, where neither genetic nor environmental influences act alone to 

contribute to disease onset (2, 3). There is growing body of literature linking maternal 

cardiometabolic health during pregnancy to adverse cardiovascular health outcomes in offspring 

later in life (4, 5). These developmental origins of long-term cardiovascular health outcomes are 

thought to be the consequence of changes to placental physiology. 

The state of a mother’s cardiometabolic health during gestation and postpartum is related 

to the health and functionality of the placenta. As a central vascular organ overseeing fetal 

growth, development and the intrauterine environment, proper functionality of the placental 

remains central to successful gestational outcomes. Resting at the interface of the maternal and 

fetal environment, the placenta participates in a variety of molecular processes, such as nutrient 

transport, immunomodulation, and endocrine signaling, all of which are made possible through 

the development of a villi-based vasculature system which allows for communication between 

mother and offspring (6). Maternal cardiovascular and metabolic conditions during pregnancy, 

including type II diabetes, hypertension and hypercholesterolemia have been implicated in 

dysfunction of placental micro and macro-vasculature. In addition, pathophysiologic 

characteristics of placental insufficiency, similar to those occurring in preeclampsia, manifests in 

cardiovascular effects including hypertension and kidney malfunction (7, 8). Additionally, such 

placental insufficiencies are associated with adverse gestational outcomes, such as fetal growth 

restriction, which itself serves as a significant risk indicator for the development of 

cardiovascular disease (CVD) later in life (9-11). Considering placental development occurs 

concurrently with fetal heart development, and each organ utilizes common humoral growth 
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signals, such as transforming growth factor-beta (TGFβ) and vascular endothelial growth factor 

(VEGF), deficiencies in the organogenesis of either organ may alter the formation of the other, 

initiating physiological changes with potential lifelong cardiovascular consequences (12-14). 

While the associations between maternal cardiometabolic risk factors, placental insufficiency 

and offspring lifelong health outcomes are well defined (7, 8, 15), the molecular mechanisms by 

which this developmental programming is established have yet to be robustly delineated. 

Additionally, these overt placental pathologies are relatively rare, and cannot account for the 

prevalence of cardiovascular disease and deficiencies in maternal health, postpartum. 

MicroRNAs (miRNA) are small noncoding RNA molecules (~22 nucleotides) capable of 

post-transcriptional regulation of gene expression. These molecules utilize base-pairing to bind 

to the 3’-untranslated region of target mRNAs resulting in either translational repression or 

mRNA degradation, by which the exact mechanism largely depends on the degree of sequence 

complementarity between the miRNA and target mRNA. Dysregulation of placental miRNA 

have previously been implicated in both preeclampsia and fetal growth restriction, suggesting 

their potential role as modifiers of newborn and maternal health outcomes in response to various 

genetic and/or environmental conditions (16-21). However, many of these studies were 

conducted on small sample sizes (n<100), and largely focused on newborn outcomes as they 

associate with placental miRNA expression as opposed to the relationship between gestational 

characteristics and expression of placental miRNA (16-19, 21). 

To explore the influence of maternal familial cardiovascular disease on the placental 

miRNA landscape, we utilized placental miRNA sequencing data from the Rhode Island Child 

Health Study (RICHS; n=230) and examined the relationship between maternal family history of 

CVD and placental miRNA expression. Through this clinical history variable, we capture 
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maternally inherited genetic risk of CVD, as well as shared familial behaviors and environmental 

risk factors that may associate with CVD, such as diet and exercise, that contribute to the overall 

health of the gestational environment (3, 22). Bioinformatic target prediction was then used to 

identify potential mRNA targets of miRNAs significantly associated with maternal CVD risk, 

followed by overrepresentation analyses to characterize the biological pathways in which these 

mRNAs participate. 

METHODS 

Cohort 

The Rhode Island Child Health Study (RICHS) is a cohort of mother-infant pairs from the 

Women & Infants Hospital in Providence, Rhode Island, enrolled between September 2010 and 

February 2013. All mothers were at least 18 years of age, had no life-threatening conditions, and 

delivered singletons free of congenital/chromosomal abnormalities at or after 37 weeks of 

gestation. All participants provided written informed consent and all protocols were approved by 

the IRBs at the Women & Infants Hospital of Rhode Island and Emory University, respectively. 

Data provided by this study include placental microRNA transcript abundance (n=230). 

Interviewer-administered questionnaires were utilized to collect sociodemographic and lifestyle 

data. Structured medical record review was used to collect anthropometric and medical history 

data. Maternal family history of CVD was reported and coded as a binary variable (yes/no). 

Follow-up questions regarding which primary relative had been afflicted, coded as “mother”,” 

father”,” brother”, and “sister”. Instances where the mother reported a family history of CVD but 

did not identify a specific primary relative were not included in the study in order to prevent 

improper classification of familial CVD incidence. 

Tissue Collection 
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Fetal placental samples from all subjects were collected as previously described (23). Briefly, 

placental samples were collected within two hours of birth; fragments were obtained two 

centimeters (cm) from the umbilical cord and free of maternal decidua. Collected tissue was 

immediately placed in RNA later solution (Life Technologies, Grand Island, NY, USA) and 

stored at 4 °C for at least 72 hours. Subsequently, tissue segments were blotted dry, snap frozen 

in liquid nitrogen, homogenized by pulverization using a stainless-steel cup and piston unit 

(Cellcrusher, Cork, Ireland) and stored at −80 °C. 

miRNA isolation and sequencing 

Total RNA was extracted from placenta using the Qiagen miRNeasy Mini Kit and a TissueLyser 

LT (Qiagen, Germantown, MD, USA) following manufacturer’s protocol. Briefly, 25-35 mg of 

frozen, powdered placental tissue was placed in a 2 ml round bottom tube with 700 ul of Qiazol 

Lysing Reagent and one 5 mm stainless steel bead. The tissue was homogenized in a pre-chilled 

tube holder on the TissueLyser LT for two, 5-minute cycles at 30 Hz. The resulting homogenate 

was processed with the Qiagen miRNeasy Mini Kit with on-column DNAse digestion and eluted 

in 50 µl RNase-free water. The RNA was quantitated on a NanoDrop (Thermo Fisher, Waltham, 

MA, USA) and quality checked on Agilent Bioanalyzer using the Agilent RNA 6000 Nano kit 

(Agilent, Santa Clara, CA, USA). Single end, 1 x 50 bp next generation sequencing of placental 

miRNA was performed by Omega Bioservices (Norcross, Georgia) as previously described (24). 

miRNA Seq Processing and QC 

Raw FASTQ reads obtained from a total of 230 RICHS samples were subject to adaptor 

trimming with cutadapt v1.1634. The 3’ adaptor sequence were trimmed 

(TGGAATTCTCGGGTGCCAAGG) and then four bases were trimmed from each end of the 
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read following vendor’s recommendation (BIOO scientific, Austin TX). We then used trimmed 

reads and miRDeep2 to quantify microRNA (25). miRDeep2 was used to first perform alignment 

using bowtie1 with human genome hg38 (26). The ‘Quantifier’ module in miRDeep2 was used 

to obtain raw counts of microRNAs with 27iRbase version 22 (27). 

Transcript Filtering and Normalization 

Raw miRNA counts were imported into DESeq2 for normalization and differential expression 

analysis. Only miRNA transcripts with more than one count per million in at least 10 percent of 

samples were included, leaving 802 miRNA transcripts to be analyzed of the initial 2656 

sequenced transcripts. Dispersion estimates were then calculated, followed by generation of 

median ratio size factor estimates to normalize counts for analysis with in DESeq2 (28). 

Normalized counts were then exported from DESeq2 for Surrogate Variable Analysis (SVA). 

The Variance Stabilization Transformation (VST) was applied to count matrices to yield 

approximately normalized and log2-transformed abundances, which were utilized in correlation 

analyses (24). 

Statistical Analyses 

SVA 

In an effort to adjust for unknown confounders, such as cell-type heterogeneity and unmeasured 

sources of technical variation, surrogate variables were estimated for normalized miRNA 

transcript reads using the sva package (29, 30). The full model used in the svaseq includes 

variation attributable to family history of CVD while the null model included only an intercept 

term. One surrogate variable was utilized as a covariate in our differential expression analysis. 

DESeq2 Differential Expression Analysis 
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miRNA transcript counts were modeled using a negative binomial generalized linear model to 

identify differentially expressed transcripts in DESeq2 (30). For each of the 802 individual 

miRNA transcripts which passed strict filtering and quality criteria, the variance stabilized 

transformed transcript abundance was regressed on the history of familial CVD (No = 0, Yes = 

1), while adjusting for the first surrogate variable to control for unknown confounders (29, 30). 

We considered miRNAs with a false discovery rate (FDR) less than 10% to be considered a 

differentially expressed miRNA (DemiR) with respect to family history of CVD. Extensive 

sensitivity analyses were performed by including various parameters as covariates to the original 

model to assess the robustness DemiR effect sizes (Fig S2-1). 

Target Prediction and Filtering 

Potential DemiR targets were identified using miRDIP, an online database of miRNA target 

predictions (31). Only targets within the top 1% of confidence scores were returned. We then 

calculated Pearson correlation coefficients for each miRNA:mRNA pair utilizing normalized 

miRNA and mRNA sequencing counts from RICHS (24). Only miRNA:mRNA target pairs with 

negative correlation coefficients (q-value < 0.05) were returned to be used in network and 

pathway analyses. Correlation coefficients ranged between -0.41 and -0.21. 

Pathway Analysis 

Predicted DemiR targets were tested for pathway overrepresentation within ConsensusPathDB 

(CPDB) (32, 33), against all genes that passed general QC filtering in RICHS whole 

transcriptome RNA-seq analysis (24, 32, 33). CPDB utilizes 12 separate biological pathway 

databases, and calculates an enrichment p-value from the hypergeometric distribution of genes in 

the list of miRNA targets and the pathway gene set. Only mRNAs that were expressed >1cpm in 
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at least 10% of the RICHS samples were included as the background for the pathway analysis 

(24). False discovery rates were calculated from the enrichment p-values, and a q-value less than 

0.05 was considered a significant enrichment of miRNA targets in the tested pathway. 

RESULTS 

 This study analyzed miRNA sequencing data from 230 placentae from the Rhode Island 

Child Health Study (RICHS). The demographics of the participants are displayed in Table 2-1. In 

general, placentae collected in this study were from full term pregnancies (≥37 weeks), all from 

relatively healthy mothers who did not experience serious pregnancy complications. Forty-nine 

percent (n=113 of 230) of maternal participants reported a family history of cardiovascular 

disease, and forty-nine percent (n=112 of 230) were either overweight or obese, n=57 of those 

also reporting a family history of CVD. 

 To analyze the association between maternal family history of CVD and placental 

miRNA expression, we performed differential expression analysis using negative binomial 

generalized linear models constructed in DESeq2 on placental small RNA sequencing data. We 

identified 9 Differentially Expressed miRNAs (DEmiRs) associated with familial CVD history 

(FDR < 0.1), 4 of which (miR-1246, miR-324-5p, miR-1307-3p, and miR-520a-3p) met a strict 

Bonferroni threshold (p-value < 6.23e-05) (Fig 2-1). Sensitivity analyses were performed to 

adjust for various biological and technical covariates (RNA integrity, flow cell lane, pregnancy 

smoking, maternal race, infant sex and infant birth weight percentile) in order to characterize the 

robustness of DEmiR effect sizes, and the DEmiR log2 fold changes were strikingly consistent 

even with these additional adjustments to the original model (Fig S2-1 & Fig S2-2). 

 Bioinformatic targets of all 9 DEmiRs were predicted using the miRNA Data Integration 

Portal (miRDIP) (31). miRDIP predicted 4,516 targets across all 9 DEmiRs. However, given that 
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miRNA do not require perfect complementarity with a target mRNA and can only target mRNAs 

expressed in the examined tissue, bioinformatic target prediction is prone to generating false 

positives. To enhance our dataset with true miRNA:mRNA relationships we utilized parallel 

total RNA sequencing data in RICHS (24). Only miRNA:mRNA pairs where the transcript 

abundance of a DEmiR and its miRDIP predicted target were negatively correlated (Pearson’s 

correlation, p-value < 0.05) were considered in downstream pathway analyses. This correlation-

based filtering revealed 7 DEmiRs and 66 predicted mRNA targets (Table S2-1) (24). 

 The 66 predicted DEmiR targets were tested for pathway overrepresentation within 

ConsensusPathDB (CPDB) (24, 32, 33). Pathways related to TGFβ signaling, cellular 

metabolism, and immunomodulation were overrepresented among DEmiR targets (q-value < 

0.05). These enrichment results are largely driven by targets of miR-574-5p, miR-324-5p, miR-

326 and miR-520a-3p (Table S2-1). 

DISCUSSION 

Maternal mortality rates in the United States are higher than any other industrialized 

country and continue to rise. More than 15% of these deaths are caused by CVD-related health 

complications, and over half of these deaths have been deemed preventable as they occur post-

partum, increasing the opportunity for intervention (34). Physiological and functional 

abnormalities of the placenta serve as an indicator of maternal cardiometabolic health, as well as 

newborn health outcomes that potentially manifest as risk of chronic disease (16-21). While our 

study does not investigate placentae from mothers diagnosed with CVD, the chronic nature of 

the disease provides a unique opportunity to study how the accumulation of genetic and 

environmental insults, such as those suggested by familial CVD, influences placental 



 

31 

functionality and the molecular mechanisms governing adverse gestational outcomes and the 

developmental programming of chronic disease. 

Our small RNA-seq analysis identified fetoplacental miRNAs whose expression associate 

with maternal family history of CVD (Fig 2-1). The expression of microRNAs is known to be 

sensitive to various gestational environments, including maternal obesity and hypoxia (35, 36). 

Oxidative stress resulting from the potential comorbidities of familial CVD throughout gestation 

may contribute to the dysregulation of placental miRNAs. There is also a known relationship 

between genetic variation specific to CVD, and various facets of miRNA biogenesis, activity and 

function (37, 38), where genetic risk of disease may ultimately be influencing the expression of 

placental miRNAs and further disrupting the biological pathways they regulate. Fetal inheritance 

of maternal CVD genetic risk alleles may be relevant to the transcript abundance of specific 

miRNAs if a quantitative relationship exists between specific genetic loci and microRNA 

expression levels within the placenta, similar to those previously identified within RICHS 

placentae on the mRNA level (39)    

The functional relevance of miRNAs is largely dictated by the mRNAs available for them 

to interact with. These interactions are heavily influenced by the tissue of origin of both miRNAs 

and their target mRNAs. While many of the DEmiRs we identified (miR 324-5p, miR-520a-3p, 

miR-574-5p, miR-326) are implicated in cardiometabolic conditions during pregnancy, including 

preeclampsia and diabetes (40-43), their functional role remains largely understudied in the 

context of placental physiology. 

Pathway overrepresentation analyses of DEmiR predicted targets overwhelmingly 

suggested TGFβ signaling to be influenced by dysregulation of placental miRNAs whose 

expression associates with maternal family history of CVD (Table 2-2). TGFβ signaling 



 

32 

encompasses a large family of genes that participate in a myriad of cellular processes, but these 

genes are particularly important to vascular tissues for neovascularization as well as remodeling 

and repair of existing tissue (44). 

Among our predicted DEmiR targets, specifically those of miR-574-5p, are SMAD2 and 

SMAD4; two activators and nuclear translocators of the SMAD-dependent TGFβ pathway, 

whose dysregulation are implicated in preeclampsia pathogenesis in human umbilical vein cells 

(HUVEC) in vitro (45-47). SMAD2/4 also appear frequently throughout the various biological 

pathways reported as overrepresented, many of which contribute toward TGFβ signaling 

(including activin and nodal signaling pathways), highlighting their importance to a diverse set 

of endothelial cellular processes and placental physiology as a whole (Table 2-2) (48).  

TGFβ signaling in the placenta is known to play critical roles in preimplantation and 

initial decidualization, and is also active throughout gestation in endometrial remodeling (45, 

46). While neovascularization is required for successful fetal development, aberrant regulation of 

the signaling pathways overseeing this process may lead to improper vessel network 

development in the form of hypervascularization or vasculature malformation (49, 50). MiR-

574-5p was found to increase in expression with respect to maternal family history of CVD, and 

was also negatively correlated with two TGFβ pathway activators SMAD2 and SMAD4. The 

upregulation of miR-574-5p may lead to deficient SMAD2/4 levels, therefore preventing 

downstream activation of the TGFβ pathway (Fig. 2-2). This inhibition may result in broad 

changes to endothelial function in the placenta, leading to less optimal placental vasculature 

networks, or to the construction of immature vessels, ultimately manifesting as placental 

insufficiencies, and consequently, adverse gestational outcomes. 
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While miR-1246 was also shown to increase in expression with respect to maternal 

family history of CVD, its predicted targets did not pass our strict filtering criteria to be included 

in the pathway analysis.  However, increased expression of miR-1246 has been shown to also 

promote angiogenesis through activation of TGFβ signaling via VEGF-mediated angiogenic 

pathways in HUVEC in vitro, but the exact mechanism by which this activation is achieved is 

not well understood (51). The diverse regulatory potential of miR-574-5p and miR-1246 in 

overseeing multiple facets of the TGFβ pathway, and their dysregulation with respect to maternal 

family history of CVD, suggests an intricate balance of both positive and negative regulatory 

phases of endothelial processes that may be sensitive to both genetic and environmental risk 

factors associated with CVD. 

These endothelial abnormalities are associated with placental insufficiencies, which, in 

turn, could result in adverse newborn health outcomes, acute maternal cardiometabolic 

complications and lifelong risk of chronic disease in offspring. This relationship between 

placental physiology and gestational outcomes in both mother and offspring may allow placental 

miRNAs to serve as biomarkers for risk of postpartum maternal cardiometabolic health 

complications as well as for early life chronic disease risk indicators in offspring, providing an 

opportunity for clinical implementation of early intervention and preventative measures to 

potentially alleviate the societal burden of CVD (12, 13, 52). 

While the data presented here are incapable of concluding the direct impact of placental 

miRNA dysregulation, there is a growing body of literature, as well as the associations outlined 

here, that suggest dysregulation of placental miRNAs may be contributing to the developmental 

programming and propagation of chronic diseases, such as CVD. However, these findings should 

be interpreted within the context of this study’s limitations. 
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This study only includes term placentae from live births, where premature births and 

other birth defects were excluded. The cross-sectional design of this study limits the 

interpretation of miRNA associations temporally, and may not be representative of miRNA 

associations throughout gestational development. This study relies on self-reported family 

history of CVD, and which may ultimately lead to variation in results attributable to recall bias. 

While we tested for various confounders to the best of our ability, there is still a possibility of 

unmeasured confounding which remains in our analysis. Lastly, the RICHS cohort consists 

predominantly of healthy, white mothers and their offspring from the New England region of the 

United States, potentially limiting the ability of these results to be generalized to those with acute 

cardiometabolic complications, and to more racially diverse populations. 

CONCLUSION 

MiRNAs serve as an important form of post-transcriptional gene regulation during early 

development, and are sensitive to both genetic and environmental conditions. Here we have 

shown that the expression of 9 placental miRNAs are associated with maternal family history of 

CVD, and that the mRNA targets of these miRNAs largely play a role in TGFβ signaling, 

indicating their involvement in endothelial cell functionality and placental physiology as a 

whole. Dysregulation of miRNA expression in the placenta may contribute to adverse newborn 

and maternal health outcomes, ultimately playing a role in the developmental programming of 

chronic diseases, including CVD. 
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TABLES 

Table 2-1. Demographic characteristics of RICHS participants included in the miRNA 

sequencing analysis (n=230) 

MATERNAL CHARACTERISTICS 

Age (yrs) – mean (range) 30.9 (18 - 40) 

Family History of CVD (Yes) – % (n) 49% (112) 

Race (White) – % (n) 77% (178) 

Pregnancy Smoking – % (n) 9% (20) 

Pre-Pregnancy Body Mass Index (BMI) (kg/m2) – mean (range) 26.5 (16 - 46.7) 

Pre-Pregnancy BMI Group  

Normal and Underweight – % (n) 51.3% (118) 

Overweight – % (n) 27.0% (62) 

Obese – % (n) 21.7% (50) 

INFANT CHARACTERISTICS 

Gestational Age (wks) – mean (range) 39.4 (37 - 41.4) 

Sex (Female) – % (n) 49% (113) 

Birthweight (g) – mean (range) 3563.7 (2030 - 5465) 

Birthweight Group 

Small for Gestational Age (SGA) – % (n) 14.3% (33)  

Average for Gestational Age (AGA) – % (n) 54.3% (125) 

Large for Gestational Age (LGA) – % (n) 31.3% (72) 
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Table 2-2: DEmiR Target Pathway Enrichment Analysis Results 

Pathway Enriched Pathway 

Components 

p-

Value 

q-Value 

 

Source 

Signaling by Activin SMAD4; ACVR2B; 

SMAD2 

2.5E-05 0.00196 Reactome 

Signaling by NODAL SMAD4; ACVR2B; 

SMAD2 

2.5E-05 0.00196 Reactome 

Activation of BAD and translocation 

to mitochondria 

AKT3; YWHAQ; BCL2 6.8E-05 0.00278 Reactome 

Intrinsic Pathway for Apoptosis AKT3; BCL2L1; 

YWHAQ; BCL2 

7.7E-05 0.00278 Reactome 

The NLRP1 inflammasome BCL2L1; BCL2 8.8E-05 0.00278 Reactome 

Role of Calcineurin-dependent 

NFAT signaling in lymphocytes 

RAN; BCL2L1; YWHAQ; 

BCL2 

1.7E-04 0.00435 PID 

Downregulation of 

SMAD2/3:SMAD4 transcriptional 

activity 

SMAD4; NEDD4L; 

SMAD2 

1.9E-04 0.00435 Reactome 

Platelet degranulation APP; APLP2; PHACTR2; 

TAGLN2; CALU 

3.4E-04 0.00665 Reactome 

Response to elevated platelet 

cytosolic Ca2+ 

APP; APLP2; PHACTR2; 

TAGLN2; CALU 

4.0E-04 0.00697 Reactome 

Activation of BH3-only proteins AKT3; YWHAQ; BCL2 5.1E-04 0.00812 Reactome 

TGF-beta receptor signaling 

activates SMADs 

SMAD4; NEDD4L; 

SMAD2 

6.9E-04 0.00990 Reactome 

BH3-only proteins associate with 

and inactivate anti-apoptotic BCL-2 

members 

BCL2L1; BCL2 8.1E-04 0.01064 Reactome 

Class I PI3K signaling events 

mediated by Akt 

AKT3; BCL2L1; YWHAQ 9.0E-04 0.01093 PID 

TGF-Core SMAD4; ACVR2B; 

SMAD2 

9.8E-04 0.01103 Signalink 
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FIGURES 

(A) 

 

(B)  

Figure 2-1: Placental miRNA associates with maternal family history of CVD. 

(A) Volcano plot representing the results of the differential expression analysis. The y-axis shows the 

-log10(p-values) in the association of each miRNA with family history of CVD. The x-axis displays the 

effect estimates  in units of log2 fold change in each miRNA’s transcript abundance in individuals with 

familial incidence of CVD. 9 miRNAs are significantly (FDR <0.1) associated with familial CVD history 

and 4 of those (square shaped) reach are significant after Bonferroni correction (p-value < 6.23e-05). (B) 

Estimates of log2 fold change of miRNA transcript abundance of miRNAs significantly associated with 

familial CVD history. Squares represent the effect size estimate, while error bars represent standard error 

of the effect size estimate. 
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Figure 2-2: Regulation of TGFβ signaling in the placenta via miR-574-5p mediated 

SMAD2/4 regulation. SMAD2 serves as an activator of the TGFβ pathway, and SMAD4 serves as a 

nuclear translocator. The mRNA transcripts of these genes are both predicted targets of miR-574-5p, and 

their dysregulation within the placenta may impact various TGFβ-controlled processes in endothelial cells 

throughout gestation, including: neovascularization, angiogenesis, vascular remodeling, epithelial to 

mesenchymal transitions, and overall placentation. Adapted from “TGFb Signaling Pathway”, by 

BioRender.com (2019). Retrieved from https://app.biorender.com/biorender-templates. 
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SUPPLEMENTARY TABLES 

Table S2-1. Filtered miRDIP Output: Predicted DEmiR mRNA Targets 

MicroRNA Gene Symbol Uniprot ID Integrated Score 

hsa-miR-324-5p VDAC1 P21796 0.81 

hsa-miR-324-5p APP P05067 0.73 

hsa-miR-324-5p RAN P62826 0.73 

hsa-miR-324-5p KLF3 P57682 0.72 

hsa-miR-324-5p KCTD20 Q7Z5Y7 0.63 

hsa-miR-324-5p RACGAP1 Q9H0H5 0.54 

hsa-miR-324-5p DRAM1 Q8N682 0.54 

hsa-miR-324-5p SLC16A1 P53985 0.53 

hsa-miR-324-5p YWHAQ P27348 0.49 

hsa-miR-324-5p ST8SIA4 Q92187 0.46 

hsa-miR-324-5p H2AFV Q71UI9 0.45 

hsa-miR-324-5p TRIP13 Q15645 0.42 

hsa-miR-324-5p CCT5 P48643 0.39 

hsa-miR-324-5p APLP2 Q06481 0.39 

hsa-miR-326 BSDC1 Q9NW68 0.68 

hsa-miR-326 PPP4R1 Q8TF05 0.63 

hsa-miR-326 BCL2L1 Q07817 0.52 

hsa-miR-326 MAD2L1BP Q15013 0.51 

hsa-miR-326 TES Q9UGI8 0.50 

hsa-miR-326 NSUN2 Q08J23 0.47 

hsa-miR-326 JOSD1 Q15040 0.45 

hsa-miR-326 APMAP Q9HDC9 0.43 

hsa-miR-326 RHOC P08134 0.41 

hsa-miR-326 EIF4A1 P60842 0.40 

hsa-miR-326 TAGLN2 P37802 0.39 

hsa-miR-520a-3p FEM1C Q96JP0 0.77 

hsa-miR-520a-3p PKD2 Q13563 0.75 

hsa-miR-520a-3p TRPV6 Q9H1D0 0.73 

hsa-miR-520a-3p SLC25A27 O95847 0.70 

hsa-miR-520a-3p ZNF697 Q5TEC3 0.63 

hsa-miR-520a-3p GLUL P15104 0.56 

hsa-miR-520a-3p NEDD4L Q96PU5 0.52 

hsa-miR-520a-3p SH3TC2 Q8TF17 0.44 

hsa-miR-520a-3p RNASEL Q05823 0.42 

hsa-miR-548ar-3p CLASP2 O75122 0.40 

hsa-miR-574-5p MKRN1 Q9UHC7 0.61 

hsa-miR-574-5p G3BP2 Q9UN86 0.59 

hsa-miR-574-5p BDNF P23560 0.59 

hsa-miR-574-5p PAPPA Q13219 0.55 

hsa-miR-574-5p SEL1L Q9UBV2 0.52 

hsa-miR-574-5p AKT3 Q9Y243 0.50 

hsa-miR-574-5p KLHL18 O94889 0.50 

hsa-miR-574-5p PAK3 O75914 0.49 

hsa-miR-574-5p RAB3B P20337 0.46 

hsa-miR-574-5p CEP350 Q5VT06 0.46 
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hsa-miR-574-5p SMAD4 Q13485 0.45 

hsa-miR-574-5p SMAD2 Q15796 0.45 

hsa-miR-574-5p GPR107 Q5VW38 0.44 

hsa-miR-574-5p OSBPL2 Q9H1P3 0.43 

hsa-miR-574-5p CALU O43852 0.42 

hsa-miR-574-5p ZCCHC2 Q9C0B9 0.41 

hsa-miR-574-5p MAN1C1 Q9NR34 0.41 

hsa-miR-574-5p ACVR2B Q13705 0.41 

hsa-miR-574-5p PCM1 Q15154 0.41 

hsa-miR-574-5p PHACTR2 O75167 0.40 

hsa-miR-574-5p BCL2 P10415 0.40 

hsa-miR-574-5p KCMF1 Q9P0J7 0.39 

hsa-miR-574-5p HS3ST3B1 Q9Y662 0.39 

hsa-miR-574-5p IL1RAP Q9NPH3 0.39 

hsa-miR-574-5p CANX P27824 0.39 

hsa-miR-574-5p ARFGEF2 Q9Y6D5 0.39 

hsa-miR-574-5p NAB2 Q15742 0.39 

hsa-miR-574-5p ASNA1 O43681 0.38 

hsa-miR-671-5p VPS26A O75436 0.43 

hsa-miR-877-5p REV3L O60673 0.56 
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Table S2-2: Differential Expression Analysis Results: DESeq2 Output 

miRNA baseMean log2FoldChange lfcSE stat pvalue padj 

hsa-miR-1246 11.18281 0.669411 0.15776 4.243231 2.20E-05 0.011501 

hsa-miR-324-5p 442.2114 0.207299 0.049897 4.15453 3.26E-05 0.011501 

hsa-miR-1307-3p 231.2808 0.145454 0.035795 4.063543 4.83E-05 0.011501 

hsa-miR-520a-3p 4467.423 -0.18419 0.04578 -4.02341 5.74E-05 0.011501 

hsa-miR-574-5p 141.4321 0.177356 0.046682 3.799211 0.000145 0.023283 

hsa-miR-877-5p 19.95303 0.257032 0.074393 3.455069 0.00055 0.065886 

hsa-miR-548ar-3p 5.748148 -0.61569 0.178819 -3.44311 0.000575 0.065886 

hsa-miR-671-5p 26.25664 0.174944 0.052067 3.359969 0.00078 0.077472 

hsa-miR-326 109.7311 0.158264 0.047531 3.329704 0.000869 0.077472 

hsa-miR-504-5p 119.4893 0.172725 0.05612 3.077767 0.002086 0.167264 

hsa-miR-3664-3p 30.96286 -0.16231 0.053802 -3.01681 0.002555 0.186247 

hsa-miR-1291 8.222744 -0.29872 0.100535 -2.97126 0.002966 0.198218 

hsa-miR-516a-5p 119490.8 -0.12584 0.042818 -2.93905 0.003292 0.203106 

hsa-miR-30b-3p 81.81935 -0.12672 0.043993 -2.88041 0.003972 0.21399 

hsa-miR-576-5p 117.5721 -0.12504 0.043446 -2.87798 0.004002 0.21399 

hsa-miR-132-3p 136.682 0.156339 0.054734 2.856362 0.004285 0.214799 

hsa-miR-30e-5p 19778.59 -0.11626 0.041276 -2.81656 0.004854 0.220843 

hsa-miR-4785 2.567669 0.412346 0.146751 2.809842 0.004957 0.220843 

hsa-miR-197-3p 734.8855 0.118019 0.042607 2.769933 0.005607 0.236665 

hsa-miR-153-3p 4.754388 0.379993 0.138491 2.743813 0.006073 0.243528 

hsa-miR-520a-5p 6614.068 -0.11041 0.041151 -2.68292 0.007298 0.25459 

hsa-miR-548i 21.0024 -0.329 0.123225 -2.66996 0.007586 0.25459 

hsa-miR-487b-5p 6.278803 0.256875 0.096719 2.655879 0.00791 0.25459 

hsa-miR-12135 19.17241 -0.34416 0.130867 -2.62984 0.008542 0.25459 

hsa-miR-345-5p 89.55427 0.134167 0.051259 2.617426 0.00886 0.25459 

hsa-miR-744-5p 212.2488 0.100134 0.0383 2.614475 0.008936 0.25459 

hsa-miR-212-3p 5.122445 0.386526 0.14865 2.600236 0.009316 0.25459 

hsa-miR-99b-3p 262.9153 0.079865 0.030774 2.595219 0.009453 0.25459 

hsa-miR-29b-2-5p 56.22335 0.134321 0.051842 2.590992 0.00957 0.25459 

hsa-miR-548q 7.921538 -0.22108 0.086017 -2.57021 0.010164 0.25459 

hsa-miR-1295a 4.041318 -0.34807 0.135646 -2.56601 0.010288 0.25459 

hsa-miR-1323 62830.92 -0.09829 0.038582 -2.54765 0.010845 0.25459 

hsa-miR-584-3p 21.44651 0.195818 0.077138 2.538546 0.011131 0.25459 

hsa-miR-940 7.855971 0.223841 0.088269 2.53589 0.011216 0.25459 

hsa-miR-517a-3p 188074.8 -0.08711 0.03444 -2.52934 0.011428 0.25459 

hsa-miR-517b-3p 188074.4 -0.08711 0.03444 -2.52933 0.011428 0.25459 

hsa-miR-100-5p 64698.68 -0.14198 0.056527 -2.51165 0.012017 0.260473 

hsa-miR-30d-5p 160252 -0.08989 0.036178 -2.48477 0.012964 0.268128 

hsa-miR-708-5p 6.015316 0.353711 0.142733 2.478131 0.013207 0.268128 
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hsa-miR-2276-3p 2.617005 0.361816 0.148334 2.439192 0.01472 0.268128 

hsa-miR-93-3p 65.79296 0.114685 0.047066 2.436716 0.014821 0.268128 

hsa-miR-4659a-3p 2.548178 0.36275 0.148888 2.436389 0.014835 0.268128 

hsa-miR-151b 521.1014 -0.11722 0.048134 -2.43535 0.014877 0.268128 

hsa-miR-4286 116.1808 0.131962 0.054301 2.43021 0.01509 0.268128 

hsa-miR-342-5p 19.33372 0.14948 0.061653 2.424522 0.015329 0.268128 

hsa-miR-342-3p 578.3995 0.108184 0.044988 2.404758 0.016183 0.268128 

hsa-miR-212-5p 2.936817 0.338374 0.140991 2.399969 0.016396 0.268128 

hsa-miR-26a-5p 175655.8 -0.05015 0.020905 -2.39908 0.016436 0.268128 

hsa-miR-874-5p 24.61257 0.169748 0.070916 2.39365 0.016682 0.268128 

hsa-miR-151a-5p 8265.31 -0.09017 0.037681 -2.39289 0.016716 0.268128 

hsa-miR-551b-3p 184.6023 0.140646 0.059121 2.378932 0.017363 0.27304 

hsa-miR-100-3p 65.01547 -0.1493 0.063127 -2.36512 0.018024 0.277986 

hsa-miR-625-3p 471.6468 -0.12673 0.054291 -2.33426 0.019582 0.289892 

hsa-miR-299-5p 273.4642 0.10964 0.046993 2.333085 0.019644 0.289892 

hsa-miR-28-5p 1776.309 -0.08561 0.036815 -2.32548 0.020046 0.289892 

hsa-miR-31-5p 630.4791 -0.15496 0.066741 -2.32183 0.020242 0.289892 

hsa-miR-331-3p 296.1336 0.099895 0.043296 2.30725 0.021041 0.291721 

hsa-miR-484 1211.486 0.076919 0.03342 2.301602 0.021358 0.291721 

hsa-miR-27a-5p 237.8061 -0.16798 0.073068 -2.29893 0.021509 0.291721 

hsa-miR-196b-5p 925.8636 0.110412 0.048143 2.293409 0.021824 0.291721 

hsa-miR-3679-5p 5.866886 0.273426 0.122479 2.232432 0.025586 0.336399 

hsa-miR-548j-5p 6.729765 -0.21339 0.09682 -2.20403 0.027522 0.355822 

hsa-miR-146b-3p 10.62672 0.244019 0.111436 2.189763 0.028541 0.355822 

hsa-miR-365a-5p 11.82298 -0.2376 0.109033 -2.17911 0.029323 0.355822 

hsa-miR-3065-3p 41.35725 0.163721 0.075554 2.16693 0.03024 0.355822 

hsa-miR-675-5p 122.3978 0.118575 0.054725 2.166752 0.030254 0.355822 

hsa-miR-450a-1-3p 105.5286 -0.13672 0.063185 -2.16388 0.030473 0.355822 

hsa-miR-126-3p 65744.93 -0.08285 0.038309 -2.16277 0.030559 0.355822 

hsa-miR-518f-5p 1897.502 -0.09257 0.042815 -2.16207 0.030613 0.355822 

hsa-miR-766-3p 45.66933 0.120845 0.057084 2.116967 0.034263 0.389834 

hsa-miR-92b-3p 314.2983 0.106161 0.050519 2.101404 0.035605 0.389834 

hsa-miR-520c-5p 1696.043 -0.09646 0.046089 -2.09289 0.036359 0.389834 

hsa-miR-526a-5p 1693.761 -0.09634 0.046043 -2.09239 0.036404 0.389834 

hsa-miR-10a-5p 2151.504 -0.08748 0.041825 -2.09165 0.03647 0.389834 

hsa-miR-518d-5p 1693.475 -0.09618 0.046059 -2.08813 0.036786 0.389834 

hsa-miR-548ad-5p 34.77367 -0.11523 0.055449 -2.07818 0.037693 0.389834 

hsa-miR-433-5p 39.88965 -0.14967 0.07215 -2.07439 0.038043 0.389834 

hsa-miR-590-3p 525.5373 -0.10118 0.048804 -2.07312 0.038161 0.389834 

hsa-miR-665 24.51933 0.120536 0.058214 2.070558 0.0384 0.389834 

hsa-miR-23b-3p 23471.31 0.049937 0.02427 2.05754 0.039634 0.397334 
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hsa-miR-516b-5p 58084.14 -0.08992 0.043905 -2.04799 0.040561 0.401604 

hsa-miR-125b-2-3p 58.12959 0.112008 0.055031 2.035346 0.041816 0.406646 

hsa-miR-487a-5p 30.84936 0.143763 0.070726 2.032686 0.042084 0.406646 

hsa-miR-517c-3p 22090.85 -0.07796 0.038944 -2.00188 0.045298 0.421175 

hsa-miR-539-3p 393.8376 -0.13479 0.067599 -1.99394 0.046158 0.421175 

hsa-miR-937-3p 2.890136 0.270057 0.135575 1.991936 0.046378 0.421175 

hsa-miR-770-5p 6.010246 0.192534 0.096671 1.991632 0.046411 0.421175 

hsa-miR-5100 14.25386 0.179762 0.090451 1.987397 0.046878 0.421175 

hsa-miR-605-3p 2.623259 -0.27299 0.137599 -1.98397 0.04726 0.421175 

hsa-miR-629-5p 747.3811 -0.08178 0.041261 -1.98211 0.047467 0.421175 

hsa-miR-125b-5p 23719.41 -0.12252 0.062124 -1.97212 0.048595 0.421175 

hsa-miR-154-5p 147.1742 0.101636 0.051736 1.964518 0.04947 0.421175 

hsa-miR-517-5p 1721.687 -0.07689 0.03919 -1.96194 0.04977 0.421175 

hsa-miR-574-3p 879.3298 0.086887 0.044287 1.961931 0.049771 0.421175 

hsa-miR-519c-3p 4409.078 -0.09257 0.047209 -1.96091 0.04989 0.421175 

hsa-miR-141-3p 6277.285 -0.10905 0.055862 -1.95215 0.050921 0.4235 

hsa-miR-376a-2-5p 62.07091 -0.13521 0.069488 -1.94587 0.051671 0.4235 

hsa-miR-125a-5p 40675.95 -0.09278 0.047698 -1.94521 0.051749 0.4235 

hsa-miR-95-3p 87.95185 0.261975 0.135782 1.929383 0.053683 0.434889 

hsa-miR-6511b-3p 6.506528 0.177488 0.092746 1.913692 0.05566 0.44257 

hsa-miR-25-5p 3.94456 0.227138 0.118728 1.913101 0.055735 0.44257 

hsa-miR-145-5p 14421.97 0.090067 0.04721 1.907782 0.056419 0.443611 

hsa-miR-3065-5p 108.2134 0.131357 0.069519 1.889505 0.058824 0.450757 

hsa-miR-146b-5p 2170.802 0.138053 0.073181 1.886458 0.059233 0.450757 

hsa-miR-183-3p 4.959596 -0.2159 0.11475 -1.88151 0.059903 0.450757 

hsa-miR-26a-2-3p 44.49686 -0.10418 0.055443 -1.87906 0.060236 0.450757 

hsa-miR-381-5p 11.47675 0.145865 0.077669 1.878037 0.060376 0.450757 

hsa-miR-3194-3p 2.087859 0.296228 0.158136 1.873247 0.061034 0.450757 

hsa-miR-548k 46.41036 -0.08595 0.045924 -1.8716 0.061263 0.450757 

hsa-miR-148b-5p 139.7155 -0.10044 0.05431 -1.84933 0.06441 0.459305 

hsa-let-7b-5p 1419.712 0.134286 0.072658 1.848204 0.064573 0.459305 

hsa-miR-1299 26.25591 -0.47735 0.258674 -1.84535 0.064986 0.459305 

hsa-miR-944 55.75 -0.1032 0.055997 -1.84302 0.065326 0.459305 

hsa-miR-1197 20.57825 0.147709 0.080434 1.836412 0.066297 0.459305 

hsa-miR-181a-3p 309.1777 0.090139 0.04909 1.836201 0.066328 0.459305 

hsa-miR-1277-5p 10.98409 -0.15144 0.082534 -1.83488 0.066523 0.459305 

hsa-miR-30a-5p 122806.2 -0.05466 0.02984 -1.83163 0.067006 0.459305 

hsa-miR-1910-5p 3.259852 0.258916 0.141804 1.825865 0.067871 0.46129 

hsa-miR-376c-3p 6679.876 -0.07185 0.039512 -1.81855 0.068979 0.464886 

hsa-miR-378f 7.233125 0.156835 0.086921 1.804345 0.071177 0.47132 

hsa-miR-520e-3p 114.2718 0.104716 0.058139 1.801146 0.07168 0.47132 
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hsa-miR-374b-3p 42.36721 -0.09312 0.051783 -1.79827 0.072134 0.47132 

hsa-miR-23b-5p 22.20359 0.110133 0.061384 1.794171 0.072786 0.47132 

hsa-miR-548n 3.246763 -0.22288 0.124353 -1.79229 0.073086 0.47132 

hsa-miR-127-3p 2654.222 0.083193 0.046478 1.789962 0.07346 0.47132 

hsa-miR-143-5p 440.4343 0.101584 0.05774 1.759334 0.078521 0.496391 

hsa-miR-5695 10.38601 0.241433 0.137269 1.758835 0.078606 0.496391 

hsa-miR-4802-5p 2.757462 -0.22643 0.129169 -1.75298 0.079605 0.498774 

hsa-miR-887-3p 33.35348 0.129971 0.07453 1.743873 0.081181 0.504636 

hsa-miR-589-3p 2.08075 -0.27141 0.155951 -1.74034 0.081799 0.504636 

hsa-miR-412-5p 123.3578 -0.30266 0.174742 -1.73203 0.083268 0.508824 

hsa-miR-103a-1-5p 2.034224 0.274377 0.158659 1.72935 0.083747 0.508824 

hsa-miR-526b-5p 18684.29 -0.07257 0.042381 -1.71242 0.08682 0.52353 

hsa-miR-496 71.44714 0.095188 0.056818 1.675308 0.093874 0.55734 

hsa-miR-5001-3p 3.498017 0.212169 0.126939 1.671425 0.094638 0.55734 

hsa-miR-576-3p 71.7039 -0.07477 0.044821 -1.66815 0.095286 0.55734 

hsa-miR-1301-3p 110.9892 0.088911 0.053463 1.663025 0.096307 0.55734 

hsa-miR-1268b 7.745973 0.183707 0.110531 1.662046 0.096504 0.55734 

hsa-let-7e-5p 2497.44 0.07277 0.043808 1.661123 0.096689 0.55734 

hsa-miR-141-5p 62.06828 -0.07916 0.047917 -1.65195 0.098544 0.55734 

hsa-miR-561-5p 30.82158 -0.1165 0.070546 -1.65145 0.098646 0.55734 

hsa-miR-34a-5p 999.7528 0.075545 0.045749 1.651281 0.098681 0.55734 

hsa-miR-155-5p 207.0753 0.21225 0.129374 1.640595 0.100882 0.564863 

hsa-miR-511-3p 11.99811 0.121643 0.074263 1.638 0.101422 0.564863 

hsa-miR-140-3p 6781.386 0.074214 0.045413 1.634198 0.102217 0.565367 

hsa-miR-34a-3p 20.40905 0.121272 0.07467 1.624099 0.104355 0.572565 

hsa-miR-519e-3p 244.4315 -0.08121 0.050089 -1.62133 0.104946 0.572565 

hsa-miR-32-5p 389.3305 -0.06702 0.041467 -1.61625 0.10604 0.574621 

hsa-miR-548e-3p 22.51805 -0.09152 0.056859 -1.60956 0.107495 0.576742 

hsa-miR-10527-5p 6.145522 0.144498 0.090204 1.601896 0.109179 0.576742 

hsa-miR-1304-3p 6.026916 -0.16446 0.102669 -1.60188 0.109182 0.576742 

hsa-miR-767-3p 3.061714 0.227791 0.142336 1.600377 0.109515 0.576742 

hsa-miR-652-5p 12.86715 0.130439 0.081733 1.595915 0.110508 0.576742 

hsa-miR-6516-5p 2.854915 0.201588 0.12674 1.590558 0.111709 0.576742 

hsa-miR-431-5p 2580.78 0.082167 0.051725 1.588528 0.112167 0.576742 

hsa-miR-874-3p 132.1112 0.102599 0.06459 1.588452 0.112184 0.576742 

hsa-miR-590-5p 11.30379 -0.12514 0.07975 -1.56919 0.116604 0.589446 

hsa-let-7c-5p 690.0529 0.091869 0.058579 1.568291 0.116813 0.589446 

hsa-let-7d-5p 485.1571 0.14121 0.090052 1.568089 0.11686 0.589446 

hsa-miR-195-5p 829.4301 0.098257 0.062788 1.564893 0.117608 0.58951 

hsa-miR-16-2-3p 327.738 -0.09068 0.058286 -1.55582 0.119751 0.596523 

hsa-miR-24-3p 149236.2 -0.075 0.04861 -1.54295 0.122844 0.604953 
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hsa-miR-513a-5p 3.712624 -0.20399 0.132249 -1.54248 0.122958 0.604953 

hsa-miR-181d-5p 86.79148 0.062613 0.040674 1.539402 0.123706 0.604953 

hsa-miR-550a-3p 13.19146 0.126412 0.08249 1.532449 0.125412 0.609577 

hsa-miR-6511a-3p 5.556796 0.155184 0.101611 1.527241 0.126701 0.612134 

hsa-miR-376a-3p 1441.902 -0.06174 0.040591 -1.52094 0.128275 0.614738 

hsa-miR-181b-2-3p 9.034826 -0.15444 0.101673 -1.51896 0.128773 0.614738 

hsa-miR-346 4.46071 0.208831 0.137966 1.513643 0.130116 0.617475 

hsa-miR-29c-5p 98.957 0.066446 0.044016 1.509582 0.13115 0.617563 

hsa-let-7d-3p 67.95453 0.124029 0.08255 1.502467 0.132977 0.617563 

hsa-miR-548az-5p 2.835366 0.251351 0.167836 1.497597 0.134238 0.617563 

hsa-miR-1294 11.52251 -0.13755 0.091889 -1.49691 0.134417 0.617563 

hsa-miR-1180-3p 31.66718 0.091172 0.060929 1.496362 0.134559 0.617563 

hsa-miR-450a-5p 3605.993 -0.07422 0.049632 -1.49548 0.134789 0.617563 

hsa-miR-33b-3p 4.299625 -0.20695 0.138644 -1.49266 0.135525 0.617563 

hsa-miR-224-5p 6706.332 0.073757 0.049635 1.485988 0.137282 0.622036 

hsa-miR-501-5p 60.49733 0.071462 0.04833 1.478626 0.13924 0.624142 

hsa-miR-582-5p 64.20136 0.078793 0.053297 1.478389 0.139304 0.624142 

hsa-miR-135a-2-3p 1.58627 0.358024 0.24319 1.472197 0.140968 0.62809 

hsa-miR-144-3p 1119.605 -0.18278 0.124738 -1.46532 0.142834 0.632889 

hsa-miR-4454 29.88724 0.130158 0.089583 1.452936 0.146241 0.644427 

hsa-miR-450a-2-3p 91.61546 -0.07596 0.052575 -1.44485 0.148499 0.649917 

hsa-miR-455-3p 1997.052 0.078714 0.05459 1.441911 0.149328 0.649917 

hsa-miR-4728-3p 7.465812 0.139078 0.096594 1.43982 0.149918 0.649917 

hsa-miR-29a-3p 24624.01 -0.06962 0.0488 -1.42673 0.153658 0.653377 

hsa-miR-12136 19.75338 0.15371 0.107806 1.425797 0.153927 0.653377 

hsa-miR-548aw 4.979965 -0.13934 0.0978 -1.42477 0.154222 0.653377 

hsa-miR-214-3p 850.4148 0.072362 0.05084 1.423324 0.154642 0.653377 

hsa-miR-135a-5p 184.4521 0.243693 0.171275 1.422814 0.15479 0.653377 

hsa-miR-509-3p 12.36067 0.119972 0.084823 1.414386 0.157249 0.657761 

hsa-miR-526a-3p 250.4865 -0.08991 0.063599 -1.41364 0.157469 0.657761 

hsa-miR-22-3p 36221.46 -0.07244 0.051572 -1.40457 0.16015 0.66539 

hsa-miR-125b-1-3p 41.43016 -0.08895 0.063454 -1.40187 0.160955 0.66539 

hsa-miR-27b-3p 63161.66 -0.02977 0.021366 -1.3935 0.16347 0.671425 

hsa-miR-497-5p 218.97 0.082029 0.059002 1.390272 0.164446 0.671425 

hsa-miR-191-5p 11780.71 -0.0464 0.033411 -1.38869 0.164926 0.671425 

hsa-miR-144-5p 3469.092 -0.15328 0.110783 -1.38358 0.166487 0.674055 

hsa-miR-23a-5p 15.1704 0.108137 0.078299 1.381084 0.167253 0.674055 

hsa-miR-1268a 6.521436 0.157076 0.11413 1.376285 0.168733 0.676621 

hsa-miR-3074-5p 2.143928 0.210113 0.153446 1.369301 0.170905 0.68192 

hsa-miR-2116-5p 2.913196 -0.18304 0.134187 -1.36405 0.172551 0.685078 

hsa-miR-101-3p 15995.86 -0.05773 0.04253 -1.35731 0.174681 0.69012 
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hsa-miR-5010-3p 22.70424 0.092676 0.068455 1.353832 0.17579 0.691096 

hsa-miR-548ay-5p 31.20122 -0.07514 0.055619 -1.35098 0.176702 0.691293 

hsa-miR-584-5p 1607.762 0.071465 0.053152 1.344527 0.178778 0.692348 

hsa-miR-203a-3p 1795.69 0.093698 0.069754 1.343267 0.179185 0.692348 

hsa-miR-424-5p 32160.03 -0.06525 0.048615 -1.34211 0.179561 0.692348 

hsa-miR-548x-3p 5.197426 0.619142 0.463256 1.336501 0.181385 0.696034 

hsa-miR-424-3p 2169.718 -0.0404 0.030365 -1.33038 0.183393 0.699035 

hsa-miR-29c-3p 1861.651 -0.04638 0.034977 -1.32608 0.184814 0.699035 

hsa-miR-106a-3p 6.914653 -0.13338 0.10065 -1.32523 0.185095 0.699035 

hsa-miR-27a-3p 87834.29 -0.04486 0.034014 -1.31874 0.187255 0.699035 

hsa-miR-641 44.42342 -0.08689 0.066162 -1.31324 0.189101 0.699035 

hsa-miR-515-3p 2474.861 -0.06963 0.053056 -1.31232 0.189412 0.699035 

hsa-miR-132-5p 40.24161 0.08052 0.061364 1.312166 0.189464 0.699035 

hsa-miR-339-3p 223.2327 -0.05612 0.042808 -1.31096 0.189872 0.699035 

hsa-miR-548ba 3.513794 0.304956 0.232707 1.310473 0.190036 0.699035 

hsa-miR-499a-5p 52.7919 -0.06815 0.052105 -1.30797 0.190884 0.699035 

hsa-miR-548aa 11.22324 -0.0989 0.076182 -1.29827 0.194195 0.705431 

hsa-miR-148b-3p 6137.35 0.053407 0.041156 1.297672 0.1944 0.705431 

hsa-miR-338-3p 35.31868 -0.07779 0.060062 -1.29515 0.195269 0.705431 

hsa-miR-548aq-3p 9.036935 -0.13267 0.103007 -1.28793 0.19777 0.709652 

hsa-miR-378a-5p 55.96156 0.076644 0.0596 1.285984 0.198449 0.709652 

hsa-miR-218-5p 2525.023 -0.07048 0.054887 -1.28414 0.199092 0.709652 

hsa-miR-3179 3.194064 -0.16904 0.132121 -1.27944 0.200743 0.711131 

hsa-miR-483-5p 269.9523 0.068329 0.053534 1.276378 0.201822 0.711131 

hsa-miR-675-3p 114.4366 0.075402 0.059441 1.268519 0.204613 0.711131 

hsa-miR-188-5p 27.7009 0.073502 0.057979 1.267731 0.204894 0.711131 

hsa-miR-520h 6037.008 -0.04861 0.038391 -1.2662 0.20544 0.711131 

hsa-miR-556-5p 2.555593 -0.17355 0.1377 -1.26035 0.207545 0.711131 

hsa-miR-505-5p 3.877824 0.150231 0.119278 1.259508 0.207847 0.711131 

hsa-miR-3613-3p 9.28168 0.117239 0.093351 1.255885 0.209158 0.711131 

hsa-miR-548w 49.95598 -0.05953 0.047431 -1.25513 0.209431 0.711131 

hsa-miR-6514-5p 5.839103 0.129143 0.103186 1.251556 0.210732 0.711131 

hsa-miR-423-3p 5606.847 -0.03997 0.031964 -1.25037 0.211163 0.711131 

hsa-miR-656-3p 292.9495 -0.06979 0.056234 -1.241 0.214606 0.711131 

hsa-miR-671-3p 15.95991 0.092157 0.074426 1.238227 0.215632 0.711131 

hsa-miR-548s 5.616616 -0.13648 0.110245 -1.23796 0.215731 0.711131 

hsa-miR-21-3p 268.3763 0.084114 0.06808 1.235519 0.216638 0.711131 

hsa-miR-33a-3p 12.55593 0.092574 0.074987 1.234529 0.217006 0.711131 

hsa-miR-194-3p 3.001316 -0.15505 0.125665 -1.23386 0.217254 0.711131 

hsa-miR-4521 6.772415 -0.12636 0.102428 -1.23367 0.217324 0.711131 

hsa-miR-425-3p 216.1828 0.040803 0.033094 1.23295 0.217594 0.711131 
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hsa-miR-519a-5p 10195.13 -0.05497 0.044698 -1.22973 0.2188 0.711131 

hsa-miR-524-5p 6674.25 -0.04853 0.039468 -1.22955 0.218864 0.711131 

hsa-miR-518d-3p 78.53112 0.100625 0.082032 1.226657 0.219951 0.711131 

hsa-miR-498-5p 8621.035 -0.05747 0.047091 -1.22031 0.222349 0.711131 

hsa-miR-548ak 19.7913 -0.09626 0.079076 -1.21726 0.223505 0.711131 

hsa-miR-382-5p 928.2283 0.051446 0.042294 1.216401 0.223832 0.711131 

hsa-miR-1226-3p 4.399239 0.1264 0.10418 1.213282 0.225022 0.711131 

hsa-miR-3144-3p 3.606181 -0.17416 0.143792 -1.2112 0.225819 0.711131 

hsa-miR-381-3p 2230.771 -0.05961 0.049219 -1.21117 0.225832 0.711131 

hsa-miR-485-5p 52.04291 0.058114 0.048376 1.201315 0.229629 0.711131 

hsa-miR-370-3p 389.8698 -0.07562 0.063191 -1.1967 0.231424 0.711131 

hsa-miR-548ae-5p 28.63501 -0.07071 0.059101 -1.19636 0.231555 0.711131 

hsa-miR-6881-3p 3.797742 0.156521 0.130905 1.195682 0.231821 0.711131 

hsa-miR-9985 128.6586 -0.09426 0.078873 -1.19504 0.23207 0.711131 

hsa-miR-3154 1.900782 0.210961 0.17718 1.190656 0.233789 0.711131 

hsa-let-7g-3p 2.409193 0.198583 0.167669 1.184378 0.236263 0.711131 

hsa-miR-3925-5p 2.035139 -0.20562 0.173873 -1.18262 0.236961 0.711131 

hsa-miR-561-3p 8.936126 -0.10896 0.092375 -1.17952 0.23819 0.711131 

hsa-miR-378a-3p 1720.607 0.04979 0.042303 1.176978 0.239204 0.711131 

hsa-miR-222-3p 5157.736 0.042723 0.036309 1.176653 0.239334 0.711131 

hsa-miR-519a-3p 8803.427 -0.04728 0.040237 -1.17514 0.239937 0.711131 

hsa-miR-525-5p 9535.921 -0.04825 0.041157 -1.17241 0.241032 0.711131 

hsa-miR-519b-5p 9148.885 -0.05074 0.043301 -1.1718 0.241279 0.711131 

hsa-miR-519c-5p 9148.885 -0.05074 0.043301 -1.1718 0.241279 0.711131 

hsa-miR-522-5p 9148.885 -0.05074 0.043301 -1.1718 0.241279 0.711131 

hsa-miR-523-5p 9148.885 -0.05074 0.043301 -1.1718 0.241279 0.711131 

hsa-miR-518e-5p 9147.242 -0.05073 0.043302 -1.17156 0.241373 0.711131 

hsa-miR-889-3p 1099.658 -0.07044 0.060249 -1.16912 0.242356 0.711131 

hsa-miR-873-5p 8.570059 -0.12792 0.109652 -1.16662 0.243364 0.711131 

hsa-miR-548ay-3p 3.464828 0.14431 0.123774 1.165921 0.243646 0.711131 

hsa-miR-320e 5.659453 0.107069 0.092188 1.161425 0.245469 0.711131 

hsa-miR-520g-3p 10699.43 -0.04103 0.0354 -1.15901 0.246451 0.711131 

hsa-miR-548ag 2.529821 -0.16265 0.1405 -1.15767 0.246999 0.711131 

hsa-miR-769-3p 2.155412 0.165707 0.143275 1.156564 0.24745 0.711131 

hsa-miR-181a-2-3p 515.514 -0.07995 0.06924 -1.15468 0.248222 0.711131 

hsa-miR-24-1-5p 223.7596 -0.0452 0.039149 -1.15455 0.248275 0.711131 

hsa-miR-147b-5p 11.0665 0.107992 0.094282 1.145419 0.252036 0.718702 

hsa-miR-204-5p 113.5955 -0.16305 0.142557 -1.14379 0.252711 0.718702 

hsa-miR-1247-5p 629.1851 -0.06775 0.059564 -1.13743 0.255359 0.718721 

hsa-miR-320d 25.6019 0.075191 0.066345 1.133333 0.257075 0.718721 

hsa-miR-503-5p 2953.61 0.043407 0.038451 1.128891 0.258944 0.718721 
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hsa-miR-941 73.40598 0.06848 0.060686 1.128417 0.259144 0.718721 

hsa-miR-7-5p 1211.332 -0.0601 0.053281 -1.12801 0.259314 0.718721 

hsa-miR-203b-3p 4.659101 0.156907 0.139203 1.127177 0.259668 0.718721 

hsa-miR-337-3p 884.4253 0.045861 0.040772 1.124815 0.260667 0.718721 

hsa-miR-519d-5p 648.5131 -0.04638 0.041307 -1.12281 0.26152 0.718721 

hsa-miR-518c-5p 968.8271 -0.0394 0.03515 -1.12078 0.262383 0.718721 

hsa-miR-589-5p 18.92115 0.083282 0.074508 1.117762 0.263669 0.718721 

hsa-miR-26b-5p 81923.04 -0.03084 0.027628 -1.11628 0.264302 0.718721 

hsa-miR-335-5p 23432.35 -0.05776 0.051816 -1.1148 0.264937 0.718721 

hsa-miR-1-3p 2964.805 -0.09818 0.088296 -1.11199 0.266141 0.718721 

hsa-miR-548d-5p 31.55195 -0.0627 0.056541 -1.10894 0.267457 0.718721 

hsa-miR-4662a-5p 27.92396 -0.08822 0.0796 -1.10832 0.267724 0.718721 

hsa-miR-20b-5p 96.43842 0.094623 0.085692 1.104223 0.269496 0.718721 

hsa-miR-1306-5p 23.16465 0.07937 0.0719 1.1039 0.269636 0.718721 

hsa-miR-3912-3p 14.51611 -0.06938 0.062871 -1.1035 0.269812 0.718721 

hsa-miR-616-5p 10.39886 -0.08599 0.078027 -1.10204 0.270443 0.718721 

hsa-miR-27b-5p 156.7136 0.041357 0.037543 1.101588 0.270641 0.718721 

hsa-miR-152-3p 2260.296 0.051928 0.047293 1.09799 0.272209 0.71901 

hsa-miR-505-3p 189.6647 0.043813 0.039931 1.097227 0.272542 0.71901 

hsa-miR-542-3p 5221.043 -0.06263 0.057257 -1.09388 0.274008 0.720506 

hsa-miR-320a-3p 6262.907 0.046378 0.042599 1.0887 0.276286 0.724123 

hsa-miR-103a-2-5p 14.3177 0.078992 0.073565 1.073785 0.282919 0.733924 

hsa-miR-518f-3p 5584.004 -0.04929 0.045968 -1.07237 0.283555 0.733924 

hsa-miR-4677-3p 4.907392 -0.10396 0.09697 -1.07211 0.283671 0.733924 

hsa-miR-328-3p 103.546 0.055476 0.051794 1.071099 0.284125 0.733924 

hsa-miR-181b-3p 10.26832 -0.0955 0.089251 -1.07004 0.284601 0.733924 

hsa-miR-548y 6.930007 -0.10797 0.101257 -1.06629 0.286291 0.735916 

hsa-miR-1271-5p 24.19023 0.070613 0.066459 1.062514 0.288002 0.737949 

hsa-miR-149-5p 1940.763 0.045838 0.043251 1.059823 0.289225 0.738721 

hsa-miR-3613-5p 630.0446 -0.07055 0.067194 -1.04988 0.293772 0.747953 

hsa-miR-1287-5p 16.73717 0.06396 0.061651 1.037461 0.299521 0.757808 

hsa-miR-369-3p 7020.642 -0.04573 0.044123 -1.03649 0.299972 0.757808 

hsa-miR-519b-3p 3055.6 -0.05046 0.048879 -1.03236 0.301902 0.757808 

hsa-miR-223-3p 3163.603 -0.07375 0.071472 -1.03182 0.302157 0.757808 

hsa-miR-1261 4.400924 -0.15132 0.146718 -1.03137 0.302367 0.757808 

hsa-miR-519d-3p 13713.64 -0.04284 0.041982 -1.02057 0.30746 0.768172 

hsa-miR-503-3p 15.08544 0.070684 0.069886 1.01142 0.311816 0.776225 

hsa-let-7b-3p 26.519 0.08546 0.084636 1.009741 0.312619 0.776225 

hsa-miR-377-5p 96.76133 0.044562 0.044477 1.001918 0.316383 0.783146 

hsa-miR-181c-5p 668.2507 -0.04441 0.044461 -0.99882 0.317881 0.784434 

hsa-miR-147b-3p 6.83 -0.1113 0.112007 -0.99365 0.320395 0.78676 
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hsa-miR-3909 53.30611 0.051251 0.051642 0.992418 0.320994 0.78676 

hsa-miR-181a-5p 46015.06 -0.0422 0.042591 -0.99083 0.321767 0.78676 

hsa-miR-17-3p 50.1809 -0.05561 0.056242 -0.98875 0.322785 0.786849 

hsa-miR-126-5p 4568.605 -0.03908 0.039667 -0.98518 0.324537 0.788723 

hsa-miR-548t-3p 10.52147 -0.07717 0.078673 -0.98086 0.326662 0.791489 

hsa-miR-30e-3p 1676.489 -0.0438 0.044797 -0.9777 0.328221 0.79287 

hsa-miR-5585-3p 8.043954 -0.09985 0.103269 -0.96686 0.333614 0.803478 

hsa-miR-1305 4.271224 0.106475 0.11138 0.955966 0.339089 0.814221 

hsa-miR-412-3p 1.873688 -0.25412 0.26674 -0.9527 0.340741 0.815744 

hsa-miR-98-3p 3.69085 0.116264 0.124431 0.934368 0.350114 0.832061 

hsa-miR-23c 49.80695 -0.06006 0.064341 -0.93344 0.350592 0.832061 

hsa-miR-4433b-5p 2.809551 -0.1703 0.182475 -0.93329 0.350669 0.832061 

hsa-miR-10399-3p 7.154323 0.093133 0.100052 0.93085 0.351931 0.832593 

hsa-miR-30d-3p 87.42215 0.0361 0.039039 0.924735 0.355104 0.835525 

hsa-let-7f-2-3p 4.410862 0.111257 0.12035 0.924445 0.355255 0.835525 

hsa-miR-548o-3p 34.6671 -0.04648 0.050622 -0.91828 0.358475 0.838594 

hsa-miR-369-5p 452.4378 -0.0445 0.04848 -0.91794 0.35865 0.838594 

hsa-miR-4661-5p 10.49341 0.086414 0.095218 0.907544 0.364119 0.848905 

hsa-miR-513b-5p 3.605507 -0.12364 0.137396 -0.89989 0.36818 0.855885 

hsa-miR-495-3p 5036.683 -0.03601 0.040171 -0.89634 0.370072 0.857797 

hsa-miR-769-5p 318.228 0.02866 0.032062 0.893898 0.371377 0.85834 

hsa-miR-651-5p 49.47252 -0.04677 0.052664 -0.88807 0.374502 0.863076 

hsa-miR-96-5p 166.4856 -0.06346 0.071718 -0.88486 0.37623 0.863336 

hsa-miR-29b-3p 1697.544 -0.04029 0.045694 -0.88179 0.377893 0.863336 

hsa-miR-10a-3p 22.36735 -0.05015 0.056984 -0.88013 0.378791 0.863336 

hsa-miR-374a-3p 422.4033 -0.05334 0.060696 -0.87873 0.379547 0.863336 

hsa-miR-6803-3p 3.150189 0.106452 0.121476 0.876322 0.380855 0.863336 

hsa-miR-320b 121.5008 0.039609 0.04522 0.87592 0.381074 0.863336 

hsa-miR-432-5p 460.2769 0.042577 0.048786 0.872717 0.382817 0.864843 

hsa-miR-186-5p 4271.478 -0.02931 0.03374 -0.86859 0.385074 0.86679 

hsa-miR-518e-3p 10645.74 0.038946 0.044956 0.866307 0.386322 0.86679 

hsa-miR-193b-5p 49.9313 -0.08239 0.095399 -0.86369 0.38776 0.86679 

hsa-miR-543 1229.676 -0.05009 0.058377 -0.85806 0.390857 0.86679 

hsa-miR-124-3p 4.651666 0.352177 0.411086 0.856698 0.391612 0.86679 

hsa-miR-136-3p 4512.951 -0.03837 0.044891 -0.85479 0.392669 0.86679 

hsa-miR-185-3p 6.951429 0.085581 0.100136 0.854642 0.392749 0.86679 

hsa-miR-545-5p 5.460488 0.093726 0.109799 0.853609 0.393322 0.86679 

hsa-miR-548bc 7.638009 -0.08308 0.097349 -0.85346 0.393406 0.86679 

hsa-let-7e-3p 42.80134 0.048788 0.057906 0.842543 0.399484 0.875432 

hsa-miR-324-3p 56.18687 0.036073 0.042843 0.841976 0.399802 0.875432 

hsa-miR-5701 2.689237 -0.14602 0.173872 -0.83981 0.401016 0.875432 
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hsa-miR-539-5p 67.94015 -0.04354 0.051919 -0.8386 0.401695 0.875432 

hsa-miR-23a-3p 91973.53 0.03139 0.03759 0.835071 0.403678 0.876408 

hsa-miR-582-3p 24.69962 0.065344 0.078486 0.83256 0.405093 0.876408 

hsa-miR-2116-3p 11.14537 -0.07935 0.095375 -0.83198 0.40542 0.876408 

hsa-miR-380-5p 4.174425 0.100061 0.121459 0.823826 0.410038 0.876801 

hsa-miR-4636 3.154912 -0.11296 0.137505 -0.8215 0.411362 0.876801 

hsa-miR-3614-5p 23.86942 0.06081 0.074029 0.821442 0.411394 0.876801 

hsa-miR-3145-3p 11.27016 0.065484 0.079744 0.821181 0.411543 0.876801 

hsa-miR-105-5p 37.60623 0.066129 0.08076 0.81883 0.412884 0.876801 

hsa-miR-4326 8.67425 0.107227 0.131446 0.815751 0.414643 0.876801 

hsa-miR-106b-3p 505.821 -0.03658 0.045034 -0.81229 0.416623 0.876801 

hsa-miR-18a-5p 317.5932 -0.05876 0.072352 -0.81221 0.41667 0.876801 

hsa-miR-518c-3p 17480.12 -0.03381 0.041655 -0.81175 0.416937 0.876801 

hsa-miR-130b-3p 272.1553 -0.06452 0.079731 -0.80928 0.418355 0.876801 

hsa-miR-3927-3p 31.09862 -0.22394 0.276941 -0.8086 0.418743 0.876801 

hsa-miR-3615 39.42479 0.04547 0.056358 0.806799 0.419782 0.876801 

hsa-miR-493-3p 1105.886 0.030977 0.038398 0.806743 0.419815 0.876801 

hsa-miR-652-3p 1405.869 0.030612 0.038377 0.797663 0.425066 0.883426 

hsa-miR-643 2.225216 0.117226 0.147272 0.795982 0.426043 0.883426 

hsa-miR-511-5p 52.78124 0.046161 0.058024 0.795554 0.426292 0.883426 

hsa-miR-3913-5p 8.98797 0.068784 0.087497 0.786121 0.431796 0.886077 

hsa-miR-142-3p 502.9578 -0.05856 0.074835 -0.78249 0.433925 0.886077 

hsa-miR-99b-5p 17787.9 -0.02289 0.02935 -0.77986 0.435475 0.886077 

hsa-miR-522-3p 16658.49 -0.02815 0.036138 -0.77898 0.435994 0.886077 

hsa-miR-375-3p 95.23434 0.128834 0.165437 0.77875 0.436127 0.886077 

hsa-miR-450b-5p 2284.633 -0.03311 0.042543 -0.77837 0.436352 0.886077 

hsa-miR-377-3p 449.9788 -0.03879 0.049838 -0.77827 0.436407 0.886077 

hsa-miR-548ar-5p 1.992904 -0.1254 0.161128 -0.77827 0.436409 0.886077 

hsa-miR-194-5p 1250.485 0.030948 0.039966 0.774349 0.438724 0.886523 

hsa-miR-1269a 77.16744 -0.13073 0.168866 -0.77415 0.43884 0.886523 

hsa-miR-107 900.2024 0.041038 0.053345 0.769302 0.441714 0.887335 

hsa-miR-373-5p 12.12754 0.113003 0.147466 0.766302 0.443497 0.887335 

hsa-miR-7706 15.01262 0.052225 0.068361 0.763962 0.44489 0.887335 

hsa-miR-1284 2.561572 -0.10797 0.141804 -0.76139 0.446425 0.887335 

hsa-miR-92a-3p 10802.19 -0.03719 0.048926 -0.76018 0.447144 0.887335 

hsa-miR-532-3p 104.3968 0.043971 0.057964 0.758593 0.448096 0.887335 

hsa-miR-628-5p 16.16349 0.051955 0.068739 0.755839 0.449746 0.887335 

hsa-miR-520d-5p 1480.471 -0.03462 0.045838 -0.75521 0.450125 0.887335 

hsa-miR-548p 3.627089 -0.0941 0.124624 -0.75507 0.450205 0.887335 

hsa-miR-373-3p 189.657 0.103457 0.137046 0.754905 0.450306 0.887335 

hsa-miR-18a-3p 12.88655 0.066616 0.088727 0.750801 0.452773 0.890009 
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hsa-miR-191-3p 8.445833 -0.06009 0.080585 -0.74569 0.455854 0.893876 

hsa-miR-340-3p 130.8317 -0.03357 0.045583 -0.73646 0.461454 0.900833 

hsa-miR-365b-3p 2539.576 -0.05362 0.073025 -0.73432 0.462754 0.900833 

hsa-miR-365a-3p 2539.479 -0.05362 0.073022 -0.73429 0.462772 0.900833 

hsa-miR-512-3p 14601.54 -0.02652 0.036333 -0.72992 0.465439 0.902406 

hsa-miR-139-3p 11.7335 0.055561 0.076186 0.72928 0.46583 0.902406 

hsa-miR-758-3p 70.68768 0.037349 0.051416 0.726404 0.467591 0.903634 

hsa-miR-760 2.919758 0.09113 0.126467 0.720582 0.471167 0.90808 

hsa-let-7a-3p 212.4329 0.026418 0.036792 0.71803 0.472738 0.90808 

hsa-miR-21-5p 304822.9 0.031787 0.044325 0.717139 0.473289 0.90808 

hsa-miR-7977 24.35761 0.046021 0.064355 0.715101 0.474547 0.908321 

hsa-miR-130b-5p 151.8796 -0.06898 0.097249 -0.70932 0.478124 0.909781 

hsa-miR-500a-3p 428.6766 -0.02232 0.031509 -0.70826 0.478787 0.909781 

hsa-miR-654-5p 66.6071 0.035993 0.050884 0.707358 0.479344 0.909781 

hsa-miR-4443 8.403032 0.076928 0.109164 0.704699 0.480997 0.909781 

hsa-miR-1262 6.409422 0.067876 0.097068 0.699265 0.484387 0.909781 

hsa-miR-520b-3p 351.0479 -0.03716 0.05324 -0.69802 0.485163 0.909781 

hsa-miR-579-3p 8.642051 -0.05747 0.082495 -0.69669 0.485994 0.909781 

hsa-miR-4775 10.49307 0.066868 0.096448 0.693308 0.488116 0.909781 

hsa-miR-1296-5p 161.6141 0.03893 0.056179 0.692969 0.488329 0.909781 

hsa-miR-299-3p 117.6919 -0.03018 0.043711 -0.69033 0.489986 0.909781 

hsa-miR-6852-5p 2.147129 -0.09859 0.142821 -0.69029 0.490015 0.909781 

hsa-miR-3940-3p 10.14313 -0.0732 0.106646 -0.68637 0.492478 0.909781 

hsa-miR-99a-5p 2001.111 0.036258 0.052874 0.685743 0.492875 0.909781 

hsa-miR-2277-3p 3.909043 0.081116 0.118322 0.685548 0.492998 0.909781 

hsa-miR-411-5p 4506.494 -0.03503 0.051502 -0.68012 0.496432 0.909781 

hsa-miR-9-5p 755.0444 -0.0547 0.080537 -0.6792 0.49701 0.909781 

hsa-miR-5683 2.402533 0.171045 0.252269 0.678026 0.497755 0.909781 

hsa-miR-1185-1-3p 105.0692 0.04255 0.062887 0.676607 0.498655 0.909781 

hsa-miR-379-5p 4872.909 -0.03999 0.059107 -0.67657 0.49868 0.909781 

hsa-miR-19b-1-5p 3.373349 0.083436 0.123713 0.674431 0.500038 0.909781 

hsa-miR-1260a 1061.283 0.046124 0.068398 0.674343 0.500093 0.909781 

hsa-miR-1260b 1087.855 0.046437 0.068903 0.673944 0.500347 0.909781 

hsa-miR-487a-3p 502.4875 0.03099 0.046111 0.672082 0.501531 0.909781 

hsa-miR-29b-1-5p 13.01962 -0.06428 0.095869 -0.67051 0.502535 0.909781 

hsa-miR-1247-3p 9.535393 0.066515 0.099916 0.665711 0.505596 0.912727 

hsa-miR-340-5p 1170.985 0.026386 0.039715 0.664394 0.506438 0.912727 

hsa-miR-518a-5p 833.1183 -0.02796 0.042386 -0.65961 0.509505 0.914171 

hsa-miR-526b-3p 630.1067 -0.03477 0.052842 -0.65801 0.510533 0.914171 

hsa-miR-423-5p 762.936 -0.03465 0.052671 -0.65781 0.510659 0.914171 

hsa-miR-570-3p 5.447506 0.076046 0.115991 0.655619 0.512069 0.914654 
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hsa-miR-133b 7.176833 0.072664 0.11156 0.65134 0.514827 0.915563 

hsa-miR-146a-5p 1194.052 -0.05471 0.084006 -0.65129 0.514862 0.915563 

hsa-miR-190b-5p 17.43429 0.049865 0.077411 0.644158 0.519473 0.918285 

hsa-miR-6501-3p 4.827733 0.07621 0.118327 0.644066 0.519533 0.918285 

hsa-miR-524-3p 812.6589 -0.02853 0.044326 -0.64361 0.519827 0.918285 

hsa-miR-4791 3.169551 -0.07765 0.121044 -0.64149 0.521206 0.918698 

hsa-miR-494-3p 669.5241 -0.02843 0.044541 -0.63833 0.523256 0.920289 

hsa-miR-624-5p 24.83856 0.035469 0.056006 0.633315 0.526528 0.922287 

hsa-miR-338-5p 15.29842 -0.04608 0.073099 -0.63033 0.528479 0.922287 

hsa-miR-143-3p 673274.9 -0.03616 0.057525 -0.62852 0.529663 0.922287 

hsa-miR-339-5p 523.7193 0.022726 0.036252 0.626899 0.530725 0.922287 

hsa-miR-320c 49.07258 0.034416 0.05493 0.626547 0.530956 0.922287 

hsa-miR-3925-3p 3.25361 -0.0787 0.125711 -0.62603 0.531293 0.922287 

hsa-let-7g-5p 8489.287 -0.03768 0.060675 -0.62104 0.534576 0.925983 

hsa-miR-549a-3p 2.075047 0.112221 0.183157 0.612707 0.54007 0.93096 

hsa-miR-378c 110.8351 0.029253 0.047947 0.610104 0.541793 0.93096 

hsa-miR-498-3p 274.606 0.023636 0.038765 0.609737 0.542036 0.93096 

hsa-miR-17-5p 1516.911 0.025592 0.04207 0.608318 0.542976 0.93096 

hsa-miR-1228-3p 3.836187 0.080777 0.132879 0.6079 0.543254 0.93096 

hsa-miR-454-3p 499.0709 0.019134 0.031636 0.604807 0.545307 0.932487 

hsa-miR-200b-3p 243.5119 -0.0315 0.052552 -0.59941 0.548898 0.934699 

hsa-miR-653-5p 88.98335 0.047226 0.07898 0.597957 0.549869 0.934699 

hsa-miR-30a-3p 4410.179 -0.02445 0.040973 -0.59674 0.550683 0.934699 

hsa-miR-7-1-3p 26.374 0.033579 0.056841 0.590757 0.554683 0.934699 

hsa-miR-30b-5p 46668.01 0.02385 0.040387 0.590541 0.554828 0.934699 

hsa-miR-134-3p 3.945814 0.070132 0.119183 0.588435 0.556241 0.934699 

hsa-miR-337-5p 217.1913 0.038417 0.065435 0.587094 0.557141 0.934699 

hsa-miR-378d 16.32492 -0.04072 0.069516 -0.58578 0.558024 0.934699 

hsa-miR-30c-5p 18473.72 0.018036 0.03085 0.584629 0.558797 0.934699 

hsa-miR-34b-3p 36.07814 -0.0526 0.090248 -0.58278 0.560039 0.934699 

hsa-miR-137-3p 64.88111 -0.09392 0.161185 -0.5827 0.560095 0.934699 

hsa-miR-664b-3p 36.5223 0.037792 0.064938 0.581971 0.560586 0.934699 

hsa-miR-758-5p 4.197026 0.062016 0.10689 0.58018 0.561793 0.934768 

hsa-miR-10b-3p 14.2658 0.074519 0.130117 0.572713 0.566839 0.938584 

hsa-miR-30c-1-3p 15.71138 -0.03565 0.062395 -0.57143 0.567711 0.938584 

hsa-miR-101-5p 10.93981 -0.04367 0.076479 -0.57104 0.567975 0.938584 

hsa-miR-433-3p 326.8594 0.028512 0.050293 0.566914 0.570773 0.938584 

hsa-miR-217-5p 21.68994 -0.14002 0.250335 -0.55933 0.57594 0.938584 

hsa-miR-92a-1-5p 7.550347 -0.05214 0.093262 -0.5591 0.576091 0.938584 

hsa-miR-1307-5p 37.48751 0.031738 0.056905 0.557733 0.577027 0.938584 

hsa-miR-376b-5p 184.1085 -0.02923 0.052505 -0.55667 0.577754 0.938584 
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hsa-miR-22-5p 769.2147 -0.02088 0.037664 -0.55432 0.579358 0.938584 

hsa-miR-193b-3p 4325.737 -0.05294 0.095856 -0.55231 0.580734 0.938584 

hsa-miR-7705 11.61044 -0.03867 0.070301 -0.55011 0.582247 0.938584 

hsa-miR-520g-5p 408.9752 -0.03737 0.068127 -0.54847 0.583369 0.938584 

hsa-miR-181c-3p 26.51562 -0.02966 0.054259 -0.54663 0.584631 0.938584 

hsa-miR-495-5p 13.34781 0.03488 0.063898 0.545867 0.585157 0.938584 

hsa-miR-5699-5p 2.475198 0.078642 0.14415 0.545556 0.585371 0.938584 

hsa-miR-221-3p 14139.64 0.016469 0.030306 0.543441 0.586826 0.938584 

hsa-miR-449a 5.483316 0.053276 0.098434 0.541237 0.588344 0.938584 

hsa-miR-485-3p 220.8984 0.023593 0.043621 0.540859 0.588605 0.938584 

hsa-miR-655-3p 785.0246 -0.02253 0.041721 -0.53993 0.589244 0.938584 

hsa-miR-548b-5p 7.442943 -0.05204 0.096493 -0.53934 0.589654 0.938584 

hsa-miR-6513-5p 7.900697 -0.0473 0.088123 -0.53675 0.591443 0.938584 

hsa-miR-24-2-5p 1865.048 -0.02049 0.038458 -0.53271 0.594237 0.938584 

hsa-miR-1843 24.05033 -0.03356 0.063171 -0.53119 0.595287 0.938584 

hsa-miR-628-3p 9.870472 -0.04278 0.080754 -0.52979 0.596259 0.938584 

hsa-miR-542-5p 71.26075 -0.02314 0.043814 -0.52818 0.597377 0.938584 

hsa-miR-1249-3p 14.60658 0.044854 0.084954 0.52798 0.597513 0.938584 

hsa-miR-660-3p 19.20918 0.03233 0.06183 0.522886 0.601054 0.938584 

hsa-miR-490-3p 8.428889 -0.06822 0.130521 -0.52264 0.601228 0.938584 

hsa-miR-221-5p 497.3824 -0.01888 0.036156 -0.52211 0.601592 0.938584 

hsa-miR-32-3p 40.66883 0.025095 0.048111 0.521611 0.601941 0.938584 

hsa-miR-224-3p 563.2488 0.026985 0.051737 0.521587 0.601958 0.938584 

hsa-miR-34b-5p 28.78903 -0.05159 0.098916 -0.52151 0.602013 0.938584 

hsa-miR-122-5p 2.120205 0.098846 0.190153 0.519824 0.603186 0.938584 

hsa-miR-19a-3p 116.0444 -0.03478 0.067201 -0.51762 0.604724 0.938584 

hsa-miR-181b-5p 2727.571 0.014645 0.028319 0.517156 0.605047 0.938584 

hsa-miR-376c-5p 188.3802 -0.02675 0.052275 -0.51165 0.608893 0.938952 

hsa-miR-372-5p 9.335684 0.085206 0.166565 0.511552 0.608965 0.938952 

hsa-miR-527 619.2556 -0.02191 0.043 -0.50959 0.610341 0.938952 

hsa-miR-335-3p 4477.964 0.027934 0.054901 0.508805 0.610889 0.938952 

hsa-miR-34c-3p 33.65988 -0.04617 0.090801 -0.50845 0.611139 0.938952 

hsa-let-7f-1-3p 3.148545 0.07393 0.147032 0.502812 0.615096 0.938973 

hsa-miR-519e-5p 545.875 0.024735 0.049306 0.50166 0.615907 0.938973 

hsa-let-7i-3p 66.75749 0.050562 0.101035 0.500435 0.616769 0.938973 

hsa-miR-33a-5p 3.203024 -0.06657 0.133064 -0.50031 0.616858 0.938973 

hsa-miR-136-5p 480.5529 -0.02566 0.051317 -0.49997 0.617093 0.938973 

hsa-miR-500a-5p 169.1296 0.020943 0.042028 0.498304 0.61827 0.938973 

hsa-miR-130a-5p 10.94018 0.03762 0.075728 0.496775 0.619348 0.938973 

hsa-miR-1343-3p 2.940839 0.07064 0.14428 0.4896 0.624417 0.944567 

hsa-miR-7976 12.15551 -0.0428 0.087696 -0.48804 0.625522 0.944567 
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hsa-miR-20b-3p 2.279285 -0.07205 0.148075 -0.48656 0.626571 0.944567 

hsa-miR-2115-3p 7.102369 -0.0517 0.106733 -0.48436 0.62813 0.94514 

hsa-miR-372-3p 1166.133 -0.0755 0.156624 -0.48207 0.62976 0.945819 

hsa-miR-6724-5p 7.84536 0.042082 0.088066 0.477841 0.632763 0.945971 

hsa-miR-222-5p 6.597139 0.04578 0.09616 0.476084 0.634015 0.945971 

hsa-miR-4742-5p 2.306332 -0.06933 0.14643 -0.47344 0.635898 0.945971 

hsa-miR-1248 2.561589 0.065783 0.139041 0.473119 0.636129 0.945971 

hsa-miR-34c-5p 363.8841 -0.03693 0.078642 -0.46962 0.638623 0.945971 

hsa-miR-134-5p 136.8442 0.02094 0.044605 0.469458 0.638742 0.945971 

hsa-miR-374b-5p 1058.276 -0.02318 0.049678 -0.46655 0.640821 0.945971 

hsa-miR-323b-3p 39.24783 0.03803 0.081789 0.464983 0.641944 0.945971 

hsa-miR-192-3p 2.923859 0.06062 0.130383 0.464938 0.641976 0.945971 

hsa-miR-3690 8.090693 0.060851 0.1311 0.464155 0.642537 0.945971 

hsa-miR-519a-2-5p 1942.127 0.016379 0.035907 0.456167 0.64827 0.945971 

hsa-miR-520b-5p 1941.918 0.016372 0.035905 0.455975 0.648408 0.945971 

hsa-miR-548ab 3.695777 0.062486 0.137376 0.45485 0.649217 0.945971 

hsa-miR-2115-5p 12.76894 -0.04297 0.094531 -0.45453 0.649446 0.945971 

hsa-miR-154-3p 592.9171 -0.02089 0.046162 -0.45246 0.650941 0.945971 

hsa-miR-466 6.382772 0.044886 0.099933 0.449164 0.653313 0.945971 

hsa-miR-382-3p 712.2138 -0.02162 0.0484 -0.44661 0.655155 0.945971 

hsa-miR-876-3p 3.767295 -0.06908 0.154895 -0.44597 0.655617 0.945971 

hsa-miR-362-3p 120.2631 0.018434 0.041359 0.445691 0.655821 0.945971 

hsa-miR-151a-3p 2770.355 -0.0168 0.037707 -0.44554 0.655932 0.945971 

hsa-miR-301a-5p 17.31409 0.027096 0.060822 0.445492 0.655964 0.945971 

hsa-miR-1283 6234.77 -0.02408 0.054364 -0.44296 0.657796 0.945971 

hsa-miR-28-3p 933.6904 0.017831 0.040431 0.441029 0.659192 0.945971 

hsa-miR-106a-5p 167.4338 0.027929 0.063536 0.439578 0.660243 0.945971 

hsa-miR-409-3p 1189.053 0.01745 0.039808 0.438357 0.661128 0.945971 

hsa-miR-210-5p 4.203658 -0.0584 0.13347 -0.43757 0.661697 0.945971 

hsa-miR-199a-5p 10397.65 0.016632 0.038011 0.437556 0.661708 0.945971 

hsa-miR-185-5p 1099.608 -0.02606 0.060044 -0.43403 0.664267 0.947595 

hsa-miR-215-5p 21.56611 0.026883 0.062593 0.429487 0.667569 0.947595 

hsa-miR-6507-5p 4.259324 0.056671 0.132247 0.428526 0.668269 0.947595 

hsa-miR-16-5p 17969.26 -0.02618 0.061459 -0.42593 0.670157 0.947595 

hsa-miR-361-5p 1604.772 -0.01467 0.03444 -0.42582 0.670236 0.947595 

hsa-miR-210-3p 126.009 -0.03361 0.079101 -0.42487 0.67093 0.947595 

hsa-miR-664a-3p 373.1305 -0.0213 0.050303 -0.42344 0.671976 0.947595 

hsa-miR-380-3p 87.6724 -0.0252 0.059572 -0.423 0.672296 0.947595 

hsa-miR-139-5p 919.6493 0.022777 0.05415 0.420631 0.674025 0.947783 

hsa-miR-148a-5p 36.22448 0.02813 0.067159 0.418861 0.675318 0.947783 

hsa-miR-130a-3p 1309.713 0.012411 0.029695 0.417962 0.675975 0.947783 
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hsa-miR-20a-5p 1847.959 -0.0182 0.043726 -0.41616 0.677296 0.947978 

hsa-miR-374c-5p 17.99283 0.031165 0.075785 0.411225 0.680908 0.949506 

hsa-miR-192-5p 919.1742 0.014399 0.035364 0.407158 0.683892 0.949506 

hsa-miR-6513-3p 7.939459 -0.03412 0.084219 -0.40512 0.685393 0.949506 

hsa-miR-598-3p 11.61514 -0.04005 0.09948 -0.40258 0.687259 0.949506 

hsa-miR-4999-5p 6.510432 0.037378 0.092852 0.40255 0.687279 0.949506 

hsa-miR-523-3p 4549.15 -0.02284 0.056968 -0.40086 0.688524 0.949506 

hsa-miR-6715b-3p 6.919099 0.058811 0.146985 0.400115 0.689072 0.949506 

hsa-miR-515-5p 14793.76 -0.01906 0.04768 -0.39984 0.689271 0.949506 

hsa-miR-506-3p 4.030214 -0.04611 0.115611 -0.39882 0.690029 0.949506 

hsa-miR-548z 14.22924 -0.02963 0.07486 -0.39577 0.692278 0.949506 

hsa-miR-502-3p 462.3845 -0.01342 0.033934 -0.39535 0.692586 0.949506 

hsa-miR-520f-3p 1734.064 0.030159 0.076333 0.395093 0.692774 0.949506 

hsa-miR-125a-3p 88.23969 0.014859 0.037868 0.392384 0.694774 0.949506 

hsa-miR-4662b 2.49423 0.055195 0.140972 0.39153 0.695406 0.949506 

hsa-miR-618 15.99228 -0.04271 0.109368 -0.39053 0.696146 0.949506 

hsa-miR-4708-3p 4.602669 0.042143 0.109003 0.386623 0.699035 0.949525 

hsa-miR-190a-5p 46.59521 0.031937 0.083874 0.380779 0.703367 0.949525 

hsa-miR-6501-5p 18.5931 -0.03198 0.084604 -0.37801 0.705425 0.949525 

hsa-miR-548h-3p 14.14257 -0.0282 0.075064 -0.37567 0.707159 0.949525 

hsa-miR-133a-3p 303.7453 -0.02753 0.073375 -0.37515 0.707548 0.949525 

hsa-miR-629-3p 10.66532 -0.03368 0.089936 -0.37443 0.708083 0.949525 

hsa-miR-9903 11.75749 0.031614 0.084566 0.37384 0.708524 0.949525 

hsa-miR-3143 2.982466 -0.05545 0.14834 -0.3738 0.708552 0.949525 

hsa-miR-150-5p 143.2536 -0.03478 0.093254 -0.373 0.709151 0.949525 

hsa-miR-378g 2.029242 -0.05447 0.147455 -0.3694 0.711828 0.949525 

hsa-miR-550a-5p 8.379241 0.034828 0.094804 0.367364 0.713347 0.949525 

hsa-miR-3688-3p 13.15908 -0.02554 0.070153 -0.36409 0.71579 0.949525 

hsa-miR-548e-5p 3.060684 0.048705 0.1339 0.36374 0.716053 0.949525 

hsa-miR-451a 53082.9 -0.04336 0.11937 -0.36323 0.716431 0.949525 

hsa-miR-374a-5p 4475.846 -0.02397 0.066263 -0.3618 0.717499 0.949525 

hsa-miR-619-5p 11.42556 -0.02788 0.077146 -0.36143 0.71778 0.949525 

hsa-miR-410-5p 2.109937 0.071172 0.19711 0.361077 0.718042 0.949525 

hsa-miR-98-5p 557.043 0.024535 0.068223 0.35963 0.719124 0.949525 

hsa-miR-514a-3p 50.97566 -0.0271 0.075768 -0.35772 0.720555 0.949525 

hsa-miR-4742-3p 3.685261 0.039582 0.112066 0.353202 0.723937 0.949525 

hsa-miR-4662a-3p 4.174001 0.038447 0.109136 0.352281 0.724627 0.949525 

hsa-miR-25-3p 2730.289 0.023741 0.067548 0.351476 0.725231 0.949525 

hsa-miR-509-3-5p 7.336196 0.040321 0.115579 0.348858 0.727196 0.949525 

hsa-miR-4645-3p 2.439226 0.047859 0.137407 0.348303 0.727612 0.949525 

hsa-miR-1285-3p 10.48195 -0.02618 0.07553 -0.34668 0.728834 0.949525 
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hsa-miR-323a-5p 1.993946 0.05427 0.156962 0.345753 0.729528 0.949525 

hsa-miR-29a-5p 42.09154 0.020331 0.058972 0.344752 0.730281 0.949525 

hsa-miR-625-5p 96.91345 -0.0176 0.051426 -0.34227 0.73215 0.949525 

hsa-miR-362-5p 782.3239 -0.01199 0.035036 -0.34212 0.732264 0.949525 

hsa-miR-556-3p 2.537778 -0.04604 0.134775 -0.34161 0.732642 0.949525 

hsa-miR-193a-5p 122.8965 -0.03579 0.107811 -0.33195 0.739927 0.949525 

hsa-miR-183-5p 530.4139 -0.02072 0.06345 -0.32658 0.743987 0.949525 

hsa-miR-487b-3p 6108.724 -0.0142 0.043565 -0.32601 0.744419 0.949525 

hsa-miR-135b-5p 5108.473 -0.02958 0.090867 -0.32554 0.744771 0.949525 

hsa-miR-223-5p 25.36433 0.027336 0.084235 0.324523 0.745542 0.949525 

hsa-miR-1275 5.993009 -0.0343 0.105903 -0.32386 0.746044 0.949525 

hsa-miR-152-5p 3.360409 0.037597 0.117067 0.321159 0.74809 0.949525 

hsa-miR-140-5p 1156.786 -0.01435 0.045008 -0.31892 0.749787 0.949525 

hsa-miR-31-3p 4.354323 0.039088 0.122662 0.318667 0.749979 0.949525 

hsa-miR-16-1-3p 3.478399 0.037611 0.118257 0.318043 0.750452 0.949525 

hsa-miR-668-3p 39.28129 0.018142 0.057057 0.317959 0.750516 0.949525 

hsa-miR-548ai 5.584643 -0.03491 0.110447 -0.3161 0.751928 0.949525 

hsa-miR-570-5p 5.584643 -0.03491 0.110447 -0.3161 0.751928 0.949525 

hsa-miR-627-5p 8.00061 -0.03058 0.096781 -0.316 0.752002 0.949525 

hsa-miR-2277-5p 4.179399 -0.03558 0.113902 -0.31239 0.754742 0.949525 

hsa-miR-548av-3p 2.144904 -0.04616 0.148075 -0.31171 0.755261 0.949525 

hsa-miR-520d-3p 2764.516 0.010335 0.033432 0.309126 0.757225 0.949525 

hsa-miR-514a-5p 6.386873 -0.03242 0.105004 -0.30872 0.757536 0.949525 

hsa-miR-330-5p 79.87611 0.017408 0.056466 0.308295 0.757858 0.949525 

hsa-miR-376b-3p 139.0142 -0.0158 0.051511 -0.30676 0.759029 0.949525 

hsa-miR-19b-3p 1183.639 0.016142 0.052968 0.304755 0.760553 0.949525 

hsa-miR-205-3p 3.323409 0.035774 0.11827 0.302474 0.76229 0.949525 

hsa-miR-4652-5p 2.116966 0.046794 0.154819 0.30225 0.762462 0.949525 

hsa-miR-6516-3p 3.456058 0.036928 0.122593 0.30122 0.763247 0.949525 

hsa-miR-767-5p 84.21007 -0.02193 0.072918 -0.30078 0.763582 0.949525 

hsa-miR-138-1-3p 8.448953 -0.04118 0.137107 -0.30036 0.763904 0.949525 

hsa-miR-520c-3p 1127.869 0.013306 0.044333 0.30014 0.76407 0.949525 

hsa-miR-6503-3p 4.504725 0.037056 0.123874 0.299145 0.76483 0.949525 

hsa-miR-520e-5p 123.0014 -0.01323 0.045544 -0.29048 0.77145 0.955194 

hsa-miR-15b-5p 2756.851 -0.02079 0.071679 -0.29005 0.771778 0.955194 

hsa-miR-486-3p 9.62567 0.038507 0.136698 0.281694 0.778178 0.959576 

hsa-miR-1185-2-3p 25.40741 0.019614 0.070234 0.279261 0.780045 0.959576 

hsa-miR-4781-3p 4.563414 -0.03158 0.114699 -0.27536 0.78304 0.959576 

hsa-miR-616-3p 2.322035 0.039027 0.142389 0.274085 0.78402 0.959576 

hsa-miR-9898 6.605104 0.02506 0.092012 0.272355 0.785349 0.959576 

hsa-miR-410-3p 1343.177 -0.01538 0.056552 -0.27202 0.785608 0.959576 
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hsa-miR-548am-3p 2.202856 -0.03999 0.148211 -0.26981 0.787309 0.959576 

hsa-miR-10399-5p 11.5543 -0.02313 0.085877 -0.26934 0.787671 0.959576 

hsa-miR-106b-5p 2747.401 -0.0123 0.046714 -0.26327 0.792344 0.959576 

hsa-miR-1303 15.37552 -0.01744 0.066326 -0.26296 0.792578 0.959576 

hsa-miR-3158-3p 10.64607 0.024161 0.092206 0.262029 0.793299 0.959576 

hsa-miR-1306-3p 4.866026 0.025958 0.100122 0.259265 0.795431 0.959576 

hsa-miR-889-5p 2.690043 -0.03821 0.147614 -0.25882 0.795773 0.959576 

hsa-miR-3188 2.300542 -0.04879 0.189955 -0.25686 0.797284 0.959576 

hsa-miR-133a-5p 6.925501 0.029705 0.115682 0.25678 0.797348 0.959576 

hsa-miR-455-5p 430.564 -0.01527 0.060483 -0.25255 0.800618 0.959576 

hsa-miR-548aj-5p 2.623956 -0.03719 0.148825 -0.2499 0.802667 0.959576 

hsa-miR-26b-3p 39.87426 0.012403 0.049676 0.249676 0.802838 0.959576 

hsa-miR-548h-5p 10.146 -0.02141 0.085952 -0.24911 0.803276 0.959576 

hsa-miR-934 886.5642 0.014154 0.056876 0.248857 0.803472 0.959576 

hsa-miR-199b-3p 22108.09 0.01134 0.045719 0.248044 0.8041 0.959576 

hsa-miR-199a-3p 22255 0.011292 0.045672 0.247229 0.804731 0.959576 

hsa-miR-509-5p 3.551476 -0.03334 0.134951 -0.24706 0.804864 0.959576 

hsa-miR-3664-5p 2.956474 -0.03329 0.135198 -0.24622 0.805514 0.959576 

hsa-miR-550a-3-5p 8.141542 0.02294 0.095156 0.241075 0.809497 0.959576 

hsa-miR-6866-5p 2.033258 -0.03517 0.14619 -0.24061 0.809859 0.959576 

hsa-miR-329-3p 467.2978 -0.01089 0.045588 -0.23883 0.811234 0.959576 

hsa-miR-18b-5p 6.996903 -0.02703 0.113262 -0.23868 0.811356 0.959576 

hsa-miR-214-5p 130.8432 -0.01053 0.044468 -0.23669 0.812898 0.959576 

hsa-miR-371a-3p 57.38343 0.036174 0.153427 0.235774 0.813608 0.959576 

hsa-miR-548au-5p 29.55792 0.012527 0.053394 0.234621 0.814503 0.959576 

hsa-miR-5699-3p 2.615482 0.036492 0.155771 0.234266 0.814778 0.959576 

hsa-miR-490-5p 3.3536 0.039263 0.167714 0.234107 0.814902 0.959576 

hsa-miR-7704 1.937242 0.035412 0.152982 0.231477 0.816944 0.959576 

hsa-miR-1278 7.405562 0.019962 0.086358 0.231154 0.817195 0.959576 

hsa-miR-491-5p 12.04447 -0.01672 0.073562 -0.22727 0.820215 0.960696 

hsa-miR-491-3p 2.268383 -0.03394 0.149598 -0.22684 0.820545 0.960696 

hsa-miR-196a-5p 100.342 -0.02198 0.101976 -0.21555 0.829338 0.968261 

hsa-miR-202-5p 31.43912 0.017291 0.080258 0.215445 0.82942 0.968261 

hsa-miR-378i 32.08414 -0.01408 0.067398 -0.20894 0.834493 0.972484 

hsa-miR-452-5p 2081.649 0.007659 0.036875 0.2077 0.835463 0.972484 

hsa-miR-199b-5p 2808.335 -0.00974 0.048023 -0.20288 0.839225 0.975447 

hsa-miR-664a-5p 26.75441 -0.01011 0.050501 -0.20022 0.841311 0.976456 

hsa-miR-182-5p 904.7325 -0.0143 0.073286 -0.1951 0.845311 0.977692 

hsa-miR-211-5p 12.12418 -0.01791 0.092467 -0.19368 0.846427 0.977692 

hsa-miR-3064-5p 2.549701 0.027644 0.14283 0.193544 0.846533 0.977692 

hsa-miR-656-5p 2.383976 0.026256 0.139812 0.187791 0.85104 0.977692 
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hsa-miR-521 3199.561 0.009513 0.050724 0.187543 0.851235 0.977692 

hsa-miR-518a-3p 9544.536 0.006627 0.035695 0.185645 0.852723 0.977692 

hsa-miR-548at-5p 3.416824 -0.02338 0.126133 -0.18535 0.852952 0.977692 

hsa-miR-493-5p 3716.12 -0.00834 0.045257 -0.18438 0.853713 0.977692 

hsa-miR-486-5p 3383.282 -0.02123 0.115749 -0.18344 0.854455 0.977692 

hsa-miR-659-5p 4.458505 0.018748 0.102579 0.182772 0.854977 0.977692 

hsa-miR-548l 16.77471 0.011559 0.063635 0.181645 0.855861 0.977692 

hsa-miR-421 109.1079 0.00741 0.041857 0.177033 0.859482 0.977692 

hsa-miR-518b 26422.14 0.009231 0.052487 0.175868 0.860398 0.977692 

hsa-miR-548am-5p 27.04399 0.009077 0.053635 0.169229 0.865616 0.977692 

hsa-miR-512-5p 5593.813 -0.00861 0.051104 -0.16845 0.86623 0.977692 

hsa-miR-193a-3p 21.54136 0.018512 0.110023 0.168255 0.866383 0.977692 

hsa-miR-3145-5p 5.291769 0.017395 0.105247 0.165282 0.868722 0.977692 

hsa-miR-500b-5p 127.2513 0.007107 0.043745 0.162476 0.870931 0.977692 

hsa-miR-3157-5p 2.550626 0.022833 0.141171 0.161742 0.871509 0.977692 

hsa-miR-15b-3p 58.4272 -0.01512 0.093493 -0.16169 0.871548 0.977692 

hsa-miR-379-3p 186.884 0.007721 0.047915 0.161129 0.871992 0.977692 

hsa-miR-2110 25.90483 -0.00964 0.059991 -0.16075 0.872291 0.977692 

hsa-let-7f-5p 12857.78 -0.01078 0.067657 -0.15933 0.873412 0.977692 

hsa-miR-508-3p 23.72097 -0.01248 0.078445 -0.15914 0.873555 0.977692 

hsa-miR-99a-3p 5.620498 -0.01726 0.108959 -0.15845 0.874106 0.977692 

hsa-miR-501-3p 112.9206 -0.00648 0.041174 -0.1573 0.875011 0.977692 

hsa-miR-516a-3p 6.936361 -0.01712 0.109781 -0.15598 0.876052 0.977692 

hsa-miR-548g-5p 3.635126 -0.01952 0.125733 -0.15526 0.876618 0.977692 

hsa-miR-370-5p 20.38799 -0.00916 0.059544 -0.15385 0.877728 0.977692 

hsa-miR-2355-3p 8.771468 0.013363 0.089824 0.148766 0.881738 0.980757 

hsa-miR-3617-5p 5.175281 0.023017 0.156363 0.147202 0.882972 0.980757 

hsa-miR-520f-5p 75.54259 -0.00953 0.066736 -0.14274 0.886497 0.980757 

hsa-miR-4684-3p 2.474515 -0.02415 0.171559 -0.14075 0.888069 0.980757 

hsa-miR-3614-3p 126.9674 -0.00783 0.056028 -0.13979 0.888825 0.980757 

hsa-miR-411-3p 370.0629 0.006164 0.045443 0.135637 0.892108 0.980757 

hsa-miR-548ah-3p 3.576345 -0.01753 0.129701 -0.13513 0.892508 0.980757 

hsa-miR-4639-5p 2.870255 -0.01726 0.127896 -0.13493 0.892668 0.980757 

hsa-miR-15a-5p 1434.018 -0.00861 0.064741 -0.13302 0.894175 0.980757 

hsa-miR-548b-3p 4.967972 0.01537 0.116572 0.131848 0.895104 0.980757 

hsa-miR-205-5p 5230.317 0.005771 0.044402 0.129968 0.896592 0.980757 

hsa-miR-653-3p 67.57911 0.009283 0.071717 0.129435 0.897014 0.980757 

hsa-miR-1292-5p 2.338021 0.017816 0.13807 0.129034 0.897331 0.980757 

hsa-miR-30c-2-3p 170.7443 0.004157 0.032569 0.127642 0.898432 0.980757 

hsa-miR-409-5p 189.2183 0.006198 0.048748 0.127148 0.898824 0.980757 

hsa-miR-489-3p 42.92588 -0.00954 0.078124 -0.1221 0.902819 0.98186 
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hsa-miR-148a-3p 6797.571 0.007944 0.06699 0.118584 0.905605 0.98186 

hsa-miR-502-5p 38.91699 0.006031 0.051428 0.117278 0.906639 0.98186 

hsa-miR-942-5p 16.21716 -0.0091 0.0781 -0.11648 0.907268 0.98186 

hsa-miR-429 10.06831 -0.02067 0.178334 -0.11592 0.90772 0.98186 

hsa-miR-195-3p 41.35361 -0.00556 0.048151 -0.11544 0.908098 0.98186 

hsa-miR-361-3p 730.1179 0.004374 0.038638 0.113194 0.909877 0.98186 

hsa-miR-103a-3p 22378.16 0.003276 0.029339 0.111646 0.911104 0.98186 

hsa-miR-548x-5p 2.656564 0.017115 0.157949 0.10836 0.91371 0.98186 

hsa-miR-216a-5p 8.348759 0.028406 0.263331 0.107873 0.914097 0.98186 

hsa-miR-516b-3p 6.967034 -0.01179 0.109478 -0.10767 0.914254 0.98186 

hsa-miR-431-3p 18.22142 0.006848 0.065917 0.103893 0.917254 0.98186 

hsa-miR-200c-5p 17.24614 0.00671 0.06617 0.101413 0.919223 0.98186 

hsa-let-7a-5p 36901.54 -0.00422 0.042414 -0.09947 0.920766 0.98186 

hsa-miR-371a-5p 316.9375 0.01534 0.158982 0.096488 0.923133 0.98186 

hsa-miR-654-3p 1179.75 -0.00343 0.036267 -0.0945 0.92471 0.98186 

hsa-miR-145-3p 1651.243 -0.00433 0.045898 -0.09425 0.924908 0.98186 

hsa-miR-3173-5p 2.283093 -0.01284 0.140746 -0.09124 0.9273 0.98186 

hsa-miR-513c-5p 1.991972 0.015455 0.174112 0.088764 0.929269 0.98186 

hsa-miR-585-3p 11.84036 -0.01127 0.128946 -0.08744 0.930322 0.98186 

hsa-miR-301b-3p 11.14423 0.00895 0.102813 0.087049 0.930633 0.98186 

hsa-miR-376a-5p 187.5959 0.004339 0.051876 0.083637 0.933345 0.98186 

hsa-miR-551b-5p 4.381347 -0.00938 0.113074 -0.08295 0.933891 0.98186 

hsa-miR-627-3p 4.06089 0.008901 0.109248 0.081475 0.935064 0.98186 

hsa-miR-331-5p 66.91812 -0.00311 0.038934 -0.07978 0.936416 0.98186 

hsa-miR-26a-1-3p 5.863052 -0.00718 0.090668 -0.07923 0.936847 0.98186 

hsa-miR-483-3p 2729.994 0.004534 0.058895 0.07698 0.93864 0.98186 

hsa-miR-200c-3p 28779.39 -0.00288 0.037542 -0.07675 0.938824 0.98186 

hsa-miR-200a-3p 66.31566 -0.00734 0.096595 -0.07599 0.939428 0.98186 

hsa-miR-128-3p 341.3977 -0.00211 0.028019 -0.07546 0.93985 0.98186 

hsa-miR-744-3p 7.72498 -0.0067 0.090503 -0.07398 0.941026 0.98186 

hsa-miR-301a-3p 88.45716 0.004554 0.061894 0.073584 0.941341 0.98186 

hsa-miR-525-3p 1611.713 -0.00316 0.044427 -0.07118 0.943254 0.98186 

hsa-miR-488-3p 5.594255 0.009317 0.13251 0.070309 0.943947 0.98186 

hsa-miR-363-3p 695.1267 0.004548 0.065357 0.069586 0.944523 0.98186 

hsa-miR-138-5p 139.9617 -0.00943 0.135773 -0.06943 0.94465 0.98186 

hsa-miR-1185-5p 34.65538 -0.00451 0.065779 -0.06856 0.945339 0.98186 

hsa-let-7i-5p 4220.332 -0.00562 0.08359 -0.06728 0.946356 0.98186 

hsa-miR-660-5p 1535.488 -0.00218 0.034552 -0.06313 0.949661 0.982865 

hsa-miR-425-5p 2607.208 0.002198 0.03489 0.062988 0.949776 0.982865 

hsa-miR-624-3p 9.587269 -0.00505 0.084527 -0.0597 0.952396 0.984306 

hsa-miR-296-5p 18.489 0.004309 0.07578 0.056857 0.954659 0.985375 
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hsa-miR-454-5p 7.95253 -0.00418 0.078764 -0.05305 0.95769 0.987233 

hsa-miR-142-5p 941.0712 -0.00407 0.08456 -0.04816 0.961585 0.988742 

hsa-miR-615-3p 90.98589 0.002445 0.052271 0.046776 0.962692 0.988742 

hsa-miR-3139 2.664253 -0.00613 0.13636 -0.04498 0.964124 0.988742 

hsa-miR-9-3p 156.501 0.003641 0.081864 0.044475 0.964526 0.988742 

hsa-miR-452-3p 5.873478 0.004091 0.102328 0.039983 0.968107 0.988742 

hsa-miR-3605-3p 7.327 -0.00349 0.088344 -0.03948 0.968509 0.988742 

hsa-miR-3611 2.068043 -0.00692 0.177026 -0.03909 0.968818 0.988742 

hsa-miR-188-3p 3.960913 0.004425 0.113929 0.038841 0.969017 0.988742 

hsa-miR-184 154.2013 -0.0022 0.064576 -0.03407 0.972824 0.991366 

hsa-miR-1269b 63.35845 0.013363 0.424048 0.031513 0.97486 0.99218 

hsa-miR-330-3p 172.1745 0.001344 0.045555 0.029504 0.976463 0.992551 

hsa-miR-2682-5p 3.171234 -0.00533 0.207291 -0.0257 0.979497 0.993791 

hsa-miR-3605-5p 1.828018 0.004087 0.164362 0.024868 0.98016 0.993791 

hsa-miR-135b-3p 5.701605 -0.00279 0.124554 -0.02238 0.982143 0.994543 

hsa-miR-93-5p 5934.225 0.000719 0.043022 0.016715 0.986664 0.996644 

hsa-miR-548o-5p 37.42233 0.000765 0.04588 0.016666 0.986703 0.996644 

hsa-miR-127-5p 961.2378 0.000457 0.043642 0.01048 0.991639 0.997298 

hsa-miR-20a-3p 33.10542 0.000462 0.044688 0.010332 0.991756 0.997298 

hsa-miR-323a-3p 268.1224 -0.00046 0.047805 -0.00958 0.992358 0.997298 

hsa-miR-3199 2.660653 -0.00131 0.14148 -0.00928 0.992595 0.997298 

hsa-miR-10b-5p 2032.4 0.000884 0.12235 0.007228 0.994233 0.997298 

hsa-miR-2114-5p 3.317089 -0.00105 0.162135 -0.0065 0.994811 0.997298 

hsa-miR-532-5p 1629.745 0.000102 0.039865 0.00256 0.997957 0.998297 

hsa-miR-548c-5p 37.41438 9.79E-05 0.045865 0.002135 0.998297 0.998297 
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SUPPLEMENTARY FIGURES 
 

 

Fig S2-1: Effect size estimates of DEmiRs are highly robust to various suspected technical 

and biological covariates. Bar plot showing effect size estimates for all DEmiRs after correction for 

suspected technical and biological covariates not included in the original (base) model. RIN = RNA 

integrity, Lane = Flow cell lane, Smoke = maternal smoking status, BWG = birth weight group, Race = 

maternal race, Sex = offspring sex, YOB = year of birth, BWP = birth weight percentile
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Fig S2-2: Effect size estimates of placental miRNAs are highly robust on a transcriptome-

wide scale to various suspected technical and biological covariates. Scatter plots displaying the 

coefficient of determination (R2) to emphasize the relationship between the estimates produced by the 

original (base) model and estimates of various models which correct for additional, suspected technical 

and biological covariates across all miRNAs analyzed.  (A) RIN = RNA integrity, (B) Lane = Flow cell 

lane, (C) Smoke = maternal smoking status, (D) Race = maternal race, (E) BWG = birth weight group, (F) 

Sex = offspring sex, (G) YOB = year of birth, (H) BWP = birth weight percentile.  
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ABSTRACT 

In the United States, cardiovascular disease has remained the leading cause of death for the past 

decade and remains among the highest of any industrialized nation. Both proper placental 

functionality and placental microRNA expression are critical to successful pregnancy outcomes, 

and both are highly sensitive to genetic sources of variation. Heritability estimates of common 

metabolic syndromes within the US are speculated to have anywhere between 16% to 60% 

genetic contributions, suggesting a potential majority role of genetic predisposition to CVD 

etiology. Dysregulation of miRNAs in the placenta is implicated in adverse gestational 

outcomes, such as preeclampsia and fetal growth restriction. These gestational outcomes have 

known genetic predispositions as well signature miRNA expression patterns, suggesting a 

potential role of cardiometabolic-related genetic variation as a modifier of newborn and maternal 

health outcomes by acting through miRNA expression. The role of these subtle genetic 

predispositions in placental function and microRNA expression as they relate to the 

developmental programming of chronic disease remains poorly understood. We performed fetal 

genotyping and small RNA sequencing to investigate microRNA in placentae from the Rhode 

Island Child Health Study (n=102). MicroRNA counts were modeled on a normalized polygenic 

risk score of cardiovascular disease using negative binomial generalized linear models. 

MicroRNAs were considered to be differentially expressed at a false discovery rate (FDR) less 

than 0.15. Parallel mRNA sequencing data and bioinformatic target prediction software were 

then used to identify potential mRNA targets of differentially expressed microRNAs. Three 

differentially expressed microRNAs were identified (FDR< 0.15). Bioinformatic target 

prediction revealed 164 potential mRNA targets of these microRNAs, many of which are 

implicated in energy metabolism and metabolic programming but also in pathways involving 
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small RNA biogenesis, and cell cycle regulation. A robust association exists between 

cardiovascular disease genetic predisposition and placental microRNA expression, and may be 

implicated in both placental insufficiencies and the developmental programming of chronic 

disease. 
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INTRODUCTION 

Globally, and within the United States, Cardiovascular Disease (CVD) is the leading 

cause of death, and is expected to affect over 44% of the US population by 2035 (1, 2). Given the 

complex, multifactorial and chronic nature of CVD delineating the genetic and environmental 

influences that influence disease etiology remains challenging (3). There exists a growing body 

of evidence linking overall cardiometabolic health, of both mother and fetus during pregnancy, 

to adverse cardiovascular health outcomes in offspring later in life (4, 5). Pregnancy related 

outcomes, such as placental insufficiencies and birth weight, have been postulated to play a 

major role in the developmental programming of chronic disease, such as CVD, under the 

Developmental Origins of Health and Disease (DOHaD) hypothesis.   

The DOHaD hypothesis outlines the potential role of gestational conditions, including 

both environmental and genetic influences, in shaping the lifelong risk of chronic disease of an 

individual (6). As a central vascular organ overseeing fetal growth, development and the 

intrauterine environment, proper functionality of the placental remains central to successful 

gestational outcomes. Resting at the interface of the maternal and fetal environment, the placenta 

participates in a variety of molecular processes, such as nutrient transport, immunomodulation, 

and endocrine signaling, all of which are made possible through the development of a villi-based 

vasculature system which allows for communication between mother and offspring (7). 

Additionally, placental insufficiencies are associated with adverse gestational outcomes, such as 

fetal growth restriction, which itself serves as a significant risk indicator for the development of 

cardiovascular disease (CVD) later in life (8-10). Placental development occurs concurrently 

with fetal heart development, utilizing similar growth signals, including endothelial signaling 
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pathways such as transforming growth factor-beta (TGFβ) and vascular endothelial growth factor 

(VEGF). Deficiencies in the organogenesis of either vascular organ may alter the formation of 

the other, initiating physiological changes with potential lifelong cardiovascular consequences 

(11-13). 

While initial DOHaD studies focused largely on the role of environmental contributions 

toward chronic disease development, heritability estimates of common metabolic syndromes 

within the US are speculated to have anywhere between 16% to 60% genetic contributions, 

suggesting a potential majority role of genetic predisposition to CVD etiology (14). While 

genetic predisposition is established at conception, genetic variants implicated in birth weight, 

fetal growth outcomes and metabolic syndromes have been shown to hold quantitative 

relationships with the expression of various mRNAs within placental tissue, and may work to 

developmentally program lifelong risk of chronic cardiometabolic health outcomes (15, 16). 

However, the relationship between CVD-related genetic risk factors and placental miRNA 

expression remain undefined. 

MicroRNAs (miRNA) are small noncoding RNA molecules (~22 nucleotides) capable of 

post-transcriptional regulation of gene expression. These molecules utilize base-pairing to bind 

to the 3’-untranslated region of target mRNAs resulting in either translational repression or 

mRNA degradation, by which the exact mechanism largely depends on the degree of sequence 

complementarity between the miRNA and target mRNA. The biogenesis, structure and function 

of miRNAs are each known to be sensitive to genetic variation in general (17, 18). Genetic 

variation relevant to cholesterol homeostasis have been shown to inhibit the functionality of 

critical miRNAs overseeing high density lipoprotein levels in circulation, highlighting the role of 
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miRNA in regulating overall cardiometabolic health (19, 20). Within the context of the placenta, 

dysregulation of miRNAs is implicated in both preeclampsia and fetal growth restriction. These 

gestational outcomes have known genetic predispositions as well signature miRNA expression 

patterns, suggesting a potential role of cardiometabolic-related genetic variation as a modifier of 

newborn and maternal health outcomes by acting through miRNA expression (21-28).  

To explore the cumulative genetic risk of cardiovascular disease on the placental miRNA 

landscape, we utilized placental miRNA sequencing data and fetal genotype data from the Rhode 

Island Child Health Study (RICHS; n=102). We analyzed the relationship between a 

cardiovascular disease polygenic risk score (PRS), and placental miRNA expression (29). 

Through this cumulative genetic risk variable in the form of a PRS, we isolate the genetic risk 

component of cardiometabolic disease that may contribute to CVD etiology to better understand 

how genetic predispositions may act through changes in placental miRNA expression to 

developmentally program risk of chronic disease. Bioinformatic target prediction was then used 

to identify potential mRNA targets of miRNAs significantly associated with maternal CVD risk, 

followed by overrepresentation analyses to characterize the biological pathways in which these 

mRNAs participate. 

RESULTS 

This study analyzed miRNA sequencing and genotype data from 102 placentae from the 

Rhode Island Child Health Study (RICHS). The demographics of the participants are outlined in 

Table 3-1. In brief, placentae collected in this study were from full term pregnancies (≥37 weeks 

gestation), all from relatively health mothers who did not experience serious complications 
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during their pregnancy. Amongst the mothers, 56% were reported to be either overweight or 

obese, and 11% were self-reported smokers. 

To analyze the association between genetic predisposition to CVD and placental miRNA 

expression, we performed differential expression analysis using negative binomial generalized 

linear models constructed in DESeq2 on placental small RNA sequencing data. Genetic 

predisposition was proxied through the calculation of a polygenic risk score, which was derived 

from the summation of risk alleles outlined by a large-scale cardiovascular disease GWAS 

conducted by Nikpay et al, (Nature Genetics, 2015). We identified 3 Differentially Expressed 

miRNAs (DEmiRs) (miR-1197, miR-668-3p and miR-224-3p) associated with the CVD PRS 

(FDR <0.15). Sensitivity analyses were performed to ensure maternal smoking status and scaling 

of the PRS did not impact significant findings, as well as to assess the robustness of DEmiR 

effect sizes.  

Bioinformatic targets of DEmiRs were predicted using the miRNA Data Integration 

Portal (miRDIP) (30). miRDIP predicted 500 targets between miR-1197, miR-668-3p and miR-

224-3p, 477 of which were found to be expressed in placental total RNA seq data derived from 

RICHS samples. These predicted targets were tested (individually for each DEmiR’s set of 

targets) for pathway overrepresentation within ConsensusPathDB (CPDB) (31-33). Pathways 

related to miRNA biogenesis, overall metabolism, and cell cycle regulation were found to be 

overrepresented amongst miR-1197 gene targets. Both miR-668-3p and miR-224-3p targets were 

enriched in pathways relevant to cell cycle regulation and endothelial function.  
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DISCUSSION 

Cardiovascular disease has remained the leading cause of death across the world, is 

expected to affect over 44% of the US population in the next decade, and is predicted to result in 

over $1.1 trillion in direct and indirect medical costs by the year 2035 (1, 2). Heritability 

estimates of CVD predict anywhere between 16% to 60% genetic contributions, but the 

collective role of this genetic risk in the etiology of CVD remain understudied (14). 

Physiological and functional outcomes of the placenta serve as an indicator of lifelong 

cardiometabolic health. Placental insufficiencies may lead to adverse gestational outcomes, 

including fetal growth restriction, and are associated with dysregulated placental miRNA 

expression patterns (21-26). Considering the sensitive window of development that gestation 

offers in terms of developmental plasticity, CVD-related genetic variants may act through the 

placenta as to program lifelong risk of chronic disease via changes in placental miRNA 

expression. While our study does not investigate placentae from mothers diagnosed with CVD, 

the potentially large genetic contributions of CVD heritability provides a unique opportunity to 

study how these genetic predispositions influence placental functionality and the molecular 

mechanisms governing adverse gestational outcomes and the developmental origins of chronic 

disease. 

From our small RNA sequencing analysis, we identified 3 placental miRNAs whose 

expression associate with an estimated CVD PRS calculated from previous CVD GWAS studies 

(Figure 3-1) (34, 35). The expression of miRNA is known to be sensitive to genetic variation 

relevant to CVD risk (19, 20). The inherited genetic risk of CVD experienced by the fetus may in 

part influence the biogenesis, activity and function of placental miRNAs (36, 37). Additionally, 
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this genetic predisposition may also manifest as variation in the expression of levels of placental 

miRNAs, further disrupting biological pathways relevant to the etiology of chronic 

cardiometabolic conditions. The relationship between fetal inheritance of CVD-related genetic 

variants and placental miRNA transcript abundances may prove to be increasingly relevant if 

they display quantitative relationships with one another, similar to those that have been identified 

within RICHS on the mRNA level (38). 

The functional relevance of miRNAs is largely dictated by the mRNAs available for them 

to interact with. These interactions are heavily influenced by the tissue of origin of both miRNAs 

and their target mRNAs. While many miR-1197 is implicated in cardiometabolic conditions 

during pregnancy, the functional roles of miR-224-3p and miR-668-3p largely understudied in 

the context of placental physiology (39). Previous work has shown downregulation of miR-1197 

in human umbilical vein endothelial cells (HUVECs), a placental derived cell line, in response to 

high levels of oxidized low-density lipoproteins in vitro (39). While this environmentally-driven 

change is not representative of the genetic risks analyzed in our study, it does highlight the 

specific role of miR-1197 in responding to cardiometabolic risk factors, such as high cholesterol.  

Bioinformatic target prediction and pathway enrichment analysis further revealed 

potential functional impacts of miR-1197. Of the 164 unique transcripts predicted to be targeted 

by miR-1197, these potential gene targets were enriched in biological pathways relevant to 

miRNA biogenesis, energy metabolism, and cell cycle regulation pathways (Table 3-2). Among 

the predicted targets within energy metabolism are peroxisome proliferator-activated receptors 

(PPARs) co-activators PPARGC1A and PPARGC1B. The PPAR gamma co-activator (PGC1) 

family has been highlighted as an important component of various metabolic processes 
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including: mitochondrial biogenesis, cellular respiration, gluconeogenesis, glucose transport, 

glycogenolysis, fatty acid oxidation, peroxisomal remodeling and adaptive thermogenesis (40, 

41). Our findings suggest downregulation of miR-1197 in association with CVD genetic 

predisposition, PPARGC1A and PPARGC1B transcripts may face less miRNA-mediated 

degradation, thus resulting in higher abundances of PCG1 family gene transcripts in those at 

increased genetic risk for CVD. The role of the PCG1 family in these various metabolic 

pathways has earned a high level of interest in utilizing these genes in potential therapeutics to 

combat type 2 diabetes mellitus. Previous work has shown that PCG1 family protein levels 

within placental are positively associated with maternal blood glucose levels amongst mothers 

diagnosed with gestational diabetes, suggesting their role in the developmental programming of 

chronic cardiometabolic disease in offspring (42).  

Interestingly, two predicted targets of miR-1197 are AGO1 and AGO2, members of the 

Argonaut protein family and central catalytic components of the miRNA silencing complex (43). 

As a critical member of the RNA Induced Silencing Complex (RISC), AGO2 is a central 

component involved in the endonuclease activity executed during miRNA mediated regulation 

of gene expression. The essential role played by AGO2 may allow for miR-1197 dysregulation to 

potentially disrupt overall miRNA function within the placenta (44). However, given the major 

consequences to development that occur following disruption of Argonaut family proteins, and 

the utilization of an overall healthy cohort in our analysis, this specific interaction in vivo within 

our specific cohort is unlikely (45). 

While the functional role of miR-224-3p and miR-668-3p have not been directly 

validated within placental tissue, they each target genes enriched for various cellular processes 
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involved in endothelial functionality and maintenance (Tables 3-3 & 3-4). MiR-224-3p was 

identified to target genes specifically enriched in Epidermal Growth Factor (EGF) signaling 

pathways, which is highly active within the placenta (Table 3-3). The EGF transmembrane 

receptor (EGFR) exhibits the highest expression within placenta tissue, and aberrant regulation 

of this pathway is associated with adverse gestational outcomes, including fetal growth 

restriction and preeclampsia (46-48). While miR-224-3p was not predicted to target the specific 

mRNA responsible for the production of EGFR, the dysregulation of EGF signaling targets 

downstream of activation, such as GAB2 and KRAS, may lead to EGF pathway disruption, and 

consequently, placental insufficiency (49, 50). 

Pathway enrichment analysis of miR-668-3p targets revealed potential disruption to N-

methyl-D-aspartate (NMDA) signaling pathways (Table 3-4). While NMDA receptors and the 

signaling cascades, they initiate are traditionally studied in the context of neurological disease, 

their aberrant regulation are also associated with hypoxic conditions within the placenta (51). 

Placental insufficiencies are implicated in adverse neurodevelopmental outcomes, and may be 

predictive of long-term neurobehavior (52). Given the placenta’s ability to produce 

neurotransmitters and its involvement in supporting fetal brain development, these data suggest 

that placental miRNA expression may serve as a mediator of neurodevelopmental outcomes by 

acting through changes in placental physiology (53-55). 

This study only includes term placentae from live births, where premature births and 

other birth defects were excluded. The cross-sectional design of this study limits the 

interpretation of miRNA associations temporally, and may not be representative of miRNA 

associations throughout gestational development. This study relies on a small sample size of 
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n=102, which may ultimately lead to difficulty in application to the general population. While we 

tested for various confounders to the best of our ability, there is still a possibility of unmeasured 

confounding which remains in our analysis. Lastly, the RICHS cohort consists predominantly of 

healthy, white mothers and their offspring from the New England region of the United States, 

potentially limiting the ability of these results to be generalized to those with acute 

cardiometabolic complications, and to more racially diverse populations. 

CONCLUSIONS 

MiRNAs serve as a critical form of post-transcriptional gene regulation during early 

development, and are sensitive to genetic variation. Here we have shown that the expression of 3 

placental miRNAs is associated with a polygenic risk score of cardiovascular disease, and that 

the mRNA targets of these miRNAs largely play a role in energy metabolism, indicating their 

involvement in the disruption of normal placental function and physiology in utero. The 

dysregulation of placental miRNA expression in response to genetic predispositions may 

contribute to adverse newborn health outcomes, ultimately revealing miRNA expression as a 

mediator in the developmental programming of lifelong risk of chronic diseases. 
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METHODS 

The Rhode Island Child Health Study (RICHS) is a cohort of mother-infant pairs from 

the Women & Infants Hospital in Providence, Rhode Island, enrolled between September 2010 

and February 2013. All mothers were at least 18 years of age, had no life-threatening conditions, 

and delivered singletons free of congenital/chromosomal abnormalities at or after 37 weeks of 

gestation. All participants provided written informed consent and all protocols were approved by 

the IRBs at the Women & Infants Hospital of Rhode Island and Emory University, respectively. 

Data provided by this study include placental microRNA transcript abundance (n=102). 

Interviewer-administered questionnaires were utilized to collect sociodemographic and lifestyle 

data. Structured medical record review was used to collect anthropometric and medical history 

data. 

Tissue collection 

Fetal placental samples from all subjects were collected as previously described (56). 

Briefly, placental samples were collected within two hours of birth; fragments were obtained two 

centimeters (cm) from the umbilical cord and free of maternal decidua. Collected tissue was 

immediately placed in RNA later solution (Life Technologies, Grand Island, NY, USA) and 

stored at 4 °C for at least 72 hours. Subsequently, tissue segments were blotted dry, snap frozen 

in liquid nitrogen, homogenized by pulverization using a stainless-steel cup and piston unit 

(Cellcrusher, Cork, Ireland) and stored at −80 °C. 

Fetal genotyping 
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Genomic DNA was extracted from the placenta using the QIamp DNA mini kit (Qiagen, 

#51306), according to manufacturer’s instruction. Genomic DNA was then quantified using a 

Nanodrop ND-1000 (Thermo Fisher, CA, USA). Genome wide SNP genotyping was performed 

on a subset of RICHS samples (n=102) utilizing the Illumina MegaEX chip; 1,730,225 SNP 

remained following initial QC and 19,499,087 SNPs were utilized in the final analysis following 

imputation utilizing the Haplotype Reference Consortium (HRC) reference panel (57). SNPs 

with an imputation r2 <0.3 were removed prior to analysis. 

miRNA isolation and sequencing 

Total RNA was extracted from the placenta using the Qiagen miRNeasy Mini Kit and a 

TissueLyser LT (Qiagen, Germantown, MD, USA) following manufacturer’s protocol. Briefly, 

25-35 mg of frozen, powdered placental tissue was placed in a 2 ml round bottom tube with 700 

ul of Qiazol Lysing Reagent and one 5 mm stainless steel bead. The tissue was homogenized in a 

pre-chilled tube holder on the TissueLyser LT for two, 5-minute cycles at 30 Hz. The resulting 

homogenate was processed with the Qiagen miRNeasy Mini Kit with on-column DNAse 

digestion and eluted in 50 µl RNase-free water. The RNA was quantitated on a NanoDrop 

(Thermo Fisher, Waltham, MA, USA) and quality checked on Agilent Bioanalyzer using the 

Agilent RNA 6000 Nano kit (Agilent, Santa Clara, CA, USA). Single end, 1 x 50 bp next 

generation sequencing of placental miRNA was performed by Omega Bioservices (Norcross, 

Georgia) as previously described (33). 

miRNA seq processing and QC 
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Raw FASTQ reads obtained from a total of 230 RICHS samples were subject to adaptor 

trimming with cutadapt v1.1634. The 3’ adaptor sequence were trimmed 

(TGGAATTCTCGGGTGCCAAGG) and then four bases were trimmed from each end of the 

read following vendor’s recommendation (BIOO scientific, Austin TX). We then used trimmed 

reads and miRDeep2 to quantify microRNA (58). miRDeep2 was used to first perform alignment 

using bowtie1 with human genome hg38 (59). The ‘Quantifier’ module in miRDeep2 was used 

to obtain raw counts of microRNAs with 84iRbase version 22 (60). 

Transcript filtering and normalization 

Raw miRNA counts were imported into DESeq2 for normalization and differential 

expression analysis. Only miRNA transcripts with more than one count per million in at least 10 

percent of samples were included, leaving 795 miRNA transcripts to be analyzed of the initial 

2656 sequenced transcripts. Dispersion estimates were then calculated, followed by generation of 

median ratio size factor estimates to normalize counts for analysis with in DESeq2 (61). 

Normalized counts were then exported from DESeq2 for Surrogate Variable Analysis (SVA).  

Statistical Analyses 

Cardiovascular disease polygenic risk score calculation  

Detailed information about the original genotyping and imputation scheme for the initial 

cardiovascular disease GWAS study on which this analysis is based on has been provided 

elsewhere (34, 35). Polygenic risk scores were derived through the weighted sum of all risk 

alleles from the GWAS conducted by Nikpay et al, (Nature Genetics, 2015). Among those 

analyzed, 297,862 alleles were included in the final calculation of the CVD PRS score. Prior to 
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being implemented as the predictor variable in the differential expression analyses, PRS scores 

were then normalized to follow a normal distribution with a final mean of 0 and standard 

deviation of 1. Normalized scores ranged from -2.43 to 2.86.  

SVA 

In an effort to adjust for unknown confounders, such as cell-type heterogeneity and 

unmeasured sources of technical variation, surrogate variables were estimated for normalized 

miRNA transcript reads using the sva package (62, 63). The full model used in the svaseq 

includes the CVD PRS while the null model included only an intercept term. One surrogate 

variable was utilized as a covariate in our differential expression analysis. 

DESeq2 differential expression analysis 

miRNA transcript counts were modeled using a negative binomial generalized linear 

model to identify differentially expressed transcripts in DESeq2 (63). For each of the 795 

individual miRNA transcripts which passed strict filtering and quality criteria, the variance 

stabilized transformed transcript abundance was regressed on the normalized CVD PRS while 

adjusting for the first surrogate variable to control for unknown confounders (62, 63). We 

considered miRNAs with a false discovery rate (FDR) less than 15% to be considered a 

differentially expressed miRNA (DemiR) with respect to the CVD PRS. Extensive sensitivity 

analyses were performed by including various parameters as covariates to the original model to 

assess the robustness DemiR effect sizes.  

Target prediction and filtering 
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Potential DemiR targets were identified using miRDIP, an online database of miRNA 

target predictions (30). Only targets within the top 1% of confidence scores were returned. Potential 

targets of DEmiRs were identified using miRDIP (64). Only targets within the top 1% of 

confidence scores were returned. To further enhance the biological relevance of target mRNAs we 

then utilized existing whole transcriptome RNA-seq data from RICHS to only allow mRNAs that 

were expressed >1cpm in at least 10% of RICHS whole transcriptome RNA-seq samples to be 

considered a potential biological target (33).  

Pathway analysis 

A total of 476 predicted DemiR targets were tested for pathway overrepresentation within 

ConsensusPathDB (CPDB) (31, 32), against all genes that passed general QC filtering in RICHS 

whole transcriptome RNA-seq analysis (31-33). CPDB utilizes 12 separate biological pathway 

databases, and calculates an enrichment p-value from the hypergeometric distribution of genes in 

the list of miRNA targets and the pathway gene set. Only mRNAs that were expressed >1cpm in 

at least 10% of the RICHS samples were included as the background for the pathway analysis 

(33). False discovery rates were calculated from the enrichment p-values, and a q-value less than 

0.05 was considered a significant enrichment of miRNA targets in the tested pathway. 
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TABLES 

Table 3-1: RICHS Cohort Demographics 

MATERNAL CHARACTERISTICS 

Age (yrs) – mean (range) 31 (21 - 40) 

Race (White) – % (n) 100% (102) 

Pregnancy Smoking – % (n) 11.7% (12) 

Pre-Pregnancy Body Mass Index (BMI) (kg/m2) – mean (range) 26.1(16 - 46.7) 

Pre-Pregnancy BMI Group  

Normal and Underweight – % (n) 51.9% (53) 

Overweight – % (n) 28.4% (29) 

Obese – % (n) 28.4% (20) 

INFANT CHARACTERISTICS 

Gestational Age (wks) – mean (range) 39.4 (37 - 41.4) 

Sex (Female) – % (n) 49% (50) 

CVD Polygenic Risk Score – mean (range) 0 (-2.4 – 2.86) 

Birthweight (g) – mean (range) 3588 (2160 - 4640) 

Birthweight Group 

Small for Gestational Age (SGA) – % (n) 11.7% (12)  

Average for Gestational Age (AGA) – % (n) 59.8% (61) 

Large for Gestational Age (LGA) – % (n) 28.4% (29) 
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Table 3-2: MiR-1197 Target Pathway Enrichment Analysis 

Pathway Enriched Targets p-value q-value 

Post-transcriptional silencing by 

small RNAs 

AGO1; TNRC6A; AGO2 5.54E-05 0.015277 

Competing endogenous RNAs 

(ceRNAs) regulate PTEN translation 

AGO1; TNRC6A; AGO2 8.78E-05 0.015277 

Regulation of PTEN mRNA 

translation 

AGO1; TNRC6A; AGO2 8.78E-05 0.015277 

Energy Metabolism PRKAG2; CREB1; 

PPARGC1A; PPARGC1B; 

MEF2D 

0.000163423 0.021327 

p38 mapk signaling pathway MAP3K1; MAP3K9; CREB1; 

MEF2D 

0.000231689 0.024188 

Adipogenesis EGR2; CREB1; PPARGC1A; 

CELF1; SMAD3; SPOCK1; 

MEF2D 

0.00034342 0.028881 

FOXO-mediated transcription BCL6; BCL2L11; PPARGC1A; 

FBXO32; SMAD3 

0.000432984 0.028881 

Regulation of MECP2 expression 

and activity 

AGO1; CREB1; TNRC6A; 

AGO2 

0.000465797 0.028881 

FoxO signaling pathway - Homo 

sapiens (human) 

BCL2L11; PRKAG2; SMAD3; 

MAPK10; FBXO32; NLK; 

BCL6 

0.000497946 0.028881 

p38 MAPK Signaling Pathway MAP3K9; MAP3K1; CREB1; 

MEF2D 

0.000667947 0.034867 

Brain-derived neurotrophic factor 

(BDNF) signaling pathway 

BCL2L11; EGR2; GRIA3; 

MAP3K1; CREB1; FRS2; 

MAPK10 

0.000887719 0.036761 

regulation of pgc-1a HDAC5; PPARGC1A; MEF2D 0.000985922 0.036761 

Galanin receptor pathway BCL2L11; PPARGC1A; CREB1 0.000985922 0.036761 

Regulation of RUNX1 Expression 

and Activity 

AGO1; TNRC6A; AGO2 0.000985922 0.036761 
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Table 3-3: MiR-224-3p Target Pathway Enrichment Analysis 

Pathway Enriched Targets p-value q-value 

ErbB2/ErbB3 signaling events USP8; RAC1; PTPN11; JUN; 

DOCK7; KRAS 

4.57E-06 0.002667 

Pathways affected in adenoid cystic 

carcinoma 

FOXP2; KMT2C; ARID5B; 

NFIB; ATRX; MYB 

4.75E-05 0.007655 

Neurotrophic factor-mediated Trk 

receptor signaling 

PRKCI; RAC1; PTPN11; GAB2; 

RASA1; KRAS 

5.24E-05 0.007655 

EGF-EGFR signaling pathway PRKCI; USP8; RAC1; GAB2; 

PTPN11; JUN; MEF2C; RASA1; 

KRAS 

6.86E-05 0.008012 

IL2-mediated signaling events GAB2; PTPN11; JUN; RASA1; 

KRAS 

0.000296 0.02555 

PIP3 activates AKT signaling RAC1; JUN; PTPN11; OTUD3; 

GAB2; TNRC6B; TNRC6A; 

NRG3; RNF2 

0.000306 0.02555 

PTK6 Regulates RHO GTPases, 

RAS GTPase and MAP kinases 

RAC1; RASA1; KRAS 0.000378 0.027581 

IL1-mediated signaling events PRKCI; IL1RAP; JUN; UBE2N 0.000447 0.02785 

Signaling by FLT3 ITD and TKD 

mutants 

PTPN11; GAB2; KRAS 0.000477 0.02785 

IL2 signaling events mediated by 

PI3K 

PTPN11; MYB; GAB2; RAC1 0.000634 0.033683 

Signaling events regulated by Ret 

tyrosine kinase 

PTPN11; JUN; RASA1; RAC1 0.000786 0.034652 

Regulation of RUNX1 Expression 

and Activity 

PTPN11; TNRC6B; TNRC6A 0.000869 0.034652 
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Table 3-4: MiR-668-3p Target Pathway Enrichment Analysis 

Pathway Enriched Targets p-value q-value 

Post NMDA receptor activation events CAMK2G; NRAS; PRKAA2; 

MAPK1; PRKAR1A; MAPT 

1.54E-05 0.00845 

Activation of NMDA receptors and 

postsynaptic events 

CAMK2G; NRAS; PRKAA2; 

MAPK1; PRKAR1A; MAPT 

5.38E-05 0.014707 

Calnexin/calreticulin cycle SEL1L; PRKCSH; CANX; 

UGGT1 

9.97E-05 0.018176 

Thyroid-stimulating hormone LEP; GNAO1; HSPA5; 

CANX 

0.00014 0.019151 

Signaling pathways regulating 

pluripotency of stem cells - Homo 

sapiens (human) 

ID4; NRAS; CTNNB1; PAX6; 

LIFR; SMARCAD1; MAPK1 

0.000221 0.024184 

Melanogenesis - Homo sapiens (human) GNAO1; CAMK2G; NRAS; 

CTNNB1; MAPK1; KITLG 

0.000293 0.026725 

N-glycan trimming in the ER and 

Calnexin/Calreticulin cycle 

SEL1L; PRKCSH; CANX; 

UGGT1 

0.000375 0.029342 

Maturation of spike protein PRKCSH; CANX 0.000693 0.037881 

Class IB PI3K non-lipid kinase events MAPK1; PDE3B 0.000693 0.037881 
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FIGURES 

 

Figure 3-1: Cardiovascular Disease Polygenic Risk Scores of RICHS participants are 

associated with the expression of three placental miRNAs. Volcano plot representing the results 

of the miRNA sequencing differential expression analysis. The y-axis shows the -log10(p-values) in the 

association of each miRNA with respect to the calculated CVD PRS of each participant. The x-axis 

displays the effect estimates in units of log2 fold change in each miRNA’s transcript abundance per 

standard deviation change in the individual’s CVD PRS. 3 miRNAs are associated with the calculated 

CVD PRS (FDR < 0.15, triangle shaped); however, none are significant following Bonferroni correction 

(p-value < 6.29e-05). 

  

miR-224-3p miR-668-3p 
miR-1197 
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SUPPLEMENTARY TABLES 

Table S3-1: Significant differential expression analysis results 

miRNA Log2(Fold-Change) Standard Error p-value FDR (%) 

hsa-miR-668-3p -0.1451 0.0407 3.62e-4 12.2 

hsa-miR-224-3p 0.1312 0.0368 3.66e-4 12.2 

hsa-miR-1197 -0.2053 0.0586 4.62e-4 12.2 
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Table S3-2: Smoking Sensitivity Analyses 

miRNA Log2(Fold-Change) Standard Error p-value FDR (%) 

hsa-miR-668-3p -0.1523 0.3915 1.00e-4 7.99 

hsa-miR-224-3p 0.1336 0.0371 3.17e-4 8.42 

hsa-miR-1197 -0.2150 0.0586 2.43e-4 8.42 
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Table S3-3: Table of DEmiR Targets 
mRNA Target DEmiR 

EMC7 hsa-miR-1197 

ZNF501 hsa-miR-1197 

TENM1 hsa-miR-1197 

ADD3 hsa-miR-1197 

BCL2L11 hsa-miR-1197 

HS2ST1 hsa-miR-1197 

MAP3K1 hsa-miR-1197 

UPF3B hsa-miR-1197 

MAP3K9 hsa-miR-1197 

SPOCK1 hsa-miR-1197 

AK2 hsa-miR-1197 

PAXBP1 hsa-miR-1197 

EIF5 hsa-miR-1197 

TNRC6A hsa-miR-1197 

ARGLU1 hsa-miR-1197 

CBL hsa-miR-1197 

ATP6V0C hsa-miR-1197 

AGO1 hsa-miR-1197 

PRPF38B hsa-miR-1197 

ARID2 hsa-miR-1197 

BZW1 hsa-miR-1197 

CA10 hsa-miR-1197 

HAO1 hsa-miR-1197 

PPARGC1B hsa-miR-1197 

ZSWIM5 hsa-miR-1197 

MADD hsa-miR-1197 

PDE7A hsa-miR-1197 

CLSTN1 hsa-miR-1197 

COPS2 hsa-miR-1197 

OPCML hsa-miR-1197 

CCDC88A hsa-miR-1197 

MGMT hsa-miR-1197 

ELL hsa-miR-1197 

BACE2 hsa-miR-1197 

KDM7A hsa-miR-1197 

FCHSD2 hsa-miR-1197 

AFTPH hsa-miR-1197 

mRNA Target DEmiR 

CREM hsa-miR-1197 

NMNAT2 hsa-miR-1197 

TSPAN3 hsa-miR-1197 

TMEM47 hsa-miR-1197 

USP34 hsa-miR-1197 

XPO4 hsa-miR-1197 

SCN2A hsa-miR-1197 

DCX hsa-miR-1197 

GLCCI1 hsa-miR-1197 

SRL hsa-miR-1197 

HNRNPAB hsa-miR-1197 

PPARGC1A hsa-miR-1197 

DDX3X hsa-miR-1197 

CMTM4 hsa-miR-1197 

SESTD1 hsa-miR-1197 

SYT2 hsa-miR-1197 

EGR2 hsa-miR-1197 

ATP1B3 hsa-miR-1197 

FBXO32 hsa-miR-1197 

CHST11 hsa-miR-1197 

UBE4A hsa-miR-1197 

UBFD1 hsa-miR-1197 

TNIK hsa-miR-1197 

PAX6 hsa-miR-1197 

MARS2 hsa-miR-1197 

GTDC1 hsa-miR-1197 

RBFOX2 hsa-miR-1197 

FARSB hsa-miR-1197 

MAT2A hsa-miR-1197 

TEAD1 hsa-miR-1197 

SOCS5 hsa-miR-1197 

NLK hsa-miR-1197 

HS3ST2 hsa-miR-1197 

CELF1 hsa-miR-1197 

POLR3K hsa-miR-1197 

NFIB hsa-miR-1197 

ANKRD17 hsa-miR-1197 

mRNA Target DEmiR 

HRK hsa-miR-1197 

NEO1 hsa-miR-1197 

ZMYM2 hsa-miR-1197 

FAM216A hsa-miR-1197 

CBX3 hsa-miR-1197 

LGALSL hsa-miR-1197 

PPP1R26 hsa-miR-1197 

MBNL3 hsa-miR-1197 

NPEPPS hsa-miR-1197 

METAP1 hsa-miR-1197 

TIMP3 hsa-miR-1197 

UBAP1 hsa-miR-1197 

THRB hsa-miR-1197 

KDM5A hsa-miR-1197 

REPS2 hsa-miR-1197 

KLHL29 hsa-miR-1197 

PICALM hsa-miR-1197 

CHCHD4 hsa-miR-1197 

CTDSPL2 hsa-miR-1197 

KIAA1549L hsa-miR-1197 

FRS2 hsa-miR-1197 

SCG2 hsa-miR-1197 

PTPN5 hsa-miR-1197 

RAPGEF2 hsa-miR-1197 

DRGX hsa-miR-1197 

IPO7 hsa-miR-1197 

IRX6 hsa-miR-1197 

PDE6C hsa-miR-1197 

ZRANB1 hsa-miR-1197 

ISLR2 hsa-miR-1197 

FEZ2 hsa-miR-1197 

ZADH2 hsa-miR-1197 

SGSM1 hsa-miR-1197 

DNAJC18 hsa-miR-1197 

RARB hsa-miR-1197 

TRAF7 hsa-miR-1197 

LZIC hsa-miR-1197 
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mRNA Target DEmiR 

CKAP5 hsa-miR-1197 

SMOC2 hsa-miR-1197 

ZC2HC1C hsa-miR-1197 

STAG1 hsa-miR-1197 

MAPK10 hsa-miR-1197 

ZC3H11A hsa-miR-1197 

SMAD3 hsa-miR-1197 

ZNRF1 hsa-miR-1197 

TENM3 hsa-miR-1197 

CREB1 hsa-miR-1197 

DAAM2 hsa-miR-1197 

CD84 hsa-miR-1197 

ASAH2B hsa-miR-1197 

UBE2V2 hsa-miR-1197 

ZNF592 hsa-miR-1197 

USP35 hsa-miR-1197 

AP1G1 hsa-miR-1197 

VKORC1L1 hsa-miR-1197 

PURA hsa-miR-1197 

GRIK3 hsa-miR-1197 

SSH1 hsa-miR-1197 

MMP16 hsa-miR-1197 

EHF hsa-miR-1197 

ITGB1BP1 hsa-miR-1197 

TMPO hsa-miR-1197 

BTBD7 hsa-miR-1197 

RAB11FIP4 hsa-miR-1197 

MEIS2 hsa-miR-1197 

CAV3 hsa-miR-1197 

ARPP19 hsa-miR-1197 

TNPO1 hsa-miR-1197 

ATP2B4 hsa-miR-1197 

HDAC5 hsa-miR-1197 

GRIA3 hsa-miR-1197 

SLC25A36 hsa-miR-1197 

CLASP2 hsa-miR-1197 

MOCS2 hsa-miR-1197 

SH3PXD2A hsa-miR-1197 

mRNA Target DEmiR 

PLCB1 hsa-miR-1197 

HOXC11 hsa-miR-1197 

MEF2D hsa-miR-1197 

DYRK2 hsa-miR-1197 

PTPRK hsa-miR-1197 

NKAIN2 hsa-miR-1197 

TREML2 hsa-miR-1197 

PRKAG2 hsa-miR-1197 

AGO2 hsa-miR-1197 

FTSJ1 hsa-miR-1197 

MMAB hsa-miR-1197 

BCL6 hsa-miR-1197 

NPAS3 hsa-miR-1197 

CIAPIN1 hsa-miR-1197 

CHST1 hsa-miR-1197 

ID4 hsa-miR-668-3p 

TOX3 hsa-miR-668-3p 

GLCCI1 hsa-miR-668-3p 

S100PBP hsa-miR-668-3p 

CNOT4 hsa-miR-668-3p 

ABHD13 hsa-miR-668-3p 

HOXB4 hsa-miR-668-3p 

ATP6AP2 hsa-miR-668-3p 

PCED1A hsa-miR-668-3p 

EMX2 hsa-miR-668-3p 

ZBTB34 hsa-miR-668-3p 

SKAP2 hsa-miR-668-3p 

NEGR1 hsa-miR-668-3p 

CAMK2G hsa-miR-668-3p 

PPP1R12C hsa-miR-668-3p 

EPHA4 hsa-miR-668-3p 

SYNGR3 hsa-miR-668-3p 

MED1 hsa-miR-668-3p 

USP37 hsa-miR-668-3p 

MTMR3 hsa-miR-668-3p 

ZBTB5 hsa-miR-668-3p 

PRKAR1A hsa-miR-668-3p 

YPEL2 hsa-miR-668-3p 

mRNA Target DEmiR 

WAPL hsa-miR-668-3p 

PROX2 hsa-miR-668-3p 

TUT4 hsa-miR-668-3p 

LMOD3 hsa-miR-668-3p 

ZMYM4 hsa-miR-668-3p 

AK4 hsa-miR-668-3p 

TPD52 hsa-miR-668-3p 

ZBTB10 hsa-miR-668-3p 

PAOX hsa-miR-668-3p 

CNPY4 hsa-miR-668-3p 

CWC25 hsa-miR-668-3p 

TXK hsa-miR-668-3p 

MOSPD1 hsa-miR-668-3p 

LIFR hsa-miR-668-3p 

KLF3 hsa-miR-668-3p 

ZZEF1 hsa-miR-668-3p 

KPNA4 hsa-miR-668-3p 

TRIQK hsa-miR-668-3p 

HEMK1 hsa-miR-668-3p 

GNAO1 hsa-miR-668-3p 

FREM2 hsa-miR-668-3p 

BMS1 hsa-miR-668-3p 

CTNNB1 hsa-miR-668-3p 

FGD4 hsa-miR-668-3p 

TLCD2 hsa-miR-668-3p 

TMOD2 hsa-miR-668-3p 

SP2 hsa-miR-668-3p 

KITLG hsa-miR-668-3p 

CAND1 hsa-miR-668-3p 

PCDH9 hsa-miR-668-3p 

CANX hsa-miR-668-3p 

PHF20L1 hsa-miR-668-3p 

PRRX1 hsa-miR-668-3p 

BSND hsa-miR-668-3p 

EPG5 hsa-miR-668-3p 

DIP2B hsa-miR-668-3p 

CDH2 hsa-miR-668-3p 

GTF2I hsa-miR-668-3p 
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mRNA Target DEmiR 

PRKCSH hsa-miR-668-3p 

HNRNPA1 hsa-miR-668-3p 

SMUG1 hsa-miR-668-3p 

LEP hsa-miR-668-3p 

TAT hsa-miR-668-3p 

PDCD7 hsa-miR-668-3p 

GPR156 hsa-miR-668-3p 

DNAJB5 hsa-miR-668-3p 

LCMT2 hsa-miR-668-3p 

RHOBTB3 hsa-miR-668-3p 

POLR1D hsa-miR-668-3p 

GPR153 hsa-miR-668-3p 

MAPT hsa-miR-668-3p 

SH3TC2 hsa-miR-668-3p 

FBXO30 hsa-miR-668-3p 

CCDC15 hsa-miR-668-3p 

FP15737 hsa-miR-668-3p 

CEP85 hsa-miR-668-3p 

PSMF1 hsa-miR-668-3p 

FTCD hsa-miR-668-3p 

TFRC hsa-miR-668-3p 

KLF12 hsa-miR-668-3p 

NFATC2IP hsa-miR-668-3p 

FKTN hsa-miR-668-3p 

PAX6 hsa-miR-668-3p 

RALGPS1 hsa-miR-668-3p 

SYT11 hsa-miR-668-3p 

FBXO3 hsa-miR-668-3p 

UBE2Z hsa-miR-668-3p 

SP4 hsa-miR-668-3p 

TFDP2 hsa-miR-668-3p 

SMARCAD1 hsa-miR-668-3p 

SPPL3 hsa-miR-668-3p 

FUT8 hsa-miR-668-3p 

SYNPO hsa-miR-668-3p 

PRKAA2 hsa-miR-668-3p 

TM4SF1 hsa-miR-668-3p 

DZIP3 hsa-miR-668-3p 

mRNA Target DEmiR 

BMP8B hsa-miR-668-3p 

HSPA5 hsa-miR-668-3p 

STK40 hsa-miR-668-3p 

MRS2 hsa-miR-668-3p 

PITPNA hsa-miR-668-3p 

STOX2 hsa-miR-668-3p 

ITPKB hsa-miR-668-3p 

TEAD1 hsa-miR-668-3p 

CTDNEP1 hsa-miR-668-3p 

ZHX3 hsa-miR-668-3p 

PFKM hsa-miR-668-3p 

SLC6A14 hsa-miR-668-3p 

MPZL1 hsa-miR-668-3p 

ZDHHC21 hsa-miR-668-3p 

LRRC57 hsa-miR-668-3p 

MINDY2 hsa-miR-668-3p 

HHAT hsa-miR-668-3p 

MAPK1 hsa-miR-668-3p 

KBTBD11 hsa-miR-668-3p 

NRAS hsa-miR-668-3p 

ACSBG1 hsa-miR-668-3p 

IPO9 hsa-miR-668-3p 

PDE3B hsa-miR-668-3p 

C1orf189 hsa-miR-668-3p 

FAXC hsa-miR-668-3p 

POU2F2 hsa-miR-668-3p 

UGGT1 hsa-miR-668-3p 

ASXL1 hsa-miR-668-3p 

NOL4 hsa-miR-668-3p 

TRIB1 hsa-miR-668-3p 

DCAF12 hsa-miR-668-3p 

SANBR hsa-miR-668-3p 

FGFBP2 hsa-miR-668-3p 

SYNE2 hsa-miR-668-3p 

FBXO33 hsa-miR-668-3p 

C11orf16 hsa-miR-668-3p 

SCN2B hsa-miR-668-3p 

RCHY1 hsa-miR-668-3p 

mRNA Target DEmiR 

GNRHR hsa-miR-668-3p 

HM13 hsa-miR-668-3p 

XIAP hsa-miR-668-3p 

NAV3 hsa-miR-668-3p 

SEL1L hsa-miR-668-3p 

ANKRD33B hsa-miR-668-3p 

PCBD2 hsa-miR-668-3p 

GCC1 hsa-miR-668-3p 

NFIB hsa-miR-668-3p 

FAT2 hsa-miR-668-3p 

GINS2 hsa-miR-668-3p 

ZNF281 hsa-miR-668-3p 

MMD2 hsa-miR-668-3p 

STAG1 hsa-miR-668-3p 

CCDC25 hsa-miR-668-3p 

PTPRG hsa-miR-668-3p 

H3-5 hsa-miR-668-3p 

BMT2 hsa-miR-668-3p 

TCTE1 hsa-miR-668-3p 

PDK3 hsa-miR-668-3p 

CD28 hsa-miR-668-3p 

CRACR2B hsa-miR-668-3p 

AGO3 hsa-miR-668-3p 

SLC6A19 hsa-miR-668-3p 

PHKA2 hsa-miR-668-3p 

DOCK7 hsa-miR-224-3p 

ARHGAP5 hsa-miR-224-3p 

BEND4 hsa-miR-224-3p 

GEM hsa-miR-224-3p 

ELAVL1 hsa-miR-224-3p 

FEM1C hsa-miR-224-3p 

ETV1 hsa-miR-224-3p 

NRG3 hsa-miR-224-3p 

RBM47 hsa-miR-224-3p 

ABI2 hsa-miR-224-3p 

MYEF2 hsa-miR-224-3p 

TNRC6A hsa-miR-224-3p 

RFX7 hsa-miR-224-3p 
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mRNA Target DEmiR 

FMR1 hsa-miR-224-3p 

RNF2 hsa-miR-224-3p 

AMMECR1L hsa-miR-224-3p 

DYRK1A hsa-miR-224-3p 

PHAX hsa-miR-224-3p 

ACAP2 hsa-miR-224-3p 

HNRNPM hsa-miR-224-3p 

NSD2 hsa-miR-224-3p 

MTDH hsa-miR-224-3p 

PPM1E hsa-miR-224-3p 

NPAT hsa-miR-224-3p 

CDK13 hsa-miR-224-3p 

UBE2Q2 hsa-miR-224-3p 

AKAP6 hsa-miR-224-3p 

SLC39A9 hsa-miR-224-3p 

SUCO hsa-miR-224-3p 

RASA1 hsa-miR-224-3p 

ZNF275 hsa-miR-224-3p 

TNRC6B hsa-miR-224-3p 

FLRT3 hsa-miR-224-3p 

VAPA hsa-miR-224-3p 

AMMECR1 hsa-miR-224-3p 

HORMAD1 hsa-miR-224-3p 

ATP1B1 hsa-miR-224-3p 

PHIP hsa-miR-224-3p 

RAPGEF6 hsa-miR-224-3p 

CELF2 hsa-miR-224-3p 

PLAG1 hsa-miR-224-3p 

SCAI hsa-miR-224-3p 

EIF2A hsa-miR-224-3p 

GARRE1 hsa-miR-224-3p 

CSDE1 hsa-miR-224-3p 

RSBN1 hsa-miR-224-3p 

CNOT6L hsa-miR-224-3p 

ZNF532 hsa-miR-224-3p 

DIMT1 hsa-miR-224-3p 

KCTD12 hsa-miR-224-3p 

PERP hsa-miR-224-3p 

mRNA Target DEmiR 

FOXP1 hsa-miR-224-3p 

LRP1B hsa-miR-224-3p 

MED13 hsa-miR-224-3p 

UBR3 hsa-miR-224-3p 

CUL1 hsa-miR-224-3p 

UBTD2 hsa-miR-224-3p 

GIGYF2 hsa-miR-224-3p 

SALL1 hsa-miR-224-3p 

NFIB hsa-miR-224-3p 

RCAN3 hsa-miR-224-3p 

ATXN7 hsa-miR-224-3p 

TRPM7 hsa-miR-224-3p 

ADCYAP1 hsa-miR-224-3p 

WDFY3 hsa-miR-224-3p 

FOXP2 hsa-miR-224-3p 

SLC2A13 hsa-miR-224-3p 

STAG1 hsa-miR-224-3p 

ATRX hsa-miR-224-3p 

LTBP1 hsa-miR-224-3p 

MBTD1 hsa-miR-224-3p 

CBLL1 hsa-miR-224-3p 

MYH10 hsa-miR-224-3p 

PPFIA2 hsa-miR-224-3p 

ZC3H7A hsa-miR-224-3p 

PPP4R3B hsa-miR-224-3p 

RBL2 hsa-miR-224-3p 

TTN hsa-miR-224-3p 

SRSF12 hsa-miR-224-3p 

RC3H1 hsa-miR-224-3p 

MEF2C hsa-miR-224-3p 

RTN3 hsa-miR-224-3p 

PTPN11 hsa-miR-224-3p 

CSPG5 hsa-miR-224-3p 

DYRK2 hsa-miR-224-3p 

RBMX hsa-miR-224-3p 

WDTC1 hsa-miR-224-3p 

RABEP1 hsa-miR-224-3p 

ARHGAP29 hsa-miR-224-3p 

mRNA Target DEmiR 

WDR26 hsa-miR-224-3p 

KMT2C hsa-miR-224-3p 

MZT1 hsa-miR-224-3p 

KLHL31 hsa-miR-224-3p 

JADE1 hsa-miR-224-3p 

SNAP25 hsa-miR-224-3p 

ATAD2B hsa-miR-224-3p 

LGI2 hsa-miR-224-3p 

PRPF39 hsa-miR-224-3p 

GAB2 hsa-miR-224-3p 

DHFR hsa-miR-224-3p 

SVEP1 hsa-miR-224-3p 

TOP1 hsa-miR-224-3p 

OTUD3 hsa-miR-224-3p 

PRPF4B hsa-miR-224-3p 

PHYHIPL hsa-miR-224-3p 

DNAJB6 hsa-miR-224-3p 

TMED7 hsa-miR-224-3p 

FUT8 hsa-miR-224-3p 

UBFD1 hsa-miR-224-3p 

MTMR3 hsa-miR-224-3p 

HOOK3 hsa-miR-224-3p 

PRKCI hsa-miR-224-3p 

MPP2 hsa-miR-224-3p 

KRAS hsa-miR-224-3p 

EXOC5 hsa-miR-224-3p 

MYB hsa-miR-224-3p 

SC5D hsa-miR-224-3p 

RTKN2 hsa-miR-224-3p 

RAC1 hsa-miR-224-3p 

YWHAQ hsa-miR-224-3p 

LCORL hsa-miR-224-3p 

C8orf34 hsa-miR-224-3p 

KCNA1 hsa-miR-224-3p 

CLDND1 hsa-miR-224-3p 

PRKAA1 hsa-miR-224-3p 

ST8SIA4 hsa-miR-224-3p 

CCDC141 hsa-miR-224-3p 



 

98 
 
 

 

mRNA Target DEmiR 

USP8 hsa-miR-224-3p 

VBP1 hsa-miR-224-3p 

UBE2N hsa-miR-224-3p 

IL1RAP hsa-miR-224-3p 

RTF1 hsa-miR-224-3p 

HMGA2 hsa-miR-224-3p 

RB1CC1 hsa-miR-224-3p 

RAP2A hsa-miR-224-3p 

mRNA Target DEmiR 

TXNDC9 hsa-miR-224-3p 

ZNF704 hsa-miR-224-3p 

SPAG9 hsa-miR-224-3p 

SYNCRIP hsa-miR-224-3p 

ATXN1L hsa-miR-224-3p 

ENTPD4 hsa-miR-224-3p 

RPGRIP1L hsa-miR-224-3p 

WWTR1 hsa-miR-224-3p 

mRNA Target DEmiR 

JCAD hsa-miR-224-3p 

JUN hsa-miR-224-3p 

ARID5B hsa-miR-224-3p 

ZNF384 hsa-miR-224-3p 

NFKBIZ hsa-miR-224-3p 

ZRANB2 hsa-miR-224-3p 

C11orf58 hsa-miR-224-3p 

OTUD4 hsa-miR-224-3p 
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ABSTRACT 

Background: Prenatal cadmium (Cd) exposure has been implicated in both placental toxicity and 

adverse neurobehavioral outcomes. Placental microRNAs (miRNAs) may function to 

developmentally program adverse pregnancy and newborn health outcomes in response to 

gestational Cd exposure. 

 

Methods: In a subset of the Rhode Island Child Health Study (RICHS, n=115) and the New 

Hampshire Birth Cohort Study (NHBCS, =281), we used small RNA sequencing and trace metal 

analysis to identify Cd-associated expression of placental miRNAs using negative binomial 

generalized linear models. We predicted mRNAs targeted by Cd-associated miRNAs and relate 

them to neurobehavioral outcomes at birth through the integration of transcriptomic data and 

summary scores from the NICU Network Neurobehavioral Scale (NNNS).   

 

Results: Placental Cd concentrations are significantly associated with the expression level of five 

placental miRNAs in NHBCS, with similar effect sizes in RICHS. The targets of these miRNA 

are overrepresented in nervous system development, and the expression of these miRNAs are 

correlated with NNNS metrics suggestive of atypical neurobehavioral outcomes at birth.  

 

Conclusions: Gestational Cd exposure is associated with the expression of placental miRNAs. 

Predicted targets of these miRNAs are involved in nervous system development and may also 

regulate placental physiology, allowing their dysregulation to modify developmental programming 

of newborn and early life health outcomes. 

 

 

IMPACTS:  

• This research aims to address the poor understanding of the molecular mechanisms 

governing adverse pregnancy and newborn health outcomes in response to Gestational 

cadmium (Cd) exposure.  

• Our results outline a robust relationship between Cd-associated placental microRNA 

expression and NICU Network Neurobehavioral Scales (NNNS) at birth indicative of 

atypical neurobehavior.   

• This study utilized healthy mother-infant cohorts to describe the role of Cd-associated 

dysregulation of placental microRNAs as a potential mechanism by which adverse 

neurobehavioral outcomes are developmentally programmed. 
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INTRODUCTION  

Toxic metal exposure during pregnancy can influence fetal development, and may have 

lifelong consequences to offspring health. Ranked 7th on the Agency for Toxic Substances and 

Disease Registry list of environmental toxicants, cadmium (Cd) remains a prominent public health 

concern. Cd is a naturally occurring, ubiquitous environmental toxicant with no known biological 

role in humans (1). As a result of various industrial and agricultural processes, Cd exposure has 

dramatically increased over the last several decades (1). Exposure primarily occurs through the 

consumption of contaminated foods and drinking water, with well-water posing an increased risk 

of exposure, in addition to the inhalation of cigarette smoke and other occupational-related 

exposures(2). Chronic exposure to Cd is known to negatively impact overall cardiovascular health, 

renal function, and increases overall risk of mortality resulting from various cancers (3-5).  

Prenatal Cd exposure poses a particularly unique health risk as Cd can accumulate within 

the placenta itself and does not readily enter fetal circulation, potentially influencing both fetal and 

maternal health through placental impacts(6). Resting at the interface of the maternal and fetal 

environment, the placenta participates in a variety of molecular processes, including gas and waste 

exchange, nutrient transport, immunomodulation, and endocrine signaling (7). As a central 

vascular organ of fetal growth and development, proper functionality of the placenta remains 

critical to successful gestational outcomes. 

Gestational Cd exposure is associated with adverse pregnancy and birth outcomes 

including: decreased overall placental efficiency, and increased risk of preeclampsia and low birth 

weight (6, 8-10). A growing body of evidence suggests that the atypical neurobehavioral outcomes 

and intellectual deficits seen in children exposed to Cd in utero are linked to Cd levels in cord 
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blood and maternal circulation during pregnancy (10-14). Given the placenta’s ability to produce 

neurotransmitters and its involvement in supporting fetal brain development, these data suggest 

that gestational Cd may affect exposure as a potential mediator of neurodevelopment by acting 

through the placenta (15-17). In support of this hypothesis, our group has demonstrated that a 

doubling of placental Cd concentration was associated with an over 2-fold increased risk of a 

newborn being classified in a NICU Network Neurobehavioral Network Scales (NNNS) profile 

that is considered atypical (14). While the exact molecular mechanisms that underlie these 

relationships remain unclear, extensive research has suggested Cd-associated changes to 

epigenetic landscapes may play a pivotal role in the developmental programming of pregnancy 

and birth outcomes through disruption of placental physiology and function (8, 18-21). 

While Cd-related changes in DNA methylation patterns have been thoroughly outlined in 

developmentally relevant tissues through human cohort studies, this same level of characterization 

has yet to be defined in the context of other epigenetic forms of regulation, namely placental 

microRNAs (miRNA)(20-22). MiRNAs are small RNA molecules (~22 nucleotides) capable of 

post-transcriptional regulation of gene expression that utilize base-pairing to bind target mRNAs 

resulting in either translational repression or mRNA degradation. The dysregulation of placental 

miRNA expression has previously been implicated in adverse pregnancy conditions, such as 

preeclampsia and fetal growth restriction, highlighting their potential role as modifiers of newborn 

and maternal health outcomes in response to environmental perturbations in utero (23-27). 

However, many of these studies largely focused on newborn outcomes as they associate with 

placental miRNA expression as opposed to the relationship between prenatal environmental 

factors and expression of placental miRNA (23, 24, 26, 28, 29). 
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In order to broaden our understanding of how gestational Cd exposure influences the 

placental miRNA landscape, we utilized placental miRNA sequencing data, as well as placental 

trace metal quantification, from the Rhode Island Child Health Study (RICHS, n=115), and the 

New Hampshire Birth Cohort Study (NHBCS, n=281). We also integrated specific NNNS 

summary scores to examine if Cd-associated miRNA were also associated with newborn 

neurobehavioral performance. 

RESULTS 

This study analyzed miRNA sequencing and trace metal data from 115 placentae from 

RICHS and 281 placentae from the NHBCS. The demographics of the participants are outlined in 

Table 1. Generally, placentae collected in these studies were from full term pregnancies (≥37 

weeks) from relatively healthy mothers who did not experience serious pregnancy complications. 

The most notable differences between the RICHS and NHBCS cohorts are with regards to the 

racial diversity of participants and infant birth size. The RICHS cohort is slightly more racially 

diverse than the NHBCS cohort (Table 4-1). RICHS, by design, was over-sampled for infants born 

large for gestational age (LGA) and small for gestational age (SGA). Additionally, NHBCS 

participants are from more rural regions, and utilize private water systems. Placental samples from 

the RICHS cohort exhibited higher mean Cd concentrations (4.386 ng/g) than the NHBCS sample 

mean (2.932 ng/g), with each cohort exhibiting approximately log-normally distributed 

concentrations (Fig. S4-1).  

Cd Differential Expression Analyses 

In order to analyze associations between placental Cd concentrations and placental miRNA 

expression, we performed differential expression analyses using negative binomial generalized 
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linear models on placental miRNA sequencing data. Transcript abundances were regressed against 

log2-transformed placental Cd concentrations while adjusting for gestational age, birth weight 

percentile, maternal pregnancy smoking status, RNA integrity estimates, and unknown 

confounders via surrogate variables in each cohort (30, 31). To further characterize the robustness 

of the differential expression analysis results, we utilized a meta-analytical approach where we 

combined parameter estimates and their respective standard-errors from each cohort using an 

inverse variance weighted fixed effects meta-analysis (32). The NHBCS cohort-level analysis 

revealed five DEmiRs (Differentially Expressed miRNA) whose expression significantly 

associated with placental Cd concentrations at a False Discovery Rate (FDR) < 0.1, (miR-10b-3p, 

miR-10b-5p, miR-193b-5p, miR-506-3p and miR-509-3p) (Table 4-2 & Table S4-2). One of these 

five miRNAs, miR-509-3p, met a strict Bonferroni test correction threshold (p < 6.435e-05). 

Considering the potential influence of tobacco-related Cd exposure, we performed the NHBCS 

differential expression analysis in a population where all reported smokers were excluded (Fig. 

S4-2). The effect sizes resulting from the original model proved to be consistent with that of the 

exclusionary model where reported smokers were excluded (R2 = 0.86; Fig. S4-3A). Additionally, 

100% of the coefficients from the self-reported exclusionary model are within the estimated 95% 

CI’s of the smoking-adjusted model (Fig. S4-3B & S4-3C). In the RICHS cohort-level analysis, 

we did not observe any miRNAs associated with placental Cd concentrations at an FDR<0.1 

(Table S4-1). The meta-analysis emphasized the robustness of the miR-509-3p and miR-193b-5p 

association with Cd, and further revealed miR-1248 as consistently differentially expressed with 

respect to placental Cd concentrations, all at an FDR < 0.15 (Fig. 4-1A, Table 4-2 &Table S4-3).  
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The effect size estimates of Cd-associated DEmiRs were largely consistent between the 

cohort-level and meta-analysis with the exception of miR-10b-3p and miR-10b-5p, which 

displayed opposing directions of effect between the RICHS and NHBCS analyses, and were 

therefore excluded from the meta-analysis (Table 4-2, Fig. 4-1B). 

Cd-DEmiR Target Prediction and Overrepresentation Analyses 

Bioinformatic targets of each Cd-associated miRNA from the NHBCS cohort-level 

analysis were predicted using the miRNA Data Integration Portal (miRDIP) (33). MiRDIP 

predicted 833 targets across all five differentially expressed miRNAs. However, perfect 

complementarity is not required between a miRNA and the target transcript, leaving in silico 

miRNA target prediction prone to the production of false positive interactions that may not occur 

biologically. To further enhance our pool of predicted targets, a strict filtering approach was taken. 

We removed predicted transcripts that are not shown to be expressed within RICHS placentae. 

After this filtering step, 806 predicted targets remained (Table S4-4). Targets were then utilized 

in a pathway overrepresentation analysis within ConsensusPathDB (CPDB), where only a single 

DEmiR’s list of predicted targets were analyzed at a time to highlight DEmiR-specific pathway 

dysregulation. These Cd-associated miRNA targets were largely revealed to participate in 

biological pathways relevant to cellular transcription, cellular metabolism and broader 

developmental signaling (34, 35). The predicted targets of miiR-509-3p and miR-193b-5p, which 

were robustly associated with Cd concentrations across the NHBCS and meta analyses were 

enriched among nervous system development pathways (q-value < 0.001) (Fig. 4-2, Table S4-5 

& S4-6).  
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NNNS and Cd-DEmiR Bivariate Association Analyses 

Given the over-representation of target genes involved in nervous system development, we 

explored whether the Cd DEmiRs were associated with neurobehavioral phenotypes. Previous 

work from our group has constructed neurobehavioral profiles based on NICU Network 

Neurobehavioral Scale (NNNS) data from RICHS infants (14). Five of the 13 NNNS summary 

scales with the greatest variability between profiles (arousal level, quality of movement, stress 

abstinence, excitability and self-regulation capacity) (14) were examined for their association with 

normalized transcript abundances of miR-509-3p and miR-193b-5p in RICHS newborns (n=114). 

Simple linear regression analyses revealed nominally significant, negative associations between 

quality of movement scores and normalized transcript abundances of Cd-associated miR-509-3p 

(β = -0.47 ± 0.38, p ≤ 0.01) and miR-193b-5p (β = -0.278 ± 0.287, p ≤ 0.1) (Fig. 4-3A &B, Table 

S4-8). Additionally, excitability scores appear to be positively associated with only miR-193b-5p 

transcript abundance (β = 0.27 ± 0.3, p ≤ 0.1) (Fig. 4-3C, Table S4-8). Arousal, stress abstinence 

and self-regulation capacity showed no relationship to these Cd-associated miRNAs (Table S4-

8). 

DISCUSSION 

The developmental and reproductive toxicity of Cd is well documented and extensively 

studied, however, the relationship between Cd accumulation in the placenta, its impacts on the 

expression of placental miRNA and, in turn, effects on early neurobehavioral outcomes remains 

poorly understood (6-10, 21). 
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Here we have conducted an association study of mother-infant dyads from two independent 

cohorts to examine relationships between placental Cd concentrations and miRNA expression 

from human placentae. The methods for quantifying miRNA expression and Cd concentrations 

were identical in both cohorts, and the levels of Cd are low compared to the range of concentrations 

previously reported in other placenta-based studies conducted in humans (1.2ng/g to 

53.3ng/g)(36). We successfully identified five Cd-associated miRNAs within the NHBCS cohort-

level analysis with adjustment for covariates at an FDR <0.1 (Fig. 4-1, Table S4-2). Within the 

RICHS cohort-level analysis we did not identify any associations between placental Cd 

concentrations and miRNA expression at FDR<0.1 (Table S4-1). However, the association of two 

of the five Cd-associated miRNAs identified in NHBCS were consistent in a fixed-effects meta-

analysis; (miR-509-3p and miR-193b-5p, FDR < 0.15). Importantly, the effect size estimates of 

Cd-associated miRNAs remain consistent between cohorts with the exception of miR-10b-3p and 

miR-10b-5p (Fig. 4-3A & 3B). The inability to detect associations in the RICHS cohort alone may 

be related to the more modest sample size and the lower variability in the Cd concentrations present 

within RICHS placentae, even though the mean concentration was greater than that in NHBCS. 

Relevance of miR-509-3p and miR-193b-5p to placental physiology 

A small number of miRNAs are known to play critical roles in placental function and 

physiology, but the function of most miRNA, particularly in the placenta, is unclear.  

Cd-associated placental miRNA miR-509-3p, is clinically relevant to the progression of 

medulloblastomas as well as in ovarian cancer (37-39). The expression of miR-509-3p is positively 

correlated with favorable disease outcomes while downregulation of miR-509-3p is associated 

with cellular invasion and migratory properties and poor disease prognosis (37-39). MAP3K8 



 

116 
 
 

 

(Mitogen Activated Kinase Kinase Kinase 8), regulates oncogenic pathways in cancers, including 

renal cancers, and contains a canonical 509-3p binding sit in its 3’UTR, which is thought to play 

a role in allowing miR-509-3p to exert its tumor suppressive properties (38). Mitogen-activated 

protein kinases (MAPKs) in general participate in the development of the trophectoderm in early 

placentation, but also contribute to the differentiation of trophoblasts, which is an ongoing process 

that plays a major role in placental maintenance and remodeling throughout development. Thus, 

miR-509-3p expression could contribute to similar functions involving MAPK-mediated invasion 

and migratory processes, as well as angiogenic processes seen in placentation (40, 41). 

Originally identified as a hypoxia-inducible miRNA, miR-193b-5p is also implicated in 

various cancers where its upregulation is associated with improved disease prognosis resulting 

from decreased proliferation, migration and invasion of cancerous cells in both lung and breast 

cancers (42-45), similar to the roles played by miR-509-3p. The expression of miR-193b-5p has 

also been implicated in preeclampsia and in cases of intrauterine growth restriction (IUGR) which 

are thought to arise from a potential miR-193b-5p-mediated dysregulation of TGFβ-2 signaling, a 

gene shown to be directly regulated by miR-193b-5p and which oversees many facets of migration 

and invasion of trophoblasts (28, 40, 46-48). 

In the context of our study, both miR-509-3p and miR-193b-5p are upregulated in 

association with respect to placental Cd. Their function as tumor suppressors in various cancers 

suggests their participation in overseeing analogous processes critical to proper placental function 

and successful birth outcomes; proliferation, migration, invasion, angiogenesis and differentiation 

(37, 38, 40, 42-44). Being critical to normal placental development and function, dysregulation of 
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these cellular processes often manifest as various placental insufficiencies, such as preeclampsia, 

or IUGR, and thus may contribute to adverse maternal and/or fetal health outcomes. 

Relationship between placental functional and neurobehavioral outcomes 

While responsible for the transfer of nutrients and gases, the placenta is also involved in 

the production of various neurotransmitters, such as serotonin, dopamine, norepinephrine and 

epinephrine which may then circulate and directly influence fetal brain development (16, 49). 

Poorer neurobehavioral outcomes, in general, are known to arise more frequently in infants born 

SGA, which suggests proper placental function may underlie various neurobehavioral outcomes 

(50). Additionally, alterations in placental miRNA expression are associated with both attention 

scores and quality of movement scores at birth, suggesting placental miRNA expression may 

contribute to the developmental origins of early childhood neurobehavioral outcomes (51).  

Bioinformatic target prediction and pathway analysis highlighted potential additional 

functional impacts of miR-509-3p and miR-193b-5p. Of their combined 370 unique predicted 

mRNA targets, these miRNAs were revealed to potentially target genes enriched for nervous 

system development pathways (Fig. 4-2, Table S4-5 & S4-6). Our group has previously identified 

an association between NNNS atypical neurobehavioral profiles and placental Cd concentrations 

in RICHS participants, but the molecular mechanisms underlying this specific association have yet 

to be defined (14). We identified negative associations between the expression of Cd-associated 

DEmiRs (509-3p and 193b-5p) and NNNS quality of movement scores (Fig. 4-3, Table S4-8), 

and a positive association between miR-193b-5p and NNNS excitability scores. The quality of 

movement metric is a measure of motor control, where higher scores suggest a greater quality of 

movement indicated by smoother movements with little or no jitteriness or tremors (52). The 
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excitability metric is a measure of high levels  of motor, state and physiologic reactivity, with 

higher scores indicating infants who become and remain irritable during the examination, whereas 

lower scores are signature for infants that display lower irritability and fewer state changes during 

the exam (53).  

Lower quality of movement, and higher excitability scores are generally associated with 

higher risk pregnancies, including those associated with maternal drug use, and are predictive of 

long-term neurobehavioral deficits (54). Deficiencies in the performance of both quality of 

movement and excitability were also characteristic within the atypical neurobehavioral profile 

previously characterized in RICHS (14). These relationships suggest gestational Cd exposure may 

contribute to abnormal neurobehavioral outcomes at birth through dysregulation of placental 

miRNA expression. While RICHS does not have available long-term data to examine the 

persistence of these effects, other cohorts have linked NNNS atypical-neurobehavioral profiles to 

persistent adverse neurobehavioral performance through age 4.5, suggesting that Cd exposure, 

through placental miRNA, could have long-term developmental programming implications (54, 

55). Considering these changes in miRNA expression are detectable at birth, this may allow for 

the development of early interventional methods to mitigate long-term developmental deficits. 

This is an observational study specifically sampling full-term placentae from live births. 

The cross-sectional design of this study cannot address the issue of temporality, as we cannot 

conclude that our results are representative of miRNA and mRNA associations throughout all of 

development. Additionally, even though we report significant associations between placental Cd 

levels, miRNA abundance and neurobehavioral outcomes, these findings may not represent causal 

relationships. While we adjusted for likely confounders to the best of our ability, there is still a 
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possibility of unmeasured confounding which remains in our analysis. Lastly, both RICHS and 

NHBCS consist of predominantly healthy, white mothers from the New England region of the 

United States, potentially limiting the ability of these results to be generalized to a more diverse 

population. 

CONCLUSION 

Placental miRNAs are critical molecules in post-transcriptional gene regulation. Their 

regulatory activities have been linked to overall physiology and function of the placenta throughout 

gestation and offspring developmental outcomes, marking them as essential to successful 

gestational outcomes. Here we have identified the abundance of miR-509-3p and miR-193b-5p to 

be associated with placental Cd, and with NNNS metrics indicative of atypical neurobehavior. 

Targets of these miRNAs are predicted to be involved in nervous system development and the 

transcript abundance of these Cd-associated miRNAs are also associated with individual NNNS 

summary scores, including quality of movement and excitability. These Cd-associated placental 

miRNAs may influence neurobehavioral outcomes at birth through their role in overseeing 

placental physiology throughout gestation, allowing for them to serve as early life indicators of 

long-term neurodevelopmental outcomes. 

METHODS 

Cohorts 

New Hampshire Birth Cohort Study (NHBCS) 

The New Hampshire Birth Cohort Study (NHBCS) is an ongoing birth cohort initiated in 

2009 of mother-infant pairs. Pregnant women between the ages of 18 and 45 were recruited from 

participating prenatal care clinics in New Hampshire, USA. Women were enrolled in this study 
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only if they reported if their primary source of drinking water was from an unregulated residential 

well since their previous menstrual period, and had no plans to move before delivery. All 

participants provided written informed consent in accordance with the requirements of the 

Committee for the Protection of Human Subjects, the Institutional Review Board (IRB) of 

Dartmouth College. Placental gross measures such as placental diameter (cm) and placental weight 

(g) were collected after delivery. Interviewer administered questionnaires and medical record 

abstraction were utilized to collect sociodemographic, lifestyle and anthropometric data. Data 

provided by this study include placental microRNA transcript abundance and placental trace metal 

concentrations (n=281). 

The Rhode Island Child Health Study (RICHS) 

The Rhode Island Child Health Study (RICHS) is a cohort of mother-infant pairs from 

the Women & Infants Hospital in Providence, Rhode Island, enrolled between September 2010 

and February 2013. All mothers were at least 18 years of age, had no life-threatening conditions, 

and delivered singletons free of congenital/chromosomal abnormalities at or after 37 weeks of 

gestation. Infants who were born small for gestational age (≤ 10th birth weight percentile) or 

large for gestational age (≥ 90th birth weight percentile) were oversampled. Infants who were 

adequate for gestational age (between 10th and 90th birth weight percentile) that matched on 

gestational age and maternal age were coincidentally enrolled. All participants provided written 

informed consent and all protocols were approved by the IRBs at the Women & Infants Hospital 

of Rhode Island and Emory University, respectively. Data provided by this study include 

placental microRNA transcript abundance and placental trace metal concentrations (n=115). 

Interviewer-administered questionnaires were utilized to collect sociodemographic and lifestyle 
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data. Structured medical record review was used to collect anthropometric and medical history 

data. 

Data Collection 

Anthropometric Measures and Potential Covariates 

Birth weight (g), head circumference (cm), and birth length (cm) were taken from medical 

records. Z-Scores were calculated for each, standardized by gestational age and infant sex, via 

Fenton growth curves (56). Infants with standardized birth weight percentiles below the 10th 

percentile as small for gestational age (SGA), those above the 95th percentile as large for 

gestational age (LGA), and those between the 10th and 90th percentiles as adequate for gestational 

age (AGA).  

Potential Covariates 

Maternal smoking during pregnancy was defined as any self-reported smoking during any 

point of pregnancy versus those who reported no smoking during pregnancy. Fetal sex was 

obtained from medical records. Only samples with complete covariate, placental Cd, and placental 

miRNA sequencing data were utilized in this study.  

Tissue Collection 

Each cohort utilized the same sampling protocol. Placental parenchyma samples were 

collected within 2 hours of birth; sections were obtained two centimeters from the umbilical cord 

insertion side and were free of maternal decidua. One sample of collected tissue was immediately 

placed into RNA later solution (Life Technologies, Grace Island, NY, USA) for at least 48 hours, 

then blotted dry and stored at -80°C. Another sample, for trace metal analysis, was immediately 

snap frozen and stored at -80°C. 
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Cadmium Quantification 

Trace element concentrations were quantified in both RICHS and NHBCS placental 

samples at the Dartmouth Trace Elements Analysis core through inductively coupled plasma mass 

spectrometry (ICP-MS); details of this analysis have been previously described(57). Given the 

right-tailed skewed nature of the Cd concentration distributions in each cohort, concentrations 

were log2 transformed for normalization to be used in differential expression analyses (Fig. S4-1).  

NNNS Assessment 

The NICU Network Neurobehavioral Scale (NNNS) is a standardized assessment which 

comprehensively examines the neurological function, behavioral functioning and signs of stress in 

newborns (52). The NNNS yields summary scores on 13 individual behaviors and functions 

including habituation, attention, arousal, self-regulation, handling, quality of movement, 

excitability, lethargy, non-optimal reflexes, asymmetry reflexes, hypertonicity, hypotonicity, and 

stress/abstinence. Z-transformed measurements of individual NNNS metrics that are highly 

variable between atypical and neuro-typical constructed neurobehavioral profiles were utilized in 

downstream associative modeling (arousal level, quality of movement, stress abstinence, 

excitability, and self-regulation capacity) (14). 

 Within RICHS, NNNS was administered after the first 24 hours of life, and prior to 

discharge by certified psychometrists. Of the 840 enrolled participants in RICHS, 625 were 

assessed with NNNS, however, 114 (99%) of these participants overlap with our placental miRNA 

sequencing and trace metal datasets. 

NHBCS microRNA isolation and sequencing 
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Total RNA was extracted from fixed placenta using the Qiagen miRNeasy Mini Kit and a 

TissueLyser LT (Qiagen, Frederick, MD, USA) following the manufacturer’s protocol. Briefly, 

25-35mg of placental tissue was placed into a 2 ml round bottom tube with 700 µl of Qiazol Lysing 

Reagent and one 5 mm stainless steel bead. The tissue was homogenized on the TissueLyser LT 

for 2 minutes at 40 Hz. The resulting homogenate was processed with the Qiagen miRNeasy Mini 

Kit and eluted in 30 µl RNase-free water. The RNA was quantitated on a NanoDrop 2000 (Thermo 

Fisher, Waltham, MA, USA) and quality checked on Agilent Bioanalyzer using the Agilent RNA 

6000 Nano Kit (Agilent, Santa Clara, CA, USA). Single end, 1 x 75 bp next-generation sequencing 

of placental microRNA was performed by Qiagen Genomic Services (Frederick, Maryland).   

RICHS microRNA isolation and sequencing 

Total RNA was extracted from placenta using the Qiagen miRNeasy Mini Kit and a 

TissueLyser LT (Qiagen, Germantown, MD, USA) following manufacturer’s protocol. Briefly, 

25-35 mg of frozen, powdered placental tissue was placed in a 2 ml round bottom tube with 700 

µl of Qiazol Lysing Reagent and one 5 mm stainless steel bead. The tissue was homogenized in a 

pre-chilled tube holder on the TissueLyser LT for two, 5-minute cycles at 30 Hz. The resulting 

homogenate was processed with the Qiagen miRNeasy Mini Kit with on-column DNAse digestion 

and eluted in 50 µl RNase-free water. The RNA was quantitated on a NanoDrop (Thermo Fisher, 

Waltham, MA, USA) and quality checked on Agilent Bioanalyzer using the Agilent RNA 6000 

Nano kit (Agilent, Santa Clara, CA, USA). Single end, 1 x 50 bp next generation sequencing of 

placental miRNA was performed by Omega Bioservices (Norcross, Georgia) as previously 

described (58). 

Small RNA-seq processing and quality control 
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Raw FASTQ reads obtained from a total of 115 RICHS and 281 NHBCS samples (n=396) 

were subject to adaptor trimming with cutadapt v1.1634. The 3’ adaptor sequence were trimmed 

(TGGAATTCTCGGGTGCCAAGG) and then four bases were trimmed from each end of the read 

following vendor’s recommendation (BIOO scientific, Austin TX). We then used trimmed reads 

and miRDeep2 to quantify microRNA (59). miRDeep2 was used to first perform alignment using 

bowtie1 with human genome hg38 (60). The ‘Quantifier’ module in miRDeep2 was used to obtain 

raw counts of microRNAs with miRBase version 22 (61). 

Transcript Filtering and Normalization  

Raw miRNA counts were imported into DESeq2 for normalization and differential 

expression analysis. Only miRNA transcripts with more than one count per million in at least 10 

percent of samples were included, leaving 778 miRNA transcripts to be analyzed of the initial 

2656 sequenced transcripts. Dispersion estimates were then calculated, followed by generation of 

median ratio size factor estimates to normalize counts for analysis with in DESeq2 (62). 

Normalized counts were then exported from DESeq2 for Surrogate Variable Analysis (SVA). The 

Variance Stabilization Transformation (VST) was applied to count matrices to yield approximately 

normalized and log2-transformed abundances, which were utilized in bivariate association analyses 

discussed below (58). 

RICHS total RNA Isolation, Sequencing, Processing and Quality Control 

Total RNA was extracted from fixed, pulverized placenta using the RNeasy Mini Kit 

(Qiagen) and stored at −80°C until analysis. We quantified RNA using a Nanodrop 

Spectrophotometer (Thermo Scientific), assessed RNA integrity via Agilent Bioanalyzer 

(Agilent), removed ribosomal RNA with a Ribo-Zero Kit (63), performed cDNA conversion using 



 

125 
 
 

 

random hexamers (Thermo Scientific), followed by transcriptome-wide 50bp single-end RNA 

sequencing via the HiSeq 2500 platform (Illumina)(64). Initial quality control was performed on 

raw reads using the FastQC software. Reads passing the quality control metrics were then mapped 

to the human reference genome (hg19) utilizing the Spliced Transcripts Alignment to a Reference 

(STAR) aligner (65). Parametric estimates of dispersion were calculated, and the median ratio 

method was used to estimate size factors for normalization for modelling of transcripts with 

DESeq2(62). Count matrices normalized by the Variance Stabilizing Transformation (analogous 

to normalization and log2-transformation) were exported from DESeq2 for utilization in 

bioinformatic target prediction filtering and gene ontology analysis. 

Statistical Analyses 

Surrogate Variable Analysis 

To adjust for unknown confounders, such as cell-type heterogeneity and unmeasured 

technical variation, surrogate variables were estimated for normalized miRNA transcript reads 

using the sva package (30, 31). In the svaseq function, the iteratively re-weighted least squares 

algorithm was used to estimate surrogate variables based on empirically derived control 

transcripts. The full model, for each RICHS and NHBCS estimations, (mod argument) contained 

the following covariates: log2[Cd2+], gestational age (wks), birth weight percentile, maternal 

pregnancy smoking status, and RNA integrity estimates. The null model, for each RICHS and 

NHBCS, contained all previously listed covariates while excluding log2[Cd2+]. For each cohort, 

one surrogate variable was included as a covariate in the final model of each respective analysis. 

Differential expression analyses 
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MiRNA transcript counts were modeled using a negative binomial generalized linear 

model to identify differentially expressed transcripts in DESeq2 (31). For each of the 778 

individual miRNA transcripts which passed strict filtering and quality criteria, the variance 

stabilized transformed transcript abundance was regressed on log2-transformed placental Cd 

concentrations. The following covariates were included in each independent model: gestational 

age (wks), birth weight percentile, maternal pregnancy smoking status, RNA integrity estimates 

and the first estimated surrogate variable (30, 31). MiRNAs with a false discovery rate (FDR) less 

than 10% were considered to be a differentially expressed miRNA (DEmiR) with respect to 

log2[Cd2+].  

Meta-Analysis 

A fixed effects meta-analysis was performed, utilizing the inverse variance-weighted 

method implemented in METAL using the standard error based method (32). Study-specific 

summary statistics from each differential expression analysis were utilized, allowing for 

adjustment for study-specific parameters prior to the final meta-analysis. From this meta-analysis, 

only miRNAs with consistent direction of effects across both the independent RICHS and NHBCS 

differential expression analyses, leaving 333 miRNAs to be investigated. Only those miRNAs 

displaying an FDR < 0.15 were considered to be meaningfully dysregulated with respect to log2-

transformed placental Cd concentrations. 

Target prediction and filtering 

Potential targets of DEmiRs were identified using miRDIP (33). Only targets within the 

top 1% of confidence scores were returned. To further enhance the biological relevance of target 

mRNAs we then utilized existing whole transcriptome RNA-seq data from RICHS to only allow 
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mRNAs that were expressed >1cpm in at least 10% of RICHS whole transcriptome RNA-seq 

samples to be considered a potential biological target (58).  

Gene Ontology and Pathway analysis 

Predicted and filtered DEmiR targets were then tested for pathway overrepresentation 

within ConsensusPathDB (CPDB) (34, 35), against all genes that passed general QC filtering in 

RICHS whole transcriptome RNA-seq analysis (34, 35, 58). CPDB utilizes 12 separate biological 

pathway databases, and calculates an enrichment p-value from the hypergeometric distribution of 

genes in the list of miRNA targets and the pathway gene set. False discovery rates were calculated 

from the enrichment p-values, and a q-value ≤0.001 was considered a significant enrichment of 

miRNA targets in the tested pathway/ontology group. 

Bivariate Association Analyses 

Simple linear regression was used to characterize the relationship between VST counts of 

Cd-associated placental miRNAs and z-transformed individual NNNS metrics from RICHS 

infants (Fig. S4-4) that are highly variable across estimated neurobehavioral profiles, previously 

described by Tung et al (14). The metrics analyzed included: arousal level, quality of movement, 

stress abstinence, excitability, and self-regulation capacity. Among the NNNS assessed infants, 

114 (99%) of these participants overlap with between the placental miRNA sequencing data and 

trace metal measurements. Associations were reported as nominally significant with a p-value ≤ 

0.1. 
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TABLES 

Table 4-1: Demographic characteristics of RICHS and NHBCS participants included in the 

miRNA sequencing analysis 

 

  

MATERNAL CHARACTERISTICS RICHS (n=115) NHBCS (n=281) 

Age (yrs) – mean (range) 30 (18-40) 31 (18-44) 

Race (White) – % (n) 72 (83) 100 (281) 

Pregnancy Smoking – % (n) 10 (12) 13 (37) 

Pre-Pregnancy Body Mass Index (BMI) 

(kg/m2) – mean (range) 

26.5 (16.0 - 45.4) 26.1 (16.9 - 49.9) 

Pre-Pregnancy BMI Group  

Normal and Underweight – % (n) 47.8 (55) 47.6 (134) 

Overweight – % (n) 29.5 (34) 30.6 (86) 

Obese – % (n) 22.6 (26) 18.5 (52) 

INFANT CHARACTERISTICS 

Placental Cd2+ (ng/g) mean (standard 

deviation) 

4.39 (2.52) 2.93 (1.99) 

Sex (Female) – % (n) 46.9 (54) 51.6 (145) 

Gestational Age (wks) – mean (range) 39.0 (37 - 41) 39.5 (31.4 - 42.1) 

Birthweight (g) – mean (range) 3610 (2160-5465) 3469 (1380-5216) 

Birthweight Group  

Small for Gestational Age (SGA) – % (n) 15.6 (18) 4.3 (12) 

Average for Gestational Age (AGA) – % (n) 45.2 (52) 85.1 (242) 

Large for Gestational Age (LGA) – % (n) 39.1 (45) 9.6 (27) 
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Table 4-2: RICHS, NHBCS and Meta-Analysis Results Summary 

miRNA Study 

Log2(Fold-

Change) 

Standard 

Error p-value -Log10(pvalue) FDR 

hsa-miR-10b-3p RICHS 0.1808 0.1449 0.2121 0.6734 
0.9971 

hsa-miR-10b-3p NHBCS -0.3126 0.0843 0.0002 3.6831 
0.0537* 

hsa-miR-10b-5p RICHS 0.0993 0.1255 0.4289 0.3677 
0.9971 

hsa-miR-10b-5p NHBCS -0.2866 0.0771 0.0002 3.6926 
0.0537* 

hsa-miR-1248 Meta -0.2395 0.0665 0.0003 3.5022 
0.1128 

hsa-miR-1248 RICHS -0.2221 0.1409 0.1149 0.9396 
0.9971 

hsa-miR-1248 NHBCS -0.2444 0.0754 0.0012 2.9268 
0.1381 

hsa-miR-193b-5p Meta 0.1496 0.0431 0.0005 3.2888 
0.1229* 

hsa-miR-193b-5p RICHS 0.0844 0.0841 0.3158 0.5007 
0.9971 

hsa-miR-193b-5p NHBCS 0.1728 0.0502 0.0006 3.2444 
0.0885* 

hsa-miR-506-3p Meta 0.2275 0.0711 0.0014 2.8645 
0.1632 

hsa-miR-506-3p RICHS 0.0735 0.1160 0.5264 0.2787 
0.9971 

hsa-miR-506-3p NHBCS 0.3201 0.0899 0.0004 3.4305 
0.0721* 

hsa-miR-509-3p Meta 0.1924 0.0522 0.0002 3.6480 
0.1128* 

hsa-miR-509-3p RICHS 0.0654 0.0838 0.4352 0.3613 
0.9971 

hsa-miR-509-3p NHBCS 0.2728 0.0666 0.0000 4.3706 
0.0331 

* Indicates FDR significance determined by analysis-specific threshold (RICHS & NHBCS: FDR ≤ 10%, 

Meta-analysis: FDR ≤ 15% 
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FIGURES 

(A)                                                                                                                                                                  

 

(B) 

Figure 4-1: Placental Cd has associations with specific miRNA expression consistent across 

two independent cohorts. (A) Volcano plot representing the results of the NHBCS and RICHS meta-

analysis. The y-axis shows the -log10(p-values) in the association of each miRNA with log2-transformed 

placental cadmium concentrations. The x-axis displays the effect estimates in units of log2 fold change in 

each miRNA’s transcript abundance per doubling of placental cadmium. 3 miRNAs are associated with 

placental cadmium accumulation at an FDR < 0.15; however, none are significant following Bonferroni 

correction (p-value < 1.50e-04). (B) Estimates of log2 fold change of miRNA transcript abundances of Cd-

associated DEmiRs identified compared across the RICHS and NHBCS cohort analyses and meta-analysis. 

MiR-10b-3p and miR-10b-5p do not hold meta-analysis estimates considering the opposing direction of 

effect estimates identified in the cohort level analyses. Error bars in each plot represent the estimated 95% 

confidence interval, size of the point represents the -log10(p-value) of the estimate, and the color indicates 

the study from which the data were generated. 
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Figure 4-2. Predicted targets of Cd-associated miRNAs miR-509-3p and miR-193b-5p are 

overrepresented in biological pathways relevant to nervous system development. The predicted 

targets of miR-509-3p and miR-193b-5p commonly reported a potential influence toward nervous system 

development (q-value < 0.001). MiR-193b was predicted to target 47 genes involved in nervous system 

development while miR-509-3p was predicted to target 44 unique targets. While all genes listed contribute 

to the overrepresentation of nervous system development, no predicted gene is a predicted target of multiple 

miRNA. Of the 91 total mRNA targets involved in nervous system development, 72 were found to be 

expressed at >1cpm in the RICHS placental total RNA sequencing dataset (Table S4-7). Created with 

www.BioRender.com. 
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(A) 

(B) 

(C) 

Figure 4-3. Quality of Movement and Excitability at birth are correlated with the expression 

of miR-509-3p and miR-193b-5p. Scatterplots depicting the relationship between normalized counts 

of miR-509-3p and miR-193b-5p with respect to individual, z-transformed NNNS metrics (y-axes) (n=114) 

as determined by simple linear regression. (A) There is a reported β = -0.47 ± 0.380 attenuation in quality 
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of movement scores per-cpm change in miR-509-3p transcript abundance (p ≤ 0.01). (B) There is a reported 

β = -0.278 ± 0.287 attenuation in quality of movement scores per-cpm change in miR-193b-5p transcript 

abundance (p = 0.06). (C) There is a reported β = 0.27 ± 0.3 attenuation in excitability measurements per-

cpm change in miR-193b-5p transcript abundance (p =0.09). Error for each analysis is reported as the 

estimated 95% confidence interval, results are considered nominally significant at a p-value threshold of p 

≤ 0.1. 
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SUPPLEMENTARY TABLES 

Table S4-1: RICHS: Cd miRNA Differential Expression Analysis Results 
microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-192-3p 0.425 0.135 0.002 0.589 

hsa-miR-429 0.495 0.162 0.002 0.589 

hsa-miR-95-3p 0.329 0.11 0.003 0.589 

hsa-miR-625-5p -0.142 0.048 0.003 0.589 

hsa-miR-520e-3p -0.146 0.054 0.007 0.812 

hsa-miR-29a-5p 0.156 0.058 0.008 0.812 

hsa-miR-502-3p -0.079 0.031 0.01 0.812 

hsa-miR-200a-3p 0.221 0.086 0.01 0.812 

hsa-miR-132-5p 0.137 0.054 0.011 0.812 

hsa-miR-545-5p 0.294 0.116 0.011 0.812 

hsa-miR-29a-3p 0.112 0.044 0.011 0.812 

hsa-miR-181a-2-

3p 

0.132 0.053 0.012 0.812 

hsa-miR-500a-3p -0.073 0.03 0.015 0.849 

hsa-miR-497-5p 0.137 0.057 0.016 0.849 

hsa-miR-2682-5p 0.417 0.173 0.016 0.849 

hsa-let-7b-3p 0.187 0.079 0.018 0.9 

hsa-miR-549a-3p 0.456 0.199 0.022 0.957 

hsa-miR-202-5p -0.18 0.079 0.023 0.957 

hsa-miR-212-5p 0.317 0.139 0.023 0.957 

hsa-miR-203a-3p -0.171 0.077 0.027 0.973 

hsa-miR-195-5p 0.125 0.057 0.027 0.973 

hsa-miR-381-3p -0.079 0.036 0.027 0.973 

hsa-miR-548at-5p 0.276 0.126 0.028 0.973 

hsa-miR-375-3p 0.323 0.148 0.029 0.973 

hsa-miR-200b-3p 0.096 0.045 0.035 0.997 

hsa-miR-1247-3p 0.184 0.088 0.036 0.997 

hsa-miR-4659a-3p -0.315 0.152 0.038 0.997 

hsa-miR-329-3p -0.078 0.039 0.043 0.997 

hsa-miR-4433b-5p -0.328 0.163 0.044 0.997 

hsa-miR-1268a 0.219 0.109 0.045 0.997 

hsa-miR-512-3p -0.062 0.031 0.048 0.997 

hsa-miR-22-5p 0.067 0.034 0.051 0.997 

hsa-miR-548n -0.256 0.132 0.052 0.997 

hsa-miR-339-5p 0.069 0.035 0.052 0.997 

hsa-miR-483-5p -0.09 0.047 0.056 0.997 

hsa-miR-212-3p 0.289 0.151 0.056 0.997 

microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-18a-3p -0.137 0.072 0.057 0.997 

hsa-miR-491-3p 0.29 0.153 0.059 0.997 

hsa-miR-34b-5p 0.161 0.086 0.062 0.997 

hsa-miR-7-5p -0.088 0.047 0.062 0.997 

hsa-miR-185-3p -0.176 0.095 0.064 0.997 

hsa-miR-4636 0.265 0.144 0.066 0.997 

hsa-miR-539-5p -0.088 0.048 0.066 0.997 

hsa-miR-181c-3p 0.093 0.051 0.069 0.997 

hsa-miR-485-5p -0.081 0.045 0.069 0.997 

hsa-miR-627-3p -0.193 0.107 0.072 0.997 

hsa-miR-365a-5p 0.167 0.093 0.073 0.997 

hsa-miR-652-3p -0.066 0.037 0.076 0.997 

hsa-miR-369-5p -0.068 0.038 0.076 0.997 

hsa-miR-1277-5p 0.148 0.084 0.077 0.997 

hsa-miR-6507-5p -0.204 0.117 0.081 0.997 

hsa-miR-3664-5p -0.229 0.132 0.082 0.997 

hsa-miR-548ay-3p -0.205 0.118 0.083 0.997 

hsa-miR-376a-2-

5p 

-0.1 0.058 0.084 0.997 

hsa-miR-34b-3p 0.131 0.076 0.085 0.997 

hsa-miR-519e-5p 0.065 0.038 0.085 0.997 

hsa-miR-511-5p -0.088 0.051 0.087 0.997 

hsa-miR-379-3p -0.068 0.04 0.088 0.997 

hsa-let-7b-5p 0.108 0.064 0.089 0.997 

hsa-miR-1185-5p -0.099 0.059 0.09 0.997 

hsa-miR-450a-2-
3p 

-0.088 0.052 0.09 0.997 

hsa-miR-135a-5p -0.267 0.158 0.092 0.997 

hsa-miR-18b-5p -0.176 0.105 0.092 0.997 

hsa-miR-376a-3p -0.064 0.038 0.093 0.997 

hsa-miR-532-5p -0.058 0.035 0.096 0.997 

hsa-miR-2114-5p 0.24 0.144 0.096 0.997 

hsa-miR-6511a-3p -0.162 0.098 0.098 0.997 

hsa-miR-1228-3p -0.199 0.121 0.099 0.997 

hsa-miR-19b-3p 0.076 0.046 0.101 0.997 

hsa-miR-15b-3p 0.129 0.079 0.101 0.997 

hsa-miR-27a-5p 0.102 0.063 0.105 0.997 
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microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-155-5p -0.219 0.136 0.106 0.997 

hsa-miR-376c-3p -0.056 0.035 0.107 0.997 

hsa-miR-628-3p -0.129 0.08 0.108 0.997 

hsa-miR-520c-3p -0.064 0.04 0.11 0.997 

hsa-miR-424-5p 0.063 0.04 0.112 0.997 

hsa-miR-570-3p -0.184 0.117 0.115 0.997 

hsa-miR-579-3p 0.137 0.087 0.115 0.997 

hsa-miR-3679-5p 0.164 0.104 0.115 0.997 

hsa-miR-1248 -0.222 0.141 0.115 0.997 

hsa-miR-767-5p -0.111 0.07 0.116 0.997 

hsa-miR-3064-5p -0.235 0.15 0.119 0.997 

hsa-miR-598-3p 0.145 0.094 0.121 0.997 

hsa-miR-548aw -0.146 0.094 0.122 0.997 

hsa-miR-376c-5p -0.068 0.044 0.123 0.997 

hsa-miR-34c-5p 0.095 0.062 0.124 0.997 

hsa-miR-337-3p -0.056 0.037 0.128 0.997 

hsa-miR-615-3p -0.072 0.047 0.13 0.997 

hsa-miR-7706 0.09 0.059 0.131 0.997 

hsa-miR-338-3p -0.088 0.058 0.131 0.997 

hsa-miR-130a-3p -0.041 0.027 0.131 0.997 

hsa-miR-624-5p -0.078 0.052 0.132 0.997 

hsa-miR-4781-3p -0.165 0.111 0.137 0.997 

hsa-miR-3690 -0.182 0.123 0.138 0.997 

hsa-miR-330-5p -0.082 0.055 0.141 0.997 

hsa-miR-548ar-3p -0.223 0.153 0.144 0.997 

hsa-miR-379-5p -0.064 0.044 0.146 0.997 

hsa-miR-105-5p -0.112 0.077 0.147 0.997 

hsa-miR-487a-3p -0.061 0.043 0.15 0.997 

hsa-miR-643 -0.22 0.153 0.151 0.997 

hsa-miR-629-5p -0.05 0.035 0.152 0.997 

hsa-miR-376b-5p -0.064 0.045 0.153 0.997 

hsa-miR-5683 0.382 0.268 0.154 0.997 

hsa-miR-550a-3-

5p 

-0.132 0.093 0.156 0.997 

hsa-miR-29b-3p 0.054 0.038 0.156 0.997 

hsa-miR-3940-3p 0.143 0.101 0.157 0.997 

hsa-miR-520e-5p -0.059 0.042 0.158 0.997 

hsa-miR-6715b-3p -0.191 0.136 0.16 0.997 

hsa-let-7c-5p 0.072 0.051 0.163 0.997 

microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-4326 -0.152 0.109 0.163 0.997 

hsa-miR-410-3p -0.076 0.055 0.165 0.997 

hsa-miR-941 -0.078 0.056 0.167 0.997 

hsa-miR-4517 -0.215 0.156 0.168 0.997 

hsa-miR-194-5p 0.053 0.038 0.169 0.997 

hsa-miR-3925-3p -0.174 0.127 0.171 0.997 

hsa-miR-487b-3p -0.048 0.035 0.173 0.997 

hsa-miR-411-3p -0.05 0.037 0.173 0.997 

hsa-miR-224-5p 0.067 0.05 0.175 0.997 

hsa-miR-548ar-5p 0.227 0.168 0.175 0.997 

hsa-miR-584-5p -0.067 0.05 0.176 0.997 

hsa-miR-377-3p -0.055 0.041 0.177 0.997 

hsa-miR-655-3p -0.046 0.034 0.177 0.997 

hsa-miR-363-3p -0.069 0.051 0.178 0.997 

hsa-miR-365b-3p 0.086 0.064 0.18 0.997 

hsa-miR-365a-3p 0.086 0.064 0.18 0.997 

hsa-miR-519d-5p 0.047 0.035 0.181 0.997 

hsa-miR-605-3p -0.176 0.132 0.181 0.997 

hsa-miR-6881-3p -0.169 0.126 0.182 0.997 

hsa-miR-3615 -0.07 0.052 0.183 0.997 

hsa-miR-616-3p 0.198 0.15 0.185 0.997 

hsa-miR-520f-3p -0.115 0.087 0.186 0.997 

hsa-miR-377-5p -0.053 0.04 0.186 0.997 

hsa-miR-132-3p 0.067 0.051 0.188 0.997 

hsa-miR-31-5p 0.084 0.065 0.192 0.997 

hsa-miR-505-3p -0.05 0.038 0.192 0.997 

hsa-miR-376a-5p -0.061 0.047 0.195 0.997 

hsa-miR-196b-5p 0.055 0.043 0.195 0.997 

hsa-miR-125b-2-
3p 

0.07 0.055 0.199 0.997 

hsa-miR-181d-5p 0.05 0.039 0.202 0.997 

hsa-miR-491-5p -0.089 0.07 0.203 0.997 

hsa-miR-7109-3p -0.222 0.175 0.203 0.997 

hsa-miR-518e-3p -0.05 0.039 0.205 0.997 

hsa-miR-548aj-5p 0.19 0.151 0.208 0.997 

hsa-miR-382-5p -0.045 0.036 0.208 0.997 

hsa-miR-192-5p 0.042 0.033 0.209 0.997 

hsa-miR-3173-5p 0.19 0.151 0.21 0.997 

hsa-miR-654-5p -0.056 0.045 0.211 0.997 
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microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-362-5p -0.045 0.036 0.211 0.997 

hsa-miR-214-5p -0.05 0.04 0.211 0.997 

hsa-miR-10b-3p 0.181 0.145 0.212 0.997 

hsa-miR-337-5p -0.068 0.054 0.212 0.997 

hsa-miR-548o-3p -0.067 0.054 0.215 0.997 

hsa-miR-3144-3p -0.173 0.14 0.216 0.997 

hsa-miR-211-5p 0.1 0.081 0.217 0.997 

hsa-miR-501-3p -0.044 0.036 0.22 0.997 

hsa-miR-659-5p -0.127 0.104 0.222 0.997 

hsa-miR-524-3p -0.043 0.035 0.223 0.997 

hsa-miR-556-3p 0.165 0.136 0.224 0.997 

hsa-miR-24-2-5p 0.045 0.037 0.224 0.997 

hsa-miR-10399-5p 0.107 0.089 0.228 0.997 

hsa-miR-499a-5p -0.058 0.048 0.228 0.997 

hsa-miR-101-3p 0.037 0.031 0.232 0.997 

hsa-miR-137-3p 0.157 0.132 0.234 0.997 

hsa-miR-193a-5p 0.095 0.08 0.235 0.997 

hsa-miR-548p -0.154 0.13 0.235 0.997 

hsa-miR-3157-5p -0.164 0.139 0.236 0.997 

hsa-miR-1284 -0.161 0.136 0.238 0.997 

hsa-miR-2276-3p -0.167 0.142 0.239 0.997 

hsa-miR-466 0.119 0.101 0.241 0.997 

hsa-miR-7-1-3p -0.066 0.057 0.244 0.997 

hsa-miR-411-5p -0.045 0.039 0.247 0.997 

hsa-miR-188-5p -0.066 0.057 0.249 0.997 

hsa-miR-3611 -0.206 0.179 0.25 0.997 

hsa-miR-195-3p 0.049 0.043 0.251 0.997 

hsa-let-7a-3p 0.039 0.034 0.254 0.997 

hsa-miR-548am-
3p 

-0.186 0.164 0.257 0.997 

hsa-miR-548au-5p 0.058 0.051 0.257 0.997 

hsa-miR-326 -0.047 0.042 0.259 0.997 

hsa-miR-4508 0.231 0.206 0.262 0.997 

hsa-miR-221-5p 0.036 0.032 0.266 0.997 

hsa-miR-30c-2-3p 0.034 0.03 0.267 0.997 

hsa-miR-10a-5p 0.046 0.042 0.267 0.997 

hsa-miR-6866-5p -0.166 0.15 0.267 0.997 

hsa-miR-628-5p -0.074 0.067 0.268 0.997 

hsa-miR-138-1-3p 0.136 0.123 0.269 0.997 

microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-133b 0.114 0.104 0.269 0.997 

hsa-miR-323b-3p 0.079 0.072 0.27 0.997 

hsa-miR-585-3p -0.137 0.125 0.273 0.997 

hsa-miR-210-5p 0.144 0.131 0.273 0.997 

hsa-miR-3613-3p -0.093 0.086 0.278 0.997 

hsa-miR-126-5p 0.038 0.035 0.278 0.997 

hsa-miR-664b-3p 0.058 0.054 0.279 0.997 

hsa-miR-199a-5p -0.03 0.028 0.28 0.997 

hsa-miR-324-3p -0.045 0.042 0.28 0.997 

hsa-miR-4454 0.096 0.09 0.281 0.997 

hsa-miR-548ah-3p -0.142 0.132 0.282 0.997 

hsa-miR-93-3p 0.043 0.04 0.283 0.997 

hsa-miR-217-5p 0.274 0.258 0.288 0.997 

hsa-miR-196a-5p 0.097 0.092 0.292 0.997 

hsa-miR-548x-5p 0.161 0.153 0.293 0.997 

hsa-miR-556-5p -0.152 0.144 0.293 0.997 

hsa-miR-3194-3p -0.163 0.155 0.293 0.997 

hsa-miR-205-3p -0.131 0.125 0.293 0.997 

hsa-miR-539-3p -0.054 0.051 0.294 0.997 

hsa-miR-30b-5p 0.037 0.036 0.296 0.997 

hsa-miR-183-3p 0.12 0.115 0.297 0.997 

hsa-miR-548ai -0.123 0.118 0.298 0.997 

hsa-miR-570-5p -0.123 0.118 0.298 0.997 

hsa-miR-548i -0.126 0.122 0.301 0.997 

hsa-miR-215-5p 0.065 0.063 0.302 0.997 

hsa-miR-2277-5p -0.122 0.119 0.303 0.997 

hsa-miR-760 0.139 0.135 0.303 0.997 

hsa-miR-758-5p 0.113 0.11 0.307 0.997 

hsa-miR-296-5p 0.064 0.062 0.307 0.997 

hsa-miR-146b-3p 0.114 0.112 0.308 0.997 

hsa-miR-548aq-3p -0.098 0.096 0.309 0.997 

hsa-miR-92a-3p -0.04 0.039 0.31 0.997 

hsa-miR-1261 -0.142 0.14 0.31 0.997 

hsa-miR-1307-3p 0.039 0.038 0.311 0.997 

hsa-miR-1268b 0.105 0.103 0.311 0.997 

hsa-miR-6516-5p 0.134 0.133 0.312 0.997 

hsa-miR-193b-5p 0.084 0.084 0.316 0.997 

hsa-miR-425-3p -0.029 0.029 0.316 0.997 
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microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-675-5p -0.05 0.051 0.321 0.997 

hsa-miR-452-5p -0.037 0.037 0.322 0.997 

hsa-miR-3143 0.139 0.141 0.324 0.997 

hsa-miR-32-5p -0.034 0.034 0.324 0.997 

hsa-miR-520a-5p -0.039 0.04 0.326 0.997 

hsa-miR-191-3p 0.085 0.086 0.327 0.997 

hsa-miR-432-5p -0.043 0.044 0.327 0.997 

hsa-miR-140-3p 0.042 0.043 0.328 0.997 

hsa-miR-503-3p 0.066 0.067 0.33 0.997 

hsa-miR-1185-1-

3p 

-0.049 0.05 0.331 0.997 

hsa-miR-127-5p -0.035 0.036 0.331 0.997 

hsa-miR-1262 0.099 0.102 0.332 0.997 

hsa-miR-378f 0.087 0.09 0.334 0.997 

hsa-miR-574-5p -0.046 0.047 0.336 0.997 

hsa-miR-1287-5p 0.063 0.065 0.336 0.997 

hsa-miR-1307-5p 0.056 0.058 0.336 0.997 

hsa-miR-30c-5p 0.029 0.03 0.337 0.997 

hsa-miR-1-3p -0.066 0.069 0.338 0.997 

hsa-miR-16-5p -0.048 0.051 0.342 0.997 

hsa-miR-519d-3p -0.035 0.037 0.343 0.997 

hsa-miR-627-5p -0.089 0.094 0.343 0.997 

hsa-miR-301a-3p 0.053 0.056 0.344 0.997 

hsa-miR-34a-5p 0.048 0.051 0.346 0.997 

hsa-miR-20a-5p 0.034 0.036 0.346 0.997 

hsa-miR-4652-5p -0.142 0.151 0.348 0.997 

hsa-miR-140-5p 0.033 0.035 0.349 0.997 

hsa-miR-500a-5p -0.037 0.04 0.349 0.997 

hsa-miR-6803-3p 0.115 0.123 0.35 0.997 

hsa-miR-519b-3p -0.037 0.039 0.351 0.997 

hsa-let-7d-5p -0.07 0.076 0.351 0.997 

hsa-miR-301b-3p -0.099 0.106 0.351 0.997 

hsa-miR-517-5p 0.03 0.033 0.355 0.997 

hsa-miR-34c-3p 0.073 0.079 0.356 0.997 

hsa-miR-9-5p 0.069 0.075 0.356 0.997 

hsa-miR-23a-5p -0.071 0.078 0.357 0.997 

hsa-miR-550a-5p -0.086 0.093 0.358 0.997 

hsa-miR-381-5p -0.065 0.071 0.359 0.997 

hsa-miR-1247-5p -0.057 0.062 0.359 0.997 

microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-937-3p 0.122 0.133 0.359 0.997 

hsa-miR-92a-1-5p -0.089 0.098 0.36 0.997 

hsa-miR-515-5p 0.036 0.039 0.36 0.997 

hsa-miR-424-3p 0.024 0.026 0.361 0.997 

hsa-miR-616-5p -0.068 0.075 0.363 0.997 

hsa-miR-299-5p -0.039 0.043 0.363 0.997 

hsa-miR-625-3p -0.043 0.047 0.364 0.997 

hsa-miR-4742-5p 0.135 0.148 0.364 0.997 

hsa-miR-374c-5p -0.061 0.067 0.367 0.997 

hsa-miR-409-3p -0.031 0.034 0.369 0.997 

hsa-miR-1285-3p -0.065 0.073 0.375 0.997 

hsa-miR-551b-3p -0.048 0.054 0.377 0.997 

hsa-miR-26a-5p 0.016 0.018 0.379 0.997 

hsa-miR-548bc -0.081 0.093 0.38 0.997 

hsa-miR-495-3p -0.034 0.039 0.381 0.997 

hsa-miR-500b-5p -0.038 0.044 0.381 0.997 

hsa-miR-3912-3p -0.056 0.064 0.382 0.997 

hsa-miR-380-5p -0.112 0.128 0.383 0.997 

hsa-miR-338-5p -0.059 0.068 0.386 0.997 

hsa-miR-3925-5p 0.144 0.168 0.392 0.997 

hsa-miR-125a-5p 0.038 0.044 0.392 0.997 

hsa-miR-487a-5p -0.06 0.07 0.396 0.997 

hsa-miR-1303 -0.053 0.062 0.396 0.997 

hsa-miR-3128 -0.139 0.164 0.397 0.997 

hsa-miR-668-3p -0.039 0.046 0.397 0.997 

hsa-miR-561-5p -0.06 0.071 0.397 0.997 

hsa-miR-32-3p -0.039 0.046 0.397 0.997 

hsa-miR-154-3p -0.037 0.044 0.399 0.997 

hsa-let-7f-2-3p 0.095 0.113 0.4 0.997 

hsa-miR-518f-5p -0.032 0.038 0.401 0.997 

hsa-miR-184 -0.051 0.061 0.405 0.997 

hsa-miR-518b -0.041 0.049 0.405 0.997 

hsa-miR-516b-3p -0.091 0.109 0.407 0.997 

hsa-miR-10399-3p 0.085 0.103 0.407 0.997 

hsa-miR-1323 0.027 0.032 0.408 0.997 

hsa-miR-576-5p -0.033 0.04 0.409 0.997 

hsa-miR-4999-5p 0.079 0.096 0.409 0.997 

hsa-miR-548ae-5p -0.043 0.053 0.41 0.997 
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microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-203b-3p -0.113 0.138 0.41 0.997 

hsa-miR-200c-3p 0.028 0.034 0.417 0.997 

hsa-miR-548k -0.037 0.045 0.417 0.997 

hsa-miR-210-3p 0.058 0.072 0.418 0.997 

hsa-let-7a-5p 0.028 0.034 0.418 0.997 

hsa-miR-548w -0.041 0.051 0.419 0.997 

hsa-miR-517c-3p -0.03 0.038 0.419 0.997 

hsa-miR-651-5p 0.036 0.045 0.42 0.997 

hsa-miR-378g 0.119 0.148 0.421 0.997 

hsa-miR-1292-5p -0.119 0.148 0.422 0.997 

hsa-miR-33a-5p 0.111 0.138 0.422 0.997 

hsa-miR-374b-3p 0.04 0.049 0.422 0.997 

hsa-miR-874-5p -0.051 0.064 0.423 0.997 

hsa-miR-877-5p -0.062 0.077 0.423 0.997 

hsa-miR-526a-5p -0.033 0.041 0.425 0.997 

hsa-miR-515-3p -0.035 0.044 0.426 0.997 

hsa-miR-520c-5p -0.033 0.041 0.426 0.997 

hsa-miR-134-3p -0.097 0.122 0.427 0.997 

hsa-miR-410-5p -0.132 0.166 0.427 0.997 

hsa-miR-518d-5p -0.033 0.041 0.428 0.997 

hsa-miR-10b-5p 0.099 0.126 0.429 0.997 

hsa-miR-371a-3p -0.125 0.158 0.429 0.997 

hsa-miR-146a-5p -0.065 0.082 0.431 0.997 

hsa-miR-498-3p 0.026 0.033 0.432 0.997 

hsa-miR-548ab -0.106 0.135 0.433 0.997 

hsa-miR-138-5p 0.09 0.116 0.435 0.997 

hsa-miR-509-3p 0.065 0.084 0.435 0.997 

hsa-miR-6516-3p 0.105 0.135 0.437 0.997 

hsa-miR-505-5p -0.093 0.12 0.437 0.997 

hsa-miR-103a-3p 0.023 0.029 0.438 0.997 

hsa-miR-502-5p -0.042 0.054 0.444 0.997 

hsa-miR-222-5p 0.079 0.104 0.447 0.997 

hsa-miR-1185-2-

3p 

-0.06 0.08 0.448 0.997 

hsa-miR-582-5p 0.038 0.051 0.448 0.997 

hsa-miR-339-3p 0.032 0.043 0.45 0.997 

hsa-miR-675-3p -0.043 0.057 0.45 0.997 

hsa-miR-301a-5p -0.045 0.06 0.456 0.997 

hsa-miR-767-3p -0.109 0.147 0.456 0.997 

microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-216a-5p 0.206 0.277 0.457 0.997 

hsa-miR-3139 -0.1 0.136 0.461 0.997 

hsa-miR-3199 0.102 0.138 0.461 0.997 

hsa-miR-199b-5p -0.033 0.045 0.461 0.997 

hsa-miR-516a-3p -0.081 0.11 0.462 0.997 

hsa-miR-30a-3p 0.028 0.038 0.464 0.997 

hsa-miR-548b-3p -0.08 0.11 0.465 0.997 

hsa-miR-518c-5p 0.023 0.031 0.465 0.997 

hsa-miR-98-3p 0.095 0.13 0.466 0.997 

hsa-miR-6724-5p -0.061 0.085 0.469 0.997 

hsa-miR-548g-5p 0.094 0.13 0.47 0.997 

hsa-miR-19a-3p 0.04 0.056 0.472 0.997 

hsa-miR-9-3p 0.056 0.079 0.474 0.997 

hsa-miR-147b-3p -0.076 0.106 0.474 0.997 

hsa-miR-511-3p 0.054 0.075 0.475 0.997 

hsa-miR-361-5p 0.022 0.031 0.476 0.997 

hsa-miR-26b-3p 0.036 0.05 0.476 0.997 

hsa-miR-449a -0.071 0.1 0.476 0.997 

hsa-miR-128-3p -0.018 0.025 0.477 0.997 

hsa-miR-144-3p -0.074 0.105 0.48 0.997 

hsa-miR-134-5p -0.029 0.041 0.48 0.997 

hsa-miR-769-5p 0.022 0.032 0.48 0.997 

hsa-miR-22-3p -0.03 0.042 0.481 0.997 

hsa-miR-4785 -0.105 0.149 0.482 0.997 

hsa-miR-519a-3p -0.024 0.035 0.484 0.997 

hsa-miR-5010-3p 0.047 0.067 0.485 0.997 

hsa-miR-409-5p -0.026 0.038 0.486 0.997 

hsa-miR-451a -0.074 0.108 0.489 0.997 

hsa-miR-29c-5p -0.027 0.039 0.491 0.997 

hsa-miR-433-3p -0.032 0.047 0.491 0.997 

hsa-miR-454-5p -0.052 0.075 0.492 0.997 

hsa-miR-514a-3p 0.048 0.07 0.492 0.997 

hsa-miR-516a-5p 0.023 0.034 0.494 0.997 

hsa-miR-520d-3p -0.023 0.033 0.495 0.997 

hsa-miR-3145-5p 0.075 0.11 0.496 0.997 

hsa-miR-181b-2-
3p 

0.062 0.091 0.497 0.997 

hsa-miR-523-3p -0.036 0.052 0.498 0.997 

hsa-miR-484 0.02 0.029 0.499 0.997 
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microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-518c-3p -0.022 0.032 0.499 0.997 

hsa-miR-223-5p -0.053 0.079 0.502 0.997 

hsa-miR-127-3p -0.028 0.043 0.504 0.997 

hsa-miR-23a-3p 0.024 0.036 0.506 0.997 

hsa-miR-543 -0.035 0.053 0.508 0.997 

hsa-miR-342-3p -0.03 0.045 0.508 0.997 

hsa-miR-1275 0.067 0.102 0.511 0.997 

hsa-miR-2277-3p 0.077 0.117 0.513 0.997 

hsa-miR-3613-5p -0.035 0.054 0.513 0.997 

hsa-miR-320a-3p 0.026 0.039 0.514 0.997 

hsa-miR-20b-3p -0.099 0.152 0.515 0.997 

hsa-miR-889-5p -0.096 0.147 0.516 0.997 

hsa-miR-346 -0.085 0.131 0.516 0.997 

hsa-miR-21-5p 0.027 0.041 0.517 0.997 

hsa-miR-33b-3p -0.087 0.135 0.518 0.997 

hsa-miR-26b-5p 0.018 0.028 0.518 0.997 

hsa-miR-186-5p -0.021 0.032 0.518 0.997 

hsa-miR-521 -0.022 0.034 0.52 0.997 

hsa-miR-96-5p 0.039 0.06 0.521 0.997 

hsa-miR-551b-5p 0.067 0.105 0.522 0.997 

hsa-miR-512-5p -0.027 0.042 0.525 0.997 

hsa-miR-506-3p 0.073 0.116 0.526 0.997 

hsa-miR-654-3p -0.019 0.03 0.527 0.997 

hsa-miR-514a-5p 0.064 0.102 0.528 0.997 

hsa-miR-1180-3p -0.039 0.061 0.53 0.997 

hsa-miR-7977 -0.039 0.062 0.531 0.997 

hsa-miR-223-3p 0.038 0.061 0.532 0.997 

hsa-let-7i-3p 0.057 0.092 0.533 0.997 

hsa-miR-340-5p -0.025 0.04 0.533 0.997 

hsa-miR-873-5p 0.065 0.105 0.533 0.997 

hsa-miR-29b-2-5p 0.033 0.054 0.537 0.997 

hsa-miR-23b-5p 0.037 0.06 0.544 0.997 

hsa-miR-194-3p 0.076 0.126 0.546 0.997 

hsa-miR-30b-3p 0.025 0.042 0.547 0.997 

hsa-miR-370-3p -0.03 0.051 0.549 0.997 

hsa-miR-618 -0.06 0.1 0.55 0.997 

hsa-miR-518f-3p -0.025 0.042 0.551 0.997 

hsa-miR-548av-3p -0.096 0.161 0.551 0.997 

microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-1226-3p 0.063 0.106 0.551 0.997 

hsa-miR-944 -0.033 0.055 0.551 0.997 

hsa-miR-146b-5p 0.043 0.072 0.552 0.997 

hsa-miR-25-5p -0.073 0.123 0.552 0.997 

hsa-miR-26a-1-3p 0.054 0.092 0.553 0.997 

hsa-miR-3927-3p -0.169 0.285 0.554 0.997 

hsa-miR-6514-5p -0.061 0.104 0.557 0.997 

hsa-miR-125a-3p 0.02 0.034 0.561 0.997 

hsa-miR-4742-3p -0.064 0.11 0.562 0.997 

hsa-miR-548s -0.056 0.096 0.562 0.997 

hsa-miR-490-5p -0.092 0.16 0.563 0.997 

hsa-miR-5585-3p -0.055 0.096 0.564 0.997 

hsa-miR-522-3p -0.02 0.035 0.567 0.997 

hsa-let-7f-5p 0.032 0.056 0.567 0.997 

hsa-miR-181a-5p 0.021 0.037 0.568 0.997 

hsa-miR-6852-5p -0.079 0.138 0.568 0.997 

hsa-miR-454-3p -0.015 0.026 0.572 0.997 

hsa-miR-191-5p 0.016 0.028 0.573 0.997 

hsa-miR-490-3p -0.073 0.13 0.573 0.997 

hsa-miR-4286 -0.029 0.051 0.575 0.997 

hsa-miR-548ba 0.127 0.226 0.575 0.997 

hsa-miR-494-3p -0.021 0.037 0.578 0.997 

hsa-miR-590-3p 0.025 0.046 0.585 0.997 

hsa-miR-182-5p 0.032 0.059 0.586 0.997 

hsa-miR-17-5p 0.019 0.035 0.588 0.997 

hsa-miR-18a-5p -0.035 0.064 0.588 0.997 

hsa-miR-493-5p -0.021 0.038 0.59 0.997 

hsa-miR-30e-3p 0.022 0.041 0.593 0.997 

hsa-miR-4661-5p -0.054 0.102 0.595 0.997 

hsa-miR-589-5p -0.035 0.066 0.595 0.997 

hsa-miR-542-5p 0.024 0.045 0.595 0.997 

hsa-miR-660-5p -0.018 0.034 0.596 0.997 

hsa-miR-517a-3p -0.018 0.034 0.596 0.997 

hsa-miR-517b-3p -0.018 0.034 0.596 0.997 

hsa-miR-151b 0.019 0.036 0.596 0.997 

hsa-miR-758-3p 0.024 0.046 0.598 0.997 

hsa-miR-518a-3p -0.016 0.031 0.598 0.997 

hsa-miR-181b-5p 0.014 0.027 0.6 0.997 
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microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-1306-3p 0.056 0.107 0.601 0.997 

hsa-miR-1278 0.044 0.085 0.601 0.997 

hsa-miR-1291 -0.047 0.089 0.602 0.997 

hsa-miR-548y -0.05 0.097 0.603 0.997 

hsa-miR-1294 -0.048 0.092 0.603 0.997 

hsa-miR-99b-5p -0.014 0.026 0.604 0.997 

hsa-miR-520b-5p 0.016 0.031 0.605 0.997 

hsa-miR-34a-3p 0.036 0.069 0.605 0.997 

hsa-miR-222-3p -0.016 0.032 0.606 0.997 

hsa-miR-519a-2-

5p 

0.016 0.031 0.606 0.997 

hsa-miR-147b-5p -0.046 0.09 0.608 0.997 

hsa-miR-376b-3p -0.025 0.05 0.611 0.997 

hsa-miR-190a-5p -0.038 0.075 0.613 0.997 

hsa-miR-455-5p -0.028 0.056 0.614 0.997 

hsa-miR-2116-5p 0.076 0.151 0.614 0.997 

hsa-miR-1269a -0.095 0.189 0.616 0.997 

hsa-miR-4728-3p -0.046 0.092 0.617 0.997 

hsa-miR-664a-3p 0.019 0.037 0.617 0.997 

hsa-miR-4677-3p 0.05 0.1 0.617 0.997 

hsa-miR-503-5p 0.017 0.034 0.619 0.997 

hsa-miR-519e-3p -0.019 0.039 0.62 0.997 

hsa-miR-548t-3p -0.038 0.076 0.621 0.997 

hsa-miR-4802-5p 0.067 0.137 0.625 0.997 

hsa-miR-3909 0.025 0.051 0.625 0.997 

hsa-miR-371a-5p -0.076 0.158 0.629 0.997 

hsa-miR-526b-5p 0.02 0.041 0.629 0.997 

hsa-miR-320c -0.024 0.05 0.634 0.997 

hsa-miR-151a-5p 0.014 0.031 0.636 0.997 

hsa-let-7d-3p 0.033 0.069 0.638 0.997 

hsa-miR-550a-3p -0.035 0.075 0.639 0.997 

hsa-miR-1301-3p -0.023 0.05 0.64 0.997 

hsa-miR-4521 0.048 0.105 0.643 0.997 

hsa-miR-1305 -0.053 0.115 0.647 0.997 

hsa-miR-619-5p 0.033 0.072 0.649 0.997 

hsa-miR-1343-3p 0.065 0.142 0.649 0.997 

hsa-miR-380-3p -0.023 0.05 0.65 0.997 

hsa-miR-4791 0.057 0.126 0.652 0.997 

hsa-miR-181a-3p 0.02 0.044 0.652 0.997 

microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-15a-5p -0.022 0.049 0.652 0.997 

hsa-miR-199a-3p -0.016 0.037 0.654 0.997 

hsa-miR-3145-3p -0.036 0.081 0.655 0.997 

hsa-miR-412-3p 0.12 0.268 0.655 0.997 

hsa-miR-142-5p -0.035 0.079 0.656 0.997 

hsa-miR-199b-3p -0.016 0.037 0.656 0.997 

hsa-miR-488-3p 0.06 0.134 0.657 0.997 

hsa-miR-576-3p -0.017 0.037 0.658 0.997 

hsa-miR-23c 0.019 0.043 0.658 0.997 

hsa-miR-136-5p -0.017 0.04 0.664 0.997 

hsa-miR-125b-5p 0.028 0.064 0.665 0.997 

hsa-miR-335-3p -0.021 0.048 0.667 0.997 

hsa-miR-20b-5p 0.03 0.069 0.668 0.997 

hsa-miR-1271-5p -0.025 0.059 0.669 0.997 

hsa-miR-299-3p -0.018 0.042 0.669 0.997 

hsa-miR-181b-3p 0.035 0.081 0.67 0.997 

hsa-miR-1306-5p 0.027 0.064 0.67 0.997 

hsa-miR-328-3p 0.021 0.049 0.671 0.997 

hsa-miR-30e-5p -0.014 0.033 0.671 0.997 

hsa-miR-6501-5p -0.036 0.086 0.673 0.997 

hsa-miR-548ag -0.06 0.141 0.673 0.997 

hsa-miR-665 -0.023 0.054 0.674 0.997 

hsa-miR-520f-5p 0.029 0.07 0.675 0.997 

hsa-miR-3688-3p 0.029 0.068 0.675 0.997 

hsa-miR-520g-3p 0.012 0.03 0.679 0.997 

hsa-miR-942-5p -0.031 0.076 0.681 0.997 

hsa-miR-4443 -0.042 0.103 0.683 0.997 

hsa-miR-518d-3p -0.026 0.064 0.684 0.997 

hsa-miR-3074-5p -0.06 0.148 0.685 0.997 

hsa-miR-378c 0.019 0.048 0.687 0.997 

hsa-miR-148a-3p 0.023 0.057 0.687 0.997 

hsa-miR-125b-1-

3p 

-0.026 0.065 0.688 0.997 

hsa-miR-744-3p -0.034 0.086 0.692 0.997 

hsa-miR-130a-5p 0.03 0.075 0.693 0.997 

hsa-miR-103a-2-

5p 

0.027 0.07 0.694 0.997 

hsa-miR-548z 0.027 0.068 0.695 0.997 

hsa-miR-130b-3p -0.03 0.076 0.695 0.997 

hsa-miR-9898 0.034 0.086 0.696 0.997 



 

142 
 
 

 

microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-874-3p -0.023 0.06 0.697 0.997 

hsa-miR-425-5p 0.013 0.033 0.698 0.997 

hsa-miR-548aa -0.029 0.074 0.699 0.997 

hsa-let-7g-3p 0.062 0.161 0.7 0.997 

hsa-miR-330-3p -0.017 0.044 0.703 0.997 

hsa-miR-1249-3p 0.029 0.077 0.703 0.997 

hsa-miR-548e-3p -0.02 0.053 0.704 0.997 

hsa-miR-92b-3p 0.018 0.046 0.705 0.997 

hsa-miR-548aj-3p -0.081 0.216 0.706 0.997 

hsa-miR-218-5p -0.018 0.049 0.706 0.997 

hsa-miR-624-3p -0.034 0.092 0.709 0.997 

hsa-miR-525-5p -0.015 0.041 0.709 0.997 

hsa-miR-152-5p 0.045 0.12 0.71 0.997 

hsa-miR-30c-1-3p 0.024 0.066 0.71 0.997 

hsa-let-7e-3p -0.019 0.052 0.711 0.997 

hsa-miR-150-5p 0.033 0.088 0.711 0.997 

hsa-miR-19b-1-5p -0.05 0.135 0.711 0.997 

hsa-miR-145-3p 0.014 0.038 0.713 0.997 

hsa-miR-450a-1-

3p 

-0.022 0.06 0.713 0.997 

hsa-miR-4684-3p -0.06 0.162 0.713 0.997 

hsa-miR-708-5p 0.052 0.143 0.715 0.997 

hsa-miR-653-3p -0.025 0.069 0.715 0.997 

hsa-miR-2115-5p -0.032 0.088 0.716 0.997 

hsa-miR-513a-5p -0.052 0.143 0.716 0.997 

hsa-miR-520h 0.012 0.033 0.716 0.997 

hsa-miR-7976 -0.032 0.087 0.716 0.997 

hsa-miR-148b-3p 0.016 0.044 0.717 0.997 

hsa-miR-143-3p 0.016 0.045 0.717 0.997 

hsa-miR-369-3p -0.014 0.039 0.719 0.997 

hsa-miR-200c-5p 0.024 0.066 0.723 0.997 

hsa-miR-188-3p -0.04 0.114 0.725 0.997 

hsa-miR-214-3p -0.016 0.047 0.726 0.997 

hsa-miR-99a-3p 0.041 0.118 0.727 0.997 

hsa-miR-374b-5p -0.013 0.038 0.731 0.997 

hsa-miR-28-5p -0.011 0.033 0.732 0.997 

hsa-miR-135b-3p 0.04 0.118 0.734 0.997 

hsa-miR-548o-5p -0.015 0.045 0.736 0.997 

hsa-miR-224-3p -0.018 0.055 0.736 0.997 

microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-520b-3p 0.015 0.046 0.736 0.997 

hsa-miR-374a-5p 0.02 0.06 0.738 0.997 

hsa-miR-548h-3p 0.023 0.068 0.74 0.997 

hsa-miR-221-3p -0.009 0.027 0.74 0.997 

hsa-miR-320e -0.032 0.098 0.741 0.997 

hsa-miR-513b-5p 0.045 0.137 0.742 0.997 

hsa-miR-3188 -0.059 0.18 0.743 0.997 

hsa-miR-372-3p -0.051 0.157 0.743 0.997 

hsa-miR-770-5p -0.033 0.102 0.745 0.997 

hsa-miR-548c-5p -0.015 0.045 0.745 0.997 

hsa-miR-33a-3p 0.023 0.072 0.747 0.997 

hsa-miR-320d -0.019 0.06 0.747 0.997 

hsa-miR-142-3p 0.02 0.062 0.748 0.997 

hsa-miR-2115-3p -0.032 0.1 0.75 0.997 

hsa-miR-1283 0.017 0.052 0.751 0.997 

hsa-miR-582-3p 0.023 0.075 0.753 0.997 

hsa-miR-934 0.015 0.049 0.754 0.997 

hsa-miR-548l -0.021 0.067 0.755 0.997 

hsa-miR-106b-5p 0.013 0.042 0.755 0.997 

hsa-miR-153-3p 0.043 0.137 0.756 0.997 

hsa-miR-671-3p -0.022 0.073 0.759 0.997 

hsa-miR-589-3p 0.05 0.167 0.762 0.997 

hsa-miR-548j-5p 0.029 0.097 0.763 0.997 

hsa-miR-641 0.02 0.066 0.765 0.997 

hsa-miR-6503-3p 0.036 0.122 0.766 0.997 

hsa-miR-16-2-3p -0.013 0.043 0.767 0.997 

hsa-let-7e-5p -0.012 0.041 0.767 0.997 

hsa-miR-6511b-3p 0.027 0.092 0.77 0.997 

hsa-miR-382-3p -0.013 0.045 0.771 0.997 

hsa-miR-4645-3p -0.041 0.142 0.772 0.997 

hsa-miR-3605-3p -0.025 0.085 0.772 0.997 

hsa-miR-1246 -0.078 0.271 0.773 0.997 

hsa-miR-378a-5p 0.017 0.059 0.773 0.997 

hsa-miR-378d 0.021 0.071 0.773 0.997 

hsa-miR-548ak 0.024 0.083 0.775 0.997 

hsa-miR-520g-5p -0.021 0.076 0.778 0.997 

hsa-miR-185-5p -0.013 0.047 0.779 0.997 

hsa-miR-17-3p -0.015 0.055 0.78 0.997 
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microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-5699-3p 0.045 0.161 0.78 0.997 

hsa-miR-370-5p -0.017 0.06 0.781 0.997 

hsa-miR-548x-3p 0.202 0.732 0.783 0.997 

hsa-miR-483-3p -0.014 0.05 0.783 0.997 

hsa-miR-373-3p -0.037 0.136 0.783 0.997 

hsa-miR-520a-3p -0.012 0.044 0.784 0.997 

hsa-miR-3065-3p -0.021 0.077 0.784 0.997 

hsa-miR-27b-5p -0.01 0.038 0.785 0.997 

hsa-miR-141-3p -0.012 0.045 0.785 0.997 

hsa-miR-29b-1-5p 0.024 0.09 0.787 0.997 

hsa-miR-496 -0.014 0.053 0.787 0.997 

hsa-miR-331-5p 0.01 0.038 0.788 0.997 

hsa-miR-4775 0.027 0.102 0.79 0.997 

hsa-miR-324-5p -0.012 0.046 0.79 0.997 

hsa-miR-561-3p -0.024 0.09 0.791 0.997 

hsa-miR-548az-5p -0.039 0.148 0.791 0.997 

hsa-miR-450b-5p 0.011 0.041 0.794 0.997 

hsa-miR-16-1-3p 0.032 0.124 0.795 0.997 

hsa-miR-323a-3p 0.01 0.04 0.796 0.997 

hsa-miR-524-5p 0.008 0.032 0.797 0.997 

hsa-miR-340-3p -0.011 0.042 0.797 0.997 

hsa-miR-143-5p -0.012 0.049 0.799 0.997 

hsa-let-7g-5p 0.013 0.05 0.799 0.997 

hsa-miR-27b-3p 0.005 0.019 0.8 0.997 

hsa-miR-450a-5p -0.011 0.042 0.8 0.997 

hsa-miR-504-5p 0.013 0.052 0.801 0.997 

hsa-miR-2116-3p 0.022 0.086 0.803 0.997 

hsa-miR-574-3p -0.009 0.037 0.803 0.997 

hsa-miR-136-3p -0.009 0.038 0.803 0.997 

hsa-miR-501-5p -0.012 0.05 0.803 0.997 

hsa-miR-3158-3p -0.021 0.087 0.805 0.997 

hsa-miR-486-5p -0.022 0.089 0.806 0.997 

hsa-miR-527 -0.008 0.034 0.809 0.997 

hsa-miR-548ay-5p -0.012 0.049 0.811 0.997 

hsa-miR-99a-5p 0.011 0.048 0.811 0.997 

hsa-miR-423-5p -0.01 0.044 0.812 0.997 

hsa-miR-548e-5p -0.033 0.139 0.814 0.997 

hsa-miR-345-5p -0.012 0.05 0.814 0.997 

microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-26a-2-3p -0.013 0.053 0.814 0.997 

hsa-miR-495-5p 0.016 0.067 0.815 0.997 

hsa-miR-487b-5p -0.023 0.1 0.817 0.997 

hsa-miR-149-5p 0.009 0.038 0.818 0.997 

hsa-miR-1197 -0.017 0.076 0.819 0.997 

hsa-miR-509-3-5p -0.028 0.125 0.822 0.997 

hsa-miR-23b-3p 0.005 0.023 0.825 0.997 

hsa-miR-519b-5p 0.008 0.038 0.827 0.997 

hsa-miR-519c-5p 0.008 0.038 0.827 0.997 

hsa-miR-522-5p 0.008 0.038 0.827 0.997 

hsa-miR-523-5p 0.008 0.038 0.827 0.997 

hsa-miR-518e-5p 0.008 0.038 0.828 0.997 

hsa-miR-3664-3p 0.011 0.051 0.828 0.997 

hsa-miR-518a-5p -0.007 0.033 0.828 0.997 

hsa-miR-3617-5p 0.031 0.142 0.83 0.997 

hsa-miR-526b-3p 0.01 0.044 0.83 0.997 

hsa-miR-331-3p -0.009 0.042 0.83 0.997 

hsa-miR-5701 -0.035 0.166 0.83 0.997 

hsa-miR-652-5p -0.016 0.078 0.834 0.997 

hsa-miR-141-5p -0.01 0.047 0.84 0.997 

hsa-miR-744-5p 0.008 0.041 0.841 0.997 

hsa-miR-12136 -0.018 0.09 0.844 0.997 

hsa-miR-629-3p 0.016 0.083 0.845 0.997 

hsa-miR-126-3p -0.007 0.036 0.848 0.997 

hsa-miR-1260a -0.01 0.052 0.85 0.997 

hsa-miR-433-5p -0.012 0.064 0.853 0.997 

hsa-miR-455-3p 0.01 0.052 0.854 0.997 

hsa-miR-98-5p 0.011 0.058 0.855 0.997 

hsa-miR-1910-5p -0.026 0.141 0.856 0.997 

hsa-miR-374a-3p 0.01 0.058 0.859 0.997 

hsa-miR-12135 -0.02 0.114 0.863 0.997 

hsa-miR-135b-5p -0.015 0.088 0.866 0.997 

hsa-miR-107 -0.008 0.045 0.867 0.997 

hsa-miR-3614-5p 0.011 0.066 0.872 0.997 

hsa-miR-656-3p 0.008 0.05 0.872 0.997 

hsa-miR-99b-3p -0.005 0.03 0.873 0.997 

hsa-miR-30a-5p -0.004 0.026 0.873 0.997 

hsa-miR-148a-5p -0.01 0.061 0.874 0.997 
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microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-4639-5p 0.021 0.13 0.874 0.997 

hsa-miR-103a-1-

5p 

0.027 0.171 0.875 0.997 

hsa-miR-548q 0.014 0.087 0.876 0.997 

hsa-miR-9985 0.01 0.065 0.876 0.997 

hsa-miR-27a-3p 0.005 0.031 0.877 0.997 

hsa-miR-516b-5p 0.007 0.048 0.877 0.997 

hsa-miR-1843 -0.01 0.064 0.88 0.997 

hsa-miR-889-3p -0.008 0.052 0.883 0.997 

hsa-miR-519c-3p -0.005 0.036 0.883 0.997 

hsa-miR-526a-3p -0.008 0.058 0.883 0.997 

hsa-miR-101-5p 0.011 0.079 0.884 0.997 

hsa-miR-1299 0.035 0.243 0.886 0.997 

hsa-miR-2110 -0.008 0.056 0.887 0.997 

hsa-miR-10527-5p 0.013 0.095 0.887 0.997 

hsa-miR-335-5p 0.007 0.05 0.89 0.997 

hsa-miR-3179 -0.018 0.13 0.89 0.997 

hsa-miR-940 0.013 0.096 0.89 0.997 

hsa-miR-361-3p -0.005 0.034 0.89 0.997 

hsa-miR-423-3p 0.004 0.03 0.891 0.997 

hsa-miR-144-5p -0.013 0.097 0.891 0.997 

hsa-miR-590-5p -0.011 0.079 0.892 0.997 

hsa-miR-10a-3p 0.008 0.059 0.893 0.997 

hsa-miR-485-3p -0.005 0.04 0.895 0.997 

hsa-miR-154-5p -0.007 0.05 0.895 0.997 

hsa-miR-508-3p -0.01 0.074 0.896 0.997 

hsa-miR-542-3p 0.006 0.045 0.896 0.997 

hsa-miR-412-5p 0.023 0.177 0.896 0.997 

hsa-miR-548am-
5p 

-0.007 0.052 0.896 0.997 

hsa-miR-519a-5p 0.005 0.038 0.898 0.997 

hsa-miR-520d-5p -0.004 0.035 0.898 0.997 

hsa-miR-1304-3p 0.013 0.101 0.899 0.997 

hsa-miR-205-5p 0.005 0.038 0.903 0.997 

hsa-miR-30d-5p 0.004 0.036 0.904 0.997 

hsa-miR-28-3p 0.004 0.037 0.905 0.997 

hsa-miR-106a-5p 0.006 0.053 0.907 0.997 

hsa-miR-372-5p -0.02 0.171 0.908 0.997 

hsa-miR-509-5p 0.015 0.128 0.908 0.997 

hsa-miR-139-5p 0.006 0.049 0.909 0.997 

microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-4708-3p 0.012 0.109 0.912 0.997 

hsa-miR-660-3p 0.007 0.062 0.913 0.997 

hsa-miR-1296-5p -0.005 0.049 0.913 0.997 

hsa-miR-378a-3p 0.005 0.043 0.914 0.997 

hsa-miR-181c-5p 0.004 0.038 0.916 0.997 

hsa-miR-106a-3p 0.011 0.101 0.917 0.997 

hsa-miR-133a-3p -0.006 0.061 0.919 0.997 

hsa-miR-24-3p 0.004 0.044 0.919 0.997 

hsa-miR-133a-5p -0.011 0.112 0.92 0.997 

hsa-miR-15b-5p 0.006 0.057 0.92 0.997 

hsa-miR-489-3p 0.007 0.072 0.921 0.997 

hsa-miR-193b-3p -0.009 0.087 0.921 0.997 

hsa-miR-452-3p 0.01 0.102 0.922 0.997 

hsa-miR-584-3p -0.006 0.063 0.922 0.997 

hsa-miR-130b-5p 0.009 0.093 0.923 0.997 

hsa-miR-106b-3p 0.004 0.038 0.923 0.997 

hsa-miR-7705 -0.007 0.074 0.925 0.997 

hsa-miR-4662b -0.013 0.143 0.927 0.997 

hsa-miR-548h-5p 0.008 0.085 0.927 0.997 

hsa-miR-31-3p -0.011 0.126 0.928 0.997 

hsa-miR-152-3p 0.004 0.044 0.929 0.997 

hsa-miR-548d-5p -0.004 0.049 0.932 0.997 

hsa-miR-148b-5p -0.004 0.048 0.933 0.997 

hsa-miR-30d-3p 0.003 0.037 0.935 0.997 

hsa-miR-532-3p -0.004 0.054 0.936 0.997 

hsa-miR-1260b -0.004 0.052 0.937 0.997 

hsa-miR-5699-5p 0.011 0.148 0.938 0.997 

hsa-miR-486-3p -0.008 0.107 0.939 0.997 

hsa-miR-431-5p -0.003 0.043 0.94 0.997 

hsa-miR-6513-5p -0.007 0.092 0.941 0.997 

hsa-miR-876-3p 0.01 0.138 0.943 0.997 

hsa-miR-664a-5p -0.003 0.048 0.944 0.997 

hsa-miR-1295a -0.009 0.134 0.947 0.997 

hsa-miR-373-5p 0.01 0.154 0.948 0.997 

hsa-miR-1269b 0.075 1.182 0.949 0.997 

hsa-miR-887-3p -0.005 0.072 0.949 0.997 

hsa-miR-25-3p 0.004 0.057 0.95 0.997 

hsa-miR-5001-3p -0.008 0.129 0.952 0.997 
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microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-3913-5p -0.005 0.088 0.953 0.997 

hsa-miR-769-3p -0.009 0.151 0.954 0.997 

hsa-miR-498-5p -0.003 0.046 0.956 0.997 

hsa-miR-656-5p 0.008 0.14 0.956 0.997 

hsa-miR-183-5p 0.003 0.052 0.957 0.997 

hsa-miR-6513-3p -0.004 0.08 0.957 0.997 

hsa-miR-671-5p 0.003 0.054 0.96 0.997 

hsa-miR-151a-3p 0.002 0.032 0.96 0.997 

hsa-let-7i-5p 0.003 0.069 0.96 0.997 

hsa-miR-4662a-3p 0.006 0.116 0.961 0.997 

hsa-miR-100-3p 0.003 0.058 0.961 0.997 

hsa-miR-362-3p 0.002 0.041 0.962 0.997 

hsa-miR-190b-5p 0.003 0.068 0.962 0.997 

hsa-miR-193a-3p 0.005 0.096 0.963 0.997 

hsa-miR-525-3p -0.002 0.035 0.965 0.997 

hsa-miR-4662a-5p -0.003 0.075 0.965 0.997 

hsa-miR-342-5p 0.003 0.062 0.965 0.997 

hsa-miR-5100 -0.004 0.091 0.966 0.997 

hsa-miR-548b-5p 0.004 0.091 0.966 0.997 

hsa-miR-548ad-5p 0.002 0.048 0.968 0.997 

hsa-miR-29c-3p 0.001 0.033 0.969 0.997 

hsa-miR-493-3p 0.001 0.032 0.973 0.997 

hsa-miR-320b -0.001 0.044 0.974 0.997 

microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-9903 -0.003 0.09 0.975 0.997 

hsa-miR-204-5p 0.003 0.126 0.979 0.997 

hsa-miR-139-3p -0.002 0.075 0.98 0.997 

hsa-miR-93-5p -0.001 0.034 0.98 0.997 

hsa-miR-431-3p 0.001 0.059 0.982 0.997 

hsa-miR-145-5p -0.001 0.041 0.982 0.997 

hsa-miR-3614-3p 0.001 0.057 0.982 0.997 

hsa-miR-421 0.001 0.037 0.983 0.997 

hsa-miR-653-5p 0.001 0.075 0.985 0.997 

hsa-miR-6501-3p 0.002 0.119 0.985 0.997 

hsa-let-7f-1-3p 0.002 0.14 0.986 0.997 

hsa-miR-5695 0.003 0.155 0.986 0.997 

hsa-miR-766-3p -0.001 0.051 0.988 0.997 

hsa-miR-2355-3p -0.001 0.088 0.988 0.997 

hsa-miR-24-1-5p 0 0.038 0.99 0.997 

hsa-miR-197-3p 0 0.038 0.99 0.997 

hsa-miR-124-3p -0.003 0.303 0.991 0.997 

hsa-miR-3065-5p 0 0.068 0.994 0.998 

hsa-miR-100-5p 0 0.054 0.995 0.998 

hsa-miR-378i 0 0.07 0.996 0.998 

hsa-miR-20a-3p 0 0.042 0.997 0.998 

hsa-miR-21-3p 0 0.064 1 1 
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Table S4-2: NHBCS Cd miRNA Differential Expression Analysis Results 
microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-509-3p 0.273 0.067 0.00004 0.033 

hsa-miR-10b-5p -0.287 0.077 0.0002 0.054 

hsa-miR-10b-3p -0.313 0.084 0.0002 0.054 

hsa-miR-506-3p 0.32 0.09 0.0004 0.072 

hsa-miR-193b-5p 0.173 0.05 0.0006 0.089 

hsa-miR-1248 -0.244 0.075 0.0012 0.138 

hsa-miR-514a-3p 0.216 0.067 0.0012 0.138 

hsa-miR-9903 0.15 0.051 0.0032 0.256 

hsa-miR-365a-3p 0.118 0.04 0.0033 0.256 

hsa-miR-365b-3p 0.118 0.04 0.0033 0.256 

hsa-miR-95-3p -0.24 0.084 0.0045 0.316 

hsa-miR-507 0.237 0.085 0.0054 0.338 

hsa-miR-549a-5p 0.191 0.069 0.0056 0.338 

hsa-miR-196b-5p -0.071 0.027 0.0081 0.449 

hsa-miR-3065-3p -0.107 0.041 0.0087 0.451 

hsa-miR-514a-5p 0.188 0.073 0.0094 0.451 

hsa-miR-365a-5p 0.134 0.052 0.0099 0.451 

hsa-miR-30b-3p 0.061 0.024 0.0113 0.455 

hsa-miR-4772-3p -0.159 0.063 0.0123 0.455 

hsa-miR-16-1-3p -0.095 0.038 0.0129 0.455 

hsa-miR-193b-3p 0.145 0.058 0.0131 0.455 

hsa-miR-520a-5p 0.053 0.021 0.0132 0.455 

hsa-miR-340-3p -0.056 0.023 0.0141 0.455 

hsa-miR-1323 0.058 0.023 0.0141 0.455 

hsa-miR-518e-5p 0.053 0.022 0.0176 0.455 

hsa-miR-519b-5p 0.053 0.022 0.0176 0.455 

hsa-miR-519c-5p 0.053 0.022 0.0176 0.455 

hsa-miR-522-5p 0.053 0.022 0.0176 0.455 

hsa-miR-523-5p 0.053 0.022 0.0176 0.455 

hsa-miR-224-3p -0.1 0.042 0.0176 0.455 

hsa-miR-301a-5p -0.089 0.038 0.0182 0.455 

hsa-miR-24-2-5p -0.061 0.026 0.0187 0.455 

hsa-miR-196b-3p -0.079 0.034 0.0202 0.475 

hsa-miR-515-5p 0.047 0.02 0.0211 0.482 

hsa-miR-519a-5p 0.053 0.023 0.0223 0.485 

hsa-miR-30c-5p 0.026 0.011 0.0232 0.485 

hsa-miR-140-5p -0.039 0.017 0.0237 0.485 

microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-519d-5p 0.049 0.021 0.0238 0.485 

hsa-miR-518f-5p 0.044 0.02 0.0257 0.485 

hsa-miR-3065-5p -0.084 0.038 0.0261 0.485 

hsa-miR-519a-2-5p 0.042 0.019 0.0262 0.485 

hsa-miR-520b-5p 0.042 0.019 0.0262 0.485 

hsa-miR-3173-5p 0.086 0.039 0.0277 0.5 

hsa-miR-30b-5p 0.041 0.019 0.0307 0.531 

hsa-miR-520h 0.043 0.02 0.0307 0.531 

hsa-miR-509-5p 0.171 0.08 0.0333 0.545 

hsa-miR-629-3p 0.083 0.039 0.0335 0.545 

hsa-miR-1275 0.103 0.049 0.0342 0.545 

hsa-miR-450b-3p -0.078 0.037 0.0344 0.545 

hsa-miR-497-5p -0.079 0.038 0.0374 0.581 

hsa-miR-27a-3p 0.034 0.017 0.0385 0.587 

hsa-miR-520g-3p 0.044 0.021 0.0395 0.59 

hsa-miR-125b-2-3p -0.061 0.03 0.0413 0.594 

hsa-miR-143-5p -0.059 0.029 0.042 0.594 

hsa-miR-542-3p -0.063 0.031 0.0437 0.594 

hsa-miR-29b-2-5p -0.05 0.025 0.0446 0.594 

hsa-miR-548aw 0.045 0.022 0.0448 0.594 

hsa-miR-525-5p 0.04 0.02 0.0449 0.594 

hsa-miR-483-5p 0.079 0.04 0.0455 0.594 

hsa-miR-576-5p 0.045 0.023 0.046 0.594 

hsa-miR-3664-3p 0.047 0.024 0.0467 0.594 

hsa-miR-195-5p -0.088 0.045 0.0491 0.608 

hsa-miR-516b-5p 0.045 0.023 0.0498 0.608 

hsa-miR-340-5p -0.045 0.023 0.0517 0.608 

hsa-miR-24-3p 0.037 0.019 0.0532 0.608 

hsa-miR-499a-5p 0.035 0.018 0.0537 0.608 

hsa-miR-521 0.049 0.025 0.0538 0.608 

hsa-miR-194-5p -0.047 0.025 0.0546 0.608 

hsa-miR-125a-5p 0.054 0.028 0.056 0.608 

hsa-miR-520a-3p 0.069 0.036 0.0571 0.608 

hsa-miR-5695 0.14 0.074 0.0573 0.608 

hsa-miR-1307-5p -0.045 0.024 0.0587 0.608 

hsa-miR-450a-2-3p -0.046 0.024 0.0592 0.608 

hsa-miR-301a-3p -0.039 0.021 0.0603 0.608 
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microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-212-3p -0.125 0.067 0.0615 0.608 

hsa-miR-518d-5p 0.037 0.02 0.0618 0.608 

hsa-miR-526a-5p 0.037 0.02 0.0619 0.608 

hsa-miR-520f-5p 0.072 0.039 0.0622 0.608 

hsa-miR-520c-5p 0.036 0.02 0.0626 0.608 

hsa-miR-33a-3p -0.059 0.032 0.0633 0.608 

hsa-miR-518a-3p 0.043 0.023 0.0634 0.608 

hsa-miR-6715b-3p -0.159 0.087 0.0662 0.62 

hsa-miR-296-5p 0.073 0.04 0.0662 0.62 

hsa-miR-4454 -0.106 0.058 0.0682 0.62 

hsa-miR-424-3p 0.046 0.025 0.0692 0.62 

hsa-miR-223-5p -0.077 0.043 0.0707 0.62 

hsa-miR-524-3p 0.037 0.02 0.0718 0.62 

hsa-miR-450b-5p -0.04 0.022 0.0722 0.62 

hsa-miR-519d-3p 0.033 0.019 0.0733 0.62 

hsa-miR-1299 0.24 0.134 0.0738 0.62 

hsa-miR-450a-5p -0.043 0.024 0.0748 0.62 

hsa-miR-518b 0.055 0.031 0.0752 0.62 

hsa-miR-584-5p -0.068 0.038 0.0758 0.62 

hsa-miR-6724-5p 0.095 0.054 0.0769 0.62 

hsa-miR-518e-3p 0.045 0.026 0.0785 0.62 

hsa-miR-342-5p -0.046 0.026 0.0788 0.62 

hsa-miR-30d-5p 0.034 0.02 0.079 0.62 

hsa-miR-3679-5p -0.089 0.051 0.0802 0.62 

hsa-miR-516a-5p 0.04 0.023 0.0807 0.62 

hsa-miR-520g-5p 0.048 0.028 0.0822 0.62 

hsa-miR-188-5p -0.033 0.019 0.0832 0.62 

hsa-miR-30c-1-3p 0.035 0.02 0.0836 0.62 

hsa-miR-192-5p -0.038 0.022 0.0837 0.62 

hsa-miR-708-5p -0.128 0.074 0.0842 0.62 

hsa-miR-106b-5p -0.04 0.023 0.0848 0.62 

hsa-miR-548b-3p 0.061 0.036 0.0849 0.62 

hsa-miR-628-5p -0.045 0.026 0.0854 0.62 

hsa-miR-3664-5p 0.069 0.04 0.0884 0.629 

hsa-miR-524-5p 0.031 0.018 0.0889 0.629 

hsa-miR-1305 0.054 0.032 0.0891 0.629 

hsa-miR-653-3p -0.062 0.037 0.0901 0.631 

hsa-miR-31-3p 0.073 0.043 0.0917 0.636 

microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-301b-3p -0.074 0.044 0.0936 0.639 

hsa-miR-498-5p 0.051 0.03 0.0937 0.639 

hsa-miR-4708-3p 0.06 0.036 0.0971 0.656 

hsa-miR-1284 0.062 0.038 0.1002 0.667 

hsa-miR-203a-3p 0.12 0.073 0.1004 0.667 

hsa-miR-27b-5p -0.036 0.022 0.1019 0.67 

hsa-miR-190a-5p -0.068 0.042 0.1027 0.67 

hsa-miR-33b-5p -0.061 0.037 0.1034 0.67 

hsa-miR-766-5p -0.068 0.042 0.1081 0.692 

hsa-let-7g-3p -0.078 0.048 0.1086 0.692 

hsa-miR-526b-5p 0.036 0.023 0.1098 0.694 

hsa-miR-498-3p 0.053 0.033 0.1127 0.705 

hsa-miR-2116-3p 0.069 0.044 0.1153 0.705 

hsa-miR-454-3p -0.027 0.017 0.1154 0.705 

hsa-miR-1296-5p 0.043 0.028 0.1157 0.705 

hsa-miR-517-5p 0.029 0.019 0.1175 0.705 

hsa-miR-30c-2-3p 0.029 0.018 0.1176 0.705 

hsa-miR-942-5p -0.039 0.025 0.118 0.705 

hsa-miR-2115-5p -0.072 0.046 0.1188 0.705 

hsa-miR-629-5p 0.033 0.021 0.1208 0.71 

hsa-miR-653-5p -0.059 0.038 0.1216 0.71 

hsa-miR-9985 -0.034 0.022 0.1229 0.713 

hsa-miR-517a-3p 0.032 0.021 0.1269 0.719 

hsa-miR-517b-3p 0.032 0.021 0.1269 0.719 

hsa-miR-26a-5p 0.015 0.01 0.1278 0.719 

hsa-miR-6511b-3p 0.065 0.043 0.1282 0.719 

hsa-miR-223-3p -0.06 0.04 0.1286 0.719 

hsa-miR-153-3p -0.076 0.05 0.1302 0.723 

hsa-miR-107 -0.044 0.03 0.1323 0.728 

hsa-miR-361-5p 0.027 0.018 0.133 0.728 

hsa-miR-518c-5p 0.03 0.02 0.1344 0.729 

hsa-miR-483-3p 0.071 0.048 0.1351 0.729 

hsa-let-7e-3p 0.029 0.02 0.1393 0.738 

hsa-miR-130a-5p -0.051 0.035 0.1397 0.738 

hsa-miR-424-5p 0.038 0.026 0.141 0.738 

hsa-miR-144-3p -0.087 0.059 0.141 0.738 

hsa-miR-337-3p -0.029 0.02 0.143 0.738 

hsa-miR-548d-5p -0.042 0.029 0.1432 0.738 
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microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-1306-5p 0.064 0.044 0.1442 0.738 

hsa-miR-132-3p -0.036 0.025 0.1443 0.738 

hsa-miR-342-3p -0.036 0.025 0.1466 0.744 

hsa-miR-4802-5p -0.041 0.028 0.1482 0.747 

hsa-miR-542-5p -0.033 0.023 0.1494 0.749 

hsa-miR-186-3p -0.041 0.028 0.1517 0.755 

hsa-miR-191-5p 0.02 0.014 0.1533 0.759 

hsa-miR-517c-3p 0.026 0.018 0.1552 0.763 

hsa-miR-23a-3p 0.028 0.02 0.158 0.772 

hsa-miR-142-5p -0.066 0.047 0.162 0.779 

hsa-miR-671-5p -0.032 0.023 0.1625 0.779 

hsa-miR-133a-5p -0.061 0.044 0.1643 0.779 

hsa-miR-4448 0.099 0.072 0.1659 0.779 

hsa-miR-548ay-5p -0.039 0.028 0.1682 0.779 

hsa-miR-337-5p -0.029 0.021 0.1683 0.779 

hsa-miR-758-3p -0.029 0.021 0.1684 0.779 

hsa-miR-497-3p -0.047 0.035 0.1699 0.779 

hsa-miR-32-3p -0.036 0.026 0.1707 0.779 

hsa-miR-2114-5p -0.075 0.055 0.1715 0.779 

hsa-miR-15a-3p -0.045 0.033 0.1729 0.779 

hsa-miR-4999-3p 0.064 0.047 0.1746 0.779 

hsa-miR-203b-3p 0.084 0.062 0.1747 0.779 

hsa-miR-425-3p -0.018 0.013 0.1756 0.779 

hsa-miR-1246 0.08 0.059 0.1786 0.779 

hsa-miR-548ad-5p -0.037 0.027 0.1798 0.779 

hsa-miR-1291 0.047 0.035 0.1826 0.779 

hsa-miR-549a-3p 0.097 0.073 0.1833 0.779 

hsa-miR-504-5p -0.059 0.045 0.1842 0.779 

hsa-miR-518f-3p 0.031 0.023 0.1845 0.779 

hsa-miR-2355-3p -0.056 0.042 0.1849 0.779 

hsa-miR-616-3p 0.051 0.039 0.1875 0.779 

hsa-miR-142-3p -0.053 0.04 0.1883 0.779 

hsa-miR-3614-5p -0.063 0.048 0.1885 0.779 

hsa-miR-548h-5p -0.046 0.035 0.1889 0.779 

hsa-miR-1304-3p 0.044 0.033 0.189 0.779 

hsa-miR-145-3p -0.031 0.024 0.1914 0.779 

hsa-miR-511-3p -0.056 0.043 0.194 0.779 

hsa-miR-425-5p -0.022 0.017 0.1944 0.779 

microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-15a-5p -0.05 0.039 0.1944 0.779 

hsa-miR-1255b-5p 0.052 0.04 0.1944 0.779 

hsa-miR-154-3p -0.038 0.03 0.1951 0.779 

hsa-miR-590-5p 0.029 0.022 0.1954 0.779 

hsa-miR-4433b-5p 0.103 0.08 0.1963 0.779 

hsa-miR-500b-5p 0.022 0.017 0.1982 0.779 

hsa-miR-887-3p -0.039 0.031 0.1987 0.779 

hsa-let-7f-1-3p -0.081 0.064 0.1996 0.779 

hsa-miR-3925-3p 0.058 0.045 0.2011 0.779 

hsa-miR-125b-5p 0.037 0.029 0.2018 0.779 

hsa-miR-518a-5p 0.027 0.021 0.2026 0.779 

hsa-miR-10399-5p 0.059 0.046 0.2029 0.779 

hsa-miR-1294 0.049 0.038 0.2038 0.779 

hsa-miR-146b-3p -0.072 0.056 0.204 0.779 

hsa-miR-3117-3p -0.083 0.065 0.2043 0.779 

hsa-miR-1197 -0.055 0.044 0.2045 0.779 

hsa-miR-421 -0.023 0.018 0.2067 0.784 

hsa-miR-152-5p -0.049 0.039 0.2111 0.794 

hsa-miR-3913-5p 0.042 0.034 0.2115 0.794 

hsa-miR-512-5p 0.036 0.029 0.2137 0.798 

hsa-miR-652-5p 0.029 0.023 0.2156 0.801 

hsa-miR-323b-3p -0.052 0.043 0.2185 0.804 

hsa-miR-496 -0.042 0.034 0.2203 0.804 

hsa-miR-2276-3p -0.055 0.045 0.2208 0.804 

hsa-miR-525-3p 0.026 0.021 0.223 0.804 

hsa-miR-31-5p 0.052 0.043 0.2232 0.804 

hsa-miR-625-3p 0.032 0.026 0.224 0.804 

hsa-miR-495-3p -0.03 0.024 0.2254 0.804 

hsa-miR-214-5p -0.023 0.019 0.2255 0.804 

hsa-miR-12135 -0.073 0.06 0.2264 0.804 

hsa-miR-330-3p -0.037 0.031 0.2266 0.804 

hsa-miR-376c-3p 0.031 0.026 0.2302 0.811 

hsa-miR-3179 0.055 0.046 0.2307 0.811 

hsa-miR-320a-3p 0.035 0.03 0.233 0.815 

hsa-miR-485-5p 0.033 0.028 0.2339 0.815 

hsa-miR-1306-3p -0.038 0.032 0.2371 0.816 

hsa-miR-532-3p 0.044 0.037 0.2381 0.816 

hsa-miR-1290 0.081 0.069 0.2388 0.816 
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microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-6881-3p -0.058 0.049 0.2402 0.816 

hsa-miR-330-5p -0.038 0.032 0.2404 0.816 

hsa-miR-454-5p -0.027 0.023 0.2407 0.816 

hsa-miR-619-5p 0.077 0.066 0.2416 0.816 

hsa-miR-527 0.026 0.022 0.2441 0.821 

hsa-miR-642a-5p -0.14 0.121 0.2462 0.825 

hsa-miR-451a -0.073 0.064 0.2486 0.826 

hsa-miR-548e-5p -0.034 0.029 0.2488 0.826 

hsa-miR-502-3p 0.029 0.025 0.2526 0.835 

hsa-miR-32-5p -0.024 0.022 0.2587 0.852 

hsa-miR-539-5p 0.043 0.039 0.2637 0.864 

hsa-miR-664a-5p 0.02 0.018 0.2717 0.871 

hsa-miR-423-5p 0.045 0.041 0.2717 0.871 

hsa-miR-548ae-5p -0.026 0.024 0.2725 0.871 

hsa-miR-450a-1-3p -0.023 0.021 0.2734 0.871 

hsa-miR-548a-3p -0.043 0.039 0.2737 0.871 

hsa-miR-769-3p 0.041 0.037 0.2747 0.871 

hsa-miR-20b-5p -0.047 0.043 0.2767 0.871 

hsa-miR-616-5p 0.044 0.04 0.2796 0.871 

hsa-miR-323a-3p 0.024 0.022 0.2822 0.871 

hsa-miR-585-3p -0.058 0.054 0.2834 0.871 

hsa-miR-597-5p 0.045 0.042 0.284 0.871 

hsa-miR-548k 0.028 0.026 0.284 0.871 

hsa-miR-151a-3p 0.017 0.016 0.2864 0.871 

hsa-miR-519a-3p 0.022 0.02 0.2866 0.871 

hsa-miR-34a-3p 0.037 0.035 0.2876 0.871 

hsa-let-7c-5p -0.031 0.029 0.2878 0.871 

hsa-miR-570-3p -0.042 0.039 0.2883 0.871 

hsa-miR-766-3p -0.046 0.043 0.2887 0.871 

hsa-miR-148b-3p -0.019 0.018 0.2897 0.871 

hsa-miR-185-5p -0.039 0.037 0.2903 0.871 

hsa-miR-193a-3p -0.057 0.054 0.2915 0.871 

hsa-miR-3613-3p 0.041 0.039 0.2918 0.871 

hsa-miR-500a-5p 0.018 0.017 0.2918 0.871 

hsa-miR-520e-3p -0.027 0.026 0.2925 0.871 

hsa-miR-128-3p -0.017 0.016 0.2955 0.872 

hsa-miR-23c 0.025 0.024 0.2955 0.872 

hsa-miR-20a-3p 0.015 0.015 0.2961 0.872 

microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-579-3p 0.027 0.026 0.2979 0.873 

hsa-miR-224-5p -0.036 0.035 0.3005 0.877 

hsa-miR-149-5p 0.032 0.031 0.3018 0.877 

hsa-miR-3617-5p -0.081 0.079 0.3039 0.877 

hsa-miR-148a-3p -0.035 0.034 0.3068 0.877 

hsa-miR-374a-5p -0.019 0.019 0.3099 0.877 

hsa-miR-548b-5p 0.03 0.03 0.3103 0.877 

hsa-miR-99a-3p -0.04 0.04 0.3108 0.877 

hsa-miR-545-5p -0.026 0.026 0.312 0.877 

hsa-miR-1285-3p -0.029 0.029 0.3121 0.877 

hsa-miR-433-5p -0.043 0.043 0.3124 0.877 

hsa-miR-556-3p 0.046 0.045 0.3129 0.877 

hsa-miR-144-5p -0.063 0.063 0.3148 0.877 

hsa-miR-548f-5p -0.048 0.048 0.3161 0.877 

hsa-miR-1287-5p -0.022 0.022 0.3174 0.877 

hsa-miR-139-3p 0.04 0.04 0.3183 0.877 

hsa-miR-4639-5p -0.045 0.045 0.3193 0.877 

hsa-miR-545-3p -0.027 0.027 0.3196 0.877 

hsa-miR-26a-2-3p 0.016 0.016 0.3199 0.877 

hsa-miR-2110 0.034 0.034 0.3204 0.877 

hsa-miR-590-3p 0.021 0.021 0.3252 0.886 

hsa-miR-197-3p 0.029 0.03 0.3268 0.886 

hsa-miR-589-5p -0.031 0.031 0.3271 0.886 

hsa-miR-515-3p 0.02 0.021 0.3318 0.892 

hsa-miR-106a-3p -0.028 0.029 0.3345 0.892 

hsa-miR-143-3p -0.027 0.028 0.3365 0.892 

hsa-miR-6511a-3p -0.033 0.035 0.338 0.892 

hsa-miR-215-5p -0.025 0.027 0.3397 0.892 

hsa-miR-21-5p -0.027 0.029 0.3404 0.892 

hsa-miR-543 -0.029 0.031 0.341 0.892 

hsa-miR-181c-3p -0.021 0.022 0.3426 0.892 

hsa-miR-17-5p -0.019 0.02 0.3427 0.892 

hsa-miR-181d-5p -0.029 0.03 0.3435 0.892 

hsa-miR-18a-5p -0.031 0.033 0.3444 0.892 

hsa-miR-1185-2-3p -0.032 0.033 0.3449 0.892 

hsa-miR-934 0.024 0.025 0.345 0.892 

hsa-miR-374b-5p 0.018 0.019 0.3457 0.892 

hsa-miR-625-5p 0.028 0.03 0.3484 0.896 
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microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-196a-5p -0.061 0.065 0.3495 0.896 

hsa-miR-3611 -0.023 0.025 0.3536 0.898 

hsa-miR-335-3p -0.029 0.032 0.3558 0.898 

hsa-miR-183-5p 0.035 0.038 0.3566 0.898 

hsa-miR-10a-3p -0.023 0.025 0.3567 0.898 

hsa-miR-21-3p -0.034 0.036 0.3572 0.898 

hsa-miR-3188 0.071 0.077 0.358 0.898 

hsa-miR-99a-5p -0.032 0.035 0.3583 0.898 

hsa-miR-132-5p -0.022 0.024 0.3609 0.898 

hsa-miR-518c-3p 0.02 0.022 0.3627 0.898 

hsa-miR-659-5p 0.029 0.032 0.3645 0.898 

hsa-miR-378i -0.033 0.037 0.3666 0.898 

hsa-miR-7-5p -0.026 0.029 0.3668 0.898 

hsa-miR-432-3p 0.031 0.035 0.3693 0.898 

hsa-miR-3690 0.063 0.071 0.3699 0.898 

hsa-miR-3064-5p -0.03 0.033 0.3699 0.898 

hsa-miR-2115-3p -0.04 0.044 0.3705 0.898 

hsa-miR-664b-5p 0.034 0.039 0.3711 0.898 

hsa-miR-466 0.042 0.047 0.3712 0.898 

hsa-miR-501-3p 0.026 0.029 0.3724 0.899 

hsa-miR-200b-3p 0.03 0.034 0.3739 0.899 

hsa-miR-4732-3p -0.058 0.066 0.3777 0.9 

hsa-miR-30a-5p 0.018 0.021 0.3788 0.9 

hsa-miR-516a-3p -0.058 0.066 0.3789 0.9 

hsa-miR-874-5p 0.041 0.047 0.3793 0.9 

hsa-miR-33a-5p -0.026 0.03 0.3798 0.9 

hsa-miR-1185-1-3p -0.028 0.032 0.384 0.906 

hsa-miR-516b-3p -0.058 0.066 0.3857 0.906 

hsa-miR-183-3p 0.049 0.057 0.3862 0.906 

hsa-miR-582-5p -0.024 0.028 0.3871 0.906 

hsa-miR-544a -0.029 0.034 0.3921 0.914 

hsa-miR-500a-3p 0.016 0.019 0.3928 0.914 

hsa-miR-579-5p 0.032 0.038 0.3946 0.915 

hsa-miR-210-3p 0.043 0.051 0.3987 0.92 

hsa-miR-99b-5p 0.014 0.017 0.3992 0.92 

hsa-miR-99b-3p 0.011 0.014 0.4025 0.925 

hsa-miR-16-5p -0.029 0.035 0.4056 0.926 

hsa-miR-744-5p 0.026 0.031 0.4064 0.926 

microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-92b-5p 0.038 0.046 0.4076 0.926 

hsa-miR-889-3p 0.028 0.034 0.41 0.926 

hsa-miR-2277-5p -0.025 0.031 0.4127 0.926 

hsa-miR-6513-3p 0.017 0.02 0.4131 0.926 

hsa-miR-548ab -0.035 0.043 0.4135 0.926 

hsa-miR-5001-3p 0.035 0.043 0.4136 0.926 

hsa-miR-1226-3p -0.036 0.044 0.4182 0.926 

hsa-miR-105-5p -0.04 0.05 0.4187 0.926 

hsa-let-7d-3p 0.046 0.057 0.4206 0.926 

hsa-miR-1262 -0.025 0.032 0.4207 0.926 

hsa-miR-10527-5p 0.027 0.033 0.4208 0.926 

hsa-miR-155-5p -0.062 0.078 0.4209 0.926 

hsa-miR-455-5p -0.028 0.035 0.4209 0.926 

hsa-miR-423-3p 0.024 0.03 0.4228 0.928 

hsa-miR-25-5p 0.023 0.029 0.426 0.931 

hsa-miR-3145-3p -0.031 0.039 0.4272 0.931 

hsa-miR-502-5p 0.017 0.022 0.4289 0.931 

hsa-miR-548at-5p -0.033 0.042 0.4297 0.931 

hsa-miR-296-3p -0.037 0.047 0.4311 0.931 

hsa-miR-520d-5p 0.018 0.023 0.4313 0.931 

hsa-miR-30d-3p -0.022 0.028 0.4354 0.932 

hsa-miR-452-5p -0.024 0.031 0.4363 0.932 

hsa-miR-6503-3p 0.039 0.05 0.4387 0.932 

hsa-miR-4742-3p -0.024 0.032 0.4409 0.932 

hsa-miR-133b -0.037 0.049 0.4425 0.932 

hsa-miR-4662a-5p -0.025 0.032 0.4437 0.932 

hsa-miR-3157-5p 0.029 0.038 0.4442 0.932 

hsa-miR-100-5p 0.028 0.037 0.4454 0.932 

hsa-let-7e-5p 0.012 0.016 0.447 0.932 

hsa-miR-4781-3p 0.03 0.039 0.4473 0.932 

hsa-miR-181a-2-3p 0.027 0.035 0.4476 0.932 

hsa-miR-135b-5p 0.041 0.054 0.4482 0.932 

hsa-miR-574-3p 0.025 0.033 0.4487 0.932 

hsa-let-7a-3p -0.015 0.02 0.4495 0.932 

hsa-miR-3143 0.04 0.053 0.4509 0.932 

hsa-miR-133a-3p -0.033 0.043 0.4509 0.932 

hsa-miR-96-5p 0.033 0.045 0.4576 0.941 

hsa-miR-1271-5p 0.021 0.028 0.4578 0.941 



 

151 
 
 

 

microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-146b-5p -0.032 0.043 0.4659 0.945 

hsa-miR-191-3p -0.02 0.027 0.4677 0.945 

hsa-miR-503-5p -0.019 0.027 0.4683 0.945 

hsa-miR-4732-5p -0.058 0.08 0.4697 0.945 

hsa-miR-204-5p 0.057 0.079 0.4705 0.945 

hsa-miR-548ba -0.086 0.12 0.4706 0.945 

hsa-miR-18b-5p -0.032 0.045 0.4715 0.945 

hsa-miR-2116-5p 0.022 0.031 0.4747 0.945 

hsa-miR-660-3p 0.016 0.023 0.4748 0.945 

hsa-miR-489-3p -0.028 0.039 0.4763 0.945 

hsa-miR-98-3p 0.042 0.059 0.4804 0.945 

hsa-miR-561-3p 0.026 0.037 0.4808 0.945 

hsa-miR-874-3p 0.036 0.052 0.484 0.945 

hsa-miR-216a-5p -0.357 0.511 0.4844 0.945 

hsa-miR-664a-3p -0.018 0.025 0.4858 0.945 

hsa-miR-345-5p -0.017 0.025 0.486 0.945 

hsa-miR-195-3p -0.018 0.026 0.4871 0.945 

hsa-miR-660-5p 0.015 0.022 0.4873 0.945 

hsa-miR-519e-3p 0.015 0.022 0.4875 0.945 

hsa-miR-331-5p -0.017 0.024 0.4887 0.945 

hsa-miR-654-3p 0.014 0.021 0.4904 0.945 

hsa-miR-512-3p 0.021 0.031 0.4943 0.945 

hsa-miR-138-5p 0.045 0.067 0.4946 0.945 

hsa-miR-548i -0.043 0.063 0.4965 0.945 

hsa-miR-1260a 0.02 0.03 0.4968 0.945 

hsa-miR-7706 0.02 0.029 0.4971 0.945 

hsa-miR-490-3p 0.053 0.077 0.4972 0.945 

hsa-miR-152-3p -0.017 0.025 0.5 0.945 

hsa-miR-769-5p -0.012 0.018 0.5014 0.945 

hsa-miR-125b-1-3p -0.021 0.032 0.5028 0.945 

hsa-miR-141-5p 0.017 0.025 0.5033 0.945 

hsa-miR-154-5p 0.016 0.025 0.5049 0.945 

hsa-miR-29b-1-5p 0.024 0.036 0.5053 0.945 

hsa-miR-1307-3p -0.018 0.028 0.509 0.945 

hsa-miR-19a-3p -0.02 0.03 0.5097 0.945 

hsa-miR-125a-3p 0.014 0.022 0.511 0.945 

hsa-miR-519c-3p -0.013 0.02 0.5112 0.945 

hsa-miR-582-3p -0.022 0.033 0.5117 0.945 

microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-4659a-3p -0.038 0.057 0.5136 0.945 

hsa-miR-548t-3p 0.016 0.025 0.5144 0.945 

hsa-miR-624-3p -0.016 0.024 0.515 0.945 

hsa-miR-487a-3p -0.021 0.032 0.5158 0.945 

hsa-miR-361-3p -0.012 0.018 0.518 0.945 

hsa-miR-505-3p -0.015 0.023 0.5187 0.945 

hsa-miR-378f -0.026 0.04 0.5198 0.945 

hsa-miR-376b-5p 0.018 0.028 0.5215 0.945 

hsa-miR-548bc -0.021 0.032 0.5223 0.945 

hsa-miR-9-5p 0.029 0.045 0.5226 0.945 

hsa-miR-196a-3p -0.055 0.085 0.5227 0.945 

hsa-miR-148b-5p -0.012 0.019 0.5231 0.945 

hsa-miR-16-2-3p -0.02 0.031 0.5255 0.945 

hsa-miR-665 -0.022 0.036 0.5268 0.945 

hsa-miR-376c-5p 0.018 0.028 0.5268 0.945 

hsa-miR-376a-3p 0.015 0.024 0.5274 0.945 

hsa-let-7b-3p -0.03 0.048 0.5288 0.945 

hsa-miR-767-5p -0.03 0.047 0.5293 0.945 

hsa-miR-15b-3p -0.023 0.037 0.53 0.945 

hsa-miR-148a-5p -0.024 0.039 0.5327 0.945 

hsa-miR-1843 -0.014 0.022 0.5333 0.945 

hsa-miR-34b-5p -0.03 0.049 0.5334 0.945 

hsa-miR-93-5p -0.014 0.022 0.5342 0.945 

hsa-miR-379-3p -0.016 0.026 0.5362 0.945 

hsa-miR-5699-3p 0.024 0.039 0.5378 0.945 

hsa-miR-675-3p 0.015 0.024 0.5384 0.945 

hsa-miR-324-5p -0.013 0.021 0.5388 0.945 

hsa-miR-4521 0.033 0.053 0.5408 0.945 

hsa-miR-628-3p -0.015 0.024 0.5425 0.945 

hsa-miR-329-3p 0.02 0.032 0.5432 0.945 

hsa-miR-1273c -0.02 0.033 0.5442 0.945 

hsa-miR-193a-5p -0.032 0.053 0.5466 0.945 

hsa-miR-522-3p 0.017 0.028 0.5496 0.945 

hsa-miR-378c -0.018 0.03 0.5509 0.945 

hsa-miR-376b-3p -0.014 0.024 0.5521 0.945 

hsa-miR-431-5p -0.02 0.033 0.5525 0.945 

hsa-miR-548e-3p -0.014 0.023 0.5529 0.945 

hsa-miR-3925-5p 0.029 0.049 0.553 0.945 
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microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-328-3p 0.025 0.042 0.5547 0.945 

hsa-miR-487b-5p 0.016 0.028 0.5549 0.945 

hsa-miR-651-5p -0.015 0.026 0.5572 0.946 

hsa-miR-200c-3p 0.019 0.033 0.558 0.946 

hsa-miR-320b 0.016 0.027 0.5605 0.946 

hsa-miR-6503-5p 0.031 0.053 0.5608 0.946 

hsa-miR-3614-3p -0.022 0.039 0.5618 0.946 

hsa-miR-29c-3p -0.014 0.024 0.564 0.946 

hsa-miR-19b-3p 0.011 0.02 0.5647 0.946 

hsa-miR-548n -0.02 0.036 0.5651 0.946 

hsa-miR-181b-3p -0.018 0.032 0.5694 0.946 

hsa-miR-370-5p 0.015 0.027 0.5698 0.946 

hsa-miR-519e-5p 0.019 0.033 0.5716 0.946 

hsa-miR-3613-5p -0.019 0.033 0.5717 0.946 

hsa-let-7g-5p -0.02 0.036 0.5726 0.946 

hsa-miR-20a-5p 0.011 0.019 0.5752 0.946 

hsa-miR-9-3p 0.025 0.045 0.5764 0.946 

hsa-miR-1255a -0.035 0.064 0.5771 0.946 

hsa-miR-1260b 0.017 0.03 0.5777 0.946 

hsa-miR-339-5p -0.013 0.023 0.581 0.946 

hsa-miR-221-5p 0.011 0.02 0.5811 0.946 

hsa-miR-3136-5p -0.02 0.035 0.5814 0.946 

hsa-miR-523-3p 0.016 0.029 0.5818 0.946 

hsa-miR-493-5p 0.012 0.022 0.5825 0.946 

hsa-miR-551b-3p -0.019 0.035 0.584 0.946 

hsa-miR-376a-5p -0.014 0.026 0.5855 0.946 

hsa-let-7i-3p -0.025 0.046 0.5858 0.946 

hsa-miR-941 0.015 0.027 0.5871 0.946 

hsa-miR-200a-3p -0.018 0.033 0.5879 0.946 

hsa-miR-374a-3p -0.013 0.024 0.5934 0.95 

hsa-miR-23a-5p 0.029 0.056 0.5964 0.95 

hsa-miR-598-3p -0.026 0.05 0.5978 0.95 

hsa-miR-3927-3p 0.066 0.126 0.5982 0.95 

hsa-miR-548aa 0.013 0.024 0.6002 0.95 

hsa-miR-4719 -0.033 0.063 0.6002 0.95 

hsa-miR-181c-5p 0.017 0.033 0.6011 0.95 

hsa-miR-501-5p 0.017 0.032 0.6017 0.95 

hsa-miR-411-3p -0.015 0.028 0.6028 0.95 

microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-409-5p 0.013 0.025 0.6052 0.95 

hsa-miR-145-5p -0.013 0.026 0.6069 0.95 

hsa-miR-136-5p -0.008 0.016 0.6082 0.95 

hsa-miR-532-5p 0.009 0.018 0.6082 0.95 

hsa-miR-455-3p -0.017 0.034 0.6083 0.95 

hsa-miR-181a-5p 0.015 0.029 0.6099 0.95 

hsa-miR-7976 -0.015 0.028 0.6101 0.95 

hsa-miR-199a-5p -0.01 0.02 0.6137 0.952 

hsa-miR-217-5p -0.264 0.524 0.6142 0.952 

hsa-miR-1247-5p 0.023 0.047 0.6149 0.952 

hsa-miR-373-5p 0.033 0.067 0.617 0.953 

hsa-miR-3200-3p -0.029 0.058 0.6183 0.953 

hsa-miR-377-3p -0.011 0.023 0.6215 0.956 

hsa-miR-181a-3p -0.013 0.027 0.6241 0.958 

hsa-miR-511-5p -0.015 0.031 0.6264 0.96 

hsa-miR-130b-5p -0.025 0.052 0.6274 0.96 

hsa-miR-372-5p -0.036 0.074 0.6315 0.963 

hsa-miR-299-3p -0.013 0.028 0.6354 0.963 

hsa-miR-4326 0.039 0.083 0.6397 0.963 

hsa-miR-29a-5p -0.012 0.025 0.6403 0.963 

hsa-miR-486-3p -0.029 0.062 0.6406 0.963 

hsa-miR-190a-3p -0.024 0.052 0.6423 0.963 

hsa-miR-377-5p -0.01 0.021 0.6426 0.963 

hsa-miR-103a-2-5p -0.019 0.04 0.6455 0.963 

hsa-miR-186-5p -0.006 0.014 0.6466 0.963 

hsa-miR-4742-5p 0.017 0.038 0.6469 0.963 

hsa-miR-493-3p -0.013 0.027 0.6469 0.963 

hsa-miR-222-3p 0.011 0.025 0.6489 0.963 

hsa-miR-151b -0.012 0.026 0.6492 0.963 

hsa-miR-1269b -0.331 0.729 0.6501 0.963 

hsa-miR-1277-5p -0.013 0.029 0.6523 0.963 

hsa-miR-29c-5p -0.008 0.017 0.656 0.963 

hsa-miR-487b-3p 0.013 0.03 0.6563 0.963 

hsa-miR-508-3p 0.104 0.235 0.6564 0.963 

hsa-miR-4766-3p -0.016 0.035 0.6573 0.963 

hsa-miR-150-5p -0.023 0.051 0.6581 0.963 

hsa-miR-93-3p 0.008 0.018 0.6584 0.963 

hsa-miR-19b-1-5p 0.009 0.021 0.659 0.963 
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microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-15b-5p -0.019 0.043 0.659 0.963 

hsa-miR-550a-3p 0.016 0.037 0.6596 0.963 

hsa-miR-185-3p -0.02 0.046 0.6621 0.965 

hsa-miR-23b-3p -0.007 0.015 0.6642 0.965 

hsa-miR-520b-3p -0.012 0.029 0.6654 0.965 

hsa-miR-25-3p -0.015 0.034 0.666 0.965 

hsa-miR-100-3p -0.016 0.036 0.6686 0.965 

hsa-miR-130b-3p -0.018 0.042 0.6718 0.965 

hsa-miR-9898 0.022 0.051 0.6726 0.965 

hsa-miR-101-5p 0.009 0.021 0.6726 0.965 

hsa-miR-548h-3p -0.017 0.041 0.6749 0.965 

hsa-miR-338-3p -0.011 0.027 0.6751 0.965 

hsa-miR-1269a 0.037 0.089 0.6754 0.965 

hsa-miR-190b-5p 0.01 0.025 0.6759 0.965 

hsa-miR-382-3p -0.013 0.031 0.6783 0.965 

hsa-miR-548z -0.017 0.04 0.6811 0.965 

hsa-miR-548ay-3p -0.021 0.051 0.6814 0.965 

hsa-miR-485-3p 0.016 0.04 0.6841 0.965 

hsa-miR-520e-5p -0.011 0.026 0.6842 0.965 

hsa-miR-147b-5p 0.017 0.042 0.6854 0.965 

hsa-miR-27b-3p -0.006 0.014 0.6874 0.965 

hsa-miR-548az-5p 0.022 0.055 0.6907 0.965 

hsa-miR-202-5p 0.016 0.041 0.691 0.965 

hsa-miR-3144-3p 0.027 0.068 0.6916 0.965 

hsa-miR-487a-5p 0.012 0.029 0.692 0.965 

hsa-miR-106b-3p -0.009 0.023 0.6942 0.965 

hsa-miR-433-3p 0.013 0.033 0.6979 0.965 

hsa-miR-147b-3p -0.019 0.049 0.6987 0.965 

hsa-miR-551b-5p -0.02 0.051 0.6992 0.965 

hsa-miR-374b-3p -0.008 0.021 0.6995 0.965 

hsa-miR-326 0.009 0.022 0.6996 0.965 

hsa-miR-10399-3p -0.021 0.054 0.7002 0.965 

hsa-miR-4286 0.015 0.04 0.7008 0.965 

hsa-miR-1283 0.016 0.041 0.7017 0.965 

hsa-miR-381-3p 0.011 0.029 0.703 0.965 

hsa-miR-655-5p 0.014 0.037 0.703 0.965 

hsa-miR-548g-5p 0.014 0.037 0.7046 0.966 

hsa-miR-27a-5p 0.018 0.048 0.7092 0.97 

microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-767-3p -0.02 0.055 0.7109 0.97 

hsa-miR-548w -0.015 0.04 0.7149 0.97 

hsa-miR-937-3p -0.017 0.047 0.7162 0.97 

hsa-miR-574-5p 0.013 0.037 0.719 0.97 

hsa-miR-7-1-3p 0.009 0.024 0.7192 0.97 

hsa-miR-4775 -0.015 0.042 0.7219 0.97 

hsa-miR-146a-5p -0.014 0.041 0.726 0.97 

hsa-miR-449a -0.011 0.03 0.7267 0.97 

hsa-miR-4445-5p 0.087 0.25 0.7274 0.97 

hsa-miR-181b-2-3p 0.016 0.046 0.7298 0.97 

hsa-miR-219a-5p -0.011 0.032 0.73 0.97 

hsa-miR-490-5p 0.028 0.082 0.7301 0.97 

hsa-miR-3688-3p -0.013 0.036 0.7302 0.97 

hsa-miR-410-5p -0.024 0.069 0.7311 0.97 

hsa-miR-331-3p -0.019 0.055 0.7311 0.97 

hsa-miR-3909 0.009 0.026 0.7311 0.97 

hsa-miR-136-3p 0.01 0.028 0.7329 0.97 

hsa-miR-765 -0.016 0.046 0.7338 0.97 

hsa-miR-29a-3p 0.01 0.031 0.7341 0.97 

hsa-miR-494-3p 0.009 0.027 0.7342 0.97 

hsa-miR-576-3p 0.007 0.02 0.7359 0.97 

hsa-miR-192-3p -0.009 0.026 0.7363 0.97 

hsa-miR-675-5p -0.013 0.039 0.746 0.979 

hsa-miR-1278 0.01 0.03 0.7474 0.979 

hsa-miR-877-5p 0.013 0.042 0.7498 0.979 

hsa-miR-7705 -0.01 0.03 0.7498 0.979 

hsa-miR-214-3p 0.011 0.035 0.7504 0.979 

hsa-miR-151a-5p 0.006 0.02 0.7519 0.979 

hsa-miR-363-3p -0.012 0.038 0.7525 0.979 

hsa-miR-221-3p 0.006 0.019 0.7567 0.982 

hsa-miR-369-3p 0.01 0.032 0.7579 0.982 

hsa-miR-2682-3p 0.031 0.099 0.7582 0.982 

hsa-miR-122-5p -0.018 0.06 0.7613 0.983 

hsa-miR-135a-5p -0.028 0.093 0.7628 0.983 

hsa-miR-770-5p 0.01 0.033 0.7652 0.983 

hsa-miR-378d -0.009 0.03 0.7688 0.983 

hsa-miR-218-5p 0.009 0.031 0.7763 0.983 

hsa-miR-378a-3p -0.008 0.028 0.7783 0.983 
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microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-98-5p 0.012 0.042 0.7784 0.983 

hsa-miR-127-5p 0.007 0.025 0.7802 0.983 

hsa-miR-30a-3p 0.007 0.025 0.7813 0.983 

hsa-miR-138-1-3p 0.019 0.067 0.7819 0.983 

hsa-miR-520d-3p 0.008 0.03 0.7826 0.983 

hsa-miR-589-3p -0.011 0.039 0.7857 0.983 

hsa-miR-34a-5p 0.007 0.027 0.7876 0.983 

hsa-miR-520c-3p -0.007 0.025 0.7883 0.983 

hsa-miR-182-5p 0.011 0.043 0.7895 0.983 

hsa-miR-6501-5p -0.014 0.053 0.7935 0.983 

hsa-miR-362-3p 0.008 0.031 0.7938 0.983 

hsa-miR-106a-5p -0.008 0.032 0.7943 0.983 

hsa-miR-526b-3p -0.007 0.028 0.795 0.983 

hsa-miR-1-3p -0.012 0.046 0.795 0.983 

hsa-miR-92a-3p 0.007 0.029 0.7955 0.983 

hsa-miR-412-5p -0.025 0.097 0.7969 0.983 

hsa-miR-379-5p 0.006 0.025 0.7984 0.983 

hsa-miR-581 -0.012 0.046 0.7988 0.983 

hsa-let-7i-5p -0.011 0.044 0.8008 0.983 

hsa-miR-205-5p 0.007 0.029 0.8014 0.983 

hsa-miR-188-3p -0.006 0.025 0.8015 0.983 

hsa-let-7b-5p -0.01 0.041 0.8016 0.983 

hsa-miR-362-5p 0.005 0.02 0.8026 0.983 

hsa-miR-1295a 0.014 0.056 0.8026 0.983 

hsa-miR-187-3p -0.02 0.082 0.8033 0.983 

hsa-miR-505-5p -0.01 0.041 0.8042 0.983 

hsa-miR-655-3p 0.006 0.025 0.8058 0.983 

hsa-miR-140-3p -0.004 0.017 0.8058 0.983 

hsa-miR-548o-5p 0.004 0.017 0.8068 0.983 

hsa-miR-486-5p -0.014 0.058 0.8074 0.983 

hsa-miR-184 0.01 0.041 0.8079 0.983 

hsa-miR-211-5p 0.01 0.04 0.8081 0.983 

hsa-miR-3605-3p 0.006 0.024 0.8084 0.983 

hsa-miR-618 0.014 0.058 0.81 0.983 

hsa-miR-758-5p -0.008 0.033 0.8114 0.984 

hsa-miR-548j-5p -0.007 0.03 0.814 0.984 

hsa-miR-30e-5p 0.005 0.023 0.8171 0.984 

hsa-miR-652-3p 0.006 0.026 0.8177 0.984 

microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-1247-3p 0.009 0.038 0.8177 0.984 

hsa-miR-4999-5p -0.009 0.037 0.8194 0.984 

hsa-miR-92b-3p -0.008 0.037 0.8197 0.984 

hsa-miR-409-3p -0.005 0.023 0.8208 0.984 

hsa-miR-432-5p 0.005 0.024 0.8238 0.986 

hsa-miR-34c-3p -0.011 0.05 0.8251 0.986 

hsa-miR-548c-5p 0.004 0.017 0.827 0.986 

hsa-miR-378a-5p 0.006 0.03 0.8299 0.986 

hsa-miR-320c 0.006 0.029 0.8326 0.986 

hsa-miR-519b-3p 0.004 0.021 0.8331 0.986 

hsa-miR-4645-3p -0.006 0.028 0.8335 0.986 

hsa-miR-222-5p 0.008 0.038 0.8336 0.986 

hsa-miR-539-3p -0.008 0.037 0.8381 0.986 

hsa-miR-548c-3p -0.008 0.038 0.8397 0.986 

hsa-miR-3158-3p -0.01 0.051 0.8406 0.986 

hsa-miR-1537-3p 0.007 0.035 0.8414 0.986 

hsa-miR-3912-3p 0.005 0.024 0.8433 0.986 

hsa-miR-488-3p -0.013 0.067 0.8457 0.986 

hsa-miR-130a-3p -0.002 0.013 0.8465 0.986 

hsa-miR-380-3p -0.006 0.029 0.8465 0.986 

hsa-miR-1180-3p 0.008 0.04 0.8472 0.986 

hsa-miR-339-3p 0.003 0.016 0.8472 0.986 

hsa-miR-1270 0.009 0.046 0.8481 0.986 

hsa-miR-624-5p 0.004 0.022 0.8502 0.986 

hsa-miR-664b-3p -0.005 0.029 0.8509 0.986 

hsa-miR-219b-5p 0.006 0.033 0.852 0.986 

hsa-miR-873-5p 0.009 0.048 0.853 0.986 

hsa-miR-382-5p 0.004 0.024 0.8531 0.986 

hsa-miR-103a-3p -0.002 0.013 0.8536 0.986 

hsa-let-7d-5p -0.006 0.035 0.8595 0.99 

hsa-let-7f-5p -0.007 0.037 0.8612 0.99 

hsa-miR-548aq-3p -0.008 0.047 0.8613 0.99 

hsa-miR-199b-3p -0.003 0.019 0.8637 0.99 

hsa-miR-26a-1-3p 0.005 0.028 0.8684 0.99 

hsa-miR-369-5p 0.004 0.022 0.8692 0.99 

hsa-miR-548f-3p -0.008 0.052 0.87 0.99 

hsa-miR-199a-3p -0.003 0.019 0.8701 0.99 

hsa-miR-34c-5p -0.008 0.048 0.871 0.99 
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microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-548l 0.005 0.032 0.8743 0.99 

hsa-miR-335-5p -0.003 0.02 0.8744 0.99 

hsa-miR-656-3p 0.006 0.035 0.8748 0.99 

hsa-miR-371a-3p -0.012 0.077 0.8761 0.99 

hsa-miR-199b-5p -0.004 0.029 0.8776 0.99 

hsa-miR-5100 0.011 0.075 0.879 0.99 

hsa-miR-5010-3p -0.004 0.027 0.8793 0.99 

hsa-miR-4677-3p -0.004 0.03 0.8804 0.99 

hsa-miR-671-3p -0.005 0.032 0.8808 0.99 

hsa-miR-329-5p 0.005 0.033 0.8838 0.992 

hsa-miR-23b-5p 0.003 0.022 0.8866 0.993 

hsa-miR-127-3p 0.004 0.028 0.8886 0.993 

hsa-miR-548y 0.005 0.038 0.8889 0.993 

hsa-miR-320d 0.004 0.029 0.8894 0.993 

hsa-miR-18a-3p 0.005 0.04 0.898 0.994 

hsa-miR-561-5p -0.005 0.039 0.8992 0.994 

hsa-miR-28-3p 0.002 0.017 0.8994 0.994 

hsa-miR-6514-5p -0.004 0.034 0.8994 0.994 

hsa-miR-10a-5p 0.003 0.022 0.8997 0.994 

hsa-miR-3928-3p 0.005 0.039 0.9 0.994 

hsa-miR-141-3p 0.003 0.028 0.901 0.994 

hsa-miR-17-3p 0.002 0.019 0.9022 0.994 

hsa-miR-6513-5p -0.005 0.04 0.9026 0.994 

hsa-miR-410-3p -0.004 0.034 0.903 0.994 

hsa-miR-548am-5p 0.002 0.018 0.9087 0.994 

hsa-miR-944 0.004 0.036 0.9094 0.994 

hsa-miR-29b-3p -0.003 0.026 0.9119 0.994 

hsa-miR-135b-3p 0.006 0.056 0.9144 0.994 

hsa-miR-548ar-5p -0.004 0.039 0.915 0.994 

hsa-miR-134-5p -0.002 0.024 0.9185 0.994 

hsa-let-7f-2-3p -0.004 0.041 0.9193 0.994 

hsa-miR-580-3p -0.004 0.04 0.9214 0.994 

hsa-miR-372-3p -0.008 0.076 0.9214 0.994 

hsa-miR-548q 0.003 0.031 0.9263 0.994 

hsa-miR-373-3p -0.006 0.061 0.9275 0.994 

hsa-miR-30e-3p 0.002 0.024 0.9283 0.994 

hsa-miR-381-5p -0.002 0.025 0.9292 0.994 

hsa-miR-200c-5p 0.002 0.027 0.9303 0.994 

microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-299-5p 0.002 0.028 0.9326 0.994 

hsa-miR-548o-3p 0.002 0.031 0.9355 0.994 

hsa-miR-375-3p -0.008 0.1 0.9395 0.994 

hsa-miR-503-3p -0.002 0.033 0.9431 0.994 

hsa-miR-668-3p -0.002 0.033 0.9451 0.994 

hsa-miR-548x-5p 0.003 0.052 0.9473 0.994 

hsa-miR-22-3p 0.001 0.017 0.9497 0.994 

hsa-miR-139-5p 0.002 0.034 0.9506 0.994 

hsa-let-7a-5p -0.001 0.016 0.9517 0.994 

hsa-miR-429 0.005 0.08 0.952 0.994 

hsa-miR-643 0.002 0.029 0.9526 0.994 

hsa-miR-876-5p 0.003 0.058 0.9527 0.994 

hsa-miR-548aj-5p -0.003 0.046 0.9527 0.994 

hsa-miR-320e -0.002 0.032 0.9529 0.994 

hsa-miR-518d-3p 0.002 0.031 0.9534 0.994 

hsa-miR-1179 -0.002 0.032 0.9537 0.994 

hsa-miR-491-5p -0.001 0.026 0.9558 0.994 

hsa-miR-520f-3p 0.002 0.039 0.9566 0.994 

hsa-miR-22-5p -0.001 0.022 0.9575 0.994 

hsa-miR-627-5p 0.001 0.02 0.9582 0.994 

hsa-miR-548au-5p 0.001 0.018 0.9587 0.994 

hsa-miR-12136 0.002 0.046 0.9596 0.994 

hsa-miR-484 -0.002 0.039 0.9612 0.994 

hsa-miR-324-3p 0.002 0.032 0.9621 0.994 

hsa-miR-1185-5p 0.001 0.027 0.9623 0.994 

hsa-miR-431-3p -0.001 0.03 0.9637 0.994 

hsa-miR-370-3p 0.002 0.034 0.9637 0.994 

hsa-miR-376a-2-5p -0.001 0.027 0.9637 0.994 

hsa-miR-495-5p 0.001 0.02 0.9675 0.994 

hsa-miR-146a-3p -0.004 0.098 0.9684 0.994 

hsa-miR-6716-3p -0.001 0.04 0.9699 0.994 

hsa-miR-126-3p -0.001 0.027 0.9703 0.994 

hsa-miR-181b-5p -0.001 0.027 0.9711 0.994 

hsa-miR-28-5p -0.001 0.021 0.9731 0.994 

hsa-miR-137-3p 0.003 0.09 0.9734 0.994 

hsa-miR-526a-3p 0.001 0.032 0.9752 0.994 

hsa-miR-1277-3p 0.001 0.02 0.9756 0.994 

hsa-miR-411-5p 0.001 0.028 0.976 0.994 
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microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-641 0.001 0.025 0.9763 0.994 

hsa-miR-380-5p -0.001 0.035 0.9767 0.994 

hsa-miR-205-3p 0.001 0.032 0.9776 0.994 

hsa-miR-548x-3p 0.008 0.301 0.9785 0.994 

hsa-miR-615-3p 0.001 0.039 0.9787 0.994 

hsa-miR-26b-5p 0 0.015 0.9788 0.994 

hsa-miR-6507-5p 0.002 0.057 0.9788 0.994 

hsa-miR-126-5p 0.001 0.029 0.9822 0.995 

hsa-miR-873-3p 0.002 0.072 0.9824 0.995 

hsa-miR-5699-5p 0.001 0.04 0.9868 0.996 

microRNA log2FC lfcSE -log10(pval) FDR 

hsa-miR-101-2-5p -0.001 0.047 0.987 0.996 

hsa-miR-1301-3p 0.001 0.042 0.9879 0.996 

hsa-miR-101-3p 0 0.027 0.991 0.996 

hsa-miR-34b-3p 0.001 0.049 0.9916 0.996 

hsa-miR-26b-3p 0 0.019 0.9918 0.996 

hsa-miR-548ak 0 0.032 0.9933 0.996 

hsa-miR-3615 0 0.035 0.9943 0.996 

hsa-miR-7977 0 0.043 0.9947 0.996 

hsa-miR-371a-5p 0 0.073 0.9959 0.996 
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Table S4-3: METAL Cd miRNA Meta-Analysis Results Summary
microRNA log2FC StdErr -log10(pval) FDR 

hsa-miR-509-3p 0.1924 0.0522 0.0002 0.1128 

hsa-miR-1248 -0.2395 0.0665 0.0003 0.1128 

hsa-miR-193b-5p 0.1496 0.0431 0.0005 0.1229 

hsa-miR-365b-3p 0.1091 0.0341 0.0014 0.1632 

hsa-miR-365a-3p 0.1091 0.0341 0.0014 0.1632 

hsa-miR-506-3p 0.2275 0.0711 0.0014 0.1632 

hsa-miR-365a-5p 0.1415 0.0452 0.0018 0.1802 

hsa-miR-514a-3p 0.1361 0.0484 0.0049 0.4405 

hsa-miR-519d-5p 0.0480 0.0183 0.0086 0.5378 

hsa-miR-30b-3p 0.0518 0.0208 0.0125 0.5378 

hsa-miR-514a-5p 0.1467 0.0591 0.0131 0.5378 

hsa-miR-1323 0.0467 0.0189 0.0135 0.5378 

hsa-miR-515-5p 0.0445 0.0180 0.0136 0.5378 

hsa-miR-30c-5p 0.0265 0.0107 0.0138 0.5378 

hsa-miR-3173-5p 0.0928 0.0379 0.0145 0.5378 

hsa-miR-3065-3p -0.0880 0.0360 0.0145 0.5378 

hsa-miR-450a-2-
3p 

-0.0534 0.0220 0.0152 0.5378 

hsa-miR-301a-5p -0.0764 0.0319 0.0165 0.5378 

hsa-miR-30b-5p 0.0402 0.0168 0.0165 0.5378 

hsa-miR-6715b-
3p 

-0.1685 0.0731 0.0212 0.6408 

hsa-miR-340-3p -0.0457 0.0200 0.0227 0.6510 

hsa-miR-584-5p -0.0678 0.0303 0.0256 0.6563 

hsa-miR-1275 0.0966 0.0440 0.0282 0.6563 

hsa-miR-520b-5p 0.0352 0.0162 0.0300 0.6563 

hsa-miR-519a-2-
5p 

0.0352 0.0162 0.0301 0.6563 

hsa-miR-518e-5p 0.0413 0.0191 0.0311 0.6563 

hsa-miR-519b-5p 0.0413 0.0191 0.0311 0.6563 

hsa-miR-523-5p 0.0413 0.0191 0.0311 0.6563 

hsa-miR-522-5p 0.0413 0.0191 0.0311 0.6563 

hsa-miR-519c-5p 0.0413 0.0191 0.0311 0.6563 

hsa-miR-296-5p 0.0706 0.0336 0.0360 0.6699 

hsa-miR-424-5p 0.0451 0.0215 0.0360 0.6699 

hsa-miR-224-3p -0.0697 0.0334 0.0369 0.6699 

hsa-miR-125a-5p 0.0494 0.0239 0.0384 0.6699 

hsa-miR-549a-3p 0.1402 0.0686 0.0411 0.6699 

hsa-miR-520h 0.0345 0.0169 0.0415 0.6699 

microRNA log2FC StdErr -log10(pval) FDR 

hsa-miR-181a-2-
3p 

0.0595 0.0293 0.0425 0.6699 

hsa-miR-519a-5p 0.0398 0.0197 0.0430 0.6699 

hsa-miR-337-3p -0.0355 0.0176 0.0440 0.6699 

hsa-miR-188-5p -0.0361 0.0180 0.0448 0.6699 

hsa-miR-629-3p 0.0708 0.0353 0.0448 0.6699 

hsa-miR-628-5p -0.0488 0.0243 0.0449 0.6699 

hsa-miR-340-5p -0.0400 0.0201 0.0462 0.6762 

hsa-miR-200b-3p 0.0542 0.0274 0.0477 0.6839 

hsa-miR-424-3p 0.0349 0.0180 0.0526 0.7233 

hsa-miR-520g-3p 0.0332 0.0173 0.0550 0.7233 

hsa-miR-30c-2-
3p 

0.0301 0.0157 0.0557 0.7233 

hsa-miR-223-5p -0.0715 0.0374 0.0562 0.7233 

hsa-miR-301b-3p -0.0772 0.0405 0.0567 0.7233 

hsa-miR-3664-3p 0.0407 0.0215 0.0576 0.7233 

hsa-miR-27a-3p 0.0277 0.0146 0.0585 0.7233 

hsa-miR-143-5p -0.0469 0.0251 0.0610 0.7414 

hsa-miR-509-5p 0.1264 0.0679 0.0625 0.7470 

hsa-miR-516b-5p 0.0380 0.0206 0.0660 0.7655 

hsa-miR-520f-5p 0.0624 0.0340 0.0665 0.7655 

hsa-miR-516a-5p 0.0351 0.0192 0.0673 0.7655 

hsa-miR-517-5p 0.0293 0.0161 0.0690 0.7656 

hsa-miR-24-3p 0.0319 0.0176 0.0694 0.7656 

hsa-miR-30c-1-
3p 

0.0344 0.0195 0.0779 0.7972 

hsa-miR-26a-5p 0.0152 0.0086 0.0787 0.7972 

hsa-miR-330-5p -0.0487 0.0278 0.0796 0.7972 

hsa-miR-7-5p -0.0427 0.0245 0.0818 0.7972 

hsa-miR-31-5p 0.0618 0.0356 0.0826 0.7972 

hsa-miR-337-5p -0.0336 0.0194 0.0833 0.7972 

hsa-miR-5695 0.1147 0.0665 0.0847 0.7972 

hsa-miR-29a-3p 0.0433 0.0251 0.0850 0.7972 

hsa-miR-10399-
5p 

0.0690 0.0409 0.0920 0.7972 

hsa-miR-498-3p 0.0395 0.0236 0.0939 0.7972 

hsa-miR-450a-5p -0.0351 0.0210 0.0941 0.7972 

hsa-miR-190a-5p -0.0610 0.0364 0.0943 0.7972 

hsa-miR-653-3p -0.0541 0.0324 0.0957 0.7972 

hsa-miR-361-5p 0.0261 0.0158 0.0974 0.7972 
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microRNA log2FC StdErr -log10(pval) FDR 

hsa-miR-518c-5p 0.0277 0.0167 0.0978 0.7972 

hsa-miR-425-3p -0.0196 0.0119 0.0995 0.7972 

hsa-miR-1299 0.1922 0.1176 0.1022 0.7972 

hsa-miR-214-5p -0.0285 0.0174 0.1024 0.7972 

hsa-miR-526b-5p 0.0324 0.0199 0.1030 0.7972 

hsa-miR-144-3p -0.0840 0.0516 0.1032 0.7972 

hsa-miR-454-3p -0.0236 0.0145 0.1039 0.7972 

hsa-miR-942-5p -0.0384 0.0238 0.1067 0.7972 

hsa-miR-616-3p 0.0608 0.0378 0.1074 0.7972 

hsa-miR-32-3p -0.0365 0.0226 0.1075 0.7972 

hsa-miR-4708-3p 0.0555 0.0345 0.1077 0.7972 

hsa-miR-524-5p 0.0252 0.0157 0.1079 0.7972 

hsa-miR-30d-5p 0.0277 0.0172 0.1085 0.7972 

hsa-miR-342-3p -0.0345 0.0217 0.1116 0.7972 

hsa-miR-6881-3p -0.0724 0.0458 0.1144 0.7972 

hsa-miR-23a-3p 0.0268 0.0172 0.1191 0.7972 

hsa-miR-519e-5p 0.0386 0.0248 0.1196 0.7972 

hsa-miR-27b-5p -0.0294 0.0190 0.1207 0.7972 

hsa-miR-2115-5p -0.0634 0.0409 0.1209 0.7972 

hsa-miR-154-3p -0.0379 0.0246 0.1223 0.7972 

hsa-miR-191-5p 0.0191 0.0125 0.1265 0.8055 

hsa-miR-2276-3p -0.0651 0.0428 0.1279 0.8055 

hsa-miR-2116-3p 0.0594 0.0391 0.1292 0.8055 

hsa-miR-570-3p -0.0564 0.0373 0.1310 0.8097 

hsa-miR-6511b-
3p 

0.0581 0.0386 0.1327 0.8112 

hsa-miR-155-5p -0.1011 0.0674 0.1335 0.8112 

hsa-miR-495-3p -0.0308 0.0206 0.1356 0.8170 

hsa-miR-32-5p -0.0271 0.0183 0.1383 0.8263 

hsa-miR-105-5p -0.0610 0.0417 0.1435 0.8503 

hsa-miR-6511a-
3p 

-0.0477 0.0327 0.1454 0.8512 

hsa-miR-1306-5p 0.0521 0.0360 0.1479 0.8512 

hsa-miR-579-3p 0.0356 0.0247 0.1484 0.8512 

hsa-miR-379-3p -0.0310 0.0215 0.1500 0.8523 

hsa-miR-142-5p -0.0579 0.0405 0.1528 0.8523 

hsa-miR-585-3p -0.0703 0.0495 0.1558 0.8523 

hsa-miR-767-5p -0.0547 0.0392 0.1626 0.8523 

hsa-miR-487a-3p -0.0356 0.0257 0.1662 0.8523 

microRNA log2FC StdErr -log10(pval) FDR 

hsa-miR-107 -0.0334 0.0247 0.1768 0.8523 

hsa-miR-4659a-
3p 

-0.0724 0.0537 0.1779 0.8523 

hsa-miR-320a-3p 0.0319 0.0237 0.1785 0.8523 

hsa-miR-451a -0.0736 0.0547 0.1785 0.8523 

hsa-miR-556-3p 0.0580 0.0431 0.1792 0.8523 

hsa-miR-125b-5p 0.0353 0.0263 0.1799 0.8523 

hsa-miR-548ae-
5p 

-0.0294 0.0219 0.1799 0.8523 

hsa-miR-133a-5p -0.0544 0.0408 0.1829 0.8523 

hsa-miR-454-5p -0.0293 0.0221 0.1856 0.8523 

hsa-miR-18b-5p -0.0544 0.0411 0.1860 0.8523 

hsa-miR-548ay-
5p 

-0.0320 0.0244 0.1891 0.8523 

hsa-miR-511-5p -0.0351 0.0268 0.1902 0.8523 

hsa-miR-466 0.0554 0.0425 0.1927 0.8538 

hsa-miR-548d-5p -0.0323 0.0248 0.1929 0.8538 

hsa-miR-15a-5p -0.0393 0.0303 0.1953 0.8560 

hsa-miR-1304-3p 0.0406 0.0316 0.1981 0.8608 

hsa-miR-27a-5p 0.0490 0.0383 0.2005 0.8613 

hsa-miR-7706 0.0337 0.0263 0.2006 0.8613 

hsa-miR-128-3p -0.0172 0.0136 0.2061 0.8688 

hsa-miR-1285-3p -0.0336 0.0266 0.2064 0.8688 

hsa-miR-1185-1-
3p 

-0.0339 0.0270 0.2090 0.8691 

hsa-miR-183-3p 0.0634 0.0512 0.2151 0.8691 

hsa-miR-411-3p -0.0275 0.0223 0.2165 0.8691 

hsa-miR-452-5p -0.0292 0.0237 0.2179 0.8691 

hsa-miR-16-5p -0.0355 0.0289 0.2206 0.8691 

hsa-miR-505-3p -0.0238 0.0195 0.2228 0.8691 

hsa-miR-1197 -0.0460 0.0379 0.2246 0.8691 

hsa-miR-3064-5p -0.0396 0.0326 0.2249 0.8691 

hsa-miR-330-3p -0.0305 0.0252 0.2254 0.8691 

hsa-miR-887-3p -0.0340 0.0282 0.2277 0.8691 

hsa-miR-2355-3p -0.0457 0.0380 0.2295 0.8691 

hsa-miR-185-3p -0.0496 0.0413 0.2302 0.8691 

hsa-miR-34a-3p 0.0366 0.0310 0.2371 0.8691 

hsa-miR-548e-5p -0.0335 0.0285 0.2392 0.8691 

hsa-miR-496 -0.0336 0.0285 0.2393 0.8691 

hsa-miR-516b-3p -0.0666 0.0568 0.2413 0.8691 

hsa-miR-619-5p 0.0568 0.0485 0.2416 0.8691 
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microRNA log2FC StdErr -log10(pval) FDR 

hsa-miR-19b-3p 0.0210 0.0180 0.2435 0.8691 

hsa-miR-1185-2-
3p 

-0.0359 0.0308 0.2441 0.8691 

hsa-miR-210-3p 0.0483 0.0417 0.2469 0.8691 

hsa-miR-543 -0.0309 0.0267 0.2475 0.8691 

hsa-miR-450a-1-
3p 

-0.0226 0.0196 0.2480 0.8691 

hsa-miR-12135 -0.0614 0.0534 0.2503 0.8697 

hsa-miR-516a-3p -0.0644 0.0568 0.2569 0.8788 

hsa-miR-23c 0.0238 0.0211 0.2592 0.8788 

hsa-miR-590-3p 0.0214 0.0191 0.2619 0.8788 

hsa-miR-135a-5p -0.0894 0.0802 0.2647 0.8813 

hsa-miR-589-5p -0.0316 0.0284 0.2655 0.8813 

hsa-miR-376a-5p -0.0250 0.0227 0.2710 0.8885 

hsa-miR-377-3p -0.0218 0.0200 0.2743 0.8885 

hsa-miR-18a-5p -0.0317 0.0291 0.2764 0.8885 

hsa-miR-520e-5p -0.0240 0.0220 0.2772 0.8885 

hsa-miR-548i -0.0605 0.0560 0.2800 0.8885 

hsa-miR-520c-3p -0.0230 0.0213 0.2818 0.8885 

hsa-miR-3611 -0.0263 0.0245 0.2821 0.8885 

hsa-miR-323a-3p 0.0206 0.0193 0.2856 0.8885 

hsa-miR-548n -0.0365 0.0344 0.2882 0.8885 

hsa-miR-548ay-
3p 

-0.0494 0.0466 0.2896 0.8885 

hsa-miR-363-3p -0.0323 0.0305 0.2898 0.8885 

hsa-miR-3143 0.0526 0.0499 0.2919 0.8885 

hsa-miR-2277-5p -0.0314 0.0298 0.2927 0.8885 

hsa-miR-221-5p 0.0178 0.0169 0.2934 0.8885 

hsa-miR-1247-3p 0.0365 0.0350 0.2967 0.8885 

hsa-miR-628-3p -0.0239 0.0229 0.2968 0.8885 

hsa-miR-199a-5p -0.0171 0.0164 0.2974 0.8885 

hsa-miR-9-5p 0.0398 0.0388 0.3054 0.8901 

hsa-miR-377-5p -0.0189 0.0185 0.3080 0.8901 

hsa-miR-548ab -0.0416 0.0409 0.3091 0.8901 

hsa-miR-338-3p -0.0249 0.0245 0.3091 0.8901 

hsa-miR-335-3p -0.0266 0.0264 0.3132 0.8979 

hsa-miR-185-5p -0.0292 0.0291 0.3163 0.8979 

hsa-miR-200c-3p 0.0232 0.0236 0.3246 0.8979 

hsa-miR-934 0.0221 0.0224 0.3259 0.8979 

hsa-miR-138-5p 0.0566 0.0577 0.3263 0.8979 

microRNA log2FC StdErr -log10(pval) FDR 

hsa-miR-96-5p 0.0351 0.0359 0.3274 0.8979 

hsa-miR-548b-5p 0.0277 0.0284 0.3284 0.8979 

hsa-miR-151a-3p 0.0142 0.0146 0.3305 0.8979 

hsa-miR-455-5p -0.0281 0.0296 0.3421 0.9037 

hsa-miR-2115-3p -0.0386 0.0407 0.3431 0.9037 

hsa-miR-34b-3p 0.0390 0.0413 0.3448 0.9037 

hsa-miR-98-3p 0.0508 0.0539 0.3452 0.9037 

hsa-miR-149-5p 0.0225 0.0239 0.3456 0.9037 

hsa-miR-551b-3p -0.0279 0.0296 0.3459 0.9037 

hsa-miR-433-5p -0.0335 0.0356 0.3470 0.9037 

hsa-miR-20a-5p 0.0156 0.0167 0.3505 0.9037 

hsa-let-7d-3p 0.0405 0.0440 0.3572 0.9071 

hsa-miR-144-5p -0.0482 0.0525 0.3584 0.9071 

hsa-miR-3145-3p -0.0322 0.0354 0.3631 0.9110 

hsa-miR-4742-3p -0.0275 0.0305 0.3676 0.9145 

hsa-miR-548bc -0.0272 0.0305 0.3723 0.9145 

hsa-miR-125a-3p 0.0160 0.0185 0.3858 0.9190 

hsa-miR-675-5p -0.0265 0.0308 0.3897 0.9252 

hsa-miR-93-3p 0.0140 0.0165 0.3961 0.9312 

hsa-miR-410-3p -0.0245 0.0291 0.3996 0.9314 

hsa-miR-9-3p 0.0330 0.0392 0.4001 0.9314 

hsa-miR-6503-3p 0.0383 0.0462 0.4069 0.9351 

hsa-miR-3613-5p -0.0234 0.0283 0.4095 0.9373 

hsa-miR-766-3p -0.0272 0.0330 0.4107 0.9373 

hsa-miR-130a-3p -0.0094 0.0115 0.4139 0.9373 

hsa-miR-3925-5p 0.0380 0.0469 0.4186 0.9373 

hsa-miR-10527-
5p 

0.0254 0.0316 0.4202 0.9373 

hsa-miR-2116-5p 0.0245 0.0305 0.4225 0.9373 

hsa-miR-548w -0.0248 0.0314 0.4301 0.9373 

hsa-miR-744-5p 0.0195 0.0248 0.4329 0.9373 

hsa-miR-539-3p -0.0236 0.0301 0.4331 0.9373 

hsa-miR-125b-1-
3p 

-0.0222 0.0285 0.4364 0.9373 

hsa-miR-183-5p 0.0239 0.0307 0.4366 0.9373 

hsa-miR-138-1-
3p 

0.0454 0.0589 0.4405 0.9374 

hsa-miR-376a-2-
5p 

-0.0187 0.0243 0.4411 0.9374 

hsa-miR-211-5p 0.0274 0.0359 0.4454 0.9374 

hsa-miR-665 -0.0226 0.0297 0.4471 0.9374 
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microRNA log2FC StdErr -log10(pval) FDR 

hsa-miR-376b-3p -0.0164 0.0217 0.4489 0.9374 

hsa-miR-4521 0.0359 0.0475 0.4501 0.9374 

hsa-miR-181a-5p 0.0170 0.0226 0.4511 0.9374 

hsa-miR-1-3p -0.0284 0.0381 0.4563 0.9374 

hsa-miR-3615 -0.0217 0.0291 0.4563 0.9374 

hsa-miR-345-5p -0.0163 0.0224 0.4663 0.9411 

hsa-miR-328-3p 0.0230 0.0317 0.4685 0.9411 

hsa-miR-624-3p -0.0170 0.0234 0.4685 0.9411 

hsa-miR-4662a-
5p 

-0.0213 0.0295 0.4702 0.9411 

hsa-miR-29b-1-
5p 

0.0238 0.0331 0.4721 0.9411 

hsa-miR-660-3p 0.0153 0.0216 0.4788 0.9411 

hsa-miR-126-5p 0.0156 0.0221 0.4798 0.9411 

hsa-miR-137-3p 0.0516 0.0741 0.4859 0.9411 

hsa-miR-548e-3p -0.0147 0.0212 0.4868 0.9411 

hsa-miR-29c-5p -0.0110 0.0159 0.4901 0.9411 

hsa-miR-16-2-3p -0.0173 0.0252 0.4919 0.9411 

hsa-miR-409-3p -0.0131 0.0191 0.4921 0.9411 

hsa-miR-34a-5p 0.0162 0.0238 0.4960 0.9411 

hsa-miR-186-5p -0.0087 0.0128 0.4974 0.9411 

hsa-miR-133a-3p -0.0238 0.0353 0.5002 0.9411 

hsa-miR-324-5p -0.0127 0.0190 0.5031 0.9411 

hsa-miR-423-3p 0.0142 0.0213 0.5034 0.9411 

hsa-miR-4742-5p 0.0245 0.0367 0.5041 0.9411 

hsa-miR-5699-3p 0.0252 0.0379 0.5065 0.9411 

hsa-miR-146a-5p -0.0243 0.0365 0.5067 0.9411 

hsa-miR-147b-3p -0.0292 0.0448 0.5140 0.9411 

hsa-miR-519c-3p -0.0113 0.0174 0.5178 0.9411 

hsa-miR-136-5p -0.0097 0.0152 0.5227 0.9411 

hsa-miR-1843 -0.0132 0.0207 0.5231 0.9411 

hsa-miR-361-3p -0.0103 0.0162 0.5255 0.9411 

hsa-miR-30a-3p 0.0131 0.0207 0.5268 0.9411 

hsa-miR-100-5p 0.0192 0.0303 0.5269 0.9411 

hsa-miR-299-3p -0.0146 0.0231 0.5285 0.9411 

hsa-miR-204-5p 0.0417 0.0666 0.5314 0.9411 

hsa-miR-148b-5p -0.0110 0.0177 0.5318 0.9411 

hsa-miR-10a-5p 0.0120 0.0192 0.5327 0.9411 

hsa-miR-410-5p -0.0397 0.0638 0.5341 0.9411 

microRNA log2FC StdErr -log10(pval) FDR 

hsa-miR-181b-2-
3p 

0.0252 0.0410 0.5394 0.9411 

hsa-miR-148a-5p -0.0201 0.0329 0.5416 0.9411 

hsa-miR-767-3p -0.0316 0.0518 0.5420 0.9411 

hsa-miR-548aq-
3p 

-0.0258 0.0425 0.5447 0.9411 

hsa-miR-7976 -0.0162 0.0271 0.5502 0.9438 

hsa-miR-548g-5p 0.0201 0.0357 0.5735 0.9621 

hsa-miR-9898 0.0248 0.0441 0.5737 0.9621 

hsa-miR-130b-3p -0.0204 0.0365 0.5760 0.9621 

hsa-miR-668-3p -0.0149 0.0269 0.5790 0.9621 

hsa-let-7d-5p -0.0176 0.0318 0.5806 0.9621 

hsa-miR-449a -0.0158 0.0292 0.5876 0.9621 

hsa-miR-182-5p 0.0185 0.0346 0.5929 0.9621 

hsa-miR-93-5p -0.0099 0.0185 0.5931 0.9621 

hsa-miR-3909 0.0122 0.0231 0.5969 0.9627 

hsa-miR-199b-5p -0.0127 0.0242 0.6000 0.9627 

hsa-miR-151a-5p 0.0087 0.0167 0.6014 0.9627 

hsa-miR-561-5p -0.0180 0.0345 0.6018 0.9627 

hsa-miR-431-5p -0.0135 0.0262 0.6066 0.9627 

hsa-miR-382-3p -0.0129 0.0254 0.6124 0.9627 

hsa-miR-1283 0.0160 0.0322 0.6188 0.9627 

hsa-miR-491-5p -0.0119 0.0242 0.6224 0.9627 

hsa-miR-371a-3p -0.0337 0.0693 0.6261 0.9627 

hsa-miR-372-5p -0.0332 0.0683 0.6269 0.9627 

hsa-miR-373-5p 0.0297 0.0611 0.6275 0.9627 

hsa-miR-505-5p -0.0186 0.0384 0.6283 0.9627 

hsa-miR-1278 0.0135 0.0283 0.6324 0.9627 

hsa-miR-181c-5p 0.0116 0.0250 0.6443 0.9698 

hsa-miR-222-5p 0.0165 0.0359 0.6452 0.9698 

hsa-miR-145-5p -0.0097 0.0218 0.6554 0.9716 

hsa-miR-134-5p -0.0093 0.0209 0.6554 0.9716 

hsa-miR-101-5p 0.0093 0.0207 0.6555 0.9716 

hsa-miR-339-3p 0.0067 0.0150 0.6562 0.9716 

hsa-miR-6501-5p -0.0200 0.0450 0.6568 0.9716 

hsa-miR-486-3p -0.0238 0.0540 0.6586 0.9716 

hsa-miR-873-5p 0.0189 0.0440 0.6677 0.9766 

hsa-miR-548au-
5p 

0.0070 0.0167 0.6753 0.9766 

hsa-miR-190b-5p 0.0096 0.0235 0.6827 0.9828 
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microRNA log2FC StdErr -log10(pval) FDR 

hsa-miR-548x-5p 0.0200 0.0494 0.6865 0.9828 

hsa-miR-380-3p -0.0099 0.0249 0.6922 0.9828 

hsa-miR-381-5p -0.0091 0.0234 0.6986 0.9831 

hsa-miR-331-3p -0.0126 0.0333 0.7049 0.9831 

hsa-miR-7977 -0.0129 0.0355 0.7151 0.9842 

hsa-miR-199b-3p -0.0059 0.0167 0.7223 0.9842 

hsa-miR-199a-3p -0.0059 0.0167 0.7264 0.9842 

hsa-miR-30e-3p 0.0073 0.0208 0.7270 0.9842 

hsa-miR-23b-5p 0.0071 0.0207 0.7327 0.9842 

hsa-miR-486-5p -0.0165 0.0486 0.7348 0.9842 

hsa-miR-98-5p 0.0113 0.0338 0.7374 0.9842 

hsa-miR-26a-1-
3p 

0.0090 0.0270 0.7395 0.9842 

hsa-miR-7705 -0.0092 0.0278 0.7408 0.9842 

hsa-miR-378a-5p 0.0086 0.0266 0.7470 0.9842 

hsa-miR-188-3p -0.0078 0.0243 0.7485 0.9842 

hsa-miR-6514-5p -0.0100 0.0327 0.7607 0.9842 

hsa-miR-3158-3p -0.0132 0.0440 0.7652 0.9842 

hsa-miR-205-5p 0.0063 0.0229 0.7834 0.9842 

hsa-miR-4645-3p -0.0072 0.0274 0.7932 0.9842 

hsa-miR-671-3p -0.0076 0.0293 0.7944 0.9842 

microRNA log2FC StdErr -log10(pval) FDR 

hsa-miR-380-5p -0.0087 0.0336 0.7968 0.9842 

hsa-miR-135b-3p 0.0122 0.0504 0.8089 0.9842 

hsa-miR-362-3p 0.0059 0.0249 0.8131 0.9842 

hsa-miR-372-3p -0.0160 0.0688 0.8164 0.9842 

hsa-miR-656-3p 0.0063 0.0286 0.8246 0.9842 

hsa-miR-200c-5p 0.0053 0.0248 0.8310 0.9842 

hsa-miR-28-5p -0.0037 0.0176 0.8337 0.9842 

hsa-miR-373-3p -0.0108 0.0553 0.8454 0.9842 

hsa-miR-28-3p 0.0025 0.0154 0.8693 0.9843 

hsa-miR-320e -0.0049 0.0306 0.8735 0.9843 

hsa-miR-126-3p -0.0031 0.0215 0.8854 0.9852 

hsa-miR-6513-5p -0.0052 0.0368 0.8874 0.9852 

hsa-miR-548q 0.0041 0.0296 0.8884 0.9852 

hsa-miR-641 0.0031 0.0236 0.8936 0.9852 

hsa-miR-548x-3p 0.0362 0.2783 0.8966 0.9852 

hsa-miR-139-5p 0.0033 0.0281 0.9071 0.9852 

hsa-miR-548ak 0.0033 0.0298 0.9116 0.9852 

hsa-miR-495-5p 0.0021 0.0193 0.9152 0.9852 

hsa-miR-5699-5p 0.0014 0.0386 0.9712 0.9864 
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Table S4-4: miRDIP Output of predicted Targets
mRNA Target MicroRNA 

STK39 hsa-miR-10b-3p 

KCNJ3 hsa-miR-10b-3p 

C11orf87 hsa-miR-10b-3p 

ANKRD12 hsa-miR-10b-3p 

PICALM hsa-miR-10b-3p 

SALL1 hsa-miR-10b-3p 

CCDC117 hsa-miR-10b-3p 

MAX hsa-miR-10b-3p 

RAB4A hsa-miR-10b-3p 

TRIB2 hsa-miR-10b-3p 

API5 hsa-miR-10b-3p 

ADCY9 hsa-miR-10b-3p 

PTP4A2 hsa-miR-10b-3p 

KPNA3 hsa-miR-10b-3p 

PUM1 hsa-miR-10b-3p 

SATB2 hsa-miR-10b-3p 

GTDC1 hsa-miR-10b-3p 

SC5D hsa-miR-10b-3p 

MPPED2 hsa-miR-10b-3p 

PNN hsa-miR-10b-3p 

EYA4 hsa-miR-10b-3p 

GLS hsa-miR-10b-3p 

CNIH1 hsa-miR-10b-3p 

DLAT hsa-miR-10b-3p 

ERBB4 hsa-miR-10b-3p 

RGPD8 hsa-miR-10b-3p 

RAP2B hsa-miR-10b-3p 

PPP3CC hsa-miR-10b-3p 

VASH2 hsa-miR-10b-3p 

GSK3B hsa-miR-10b-3p 

YPEL2 hsa-miR-10b-3p 

ADAMTS5 hsa-miR-10b-3p 

WWTR1 hsa-miR-10b-3p 

NCOA1 hsa-miR-10b-3p 

YWHAE hsa-miR-10b-3p 

ACVR2B hsa-miR-10b-3p 

HSPA12A hsa-miR-10b-3p 

mRNA Target MicroRNA 

KCNIP4 hsa-miR-10b-3p 

ZNF248 hsa-miR-10b-3p 

TNKS2 hsa-miR-10b-3p 

TTC33 hsa-miR-10b-3p 

FGF13 hsa-miR-10b-3p 

MTDH hsa-miR-10b-3p 

NUP160 hsa-miR-10b-3p 

RALA hsa-miR-10b-3p 

HLA-B hsa-miR-10b-3p 

GLI2 hsa-miR-10b-3p 

METTL16 hsa-miR-10b-3p 

FMR1 hsa-miR-10b-3p 

TIAM2 hsa-miR-10b-3p 

SYT1 hsa-miR-10b-3p 

SEMA6D hsa-miR-10b-3p 

BCAT1 hsa-miR-10b-3p 

UBR3 hsa-miR-10b-3p 

TM9SF3 hsa-miR-10b-3p 

ZNF474 hsa-miR-10b-3p 

MLLT10 hsa-miR-10b-3p 

DNM1L hsa-miR-10b-3p 

SLC39A10 hsa-miR-10b-3p 

CALD1 hsa-miR-10b-3p 

PCDH17 hsa-miR-10b-3p 

CREBRF hsa-miR-10b-3p 

UNC5D hsa-miR-10b-3p 

COPB1 hsa-miR-10b-3p 

RSPO2 hsa-miR-10b-3p 

MYOZ3 hsa-miR-10b-3p 

PHLPP2 hsa-miR-10b-3p 

CRISPLD1 hsa-miR-10b-3p 

NAV1 hsa-miR-10b-3p 

GRIN2A hsa-miR-10b-3p 

ZNF140 hsa-miR-10b-3p 

ZNF148 hsa-miR-10b-3p 

RBM12B hsa-miR-10b-3p 

RB1 hsa-miR-10b-3p 

mRNA Target MicroRNA 

ARFIP1 hsa-miR-10b-3p 

MAGI2 hsa-miR-10b-3p 

CAB39 hsa-miR-10b-3p 

EYA3 hsa-miR-10b-3p 

SESN3 hsa-miR-10b-3p 

ZC3H12C hsa-miR-10b-3p 

AHCYL2 hsa-miR-10b-3p 

CYP27B1 hsa-miR-10b-3p 

METAP1 hsa-miR-10b-3p 

HLA-G hsa-miR-10b-3p 

NRXN1 hsa-miR-10b-3p 

PAM hsa-miR-10b-3p 

LCORL hsa-miR-10b-3p 

RGPD5 hsa-miR-10b-3p 

RNF139 hsa-miR-10b-3p 

AP3B1 hsa-miR-10b-3p 

DAZL hsa-miR-10b-3p 

MFAP5 hsa-miR-10b-3p 

LANCL3 hsa-miR-10b-3p 

CNTN3 hsa-miR-10b-3p 

TRIM14 hsa-miR-10b-3p 

CACNA1E hsa-miR-10b-3p 

LRRTM1 hsa-miR-10b-3p 

BTBD3 hsa-miR-10b-3p 

FOXO3 hsa-miR-10b-3p 

RMND5A hsa-miR-10b-3p 

ATRX hsa-miR-10b-3p 

KIAA2026 hsa-miR-10b-3p 

SLC16A4 hsa-miR-10b-3p 

RGPD6 hsa-miR-10b-3p 

BCL9 hsa-miR-10b-3p 

MCTP1 hsa-miR-10b-3p 

NBR1 hsa-miR-10b-3p 

CNOT6 hsa-miR-10b-3p 

BACH1 hsa-miR-10b-3p 

U2SURP hsa-miR-10b-3p 

TXLNG hsa-miR-10b-3p 
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mRNA Target MicroRNA 

MTF1 hsa-miR-10b-3p 

EXOG hsa-miR-10b-3p 

ITGAV hsa-miR-10b-3p 

TLR10 hsa-miR-10b-3p 

SH3D19 hsa-miR-10b-3p 

KRTAP4-3 hsa-miR-10b-3p 

PAPOLA hsa-miR-10b-3p 

SOD2 hsa-miR-10b-3p 

SCN1A hsa-miR-10b-3p 

CEP120 hsa-miR-10b-3p 

MED13L hsa-miR-10b-3p 

WDR37 hsa-miR-10b-3p 

ZIC2 hsa-miR-10b-3p 

HOXD1 hsa-miR-10b-3p 

FZD3 hsa-miR-10b-3p 

ETV5 hsa-miR-10b-3p 

GPR155 hsa-miR-10b-3p 

APPBP2 hsa-miR-10b-3p 

ARIH1 hsa-miR-10b-3p 

CTPS2 hsa-miR-10b-3p 

ZBTB26 hsa-miR-10b-3p 

HFM1 hsa-miR-10b-3p 

GREM1 hsa-miR-10b-3p 

SKP1 hsa-miR-10b-3p 

VPS13A hsa-miR-10b-3p 

TNS1 hsa-miR-10b-3p 

PRAME hsa-miR-10b-3p 

ARPP21 hsa-miR-10b-3p 

MAPK1 hsa-miR-10b-3p 

GNAT2 hsa-miR-10b-3p 

MTSS1 hsa-miR-10b-3p 

WTAP hsa-miR-10b-3p 

MDM2 hsa-miR-10b-3p 

SIX1 hsa-miR-10b-3p 

RTCA hsa-miR-10b-3p 

CCDC6 hsa-miR-10b-3p 

TMCC1 hsa-miR-10b-3p 

LMNB1 hsa-miR-10b-3p 

mRNA Target MicroRNA 

SOX6 hsa-miR-10b-3p 

CLIC5 hsa-miR-10b-3p 

KCNA1 hsa-miR-10b-3p 

SLC48A1 hsa-miR-10b-3p 

KCNS1 hsa-miR-10b-3p 

TFAP2C hsa-miR-10b-5p 

FIGN hsa-miR-10b-5p 

GALNT1 hsa-miR-10b-5p 

CRLF3 hsa-miR-10b-5p 

NCOR2 hsa-miR-10b-5p 

KLHL29 hsa-miR-10b-5p 

BDNF hsa-miR-10b-5p 

GATA6 hsa-miR-10b-5p 

SOBP hsa-miR-10b-5p 

CADM2 hsa-miR-10b-5p 

HOXA3 hsa-miR-10b-5p 

RORA hsa-miR-10b-5p 

KLF11 hsa-miR-10b-5p 

HCN1 hsa-miR-10b-5p 

DAZAP1 hsa-miR-10b-5p 

RPRD1A hsa-miR-10b-5p 

SMTNL2 hsa-miR-10b-5p 

HNRNPK hsa-miR-10b-5p 

HOXB3 hsa-miR-10b-5p 

ZMYND11 hsa-miR-10b-5p 

CELF2 hsa-miR-10b-5p 

GTF2H1 hsa-miR-10b-5p 

TRIM2 hsa-miR-10b-5p 

UBE2I hsa-miR-10b-5p 

BAZ1B hsa-miR-10b-5p 

USP46 hsa-miR-10b-5p 

GOLGA3 hsa-miR-10b-5p 

MAP3K7 hsa-miR-10b-5p 

ARSJ hsa-miR-10b-5p 

CREB1 hsa-miR-10b-5p 

TBX5 hsa-miR-10b-5p 

CYTH1 hsa-miR-10b-5p 

TFRC hsa-miR-10b-5p 

mRNA Target MicroRNA 

IGDCC4 hsa-miR-10b-5p 

SDC1 hsa-miR-10b-5p 

RAP2A hsa-miR-10b-5p 

SON hsa-miR-10b-5p 

ELOVL2 hsa-miR-10b-5p 

NPAS3 hsa-miR-10b-5p 

ZNF367 hsa-miR-10b-5p 

SMAP1 hsa-miR-10b-5p 

BBX hsa-miR-10b-5p 

FNBP1L hsa-miR-10b-5p 

MTF1 hsa-miR-10b-5p 

EPHA5 hsa-miR-10b-5p 

RB1CC1 hsa-miR-10b-5p 

ELAVL2 hsa-miR-10b-5p 

NEDD4 hsa-miR-10b-5p 

GATA3 hsa-miR-10b-5p 

SNX18 hsa-miR-10b-5p 

BAZ2B hsa-miR-10b-5p 

FBXO30 hsa-miR-10b-5p 

WDR26 hsa-miR-10b-5p 

E2F3 hsa-miR-10b-5p 

BCL6 hsa-miR-10b-5p 

CTNNBIP1 hsa-miR-10b-5p 

CNOT6 hsa-miR-10b-5p 

DOCK11 hsa-miR-10b-5p 

WNK3 hsa-miR-10b-5p 

PIK3CA hsa-miR-10b-5p 

ESRRG hsa-miR-10b-5p 

NCOA6 hsa-miR-10b-5p 

LRRC8B hsa-miR-10b-5p 

WWC2 hsa-miR-10b-5p 

SLC38A2 hsa-miR-10b-5p 

XRN1 hsa-miR-10b-5p 

ANKFY1 hsa-miR-10b-5p 

TNRC6B hsa-miR-10b-5p 

KCTD16 hsa-miR-10b-5p 

PDE7A hsa-miR-10b-5p 

NR4A3 hsa-miR-10b-5p 
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mRNA Target MicroRNA 

TMEM170B hsa-miR-10b-5p 

TENM2 hsa-miR-10b-5p 

RNF186 hsa-miR-10b-5p 

MDGA2 hsa-miR-10b-5p 

SSX2IP hsa-miR-10b-5p 

SRSF1 hsa-miR-10b-5p 

HOXA1 hsa-miR-10b-5p 

SPAG9 hsa-miR-10b-5p 

CSRNP3 hsa-miR-10b-5p 

NR2C2 hsa-miR-10b-5p 

GABRB2 hsa-miR-10b-5p 

FRS2 hsa-miR-10b-5p 

MTMR3 hsa-miR-10b-5p 

NFAT5 hsa-miR-10b-5p 

CDK6 hsa-miR-10b-5p 

TIAM1 hsa-miR-10b-5p 

PTPN4 hsa-miR-10b-5p 

JARID2 hsa-miR-10b-5p 

ITSN1 hsa-miR-10b-5p 

KLHDC10 hsa-miR-10b-5p 

CBX5 hsa-miR-10b-5p 

NR6A1 hsa-miR-10b-5p 

MIEF1 hsa-miR-10b-5p 

RNF165 hsa-miR-10b-5p 

ERI3 hsa-miR-10b-5p 

PRRT3 hsa-miR-10b-5p 

USP25 hsa-miR-10b-5p 

PURG hsa-miR-10b-5p 

AFF4 hsa-miR-10b-5p 

BACH2 hsa-miR-10b-5p 

E2F7 hsa-miR-10b-5p 

KCNA6 hsa-miR-10b-5p 

HOXD10 hsa-miR-10b-5p 

CSMD1 hsa-miR-10b-5p 

BCL2L11 hsa-miR-10b-5p 

MTF2 hsa-miR-10b-5p 

TMEM183A hsa-miR-10b-5p 

SH3D19 hsa-miR-10b-5p 

mRNA Target MicroRNA 

ANK1 hsa-miR-10b-5p 

RBM27 hsa-miR-10b-5p 

IGSF1 hsa-miR-10b-5p 

BTRC hsa-miR-10b-5p 

NONO hsa-miR-10b-5p 

PTEN hsa-miR-10b-5p 

PAFAH1B1 hsa-miR-10b-5p 

L3MBTL3 hsa-miR-10b-5p 

DLG5 hsa-miR-10b-5p 

ITGB8 hsa-miR-10b-5p 

CNNM4 hsa-miR-10b-5p 

TPP2 hsa-miR-10b-5p 

EBF2 hsa-miR-10b-5p 

ATXN7 hsa-miR-10b-5p 

CLCC1 hsa-miR-10b-5p 

TMEM167B hsa-miR-10b-5p 

CHL1 hsa-miR-10b-5p 

MYT1L hsa-miR-10b-5p 

CALCR hsa-miR-10b-5p 

ZNF608 hsa-miR-10b-5p 

SCN3A hsa-miR-10b-5p 

CAMK2B hsa-miR-10b-5p 

IFFO2 hsa-miR-10b-5p 

TBC1D22B hsa-miR-10b-5p 

PHF20L1 hsa-miR-10b-5p 

EPHA4 hsa-miR-10b-5p 

RTN4R hsa-miR-10b-5p 

HAS3 hsa-miR-10b-5p 

INO80D hsa-miR-10b-5p 

NR5A2 hsa-miR-10b-5p 

MYBL1 hsa-miR-10b-5p 

FLRT2 hsa-miR-10b-5p 

TMOD1 hsa-miR-10b-5p 

KPNA5 hsa-miR-10b-5p 

MAPRE1 hsa-miR-10b-5p 

SH3KBP1 hsa-miR-193b-5p 

ARL8B hsa-miR-193b-5p 

LTN1 hsa-miR-193b-5p 

mRNA Target MicroRNA 

ZFP36L1 hsa-miR-193b-5p 

FHOD3 hsa-miR-193b-5p 

PI4KB hsa-miR-193b-5p 

SORCS1 hsa-miR-193b-5p 

C3orf38 hsa-miR-193b-5p 

ETV1 hsa-miR-193b-5p 

PHF20L1 hsa-miR-193b-5p 

POU2F2 hsa-miR-193b-5p 

MARCKSL1 hsa-miR-193b-5p 

CCDC173 hsa-miR-193b-5p 

FBXL20 hsa-miR-193b-5p 

BRI3BP hsa-miR-193b-5p 

PIK3R2 hsa-miR-193b-5p 

SMG1 hsa-miR-193b-5p 

TNFRSF11B hsa-miR-193b-5p 

PCDH17 hsa-miR-193b-5p 

DUSP3 hsa-miR-193b-5p 

YY1AP1 hsa-miR-193b-5p 

TMEM214 hsa-miR-193b-5p 

RASAL2 hsa-miR-193b-5p 

DLX3 hsa-miR-193b-5p 

PIGF hsa-miR-193b-5p 

AIF1L hsa-miR-193b-5p 

CYP20A1 hsa-miR-193b-5p 

KDSR hsa-miR-193b-5p 

GRIK5 hsa-miR-193b-5p 

PDCD4 hsa-miR-193b-5p 

GINS4 hsa-miR-193b-5p 

MTURN hsa-miR-193b-5p 

CNOT2 hsa-miR-193b-5p 

KIAA0930 hsa-miR-193b-5p 

CLIP3 hsa-miR-193b-5p 

ACVR2A hsa-miR-193b-5p 

CHN1 hsa-miR-193b-5p 

EIF1AD hsa-miR-193b-5p 

CS hsa-miR-193b-5p 

MAVS hsa-miR-193b-5p 

MAP2K7 hsa-miR-193b-5p 
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mRNA Target MicroRNA 

SLC4A7 hsa-miR-193b-5p 

UTP23 hsa-miR-193b-5p 

SDC4 hsa-miR-193b-5p 

DMD hsa-miR-193b-5p 

EIF4G3 hsa-miR-193b-5p 

SMAP1 hsa-miR-193b-5p 

TRAM2 hsa-miR-193b-5p 

RSL1D1 hsa-miR-193b-5p 

SEPHS2 hsa-miR-193b-5p 

ENAH hsa-miR-193b-5p 

ELOVL5 hsa-miR-193b-5p 

UBE2W hsa-miR-193b-5p 

GMPPA hsa-miR-193b-5p 

SULF2 hsa-miR-193b-5p 

LYRM7 hsa-miR-193b-5p 

GSE1 hsa-miR-193b-5p 

ZNF714 hsa-miR-193b-5p 

EFCAB2 hsa-miR-193b-5p 

POLH hsa-miR-193b-5p 

COPS2 hsa-miR-193b-5p 

ABL2 hsa-miR-193b-5p 

TAOK1 hsa-miR-193b-5p 

HELZ hsa-miR-193b-5p 

RERE hsa-miR-193b-5p 

TTPAL hsa-miR-193b-5p 

DPH6 hsa-miR-193b-5p 

PPP1R12B hsa-miR-193b-5p 

DAG1 hsa-miR-193b-5p 

CYP26B1 hsa-miR-193b-5p 

EPG5 hsa-miR-193b-5p 

PLXDC1 hsa-miR-193b-5p 

IFI44L hsa-miR-193b-5p 

RAB11B hsa-miR-193b-5p 

ZNF701 hsa-miR-193b-5p 

SCN3B hsa-miR-193b-5p 

XIAP hsa-miR-193b-5p 

DENND5B hsa-miR-193b-5p 

ABCB8 hsa-miR-193b-5p 

mRNA Target MicroRNA 

TMEM183A hsa-miR-193b-5p 

DLX1 hsa-miR-193b-5p 

C5orf22 hsa-miR-193b-5p 

CLN8 hsa-miR-193b-5p 

LSMEM1 hsa-miR-193b-5p 

ACER3 hsa-miR-193b-5p 

ILF2 hsa-miR-193b-5p 

OPA3 hsa-miR-193b-5p 

ZNF138 hsa-miR-193b-5p 

INTS7 hsa-miR-193b-5p 

TANC2 hsa-miR-193b-5p 

RNF150 hsa-miR-193b-5p 

JARID2 hsa-miR-193b-5p 

GNA13 hsa-miR-193b-5p 

UFL1 hsa-miR-193b-5p 

HOOK3 hsa-miR-193b-5p 

TNFRSF1B hsa-miR-193b-5p 

AAK1 hsa-miR-193b-5p 

LARP1 hsa-miR-193b-5p 

SIX4 hsa-miR-193b-5p 

ADCY1 hsa-miR-193b-5p 

XAF1 hsa-miR-193b-5p 

C5orf51 hsa-miR-193b-5p 

ZNF780B hsa-miR-193b-5p 

WIPF2 hsa-miR-193b-5p 

CASP3 hsa-miR-193b-5p 

ABCE1 hsa-miR-193b-5p 

IQSEC1 hsa-miR-193b-5p 

ST3GAL1 hsa-miR-193b-5p 

UBN2 hsa-miR-193b-5p 

ASB6 hsa-miR-193b-5p 

PEG10 hsa-miR-193b-5p 

CLEC16A hsa-miR-193b-5p 

SYN1 hsa-miR-193b-5p 

FMO1 hsa-miR-193b-5p 

GLUL hsa-miR-193b-5p 

ADAMTS6 hsa-miR-193b-5p 

RBPJ hsa-miR-193b-5p 

mRNA Target MicroRNA 

CORO2A hsa-miR-193b-5p 

TBC1D5 hsa-miR-193b-5p 

TMED5 hsa-miR-193b-5p 

CFLAR hsa-miR-193b-5p 

FOXP2 hsa-miR-193b-5p 

ZFHX3 hsa-miR-193b-5p 

GPC6 hsa-miR-193b-5p 

SNRK hsa-miR-193b-5p 

FGF11 hsa-miR-193b-5p 

TRIB1 hsa-miR-193b-5p 

RORC hsa-miR-193b-5p 

IGSF3 hsa-miR-193b-5p 

MSL3 hsa-miR-193b-5p 

HOXC8 hsa-miR-193b-5p 

SLC35B4 hsa-miR-193b-5p 

KAT6A hsa-miR-193b-5p 

ZNF431 hsa-miR-193b-5p 

RAD23A hsa-miR-193b-5p 

TSHZ2 hsa-miR-193b-5p 

FZD4 hsa-miR-193b-5p 

ZBTB8A hsa-miR-193b-5p 

LCORL hsa-miR-193b-5p 

TGOLN2 hsa-miR-193b-5p 

IMPG1 hsa-miR-193b-5p 

EPHB2 hsa-miR-193b-5p 

TPP1 hsa-miR-193b-5p 

MEX3B hsa-miR-193b-5p 

DDIT4L hsa-miR-193b-5p 

LRP6 hsa-miR-193b-5p 

ENTPD1 hsa-miR-193b-5p 

ITSN1 hsa-miR-193b-5p 

YBX3 hsa-miR-193b-5p 

IQCE hsa-miR-193b-5p 

KPNA6 hsa-miR-193b-5p 

GNAS hsa-miR-193b-5p 

ZNF793 hsa-miR-193b-5p 

FAM81A hsa-miR-193b-5p 

RORA hsa-miR-193b-5p 
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mRNA Target MicroRNA 

CIC hsa-miR-193b-5p 

FOXK1 hsa-miR-193b-5p 

NUP50 hsa-miR-193b-5p 

DPYSL5 hsa-miR-193b-5p 

TNFSF15 hsa-miR-193b-5p 

SLC31A1 hsa-miR-193b-5p 

CAMTA1 hsa-miR-193b-5p 

UBR5 hsa-miR-193b-5p 

LMO4 hsa-miR-193b-5p 

GATAD1 hsa-miR-193b-5p 

TTYH3 hsa-miR-193b-5p 

TMEM135 hsa-miR-193b-5p 

C1orf21 hsa-miR-193b-5p 

SLC14A1 hsa-miR-193b-5p 

TMEM87A hsa-miR-193b-5p 

KLF7 hsa-miR-193b-5p 

VPS36 hsa-miR-193b-5p 

VPS53 hsa-miR-193b-5p 

EHF hsa-miR-193b-5p 

PNPT1 hsa-miR-193b-5p 

PMP22 hsa-miR-193b-5p 

EDEM3 hsa-miR-193b-5p 

SNAP29 hsa-miR-193b-5p 

CD164 hsa-miR-506-3p 

MAGT1 hsa-miR-506-3p 

VAMP3 hsa-miR-506-3p 

LRRC58 hsa-miR-506-3p 

PTPN12 hsa-miR-506-3p 

SPOPL hsa-miR-506-3p 

RHOG hsa-miR-506-3p 

FLOT2 hsa-miR-506-3p 

PIK3C2A hsa-miR-506-3p 

LAMC1 hsa-miR-506-3p 

EYA4 hsa-miR-506-3p 

SIX4 hsa-miR-506-3p 

CTDSP1 hsa-miR-506-3p 

BMP6 hsa-miR-506-3p 

PTBP3 hsa-miR-506-3p 

mRNA Target MicroRNA 

SLC16A1 hsa-miR-506-3p 

PTBP2 hsa-miR-506-3p 

B4GALT1 hsa-miR-506-3p 

LRRC1 hsa-miR-506-3p 

QKI hsa-miR-506-3p 

CHSY1 hsa-miR-506-3p 

KLHL24 hsa-miR-506-3p 

OSBPL3 hsa-miR-506-3p 

NR3C1 hsa-miR-506-3p 

RHOQ hsa-miR-506-3p 

SNAI2 hsa-miR-506-3p 

TUB hsa-miR-506-3p 

CHIC1 hsa-miR-506-3p 

PTPN9 hsa-miR-506-3p 

TEAD1 hsa-miR-506-3p 

PRRX1 hsa-miR-506-3p 

MITF hsa-miR-506-3p 

FAR1 hsa-miR-506-3p 

SLC16A13 hsa-miR-506-3p 

ANTXR2 hsa-miR-506-3p 

C1GALT1 hsa-miR-506-3p 

TMEM134 hsa-miR-506-3p 

RAB27A hsa-miR-506-3p 

NFIB hsa-miR-506-3p 

HIPK3 hsa-miR-506-3p 

TRIM45 hsa-miR-506-3p 

IQGAP1 hsa-miR-506-3p 

NR3C2 hsa-miR-506-3p 

CREBRF hsa-miR-506-3p 

TARBP1 hsa-miR-506-3p 

SERP1 hsa-miR-506-3p 

ELK3 hsa-miR-506-3p 

JAG1 hsa-miR-506-3p 

WIPF2 hsa-miR-506-3p 

ATP7A hsa-miR-506-3p 

G3BP1 hsa-miR-506-3p 

KCNK10 hsa-miR-506-3p 

PLEKHM3 hsa-miR-506-3p 

mRNA Target MicroRNA 

RCOR1 hsa-miR-506-3p 

PTBP1 hsa-miR-506-3p 

ATMIN hsa-miR-506-3p 

SLC10A7 hsa-miR-506-3p 

LRRC57 hsa-miR-506-3p 

ESRP1 hsa-miR-506-3p 

PI4K2B hsa-miR-506-3p 

DNAJC1 hsa-miR-506-3p 

QSER1 hsa-miR-506-3p 

ITGB1 hsa-miR-506-3p 

XYLT1 hsa-miR-506-3p 

SMARCAD1 hsa-miR-506-3p 

ELOVL5 hsa-miR-506-3p 

TMED1 hsa-miR-506-3p 

FRMD8 hsa-miR-506-3p 

MYO10 hsa-miR-506-3p 

RSRC2 hsa-miR-506-3p 

SP1 hsa-miR-506-3p 

RBMS1 hsa-miR-506-3p 

PDCD6 hsa-miR-506-3p 

ROCK1 hsa-miR-506-3p 

PARP16 hsa-miR-506-3p 

TMEM109 hsa-miR-506-3p 

MBOAT2 hsa-miR-506-3p 

XPO4 hsa-miR-506-3p 

TOR3A hsa-miR-506-3p 

SERTAD4 hsa-miR-506-3p 

RYR3 hsa-miR-506-3p 

MYLIP hsa-miR-506-3p 

RAB34 hsa-miR-506-3p 

ZNF608 hsa-miR-506-3p 

RAD17 hsa-miR-506-3p 

SLC31A2 hsa-miR-506-3p 

PLCXD3 hsa-miR-506-3p 

FRMD4B hsa-miR-506-3p 

FUT10 hsa-miR-506-3p 

STT3A hsa-miR-506-3p 

PGM2 hsa-miR-506-3p 
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mRNA Target MicroRNA 

AMOTL1 hsa-miR-506-3p 

ANXA7 hsa-miR-506-3p 

LYSMD3 hsa-miR-506-3p 

PALLD hsa-miR-506-3p 

GLI3 hsa-miR-506-3p 

RNPEPL1 hsa-miR-506-3p 

SLC39A9 hsa-miR-506-3p 

KATNA1 hsa-miR-506-3p 

ELL2 hsa-miR-506-3p 

THAP2 hsa-miR-506-3p 

SCAMP2 hsa-miR-506-3p 

ATF7IP hsa-miR-506-3p 

CTDSPL hsa-miR-506-3p 

HIPK1 hsa-miR-506-3p 

SNTB2 hsa-miR-506-3p 

FAM199X hsa-miR-506-3p 

RAVER1 hsa-miR-506-3p 

GRIA2 hsa-miR-506-3p 

RBM24 hsa-miR-506-3p 

FAM177A1 hsa-miR-506-3p 

ZNF449 hsa-miR-506-3p 

ATP6V0A2 hsa-miR-506-3p 

RFX4 hsa-miR-506-3p 

SURF4 hsa-miR-506-3p 

CBLN4 hsa-miR-506-3p 

NFATC1 hsa-miR-506-3p 

CREB3L2 hsa-miR-506-3p 

PTPRD hsa-miR-506-3p 

CDK4 hsa-miR-506-3p 

SUCLG2 hsa-miR-506-3p 

KCNK2 hsa-miR-506-3p 

ACAA2 hsa-miR-506-3p 

FOXQ1 hsa-miR-506-3p 

RELA hsa-miR-506-3p 

TTL hsa-miR-506-3p 

SLC35F5 hsa-miR-506-3p 

PLEKHH1 hsa-miR-506-3p 

BLOC1S6 hsa-miR-506-3p 

mRNA Target MicroRNA 

SERTAD3 hsa-miR-506-3p 

LHX2 hsa-miR-506-3p 

LITAF hsa-miR-506-3p 

PCDH8 hsa-miR-506-3p 

RNF128 hsa-miR-506-3p 

LPP hsa-miR-506-3p 

AIDA hsa-miR-506-3p 

CHODL hsa-miR-506-3p 

GXYLT1 hsa-miR-506-3p 

VSNL1 hsa-miR-506-3p 

OSBPL11 hsa-miR-506-3p 

SNX18 hsa-miR-506-3p 

PITPNA hsa-miR-506-3p 

PLEKHF2 hsa-miR-506-3p 

BCAT1 hsa-miR-506-3p 

PRKAG2 hsa-miR-506-3p 

PAPSS2 hsa-miR-506-3p 

CHP1 hsa-miR-506-3p 

KLF4 hsa-miR-506-3p 

PLXNB2 hsa-miR-506-3p 

PPFIBP2 hsa-miR-506-3p 

KCNJ6 hsa-miR-506-3p 

ALG2 hsa-miR-506-3p 

CPT1A hsa-miR-506-3p 

VPS37C hsa-miR-506-3p 

PHF6 hsa-miR-506-3p 

PNN hsa-miR-506-3p 

FAM222B hsa-miR-506-3p 

ASPA hsa-miR-506-3p 

PRKD1 hsa-miR-506-3p 

CNN3 hsa-miR-506-3p 

SERTAD2 hsa-miR-506-3p 

AHR hsa-miR-506-3p 

DDAH1 hsa-miR-509-3p 

OSBP hsa-miR-509-3p 

TCF7L2 hsa-miR-509-3p 

PBX3 hsa-miR-509-3p 

ST3GAL2 hsa-miR-509-3p 

mRNA Target MicroRNA 

TP53INP1 hsa-miR-509-3p 

LARP4 hsa-miR-509-3p 

YAP1 hsa-miR-509-3p 

VEZF1 hsa-miR-509-3p 

KATNBL1 hsa-miR-509-3p 

PLP1 hsa-miR-509-3p 

RAB5C hsa-miR-509-3p 

SLC37A2 hsa-miR-509-3p 

PHLPP2 hsa-miR-509-3p 

PTEN hsa-miR-509-3p 

RNF130 hsa-miR-509-3p 

CES3 hsa-miR-509-3p 

USP47 hsa-miR-509-3p 

SNX13 hsa-miR-509-3p 

KCNMA1 hsa-miR-509-3p 

NLK hsa-miR-509-3p 

ENPP2 hsa-miR-509-3p 

MMD2 hsa-miR-509-3p 

LCORL hsa-miR-509-3p 

SCG3 hsa-miR-509-3p 

HCN1 hsa-miR-509-3p 

RYBP hsa-miR-509-3p 

MYOCD hsa-miR-509-3p 

SF3B4 hsa-miR-509-3p 

ZNF423 hsa-miR-509-3p 

KLF6 hsa-miR-509-3p 

ERLIN2 hsa-miR-509-3p 

LRRTM1 hsa-miR-509-3p 

PRKACB hsa-miR-509-3p 

TTC17 hsa-miR-509-3p 

NR1D2 hsa-miR-509-3p 

CRK hsa-miR-509-3p 

STAC hsa-miR-509-3p 

CACNB4 hsa-miR-509-3p 

SFPQ hsa-miR-509-3p 

ARHGAP1 hsa-miR-509-3p 

OSCAR hsa-miR-509-3p 

ACVR2A hsa-miR-509-3p 
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mRNA Target MicroRNA 

IL1A hsa-miR-509-3p 

AMOT hsa-miR-509-3p 

KIF3B hsa-miR-509-3p 

RC3H1 hsa-miR-509-3p 

PCDHA4 hsa-miR-509-3p 

KCNJ3 hsa-miR-509-3p 

CD164 hsa-miR-509-3p 

PCDH7 hsa-miR-509-3p 

MEIS1 hsa-miR-509-3p 

CTSC hsa-miR-509-3p 

UNC13B hsa-miR-509-3p 

MAP3K8 hsa-miR-509-3p 

MLF1 hsa-miR-509-3p 

PCDHAC1 hsa-miR-509-3p 

ARID5B hsa-miR-509-3p 

ZNF345 hsa-miR-509-3p 

GOLPH3 hsa-miR-509-3p 

TRPA1 hsa-miR-509-3p 

PIK3C2A hsa-miR-509-3p 

KLK7 hsa-miR-509-3p 

NAV1 hsa-miR-509-3p 

WLS hsa-miR-509-3p 

EIF4E hsa-miR-509-3p 

APOD hsa-miR-509-3p 

BRDT hsa-miR-509-3p 

MCFD2 hsa-miR-509-3p 

BICD2 hsa-miR-509-3p 

CHD9 hsa-miR-509-3p 

CMTM6 hsa-miR-509-3p 

ZIC3 hsa-miR-509-3p 

NPAS2 hsa-miR-509-3p 

AHCYL1 hsa-miR-509-3p 

SGCB hsa-miR-509-3p 

C4orf46 hsa-miR-509-3p 

BTBD7 hsa-miR-509-3p 

DEDD hsa-miR-509-3p 

SEMA5A hsa-miR-509-3p 

CDK17 hsa-miR-509-3p 

mRNA Target MicroRNA 

DCLK1 hsa-miR-509-3p 

RAC1 hsa-miR-509-3p 

ATXN1 hsa-miR-509-3p 

ZMAT3 hsa-miR-509-3p 

SLC46A1 hsa-miR-509-3p 

TRIO hsa-miR-509-3p 

HABP4 hsa-miR-509-3p 

JADE1 hsa-miR-509-3p 

ZNF536 hsa-miR-509-3p 

WDR5B hsa-miR-509-3p 

ATXN7 hsa-miR-509-3p 

BEND6 hsa-miR-509-3p 

IGF2BP2 hsa-miR-509-3p 

MMGT1 hsa-miR-509-3p 

KIAA1328 hsa-miR-509-3p 

MEX3C hsa-miR-509-3p 

PTPN13 hsa-miR-509-3p 

NETO2 hsa-miR-509-3p 

PCDH19 hsa-miR-509-3p 

PDCD6IP hsa-miR-509-3p 

INSIG1 hsa-miR-509-3p 

MAP3K1 hsa-miR-509-3p 

MTMR3 hsa-miR-509-3p 

NCALD hsa-miR-509-3p 

PCDHA2 hsa-miR-509-3p 

HDAC9 hsa-miR-509-3p 

PCDH8 hsa-miR-509-3p 

PKIA hsa-miR-509-3p 

COCH hsa-miR-509-3p 

ARID1A hsa-miR-509-3p 

EHD3 hsa-miR-509-3p 

ZFAND3 hsa-miR-509-3p 

ANKRD40 hsa-miR-509-3p 

KAT6B hsa-miR-509-3p 

NECAP1 hsa-miR-509-3p 

ANKH hsa-miR-509-3p 

PCDHA11 hsa-miR-509-3p 

BRWD3 hsa-miR-509-3p 

mRNA Target MicroRNA 

OTX2 hsa-miR-509-3p 

SERPINB9 hsa-miR-509-3p 

FLI1 hsa-miR-509-3p 

IRAK3 hsa-miR-509-3p 

WNK1 hsa-miR-509-3p 

USP42 hsa-miR-509-3p 

COG5 hsa-miR-509-3p 

IL13RA1 hsa-miR-509-3p 

ELAVL1 hsa-miR-509-3p 

TAOK3 hsa-miR-509-3p 

PSD3 hsa-miR-509-3p 

CALB1 hsa-miR-509-3p 

ZNF107 hsa-miR-509-3p 

TET1 hsa-miR-509-3p 

GOSR1 hsa-miR-509-3p 

BDH2 hsa-miR-509-3p 

PBLD hsa-miR-509-3p 

ZBTB10 hsa-miR-509-3p 

DMRT3 hsa-miR-509-3p 

VGLL4 hsa-miR-509-3p 

PJA1 hsa-miR-509-3p 

ABCB10 hsa-miR-509-3p 

XPR1 hsa-miR-509-3p 

NTRK3 hsa-miR-509-3p 

CNKSR2 hsa-miR-509-3p 

ST8SIA3 hsa-miR-509-3p 

PPP2R5C hsa-miR-509-3p 

PHF20L1 hsa-miR-509-3p 

ADAM10 hsa-miR-509-3p 

PELO hsa-miR-509-3p 

PCDHA6 hsa-miR-509-3p 

TYRP1 hsa-miR-509-3p 

APOBEC2 hsa-miR-509-3p 

NRN1 hsa-miR-509-3p 

PCDHA1 hsa-miR-509-3p 

PCDHA3 hsa-miR-509-3p 

PCDHA13 hsa-miR-509-3p 

DAZL hsa-miR-509-3p 
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mRNA Target MicroRNA 

PCDHA10 hsa-miR-509-3p 

ANO5 hsa-miR-509-3p 

PCDHA12 hsa-miR-509-3p 

NAV2 hsa-miR-509-3p 

mRNA Target MicroRNA 

TMPRSS11E hsa-miR-509-3p 

GULP1 hsa-miR-509-3p 

APOL6 hsa-miR-509-3p 

NECAB1 hsa-miR-509-3p 

mRNA Target MicroRNA 

IFIT1 hsa-miR-509-3p 

SCUBE3 hsa-miR-509-3p 

CCNJ hsa-miR-509-3p 
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Table S4-5: miR-509-3p Predicted Target Pathway Enrichment Analysis 
Enriched Pathway Enriched Targets p-Value q-Value 

homophilic cell adhesion via 

plasma membrane adhesion 
molecules 

PCDH8; PCDHA3; PCDHA1; PCDHA6; PCDHA4; PCDH19; PCDH7; 

PCDHAC1; PCDHA2; PCDHA10; PCDHA11; PCDHA12; PCDHA13 

4.91E-09 1.67E-06 

cell-cell adhesion via plasma-

membrane adhesion molecules 

PCDH8; PCDHA3; PCDHA1; PCDHA6; PCDHA4; PCDH19; WNK1; CD164; 

PCDH7; PCDHAC1; PCDHA2; PCDHA10; PCDHA11; PCDHA12; PCDHA13 

3.37E-08 1.56E-05 

multicellular organism 
development 

ANKH; DMRT3; NRN1; HDAC9; WLS; DCLK1; SGCB; ADAM10; 
PCDHA10; MYOCD; CRK; IL1A; NR1D2; OTX2; MLF1; APOD; NAV2; 

OSCAR; RC3H1; NPAS2; MEIS1; NTRK3; NAV1; KLF6; PELO; PCDHAC1; 

LRRTM1; ZIC3; RYBP; MEX3C; TAOK3; PLP1; VGLL4; DAZL; BEND6; 
ACVR2A; TRIO; ZNF423; NECAB1; RAC1; TET1; FLI1; CTSC; ENPP2; 

ZNF536; CALB1; VEZF1; PIK3C2A; PCDHA1; PBLD; INSIG1; EIF4E; 

PCDHA11; IGF2BP2; KIF3B; PBX3; YAP1; PCDH8; PCDHA3; PCDHA2; 
PCDHA6; PCDHA4; SEMA5A; ARID5B; HCN1; ARID1A; CD164; TCF7L2; 

MMD2; PTEN; WNK1; IRAK3; PCDH19; PRKACB; BTBD7; AMOT; 

DDAH1; ATXN1 

8.18E-07 4.78E-05 

anatomical structure 

development 

ANKH; DMRT3; NRN1; HDAC9; ZNF423; KLK7; DCLK1; SGCB; ADAM10; 

PCDHA10; MYOCD; CRK; IL1A; NR1D2; OTX2; MLF1; APOD; AMOT; 

NAV2; BDH2; RC3H1; NPAS2; MEIS1; NTRK3; NAV1; KLF6; PELO; 
PCDHAC1; LRRTM1; ZIC3; RYBP; MEX3C; TAOK3; PLP1; BRWD3; 

VGLL4; COCH; BEND6; ACVR2A; TRIO; WLS; LARP4; NECAB1; RAC1; 

TET1; FLI1; CTSC; ENPP2; ZNF536; CALB1; VEZF1; PIK3C2A; PCDHA1; 
PBLD; INSIG1; EIF4E; PCDHA11; IGF2BP2; KIF3B; PBX3; YAP1; PCDH8; 

PCDHA3; PCDHA2; PCDHA6; PCDHA4; SEMA5A; ARID5B; HCN1; 

OSCAR; ARID1A; CD164; TCF7L2; MMD2; PTEN; WNK1; IRAK3; PCDH19; 
PRKACB; BTBD7; DAZL; DDAH1; ATXN1 

8.69E-07 4.78E-05 

nervous system development DMRT3; NRN1; HDAC9; DCLK1; ADAM10; PCDHA10; CRK; PLP1; OTX2; 

APOD; NAV2; NPAS2; MEIS1; NTRK3; NAV1; PCDHAC1; LRRTM1; ZIC3; 

TAOK3; BEND6; TRIO; WNK1; RAC1; CTSC; MMD2; ZNF536; EIF4E; 
PCDHA11; IGF2BP2; PBX3; YAP1; PCDHA2; PCDHA3; PCDHA1; PCDHA6; 

PCDHA4; SEMA5A; HCN1; ARID1A; PTEN; ZNF423; PRKACB; PCDH19; 

ATXN1 

4.88E-06 1.13E-03 

system development ANKH; DMRT3; NRN1; HDAC9; DCLK1; SGCB; ADAM10; PCDHA10; 

MYOCD; CRK; IL1A; NR1D2; OTX2; MLF1; APOD; NAV2; OSCAR; 

RC3H1; NPAS2; MEIS1; NTRK3; NAV1; KLF6; PCDHAC1; LRRTM1; ZIC3; 
IRAK3; MEX3C; TAOK3; PLP1; VGLL4; VEZF1; BEND6; ACVR2A; TRIO; 

WNK1; RAC1; FLI1; CTSC; ENPP2; ZNF536; CALB1; PIK3C2A; PBLD; 

INSIG1; EIF4E; PCDHA11; IGF2BP2; PBX3; YAP1; PCDHA2; PCDHA3; 
PCDHA1; PCDHA6; PCDHA4; SEMA5A; ARID5B; HCN1; ARID1A; CD164; 

TCF7L2; MMD2; PTEN; ZNF423; PCDH19; PRKACB; BTBD7; AMOT; 

DDAH1; ATXN1 

5.37E-06 1.42E-03 

regulation of developmental 

process 

DMRT3; ELAVL1; HDAC9; ADAM10; MMD2; MYOCD; CRK; IL1A; 

NR1D2; OTX2; ZNF536; MEIS1; NTRK3; ANKH; LRRTM1; VEZF1; IRAK3; 

BRWD3; VGLL4; COCH; BEND6; ACVR2A; TRIO; WNK1; LARP4; RAC1; 
CTSC; ENPP2; PBLD; PIK3C2A; TP53INP1; INSIG1; EIF4E; MEX3C; YAP1; 

RC3H1; SEMA5A; TCF7L2; PTEN; ZNF423; PRKACB; BTBD7; DDAH1; 

AMOT 

1.03E-04 1.37E-02 

regulation of striated muscle 
tissue development 

HDAC9; MEIS1; PTEN; MYOCD; NR1D2; VGLL4; YAP1 2.23E-04 2.69E-02 

regulation of muscle tissue 

development 

HDAC9; MEIS1; PTEN; MYOCD; NR1D2; VGLL4; YAP1 2.37E-04 2.94E-02 

regulation of muscle organ 
development 

HDAC9; MEIS1; PTEN; MYOCD; NR1D2; VGLL4; YAP1 2.37E-04 2.69E-02 

regulation of multicellular 

organismal development 

DMRT3; HDAC9; ADAM10; MMD2; MYOCD; IL1A; CRK; NR1D2; OTX2; 

ZNF536; MEIS1; NTRK3; ANKH; LRRTM1; VEZF1; IRAK3; VGLL4; 

BEND6; ACVR2A; WNK1; RAC1; CTSC; ENPP2; PBLD; PIK3C2A; EIF4E; 

YAP1; RC3H1; SEMA5A; TCF7L2; PTEN; ZNF423; PRKACB; BTBD7; 

DDAH1; AMOT 

2.55E-04 2.94E-02 

cell-cell adhesion PCDH8; PCDHA3; MAP3K8; PCDHA1; PCDHA6; PCDHA4; RAC1; 
GOLPH3; CD164; PCDH7; RC3H1; WNK1; PCDHAC1; PCDHA2; PCDH19; 

PCDHA11; PCDHA10; IL1A; PCDHA12; PCDHA13 

3.55E-04 3.14E-02 

regulation of cardiac muscle 
cell proliferation 

PTEN; VGLL4; MEIS1; YAP1 6.71E-04 4.76E-02 
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positive regulation of 

biosynthetic process 

ELAVL1; TYRP1; HABP4; MYOCD; IL1A; NR1D2; JADE1; NPAS2; MEIS1; 

OTX2; KLF6; VEZF1; ZNF345; BRDT; RYBP; ZNF107; ZIC3; ACVR2A; 

LARP4; RAC1; TET1; FLI1; SFPQ; TP53INP1; INSIG1; YAP1; ARID5B; 

ERLIN2; ARID1A; TCF7L2; ZNF423; KAT6B; DAZL; DDAH1 

7.87E-04 4.76E-02 

regulation of RNA metabolic 
process 

RYBP; DMRT3; ELAVL1; HDAC9; SF3B4; NPAS2; RC3H1; MYOCD; CRK; 
IL1A; NR1D2; JADE1; MLF1; ZNF536; ZBTB10; AHCYL1; USP47; CDK17; 

MEIS1; OTX2; KLF6; PELO; VEZF1; ZNF345; BRDT; IRAK3; NLK; BRWD3; 

VGLL4; ZIC3; BEND6; ACVR2A; TET1; FLI1; SFPQ; TP53INP1; INSIG1; 
IGF2BP2; PBX3; YAP1; HABP4; ARID5B; ERLIN2; ARID1A; PKIA; TCF7L2; 

PTEN; ZNF423; KAT6B; PHF20L1; DAZL; ZNF107; LCORL; ATXN1 

9.42E-04 4.76E-02 

regulation of biological process WLS; CDK17; OTX2; MAP3K8; AHCYL1; MAP3K1; NTRK3; PSD3; BRDT; 
IRAK3; TAOK3; MTMR3; NECAB1; VEZF1; TYRP1; LARP4; RAB5C; 

CTSC; ENPP2; SERPINB9; PIK3C2A; KLK7; ARID5B; PTPN13; ARID1A; 

PKIA; TCF7L2; PTEN; NETO2; DDAH1; CCNJ; DMRT3; ELAVL1; 
KATNBL1; DCLK1; RC3H1; STAC; PLP1; CRK; ARHGAP1; IFIT1; APOD; 

CHD9; OSCAR; USP47; GOLPH3; KCNMA1; MEIS1; USP42; LRRTM1; 

ZIC3; NLK; SFPQ; TP53INP1; INSIG1; EIF4E; KIF3B; SCUBE3; IL13RA1; 
ERLIN2; BICD2; ZNF423; ATXN7; BTBD7; GOSR1; LCORL; ATXN1; EHD3; 

HDAC9; MMD2; IL1A; CNKSR2; MLF1; ZNF536; ZBTB10; SNX13; 

CACNB4; ZNF345; BRWD3; MEX3C; VGLL4; COCH; BEND6; ACVR2A; 

TRIO; TET1; CALB1; UNC13B; PHLPP2; IGF2BP2; ZNF107; YAP1; KCNJ3; 

HABP4; SEMA5A; PRKACB; HCN1; PHF20L1; DAZL; DEDD; AMOT; 

ANKH; SF3B4; CD164; ADAM10; ZMAT3; MYOCD; TRPA1; NR1D2; 
NPAS2; KLF6; PELO; JADE1; RYBP; XPR1; WNK1; RAC1; FLI1; CES3; 

PBLD; PBX3; PCDH8; PDCD6IP; KAT6B; PPP2R5C 

9.64E-04 3.53E-02 
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Table S4-6: miR-193b-5p Predicted Target Pathway Enrichment Analysis 
Enriched Pathway Enriched Targets q-Value q-Value 

nervous system 

development 

FOXP2; CIC; UFL1; COPS2; LMO4; ENAH; JARID2; ZFHX3; CHN1; IQSEC1; 

ABL2; RERE; ACER3; FZD4; ITSN1; RBPJ; SULF2; RORA; KLF7; CFLAR; 
HOOK3; FGF11; DLX1; PLXDC1; CLN8; EPHB2; DPYSL5; TPP1; ZFP36L1; 

TANC2; DAG1; GPC6; TNFRSF1B; TAOK1; ADCY1; ETV1; PMP22; LRP6; CASP3; 

SDC4; SLC4A7; SH3KBP1; MARCKSL1; SIX4; PCDH17; SCN3B; SYN1 

6.49E-07 3.08E-04 

generation of neurons UFL1; COPS2; SDC4; ENAH; ZFHX3; CHN1; IQSEC1; ABL2; RERE; FZD4; ITSN1; 
RBPJ; RORA; KLF7; CFLAR; DLX1; CLN8; EPHB2; DPYSL5; HOOK3; TANC2; 

DAG1; TNFRSF1B; TAOK1; CASP3; ETV1; LRP6; ADCY1; LMO4; SLC4A7; 

SH3KBP1; SIX4; SYN1 

8.41E-06 3.20E-03 

neurogenesis UFL1; COPS2; SDC4; ENAH; ZFHX3; CHN1; IQSEC1; ABL2; RERE; FZD4; ITSN1; 

RBPJ; RORA; KLF7; CFLAR; DLX1; CLN8; EPHB2; DPYSL5; HOOK3; TANC2; 

DAG1; TNFRSF1B; TAOK1; CASP3; ETV1; LRP6; ADCY1; LMO4; SLC4A7; 
SH3KBP1; SIX4; SYN1 

3.55E-05 7.53E-03 

neuron differentiation COPS2; SDC4; ENAH; ZFHX3; CHN1; IQSEC1; ABL2; RERE; FZD4; ITSN1; RBPJ; 

RORA; KLF7; CFLAR; DLX1; CLN8; EPHB2; DPYSL5; TANC2; DAG1; TAOK1; 
CASP3; ETV1; LRP6; ADCY1; LMO4; SLC4A7; SH3KBP1; SYN1 

4.75E-05 7.53E-03 

multicellular organism 

development 

FOXP2; HOXC8; CIC; DMD; GPC6; FOXK1; COPS2; LMO4; PNPT1; JARID2; 

ZFHX3; IGSF3; UFL1; CHN1; PCDH17; TRIB1; SMAP1; IQSEC1; SLC4A7; ABL2; 

IQCE; RERE; CYP26B1; ADAMTS6; FZD4; ITSN1; RBPJ; RORC; SULF2; RORA; 
KLF7; CFLAR; HOOK3; CNOT2; FGF11; DLX1; PLXDC1; DLX3; EPHB2; 

ACVR2A; ST3GAL1; DPYSL5; ACER3; TSHZ2; TPP1; ENAH; PDCD4; ZFP36L1; 

TANC2; EHF; DAG1; TNFRSF11B; TNFRSF1B; TAOK1; CASP3; ETV1; PMP22; 
FHOD3; LRP6; ADCY1; GINS4; GNAS; MTURN; SNRK; SDC4; GLUL; SH3KBP1; 

MARCKSL1; SIX4; YBX3; KAT6A; CLN8; SCN3B; SYN1 

5.08E-05 5.43E-03 

system development FOXP2; CIC; DMD; GPC6; FOXK1; COPS2; LMO4; PNPT1; JARID2; ZFHX3; 
IGSF3; UFL1; CHN1; PCDH17; TRIB1; SMAP1; IQSEC1; SLC4A7; ABL2; RERE; 

CYP26B1; ADAMTS6; FZD4; ITSN1; RBPJ; RORC; SULF2; RORA; KLF7; CFLAR; 

HOOK3; FGF11; DLX1; PLXDC1; DLX3; EPHB2; ACVR2A; ST3GAL1; DPYSL5; 
ACER3; TPP1; ENAH; PDCD4; ZFP36L1; TANC2; DAG1; TNFRSF11B; TNFRSF1B; 

TAOK1; CASP3; ETV1; PMP22; FHOD3; LRP6; ADCY1; GNAS; MTURN; SNRK; 

SDC4; GLUL; SH3KBP1; MARCKSL1; SIX4; YBX3; KAT6A; CLN8; SCN3B; SYN1 

6.39E-05 1.85E-02 

cellular response to 
sterol 

RORC; LRP6; DAG1; RORA 8.19E-05 1.56E-02 

cell differentiation UFL1; DMD; FOXK1; COPS2; LMO4; ENAH; JARID2; ZFHX3; CHN1; TRIB1; 

IQSEC1; ABL2; PEG10; RERE; CYP26B1; FZD4; ITSN1; RBPJ; RORC; SULF2; 

RORA; KLF7; CFLAR; CLIP3; ZNF431; HOOK3; CNOT2; PDCD4; DLX1; DLX3; 

EPHB2; ACVR2A; ST3GAL1; DPYSL5; SMAP1; TPP1; ZFP36L1; TANC2; EHF; 

RSL1D1; DAG1; TNFRSF1B; TAOK1; CASP3; ETV1; FHOD3; LRP6; ADCY1; 
GNAS; MTURN; SNRK; SDC4; SLC4A7; SH3KBP1; SIX4; YY1AP1; KAT6A; 

CLN8; SYN1 

1.47E-04 2.13E-02 

central nervous system 
development 

CIC; FOXP2; JARID2; ZFHX3; RERE; FZD4; ITSN1; RBPJ; RORA; HOOK3; DLX1; 
PLXDC1; CLN8; EPHB2; TPP1; DAG1; TNFRSF1B; CASP3; LRP6; ADCY1; LMO4; 

MARCKSL1 

1.52E-04 1.80E-02 

cellular developmental 

process 

UFL1; DMD; FOXK1; COPS2; LMO4; PNPT1; JARID2; ZFHX3; CHN1; TRIB1; 

IQSEC1; ABL2; PEG10; RERE; CYP26B1; FZD4; ITSN1; RBPJ; RORC; SULF2; 
RORA; KLF7; CFLAR; CLIP3; ZNF431; HOOK3; CNOT2; PDCD4; DLX1; DLX3; 

EPHB2; ACVR2A; ST3GAL1; DPYSL5; SMAP1; TPP1; ZFP36L1; TANC2; EHF; 

RSL1D1; DAG1; ENAH; TNFRSF1B; TAOK1; CASP3; ETV1; PMP22; FHOD3; 
LRP6; ADCY1; GNAS; MTURN; SNRK; SDC4; SLC4A7; SH3KBP1; SIX4; YY1AP1; 

KAT6A; CLN8; SYN1 

1.74E-04 9.32E-03 

cellular response to lipid UFL1; CNOT2; LRP6; ADCY1; RORC; ZFP36L1; RORA; CYP26B1; CFLAR; DAG1; 
FZD4; TNFRSF1B; PDCD4; ABL2; UBR5; TRIB1 

1.85E-04 2.35E-02 

chordate embryonic 

development 

ACVR2A; LRP6; CASP3; GINS4; GNAS; COPS2; LMO4; RBPJ; SDC4; ZFP36L1; 

SULF2; SIX4; CNOT2; TANC2; DLX1; YBX3 

2.75E-04 2.61E-02 

response to sterol RORC; LRP6; DAG1; RORA 3.43E-04 3.02E-02 

muscle structure 

development 

FHOD3; DMD; CASP3; FOXK1; SIX4; COPS2; RBPJ; RORA; JARID2; ZFP36L1; 

ZFHX3; CYP26B1; CFLAR; DAG1; PDCD4; YBX3 

3.82E-04 3.69E-02 

embryo development 

ending in birth or egg 

hatching 

ACVR2A; LRP6; CASP3; GINS4; GNAS; COPS2; LMO4; RBPJ; SDC4; ZFP36L1; 

SULF2; SIX4; CNOT2; TANC2; DLX1; YBX3 

3.82E-04 3.02E-02 
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acid-ammonia (or 

amide) ligase activity 

GLUL; DPH6 4.71E-04 3.39E-02 

cellular response to 

organic cyclic 

compound 

UFL1; LARP1; LRP6; CASP3; RORC; ZFP36L1; RORA; EPG5; CFLAR; DAG1; 

CNOT2; MAVS; UBR5; ADCY1 

5.65E-04 3.56E-02 

animal organ 

development 

FOXP2; CIC; DMD; GPC6; FOXK1; COPS2; LMO4; PNPT1; JARID2; ZFHX3; 

IGSF3; UFL1; SLC4A7; TRIB1; RERE; CYP26B1; ADAMTS6; FZD4; ITSN1; RBPJ; 

RORC; SULF2; RORA; KLF7; CFLAR; PDCD4; DLX1; PLXDC1; DLX3; EPHB2; 
ACVR2A; ST3GAL1; SMAP1; HOOK3; ZFP36L1; DAG1; TNFRSF11B; TNFRSF1B; 

ADCY1; FHOD3; LRP6; CASP3; GNAS; MTURN; SNRK; SDC4; SIX4; KAT6A; 

CLN8; YBX3 

5.69E-04 4.12E-02 

anatomical structure 
development 

FOXP2; HOXC8; CIC; DMD; GPC6; FOXK1; TMEM135; COPS2; LMO4; PNPT1; 
JARID2; ZFHX3; IGSF3; UFL1; CHN1; PCDH17; TRIB1; SMAP1; IQSEC1; SLC4A7; 

ABL2; IQCE; RERE; CYP26B1; ADAMTS6; FZD4; ITSN1; RBPJ; RORC; SULF2; 

RORA; KLF7; CFLAR; HOOK3; CNOT2; FGF11; DLX1; PLXDC1; DLX3; EPHB2; 
ACVR2A; ST3GAL1; DPYSL5; ACER3; TSHZ2; TPP1; ENAH; PDCD4; ZFP36L1; 

TANC2; EHF; DAG1; TNFRSF11B; TNFRSF1B; TAOK1; CASP3; ETV1; PMP22; 

FHOD3; LRP6; ADCY1; GINS4; GNAS; MTURN; SNRK; SDC4; GLUL; SH3KBP1; 
MARCKSL1; SIX4; YBX3; KAT6A; CLN8; SCN3B; SYN1 

6.03E-04 2.15E-02 

regulation of RNA 

metabolic process 

FOXP2; HOXC8; CIC; FOXK1; MSL3; COPS2; PNPT1; JARID2; ZFHX3; XIAP; 

MAP2K7; TRIB1; ZNF780B; RERE; FZD4; LARP1; SIX4; RBPJ; RORC; ZBTB8A; 
RORA; KLF7; CFLAR; YY1AP1; ZNF431; PIK3R2; CAMTA1; CNOT2; PDCD4; 

DLX1; DLX3; UFL1; ACVR2A; TSHZ2; ZFP36L1; EHF; PHF20L1; TNFRSF1B; 

GATAD1; ETV1; MAVS; LRP6; ADCY1; ZNF714; MTURN; LMO4; ZNF138; 
KPNA6; ZNF701; ZNF793; KAT6A; ABCE1; POU2F2; LCORL; YBX3; ILF2 

6.55E-04 0.035623 

regulation of 

nucleobase-containing 
compound metabolic 

process 

FOXP2; HOXC8; CIC; FOXK1; MSL3; COPS2; PNPT1; JARID2; ZFHX3; XIAP; 

MAP2K7; TRIB1; ZNF780B; POLH; RERE; SMG1; LARP1; SIX4; RBPJ; RORC; 
ZBTB8A; RORA; KLF7; CFLAR; YY1AP1; ZNF431; PIK3R2; CAMTA1; CNOT2; 

PDCD4; DLX1; DLX3; UFL1; ACVR2A; TSHZ2; ZNF793; ZFP36L1; EHF; NUP50; 

PHF20L1; TNFRSF1B; GATAD1; UBR5; ETV1; MAVS; LRP6; ADCY1; ZNF714; 
MTURN; LMO4; ZNF138; KPNA6; ZNF701; FZD4; KAT6A; ABCE1; POU2F2; 

LCORL; YBX3; ILF2 

6.56E-04 3.56E-02 

muscle organ 

development 

DMD; FOXK1; SIX4; COPS2; RBPJ; JARID2; ZFHX3; CYP26B1; CFLAR; DAG1; 

YBX3 

8.84E-04 5.70E-02 

skeletal muscle fiber 

differentiation 

SIX4; CYP26B1 9.35E-04 4.44E-02 

response to lipid FOXP2; CNOT2; FMO1; LRP6; CASP3; UFL1; RORC; ZFP36L1; RORA; TRIB1; 

CFLAR; DAG1; FZD4; TNFRSF1B; CYP26B1; ABL2; PDCD4; UBR5; ADCY1 

9.61E-04 5.70E-02 
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Table S4-7: Nervous System Development mRNA Targets
Target Ensmbl ID miRNA 

FOXP2 ENSG00000128573 miR-193b-3p 

CIC ENSG00000079432 miR-193b-3p 

UFL1 ENSG00000014123 miR-193b-3p 

COPS2 ENSG00000166200 miR-193b-3p 

LMO4 ENSG00000143013 miR-193b-3p 

ENAH ENSG00000154380 miR-193b-3p 

JARID2 ENSG00000008083 miR-193b-3p 

ZFHX3 ENSG00000140836 miR-193b-3p 

CHN1 ENSG00000128656 miR-193b-3p 

IQSEC1 ENSG00000144711 miR-193b-3p 

ABL2 ENSG00000143322 miR-193b-3p 

RERE ENSG00000142599 miR-193b-3p 

ACER3 ENSG00000078124 miR-193b-3p 

FZD4 ENSG00000174804 miR-193b-3p 

ITSN1 ENSG00000205726 miR-193b-3p 

RBPJ ENSG00000168214 miR-193b-3p 

SULF2 ENSG00000196562 miR-193b-3p 

RORA ENSG00000069667 miR-193b-3p 

KLF7 ENSG00000118263 miR-193b-3p 

CFLAR ENSG00000003402 miR-193b-3p 

HOOK3 ENSG00000168172 miR-193b-3p 

FGF11 ENSG00000161958 miR-193b-3p 

DLX1 ENSG00000144355 miR-193b-3p 

PLXDC1 ENSG00000161381 miR-193b-3p 

CLN8 ENSG00000182372 miR-193b-3p 

EPHB2 ENSG00000133216 miR-193b-3p 

DPYSL5 ENSG00000157851 miR-193b-3p 

TPP1 ENSG00000166340 miR-193b-3p 

ZFP36L1 ENSG00000185650 miR-193b-3p 

TANC2 ENSG00000170921 miR-193b-3p 

DAG1 ENSG00000173402 miR-193b-3p 

GPC6 ENSG00000183098 miR-193b-3p 

TNFRSF1B ENSG00000028137 miR-193b-3p 

TAOK1 ENSG00000160551 miR-193b-3p 

ADCY1 ENSG00000164742 miR-193b-3p 

ETV1 ENSG00000006468 miR-193b-3p 

PMP22 ENSG00000109099 miR-193b-3p 

LRP6 ENSG00000070018 miR-193b-3p 

Target Ensmbl ID miRNA 

CASP3 ENSG00000164305 miR-193b-3p 

SDC4 ENSG00000124145 miR-193b-3p 

SLC4A7 ENSG00000033867 miR-193b-3p 

SH3KBP1 ENSG00000147010 miR-193b-3p 

MARCKSL1 ENSG00000175130 miR-193b-3p 

SIX4 ENSG00000100625 miR-193b-3p 

PCDH17 ENSG00000118946 miR-193b-3p 

SCN3B ENSG00000166257 miR-193b-3p 

SYN1 ENSG00000008056 miR-193b-3p 

DMRT3 ENSG00000064218 miR-509-3p 

NRN1 ENSG00000124785 miR-509-3p 

HDAC9 ENSG00000048052 miR-509-3p 

DCLK1 ENSG00000133083 miR-509-3p 

ADAM10 ENSG00000137845 miR-509-3p 

PCDHA10 ENSG00000250120 miR-509-3p 

CRK ENSG00000167193 miR-509-3p 

PLP1 ENSG00000123560 miR-509-3p 

OTX2 ENSG00000165588 miR-509-3p 

APOD ENSG00000189058 miR-509-3p 

NAV2 ENSG00000166833 miR-509-3p 

NPAS2 ENSG00000170485 miR-509-3p 

MEIS1 ENSG00000143995 miR-509-3p 

NTRK3 ENSG00000140538 miR-509-3p 

NAV1 ENSG00000134369 miR-509-3p 

PCDHAC1 ENSG00000248383 miR-509-3p 

LRRTM1 ENSG00000162951 miR-509-3p 

ZIC3 ENSG00000156925 miR-509-3p 

TAOK3 ENSG00000135090 miR-509-3p 

BEND6 ENSG00000151917 miR-509-3p 

TRIO ENSG00000038382 miR-509-3p 

WNK1 ENSG00000060237 miR-509-3p 

RAC1 ENSG00000136238 miR-509-3p 

CTSC ENSG00000109861 miR-509-3p 

MMD2 ENSG00000136297 miR-509-3p 

ZNF536 ENSG00000198597 miR-509-3p 

EIF4E ENSG00000151247 miR-509-3p 

PCDHA11 ENSG00000249158 miR-509-3p 

IGF2BP2 ENSG00000073792 miR-509-3p 
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Target Ensmbl ID miRNA 

PBX3 ENSG00000167081 miR-509-3p 

YAP1 ENSG00000137693 miR-509-3p 

PCDHA2 ENSG00000204969 miR-509-3p 

PCDHA3 ENSG00000255408 miR-509-3p 

PCDHA1 ENSG00000204970 miR-509-3p 

PCDHA6 ENSG00000081842 miR-509-3p 

PCDHA4 ENSG00000204967 miR-509-3p 

SEMA5A ENSG00000112902 miR-509-3p 

Target Ensmbl ID miRNA 

HCN1 ENSG00000164588 miR-509-3p 

ARID1A ENSG00000117713 miR-509-3p 

PTEN ENSG00000171862 miR-509-3p 

ZNF423 ENSG00000102935 miR-509-3p 

PRKACB ENSG00000142875 miR-509-3p 

PCDH19 ENSG00000165194 miR-509-3p 

ATXN1 ENSG00000124788 miR-509-3p 
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Table S4-8: Simple linear regression of summary scores of NNNS metrics and Cd-

associated miRNA transcript abundances; effect sizes ± 95% CI, and p-values (n=114)  
miR-509-3p miR-193b-5p 

Arousal β= 0.039 ± 0.378 

p = 0.84 

β = 0.141 ± 0.283 

p = 0.33 

Quality of movement β = -0.47 ± 0.38   

p = 0.017 (**) 

β = -0.278 ± 0.287  

p = 0.06 (*) 

Excitability β = 0.223 ± 0.403 

p = 0.28 

β = 0.27 ± 0.3  

p = 0.09 (*) 

Self Regulaton β = -0.110 ± 0.402 

p = 0.59 

β = -0.237 ± 0.296 

p = 0.12 

Stress Abstinence β =  0.111±0.344 

p = 0.53 

β = 0.040 ± 0.258 

p = 0.76 

*p ≤ 0.1; **p ≤ 0.05; ***p ≤ 0.001 
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SUPPLEMENTARY FIGURES 
(A)                                                                                   

(B)  

 

Figure S4-1 – Log2 transformed placental Cd in RICHS and NHBCS. Histogram depicting each 

individual cohort’s distribution of log2 transformed placental cadmium concentrations. RICHS (A) exhibits 

a mean concentration of 4.39 ng/g with a standard deviation of 2.52 ng/g. NHBCS (B) exhibits a mean 

concentration of 2.93 ng/g with a standard deviation of 1.99 ng/g. 
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Figure S4-2: Placental miRNA associates with placental cadmium concentrations in a 

population excluding self-reported smokers. Volcano plot representing the results of the NHBCS 

differential expression analysis while excluding mothers who self-reported to smoking during any point 

of their pregnancy. The y-axis shows the -log10(p-values) in the association of each miRNA with log2-

transformed placental cadmium concentrations. The x-axis displays the effect estimates in units of log2 

fold change in each miRNA’s transcript abundance per doubling of placental cadmium. 1 miRNA is 

significantly (FDR <0.1) associated with placental cadmium accumulation and remains significant 

following Bonferroni correction (p-value < 6.23e-05).  
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(B)  
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(C) 

Figure S4-3: Effect size estimates of placental miRNAs are highly robust on a transcriptome-

wide scale to the exclusion of self-reported smokers. (A) Scatter plot displaying the coefficient of 

determination (R2) to emphasize the relationship between the estimates produced by the original NHBCS 

model, which adjusts for maternal smoking, and one which excludes self-reported smokers. (B) Forest plot 

representing all miRNA effect size estimates compared between the original NHBCS model (x-axis), and 

the self-reported smoker exclusionary model (y-axis). Error bars represent the estimated 95% confidence 

interval from the NHBCS original model. (C) Forest plot representing only miRNAs found to be 

differentially expressed with respect to gestational Cd in the NHBCS original model, comparing effect sizes 

between the original NHBCS model (x-axis) and the self-reported smoker exclusionary model (y-axis). 

Error bars represent the estimated 95% confidence interval from the NHBCS original model. 

  



 

181 
 
 

 

 
Figure S4-4: Histogram depicting the distribution of z-transformed NNNS metrics that are 

highly variable across atypical vs neuro-typical profiles in RICHS infants (n=114). (A) Arousal 

(B) Quality of movement (C) Stress abstinence, (D) Excitability (E) Self-Regulation. 
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(C) (D) 
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Chapter 5 - Summary, Limitations, Future Directions and Conclusions 

SUMMARY 

Investigating the role of placental miRNA in the developmental origins of lifelong health 

outcomes may lead to insight into how various genetic and environmental influences in utero 

alter the overall health trajectory and risk of chronic disease in offspring. Maternal 

cardiometabolic conditions and environmental exposures during pregnancy have been implicated 

in placental insufficiencies. However, clinical placental pathologies remain rare within the 

general population, and are unable to account for the increasing prevalence of the gestational 

outcomes that are potentially developmentally programmed. Minor alterations in the functional 

capacity of the placenta that occur in response to gestational conditions may, in part, be 

responsible for this developmental programming of long term health outcomes in offspring. This 

work addresses how genetic and environmental influences relevant to cardiovascular disease, 

(CVD) associate with placental miRNA expression. 

 In chapter two, we show that a maternal family history of CVD is associated with altered 

expression of specific placental miRNAs. This clinical variable, estimating both genetic and 

environmental influences of CVD, associated with miRNAs that oversee TGFβ and VEGF 

signaling within the placenta. In addition, these miRNAs regulate overall endothelial cellular 

function and maintenance, so their dysregulation may result in abnormal placental physiology 

and may contribute to the developmental programming of chronic disease risk. These results 

were shown to be robust to various environmental and biological confounders, including 

maternal smoking status, infant sex and birth weight. The effect size and significance of these 

results were also robust to the addition of various technical covariates measured through the 

RNA isolation and sequencing process into the model. The overall consistency of the models 
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constructed within chapter two increase the overall confidence in the relevance and validity of 

our findings.  

In chapter three, we go on to isolate the genetic influences of CVD through the 

calculation of a polygenic risk score for CVD based on previous GWAS data. This analysis 

identified unique miRNAs from those characterized in chapter two, suggesting those associated 

with a maternal family history of CVD may ultimately result from environmental variation and 

are distinct from the risks posed by genetic predisposition to CVD. Placental miRNAs that 

associated with this genetic predisposition of CVD were implicated in pathways relevant to 

metabolic programming, specifically genes relevant to the peroxisome proliferator pathways that 

oversee metabolic functions involved in mitochondrial biogenesis, fatty acid oxidation, and 

cellular respiration. Other miRNAs whose expression associates with this CVD polygenic risk 

score were implicated in overall trophoblast and endothelial function and maintenance, 

specifically in cell cycle regulation and hypoxic response pathways.  

In chapter four, we explore the role of gestational cadmium exposure in the dysregulation 

of placental miRNA expression. Cadmium is a toxic metal found in tobacco products, air, food 

and drinking water. It serves no known biological role in humans, and may function to initiate 

endothelial dysfunction and atherosclerogenesis as a result of exposure, thus serving as a risk 

factor for the development of CVD (1). This analysis revealed a significant association between 

gestational cadmium exposure and placental miRNA expression, several of which were predicted 

to regulate mRNAs participating in various facets of fetal neurodevelopment. The abnormal 

expression patterns of these miRNAs were also identified to trend with adverse neurobehaviors 

measured during very early postnatal life. These deficiencies in neurobehavioral performance at 
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birth is consistent with previous work from independent cohorts of infants born from high risk 

pregnancies and amongst children born small for gestational age (2). This relationship between 

gestational Cd exposure and abnormal neurobehavioral outcomes at birth suggests dysregulation 

of placental miRNA expression may serve as a mechanism of developmental programming of 

adverse newborn health outcomes. While the cadmium levels measured within the RICHS and 

NHBCS cohort are relatively low compared to the general population, these data show that 

subtle, chronic exposure to cadmium may initiate adverse developmental programming of long-

term neurobehavioral outcomes (3).  

 This work adds to a growing body of scientific literature that suggests placental miRNA 

expression is a mechanism by which long term health outcomes are developmentally 

programmed in utero in response to both genetic and environmental insults faced by the fetus 

throughout gestation. Previous work within this field have found that various environmental 

perturbations can explain functional deficits within placental-based cell lines in vitro; however, 

the integration of multi-omics technology and extension of this work into large cohorts of human 

tissue samples is still lacking (4-8). While other studies have shown that placental miRNA 

expression is sensitive to environmental and genetic sources of variation, this is the first study to 

characterize these associations with respect to cardiovascular disease predispositions (4-9). 

Additionally, while cadmium-related changes in DNA methylation in developmentally relevant 

tissues in human cohort studies has been well characterized, this same level of characterization is 

unique to this study of miRNA expression (10-12). This work also highlights the relationship 

between cadmium-associated dysregulation of placental miRNA expression and early life 

neurobehavioral outcomes.  
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 The functional annotation performed throughout this body of work highlights, 

fundamentally, placental miRNA’s dysregulated in response to genetic and environmental 

sources are largely influencing endothelial processes critical to proper placental functionality. As 

a central vascular organ which oversees multiple facets of in utero growth and development, 

proper function of the placenta remains essential to successful gestational outcomes. 

Perturbations to the basic cellular processes of its endothelial origins may manifest as placental 

insufficiencies through the accumulation of minor insults throughout the developmental 

circulatory system. Considering that placental development and fetal heart development occur 

concurrently, disruptions to either organ may adversely impact its counterpart. Both 

cardiovascular disease predispositions and gestational cadmium exposure (i.e, the sources of 

variation outlined in this study) are considered to be common exposures within the general 

population, and do not represent a specific acutely-exposed group of individuals. The findings 

are potentially much more applicable to the larger population. 

Given the association of placental miRNA with various facets that challenge the overall 

gestational environment, and the strong relationship between placental efficiency and lifelong 

risk of chronic disease, this suggests placental miRNA expression may ultimately serve as a 

molecular mechanism of developmental programming of chronic disease. Finally, this work 

contributes to the broader field of clinical biomarker discovery through the detection of 

molecular pathologies present at birth within the placenta. Considering these changes are 

detectable at birth, this may allow for the development of early interventional methods to 

mitigate long-term developmental defects, and/or lifelong risk of chronic disease. 
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OVERALL LIMITATIONS 

 Placental tissue samples are limited to term placenta, which presents unique challenges in 

characterizing genetic and epigenetic associations that are most prevalent during early 

development, yet still influence newborn health outcomes. Given the nature of placenta-based 

studies, and existing federal policies and medical practice, tissue collected at term is often the only 

avenue by which to ethically study molecular hallmarks of fetal growth and metabolism. 

The placenta is a highly complex tissue composed of various cell-types, and associations 

may be cell-type specific. To overcome this, Surrogate Variable Analysis (SVA) was widely used, 

which allows for the construction of placeholder variables to estimate variation from unknown 

sources, such as cell-type heterogeneity, and was included within each model. There also may be 

environmental factors, such as maternal behaviors or unmeasured social determinants of health 

that influence the expression of placental miRNA, ultimately confounding these relationships.  

Considering our lack of access to protein quantifications within the samples utilized in this 

work, our understanding of how dysregulation of placental miRNAs broadly influences 

downstream cellular functions is limited to in vitro validation in the current literature, and pathway 

enrichment analysis of predicted mRNA targets of these miRNAs. Stringent filtering, and parallel 

mRNA sequencing libraries were utilized throughout these analyses to predict robust 

miRNA:mRNA interactions, as well as to highlight relevant biological processes potentially 

influenced by abnormal miRNA expression.   

While proper measures were taken to account for potential cell-type biases, recent single-

cell sequencing studies within the placenta have shown large representation of trophoblasts in their 

results (13). Our group has shown using DNA methylation-based cellular estimation methods from 
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RICHS samples, that more than 90% of the cells in the samples are cytrotrophoblasts and 

synctiotrophoblasts (14). Finally, the RICHS cohort is comprised of predominantly mothers of 

European descent (72%), while NHBCS is comprised of only mothers of European descent 

(100%). Results produced from this work which are based on genetic risks are severely limited in 

their generalizability to the ancestral backgrounds studied here. 

FUTURE DIRECTIONS 

Placental miRNAs are critical molecules in post-transcriptional gene regulation. Their 

regulatory activities have been linked to overall physiology and function of the placenta throughout 

gestation and offspring developmental outcomes, marking them as essential to successful 

gestational outcomes. Here we have identified the abundance of various miRNAs to be associated 

with placental cadmium accumulation and cardiovascular disease predispositions. Targets of these 

miRNAs are predicted to be involved in endothelial cell function and maintenance, overall cell 

cycle regulation, and broad aspects of neurodevelopment. These placental miRNAs may influence 

neurobehavioral outcomes at birth through their role in overseeing placental physiology 

throughout gestation, allowing for them to serve as early life indicators of long-term health 

outcomes and lifelong risk of chronic disease. 

In order to further progress our understanding of the developmental origins of health and 

disease, more work is needed to characterize the relationships between changes in placental 

miRNA expression and early life health outcomes, such as cardiometabolic traits, including blood 

pressure, BMI and adiposity, as well as neurobehavior throughout childhood and into adulthood. 

Conducting studies on larger sample sizes would also allow for sufficient statistical power ideal 

for casual mediation analyses to better understand the role of molecular hallmarks, such as miRNA 
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or mRNA expression, as causal mediators in developmental outcomes. Larger cohort sample sizes 

would also promote a higher level of diversity and representation of racial and ethnic backgrounds 

to better understand how each may interact with genetic and environmental sources of variation 

throughout gestation in relation to their influence toward placental miRNA expression.  

Additional work will also be needed within in vitro systems to functionally validate the 

role of placental miRNAs. The opportunity to implement genetic modifications into placental-

based cell lines through the utilization of genome editing technologies, such as those offered by 

the CRISPR-Cas9 system, would allow for the potential identification of causal genetic variants 

in their ability to disrupt normal placental function. Imposing specific environmental challenges 

in vitro, such as toxic metal exposures or hypoxic conditions, in combination with specific genetic 

modifications may also prove useful in distinguishing causality, and/or interactions between 

genetic and environmental sources of variation outlined in cohort-based studies.  

CONCLUSIONS 

MiRNAs are critical molecules in post-transcriptional gene regulation that play a central 

role in regulating overall physiology and function of the placenta, marking them as essential to 

successful gestational outcomes. Dysregulation of placental miRNA expression is implicated in 

adverse pregnancy outcomes, such as preeclampsia and fetal growth restriction, highlighting their 

potential role as a mechanism in the developmental programming of lifelong health outcomes. 

Here, we have characterized robust associations between the expression of placental miRNAs and 

genetic and environmental risk factors of cardiovascular disease. Bioinformatically predicted 

targets of these miRNAs are enriched across various biological pathways relevant to gestational 

development, including endothelial function and maintenance, metabolic programming, and 
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nervous system development. The expression of these specific miRNAs also proved to be 

predictive of neurobehavioral outcomes at birth, further emphasizing their potential as surveillance 

molecules by which to assess gestational conditions postpartum. Considering these changes in 

miRNA expression are detectable at birth, this may allow for the development of early 

interventional methods to mitigate long-term developmental deficits, offering an extremely 

promising avenue by which to combat the globally increasing prevalence of chronic disease.  
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