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Abstract 
 

Placental lincRNA expression associated with prenatal toxic metals exposure  
and extreme birth weight 

 
By Michael R. Hussey 

 
 

Background:  The placenta is the primary means by which fetal growth and development is 
regulated during pregnancy.  Heavy metal exposure has been found to have explicit effects 
on infant birth weight – among other developmental outcomes – with placental dysfunction 
potentially playing a role in these effects.  LincRNAs expression specific to the placenta may 
be a possible mediator of this exposure-outcome pathway. 

Objectives:  Assess the biological plausibility of lincRNA expression within the placenta 
mediating the effects of maternal exposure to cadmium, mercury and lead on birth weight 
outcomes. 

Methods:  Using linear and logistic modeling of lincRNA transcriptional expression in the 
placenta relative to birth weight, standardized birth weight categories and placental metal 
concentrations, we assessed associations with lincRNA expression in a subset of the Rhode 
Island Child Health Study (n = 199) with full RNA-sequencing data and metal-expression 
and metal-birth weight trends within a portion of this population with placental trace metal 
data available (n = 85).   

Results:  Of the 1198 lincRNA transcripts sequenced, 46 demonstrated FDR-significant 
(q<0.05) associations with birth weight when controlling for infant sex and maternal age, 
BMI, education level, and smoking during pregnancy.  Further, we identified 4 of these 
transcripts associated with placental Cd concentrations, 13 with placental Hg, and 1 with 
placental Pb, with the majority demonstrating moderate increases in transcript expression 
with increasing exposure.  Finally, logistic regression of transcript levels against large (LGA) 
and small (SGA) for gestational age birth categories yielded 11 and 19 significant 
associations, respectively, among the same 46 transcripts; SGA outcomes were also 
significantly associated with increasing placental cadmium concentrations within the cohort.   
 
Conclusions:  In this birth cohort study, we examined the relationship between LincRNA 
expression and both placental metal concentrations and birth weight (continuous and 
categorized), finding that differences in metal concentrations were associated with specific 
lincRNA expression variation, and that those transcripts also significantly associated with 
birth weight.  Our research findings in regards to metal exposure and birth weight were 
consistent with the literature, and these results present the possibility of lincRNAs mediating 
causal pathways from these exposures to developmental outcomes. 
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1. Introduction 
 

Increasing scientific understanding of the intrauterine environment has highlighted the 

importance of prenatal conditions in development and lifelong health (Barker, 1995; De Boo & 

Harding, 2006).  While the intrauterine environment is physically isolated from external 

conditions, maternal exposures, particularly trace metals such as lead, mercury and cadmium, 

have been explicitly linked to negative fetal newborn and infant health outcomes (Rahbar et al., 

2015).  The hazard of metals in both developed and undeveloped regions is extremely high, as 

they are incorporated into daily exposures through a number of explicit and multiple less obvious 

pathways.  Exposure to lead can arise from leaded paint, contaminated soil and particulate matter, 

dissolved ions from lead piping, industrial emissions or occupational exposures (Tong et al., 

2000).  Prior to 1980, one of the primary sources of lead exposure in the United States was 

inhaled lead from use of leaded gasoline in motor vehicles, though blood lead levels have steadily 

declined since legislation banning lead paint was passed in 1976 and an amendment to the Clean 

Air Act banning leaded gasoline was put into place in 1990.  Mercury exposure occurs primarily 

through ingestion of fish that have accumulated methyl mercury through contamination of the 

food chain (Bjornberg et al., 2003).  Sources of environmental mercury contamination include 

industrial or utility facilities whose metal wastes infiltrate fresh and saltwater ecosystems as well 

as coal-burning power plants (Trasande et al., 2005).  Dental amalgams, which utilize an alloy of 

silver, tin, copper and up to 50% inorganic mercury, are another possible source of maternal 

mercury exposure (Sanchez-Martin et al., 2000).  Cadmium exposure can occur from contact with 

air and dust contaminated by industrial pollution, phosphate fertilizers, gasoline and diesel 

combustion and particles released by tire wear (Pan et al., 2010; Sanchez-Martin et al., 2000); the 

highest levels of exposure, however, result from tobacco smoking and dietary consumption of 

certain varieties of contaminated mushrooms and shellfish, liver, and plant products (Satarug et 

al., 2010).  Specific trace metals such as copper, iron, zinc, manganese and selenium are essential 
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to proper biologic function, whether by acting as cofactors, expression regulators or signaling 

factors, but imbalance of these metals or infiltration of toxic metals into maternal or neonatal 

systems can disrupt homeostasis and result in long term developmental, neurodegenerative in a 

developing fetus (Mounicou et al., 2009; Punshon et al., 2016). 

 

1.1 Trace Metals and Neonatal Health 

Trace metals such as lead, mercury and cadmium have numerous toxic effects on human 

health.   Metal exposures display a broad range of systemic effects on immune (Colombo et al., 

2004), neurological (Geier & Geier, 2007; Grandjean & Landrigan, 2006; Rice & Barone, 2000; 

Rodier, 1995), renal (Reyes et al., 2013), and reproductive health (Caserta et al., 2008; Caserta et 

al., 2011; Caserta et al., 2013).  Lead and cadmium are implicated in oxidative cell stress (Caserta 

et al., 2011; Reyes et al., 2013) and impaired calcium metabolism (Bhattacharyya, 2009), while 

both cadmium and mercury can interfere with use of essential elements or their availability to the 

fetus during via the placenta during pregnancy (Osman et al., 2000).  Some metals associated 

health effects are potentially due to endocrine disruption, with cadmium being a likely candidate 

(Ribas-Fito et al., 2006).  Finally, lead and mercury are explicitly implicated in both adult and 

child neurological damage, with neonatal exposure particularly developmentally dangerous 

(Baranowska-Bosiacka et al., 2012; Farina et al., 2011). 

Neurotoxicity in the womb is among the most pressing threats to child health, notably 

because it is widely linked to commonly encountered metals.  The most direct route of 

neurotoxicity is for the metal to directly cross the fetal blood brain barrier (BBB), though not all 

trace metals can initially cross the placenta to the fetus nor pass through the developing 

safeguards of the fetal brain (Saunders et al., 2012).  Specific metals such as lead and mercury, 

however, are known to affect BBB permeability (Sharma et al., 2014) and disrupt brain function.  

Interruption of neuronal development by these two metals are directly associated with mental 

deficits in childhood, lowered IQ , and subclinical brain disorders (Caserta et al., 2013).  For lead, 
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even small blood concentrations – as little as 10 µg/dL according to Bellinger (2008) – have been 

found to result in reduced IQ, fine-motor control, attention span and academic achievement.  

Mercury displays similarly detrimental neuronal effects (Axelrad et al., 2007).  Despite 

cadmium’s inability to cross the placenta, the metal has also been linked to neurodevelopmental 

outcomes (Tian et al., 2009); because it has little direct access to the BBB or the brain itself, these 

neurological outcomes are likely indirectly due to other effects cadmium is known to have on 

fetal development (Bhattacharyya, 1983) and potentially include alterations to placental function 

(Everson et al., 2017, 2016).  Though the brain continues to develop well after birth, damage to 

fetal anatomical structures has global developmental effects that are unlikely to be overcome in 

an individual’s lifetime (Rice & Barone, 2000; Rodier, 1995).  

Beyond their effects on the nervous system, lead, mercury and cadmium have also been 

linked to numerous other developmental outcomes.  Immediate effects of acute exposures to these 

metals include spontaneous abortion, stillbirth, low birth weight, preterm birth, reduced fetal 

growth, impaired neurodevelopment, and congenital malformation (Bellinger, 2005; Kim et al., 

2013; Yu et al., 2011).  Most exposures to these compounds occur gradually, yet even chronic 

exposure over the course of nine months can have subtle, yet detrimental effects on the unborn 

child’s health.   Rahbar et al. (2015) found cord blood lead concentration to be significantly 

inversely proportional to head circumference in a Jamaican birth cohort examined for trace metal 

exposures, and noted that cord blood lead levels have also been associated with changes to birth 

weight, a key indicator of infant health and development (Bellinger, 2005; Zhang et al., 2004).  

Mercury’s link between cord blood concentrations and birth weight are not quite as firm, with 

conflicting results for (Foldspang & Hansen, 1990; Sikorski et al., 1986) and against (Grandjean 

et al., 2001; Lucas et al., 2004) an inverse association between concentration and birth weight. 

Evidence demonstrating cadmium’s distinct potential for decreasing size and birth weight of 

infants has been found in multiple studies despite cadmium’s relative inability to cross the 

placenta (Gardner et al., 2013; Johnston et al., 2014).  Some of the most compelling proof of this 
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was found in a study of non-smoking, healthy women that found cord blood cadmium 

concentrations were associated with decreased birth weight in their newborns (Salpietro et al., 

2002).  In absence of primary exposure to cadmium through smoking, fetal development was still 

affected by the presence of cadmium, demonstrating the importance of cadmium’s placental 

interaction in determining child birth weight. 

 

1.2 The Placenta 

The importance of the placenta’s role in pregnancy and fetal development cannot be 

overstated.  Representing the interface between the mother and the fetus, the placenta performs 

the functions of numerous organs for the developing child, including the lung, liver, 

gastrointestinal tract, kidney and endocrine organs (Burton & Jauniaux, 2015).  These critical 

functions make proper development of the placenta central to fetal health. For example, the 

hepatic functions of the placenta include disposing of toxic waste materials, expressing protein 

complexes that efflux potentially dangerous exogenous compounds, and blocking some exposures 

outright from entering fetal blood in order to maintain a proper growth environment for the fetus 

(Osman et al., 2000).  This occurs simultaneous to necessary nutrients being allowed to pass to 

the fetal bloodstream (Punshon et al., 2016).  Stresses to the intrauterine environment from 

various sources can alter placental vascularization, growth, transport activity, metabolism and 

hormone production, consequently impacting the long term development of the fetus (Burton et 

al., 2016; Jansson & Powell, 2007 ).  Fetal growth restriction (undergrowth) and macrosomia 

(overgrowth) are commonly reported outcomes linked to placental dysfunction, and children with 

these conditions are at elevated risk for postnatal morbidities, everything from 

metabolic syndrome to impaired neurobehavioral and cognitive development (Colman et al., 

2012; Grissom & Reyes, 2013; Moore et al., 2012; Van Lieshout & Boyle, 2011) 

Trace metals represent either necessary nutrients or dangerous toxicants in placental and 

fetal development (Gundacker & Hengstschläger, 2012).  The placenta actively transports 
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essential elements such as calcium, copper, zinc, and iron to the fetus (Iyengar & Rapp, 2001), 

yet lead was found to easily cross the placenta via passive diffusion (Goyer, 1990) and organic 

mercury infiltrates fetal blood by passive transport and amino- acid carriers (Ask et al., 2002).  In 

contrast, cadmium is largely sequestered to the placenta by an uptick in the placental protein 

metallothionein (Kippler et al., 2010; McAleer & Tuan, 2001), which serves to bind cadmium and 

limit its access to the fetal bloodstream.  However, an increase in metallothionein alters zinc 

transport across the placenta (Yoshida et al., 2011), posing a threat to the proper development of 

the fetus in absence of adequate zinc levels.  This demonstrates one instance in which adjustment 

for the presence of exogenous toxicants disrupts the function of the placenta (Osman et al., 2000), 

and the widespread potential for metal exposures points to numerous threats to fetal development.  

Conversely, Punshon et al. (2016) found an inverse correlation showing higher maternal 

concentrations of essential nutrients with lower toxicant metal accumulation, findings supported 

by Laine et al. (2015).  The exact mechanism behind these effects remains unknown however, 

thus requiring additional investigation of factors regulating placental function and facilitating safe 

– or aberrant – fetal development. 

 

1.3 Long Non-coding RNAs 

Long Non-coding RNAs (lncRNAs) are an emerging field of study that owes much of its 

recent attention to the advent of new high-throughput sequencing technologies.  This new 

technology led to the discovery that lncRNAs are not simply transcriptional by-products but 

rather actively synthesized and regulated RNA transcripts that play cellular roles in homeostasis 

and pathogenesis (Chen & Conn, 2017).  Guttman et al. (2009) discovered histone H3 subunits 

whose K4 and K36 amino acids were trimethylated – hallmarks of active gene regions – in 

seemingly non-coding regions; 1,600 intergenic, spliced non-coding transcripts were found that 

displayed coordinated regulation, more than could be argued as transcriptional noise, a previous 

theory for any seemingly errant transcription of non-coding RNA.  Prior to the last ten years, one 
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of the only known examples of active lncRNA was XIST, an RNA transcript implicated in the 

dosage inactivation of one of the two X chromosome in female cells (Brown et al., 1991, 1992; 

Heard et al., 1999; Migeon et al., 1999), but now over 100,000 lncRNAs have been described for 

humans alone (Volders et al., 2015). 

Knowledge of lncRNAs is evolving, but we do understand a number of broad trends in 

terms of their properties and functions.  In general, lncRNA transcripts measure greater than 

200nt with a median size of 500nt (Mattick & Rinn, 2015), generally smaller than mRNAs.  

Around 98% are spliced, with 80% having 2-4 exons, and are polyadenylated like some mRNAs, 

though most show a relative absence of open reading frames greater than 100nt (Guttman et al., 

2013).  LncRNAs are far more tissue-specific and expressed at lower levels than mRNAs (Cabili 

et al., 2015; Cabili et al., 2011; Hezroni et al., 2015), though this relationship is still being 

investigated in various tissue types.  The functional capabilities of lncRNA as they are understood 

are vast, and there is little evidence that lncRNAs broadly act through similar structures (Ulitsky, 

2016).  In fact, lncRNAs also divide into a number of different subclasses primarily based upon 

their transcriptional locations within the genome and structure.  These classes include intronic 

lncRNAs, appropriately located within introns of genes and often found to be circular in shape, 

sense/antisense lncRNAs transcribed from combinations of coding and non-coding regions of 

genes, and intergenic lncRNAs (LincRNAs), transcripts derived from regions between genes (Ma 

et al., 2013).  Regardless of their structural composition, some lncRNAs bind writers, erasers, and 

readers of histone modifications, as well as other chromatin regulatory factors (Guttman et al., 

2011), and it is known lncRNAs like NEAT1 can assemble with protein complexes at their sites 

of transcription (Mao et al., 2011), allowing for alternate forms of gene regulation.  This list of 

functions also includes cell-cycle regulation, apoptosis, and establishment of cell identity (Pauli et 

al., 2011; Ponting et al., 2009), pointing to potential for disease in cases of aberrant expression. 

Dysregulation of lncRNAs has been linked to diseases from cancer to immune and 

neurological disorders (Bhan & Mandal, 2014; Gibb, Brown, & Lam, 2011; Mitra, Mitra, & 
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Triche, 2012), but these RNA transcripts have also been found to be relevant to developmental 

function.  Whether cardiovascular regulation by Braveheart (Klattenhoff et al., 2013) or 

neurogenesis controlled by Pnky (Ramos et al., 2015), developmental processes are frequently 

regulated by lncRNAs, and the placenta is not excluded from this regulation.  Data presented by 

Gao et al. (2012) and Keniry et al. (2012) implicate the lncRNA H19 in placenta formation, 

specifically as a source of miR-675, a miRNA that directly down-regulates NOMO1 (Nodal 

modulator 1).  This miRNA inhibits NOMO1’s ability to stimulate proliferation human 

trophoblasts.  In normal placentae, H19 and its miR-675 repress NOMO1-mediated proliferation, 

but this pathway is repressed in preeclamptic placentas, causing placental overgrowth.  Van Dijk 

et al. (2012) found that accumulation of HELLP lncRNA rescued the effects of “HELLP” 

syndrome, characterized by hemolysis, elevated liver enzymes and low platelets, in placental 

trophoblasts – due to knockdown of the HELLP gene region.  Additionally, intrauterine growth 

restriction (IUGR) was found by Gremlich et al. (2014) to be associated with fourfold enrichment 

in NEAT1, an lncRNA present in nuclear paraspeckles (Clemson et al., 2009), though the 

temporality of this association remains unclear.   

Relatively few studies to date have focused exclusively on placental expression of 

lncRNAs, and few to none specifically on placental lncRNA expression in relation to various 

exposures.  However, numerous associations between lncRNAs and placental cellular regulation 

and pregnancy or developmental pathogenesis have been examined that are worth highlight.  

H19, mentioned above, has a critical reciprocal relationship with the Insulin-like Growth Factor 2 

(IGF2) protein; while H19 suppresses fetal and placental development (Gao et al., 2012; Keniry 

et al., 2012; Tycko & Morison, 2002), IGF2 was proposed by DeChiara et al. (1991) to promote 

the opposite.  The complex has been associated with fetal and placental growth, trophoblast 

migration/invasion, Intrauterine Growth Restriction (IUGR) and birth weight (Constancia et al., 

2002; Fowden, Sibley, Reik, & Constancial, 2006; Petry et al., 2005, 2011; Zuckerwise et al., 

2016), and altered imprinting of chromosome 11p15 – the location of these two genes – is related 
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to growth disorders, such as Beckwith-Wiedeman and Silver-Russel syndrome (Bartholdi et al., 

2009; Weksberg et al., 2003).  Decreased H19 and increased IGF2 expression have also been 

observed in relation to gestational diabetes (Su et al., 2016), with the opposite true when 

comparing placental expression in women with and without assistive reproductive technology 

(Sakian et al., 2015).  Misregulation of each of the lncRNAs LOC391533, LOC284100, 

CEACAMP8 (He et al., 2013), SPRY4-IT1 (Zou et al., 2013), and MALAT1 (H. Chen et al., 

2015) is linked to potential mechanisms underlying preeclampsia.  MALAT1 specifically 

promotes expression of specific genes and cell migration (Tano et al., 2010), where experimental 

knockdown was found to inhibit trophoblast-like cell invasion in vitro (Tseng et al., 2009).  

Additional lncRNAs, including Air (Lyle et al., 2000; Sleutels, Zwart, & Barlow, 2002; Wutz et 

al., 1997; Yotova et al., 2008), Kcnq1ot1 (Kanduri, 2011; Mohammad et al., 2010), UCA1 (F. 

Wang et al., 2008; X.S. Wang et al., 2006), Hoxa11as (Potter & Branford, 1998; Sasaki et al., 

2007; Sessa et al., 2007), HOTTIP (Sasaki et al., 2007a, 2007b; Wang et al., 2011), HOXA6as 

(Sasaki et al., 2007a, 2007b), DIO3OS, (Hernandez et al., 2004), and SAF (Yan et al., 2005) have 

been found within human placental – and possibly fetal – tissues, with various regulatory roles 

involved in fetal development.  The intimate involvement of these lncRNAs with conditions that 

endanger maternal and fetal health warrants further investigation of regulators of lncRNA 

expression, whether endogenous or exogenous. 

 

1.4 Study Objective 

Numerous toxic metals have been found to have effects on both placental function and 

fetal development, with large health and economic consequences around the world.  The placenta 

is an essential organ in the process of fetal growth, and alterations to its function are linked to 

potentially dire consequences.  LincRNAs, a subtype of lncRNAs known as long intergenic non-

coding RNAs and the focus of this study, are one possible source of these changes within the 

placenta, and a great deal of research has gone into identifying and characterizing new transcripts 
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and their native tissues.  However, there has been little to no investigation of the factors that 

regulate lincRNA expression specifically, particularly in terms of exposure to exogenous 

toxicants and whether these compounds can induce changes in lincRNA locality or transcription.  

This study will first seek to examine the relationship between lincRNA expression levels and 

infant birth weight, assessing directionality in these associations and highlighting individual 

transcripts for further analysis.    Birth weight analysis will be followed by testing the relationship 

between maternal exposure to heavy metals and expression variation in placental lincRNAs.  

These exposures will be analyzed separately to address specific lead, mercury and cadmium 

exposures.  The implications of any changes found will be examined in relation to newborn 

growth outcomes – specifically birth weight categories, in order to determine if variation in 

lincRNA expression may be related to more clinically meaningful extremes of birth weight.  

These analyses will be performed in a birth cohort drawn from the Rhode Island Child Health 

Study (Deyssenroth et al., 2017).  Use of linear modeling of transcriptional expression relative to 

birth weight and placental metal levels will allow for investigation of any association between 

changes in lincRNAs and birth outcomes and whether lincRNA expression is biologically 

plausible as a mediator in the developmental effects of exposure to trace metals.   

 

2. Methods 

2.1 The Study Population 

The Rhode Island Child Health Study is a birth cohort of 840 women recruited from the 

population of Rhode Island and Southeastern Massachusetts.  These women were approached 

following the delivery of their infant at Women and Infants Hospital of Providence, RI, where 

63% of those originally eligible agreed to participate (Everson et al., 2017).  All subjects provided 

written informed consent approved by the Institutional Review Boards at Women and Infants 

Hospital.  All of the births occurred between Sept 2008 and June 2014, and eligibility criteria 
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included singleton, term infants born at ≥ 37 weeks gestation and without pregnancy 

complications and lacking congenital or chromosomal abnormalities and whose mothers were 

over the age of 18 and spoke English as a language of consent (Deyssenroth et al., 2017; ,Everson 

et al., 2016).  The cohort was oversampled for small for gestational age (SGA, ≤ 10th percentile of 

BW) and large for gestational age (LGA, ≥ 90th percentile of BW) infants based on the a priori 

interest in studying fetal growth and development.  These infants were matched to average for 

gestational age (AGA, 10% < BW percentile < 90%) infants on sex, gestational age (± 3 days), 

and maternal age (± 2 years) (Everson et al., 2016).  Birth weight (BW) percentiles were 

calculated based on the Fenton charts accounting for gestational age, infant sex, birth weight, 

head circumference, and length (Fenton & Kim, 2013).  Data on gestational weeks, infant sex, 

birth weight (grams) and intrauterine growth restriction (IUGR) status – determined in utero via 

ultrasound – were obtained via medical records abstraction (Everson et al., 2017).  An interviewer 

administered questionnaire was used to collect self-reported sociodemographic, lifestyle, and 

medical history data, followed by structured medical records review to collect anthropometric and 

clinical data.  Of the 840 births, placental RNA sequencing took place for a subset of 199 subjects 

representative of the parent cohort and placental metal concentrations were taken for a subset of 

259 subjects, resulting in an overlap of 85 subjects with both RNA sequencing and metal 

biomarker measurements (Deyssenroth et al., 2017). 

 

2.2 Placental Sampling 

Full-thickness sections of placenta were taken within two hours of birth from the fetal 

side of the placenta.  Sections were chosen 2 cm from the umbilical cord insertion site from each 

of the four quadrants around the cord insertion (Everson et al., 2016) – free of maternal decidua – 

and were immediately placed in RNAlater TM (Applied Biosystems, Inc., AM7020) and held at 

4˚ C.  After at least 72 h at this temperature, samples were blotted dry and snap-frozen in liquid 

nitrogen, followed by homogenization and storage at -80˚ C until analysis. Concentrations of 
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cadmium, mercury and lead were measured in parts per million within these homogenized 

samples post-storage using mass spectrometry (Punshon et al., 2016).  

 

2.3 RNA Sequencing 

Total RNA was isolated from homogenized placental samples using the RNeasy Mini Kit 

(Qiagen, Valencia, CA) and stored separately in RNAse-free water at -80 °C (Deyssenroth et al., 

2017).  Yields were quantified using a Quibit Fluorometer (Thermo Scientific, Waltham, MA) 

and integrity assessed using an Agilent Bioanalyzer (Agilent, Santa Clara, CA).  Ribosomal RNA 

was removed using a Ribo-Zero Kit (Huang et al., 2011), with the remaining RNA converted to 

cDNA using random hexamers (Thermo Scientific, Waltham, MA).  Using the HiSeq 2500 

platform (Illumina, San Diego, CA) (Bentley et al., 2008), transcriptome-wide 50 bp single-end 

RNA sequencing was conducted in three sequencing batches; 10% of samples within each batch 

were run in triplicate. 

 

2.4 QC Filtering and Normalization  

Raw RNA sequencing data were quality assessed for both read length and GC content 

using the FastQC software, with quality reads mapped to the hg19 human reference genome using 

the Spliced Transcripts Alignment to a Reference aligner (Dobin et al., 2013).  This technique 

masked SNPs in the reference genome to alignment, where genes with counts less than 1 per 

million across 30 or more samples were considered unexpressed (Deyssenroth et al., 2017).  The 

EDASeq R package (Risso et al., 2011) was used to adjust for GC content within read counts, 

with subsequent use of the calcNormFactors function of the edgeR R package (Robinson et al., 

2010) for TMM correction of library size differences across samples.  The limma R package’s 

voom function (Smyth, 2005) was used to transform the data into logCPM values that accounted 

for the mean-variance relationship in gene expression among the triplicate samples, eliminating 

any duplicates.  Next, any logCPM normalized counts below 2 on a the log2 scale in a minimum 
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of 30 samples were eliminated.  The final filtered, normalized data-set included 12,135 

transcripts, of which around 3,000 were unique non-coding transcripts and 1191 classified as 

lincRNAs. 

 

2.5 Linear Analysis of Differential LincRNA Expression with Birth Weight 

Differential placental lincRNA expression was assessed using the limma R package 

(Smyth, 2005).  Limma acts by employing empirical Bayes methods to generate transcript-wise 

moderated t-statistics across contrasts of interest, where a Benjamini-Hochberg FDR of q<0.05 

was subsequently applied to limit those considered to be demonstrating statistically significant 

differences by exposure.  Each lincRNA transcript was placed in a unique linear model that 

associated its log-expression with continuous birth weight in grams – controlling for gestational 

age, infant sex, maternal age, maternal BMI and maternal smoking during pregnancy.  These 

combinations produced 1191 unique models; any models that demonstrated FDR significant 

trends were utilized in subsequent analyses.  Associated figures were generated using the ggplot2 

package within R (Wickham, 2009).  All analysis was conducted within R 3.4.1 (R Core Team, 

2015). 

 

2.6 Analysis of Log-linear association of LincRNA Expression and Heavy Metals 

Differential placental lincRNA expression was assessed using the limma R package, this 

time compared against log-transformed levels of placental cadmium, mercury and lead – given 

generally log-normal distributions of metal within the 85-member metals subset.  Transcripts for 

this analysis were drawn from the significant results of the prior linear analysis of lincRNAs 

versus birth weight.  The contrasts of interest were likewise subjected to Benjamini-Hochberg p-

adjustment, with any significant results after FDR application demonstrating statistically 

significant difference in transcript by metal exposure.  Covariates included to adjust for potential 

confounders of this relationship varied per each metal.  Models with cadmium included maternal 
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smoking status – as the primary source of cadmium exposure - during pregnancy and infant sex; 

while maternal education and infant sex were the covariates included in both lead and mercury 

models, maternal education was highly correlated with smoking status within the cohort and thus 

removed from cadmium models due to collinearity issues.  Controlling infant sex in all models 

accounted for consistently larger concentrations of metals in placentas of male infants. 

 

2.7 Logistic Regression Analysis 

Transcripts with statistically significant BW-associations were subsequently also selected 

for logistic regression analysis of their relationship with LGA and SGA birth outcomes.  Each 

transcript was placed in its own model as an independent variable compared against birth weight 

categories to highlight potential associations between differential lincRNA expression and LGA 

and SGA births.  Two different types of logistic models were constructed, one where SGA 

children were compared purely against AGA – with LGA excluded – and the other comparing 

only LGA to AGA children.  These restrictions simplified the interpretation of the resulting odds 

ratios, despite the reduction of the subjects for each analysis.  This analysis was performed in the 

full transcriptional cohort of 199 and adjusted for known factors associated with birth weight 

outcomes that are not accounted for within the Fenton classifications: maternal age, highest 

education level as an indicator of SES, BMI and smoking status during pregnancy. 

In order to assess the association of metals to these birth weight outcomes directly, 

logistic regression of LGA and SGA status was also performed against log placental metal 

concentrations.  LGA and SGA comparisons were constructed in the same manner as previously 

described, with comparisons limited to the single extreme category and AGA children.  Six 

regression models were produced, each controlling for maternal age and BMI.  Cadmium models 

also controlled for maternal smoking status rather than maternal education – used in mercury and 

lead models – owing to the same collinearity issues mentioned previously. 
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3. Results 

3.1 Study Population 

The demographics of the full RNA-Seq population and metal panel subset are shown 

in Table 1.  Based on study design, the population is oversampled for small (SGA), large 

(LGA) for gestational age births compared to average for gestational age (AGA).  Average 

gestational age was consistent across all weight categories in the full population - around 39 

weeks - with similar distributions that differed primarily in interquartile range (median 

(IQR): LGA = 39.3 (0.85); SGA = 39.3 (1.29); AGA = 39.4 (1.00)).  Consistent with existing 

literature (Di Renzo et al., 2007), a greater percentage of LGA infants in the cohort were 

male (0.64) and a greater proportion of SGA infants were female (0.77), with AGA infants 

close to evenly represented across sexes.  The majority of the cohort (76%) was born to 

caucasian mothers, but both black and asian mothers were overrepresented among SGA 

infants (23 and 17% respectively) despite each group composing 5.5 and 5.0% of the overall 

cohort respectively.  This is consistent with previous literature (Khalil et al., 2013).  These 

demographic characteristics were largely comparable within the 85-member metal panel 

subset.  For continuous measures, slight decreases were present in SGA and AGA mothers 

for BMI and maternal age.  Most other demographic measures did not differ widely in 

proportions among the three birth weight categories, though the decreased sample size did 

slightly alter the proportion composed by certain ethnic groupings within the metal panel 

subset.  Overall, the subset was deemed to be representative of the full RNA-Seq. cohort. 

 

3.2 Birth Weight Regression 

We initially aimed to identify the lincRNAs associated with birth weight, and found 

that of the 1198 transcripts, 46 demonstrated an association with birth weight with an FDR 

q<0.05, controlling for infant sex and maternal age, BMI, education level, and smoking during 
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pregnancy, with the majority, 40, demonstrated a positive relationship with birth weight and only 

6, a negative association (Figure 1). These transcripts, listed in Table 2, spanned 17 

chromosomes, with chromosomes 1, 8, and the X chromosome as the three most common 

transcriptional locations (5, 5, and 7 transcripts for each respectively). The magnitude of 

associations varied widely among the 46 transcripts, with a maximal decrease of -462.7 g per 

log change in MIR22HG expression (chromosome 17) and a maximal increase of 558.7 g per 

log change in JPX expression (X chromosome). (See Appendix: Table 9 for full regression 

output) 

 

3.3 Metal-Transcript Regression 

The 46 birth weight-associated lincRNAs were subsequently examined for their 

associations with placental trace metals concentrations amongst a subset of samples with 

available metals data (n=85).  In these models we identified 18 transcripts that were 

nominally-significantly (p≤0.05) associated with metal expression: 4 with cadmium, 13 with 

mercury and 1 with lead. These transcripts were spread across 14 chromosomes, with X, 8 

and 12 being the most common (3,2, and 2 transcripts respectively). All ß estimates produced 

for each metal, including those that were not nominally significant, were negative (Appendix 

Tables 6 - 8). Estimates for cadmium ranged from -1.54 to 0.47 log fold change expression 

per log cadmium increase, with MIR22HG (ß= 0.40, P-value = 0.002) as the closest transcript 

to FDR significance across all three metals (FDR P-value = 0.074) (Table 3).  The mercury-

associated transcripts, both numerous and next most FDR-significant, demonstrated a much 

more negative average association, with a mean log fold change of 0.24, as well as two 

transcripts each from chromosomes 8 and X.  The sole borderline-significant association with 

lead was transcript ACO25031.1 (logFC = -0.63, P-value = 0.050), which was one of only 

four negative log fold change values across the three metals. These regression results 

demonstrated the presence of association - though not FDR significant - between metal 
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exposure and placental lincRNA expression within the smaller 85-member metals subset.  

Full regression results from these analyses are displayed in Appendix Tables 6, 7 and 8 for 

cadmium, mercury and lead respectively. 

 

3.4 Logistic Birth Outcome Analysis 

In addition to examining the linear association between lincRNA expression and birth 

weight, we also examined how differences in their expression could relate to more extremes 

of growth, using logistic regression to model the odds for either LGA or SGA status 

compared to AGA with a log increase in lincRNA expression.  LGA status was associated 

significantly with 11 different transcripts among the full transcription analysis cohort (Table 

4), while SGA births were associated significantly with 19 transcripts (Table 5). Of the 

significant LGA transcripts, 8 were associated with increased odds of LGA status with 

increased lincRNA expression, with the remaining 3 transcripts protective against LGA status 

within the cohort.  Conversely, only 3 transcripts were associated with increased odds of 

SGA status; the remaining 16 transcripts were protectively associated against SGA, a trend 

that mirrored the larger trends within the transcript subset, namely 41 of the 46 transcripts 

being both positively associated with LGA and protectively associated with SGA outcomes.  

 Each transcript was uniquely associated with either LGA for SGA births with the 

exception of AP000766.1 located on chromosome 11, which demonstrated a protective 

association with SGA birth but a positive association with LGA birth within the cohort (LGA 

OR = 2.04, 95% CI = (1.23, 3.27); SGA OR = 0.52, 95% CI = (0.30, 0.92)), demonstrating a 

logical inverse effect for opposite outcomes. Transcript associations with birth outcomes 

varied in both direction and magnitude. AC008543.1 on chromosome 19 had the strongest 

significant association with LGA births (OR = 2.34, 95% CI = (1.25, 4.39)), while ERVH48-

1 (chromosome 21) had the strongest protective association (OR = 0.38, 95% CI = (0.18, 

0.81)), mirrored by its large - though not significant - positive association with SGA birth 
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(OR = 2.14, 95% CI = (0.86, 5.31)) (Appendix Table 9). The largest significant association 

with SGA birth came from OSER1-AS1 (chromosome 20; OR = 3.19, 95% CI = (1.30, 7.82)) 

with the strongest significant protective association being from HCG11 on chromosome 6 

(OR = 0.05, 95% CI = (0.01, 0.21)). OSER1-AS1 did not have the strongest association with 

SGA births however; MIR22HG (chromosome 17) had both SGA odds ratio of 3.59 (95% CI 

= (0.83, 15.57)) and an LGA odds ratio of 0.36 (95% CI = (0.11, 1.18)). Though neither 

measure of association was significant, these represented the strongest opposing associations 

from any transcript.   

Having found varying degrees of association across parts of the conceptual pathway - 

via lincRNA transcript expression - from heavy metals to birth weight outcomes, we 

conducted introductory steps to a mediation analysis. However, no significant association 

was found between birth weight and placental metals concentration for cadmium, lead or 

mercury in the metals cohort subset.  Cadmium showed the greatest effect, with a linear 

regression ß-coefficient of -447.1g per ug/g increase in Cd (P-value = 0.140), and lead was 

likewise negatively associated with birth weight (ß = -278.7g per ug/g increase, P-value = 

0.308).  Cadmium was found in logistic regression to be significantly associated with SGA in 

logistic regression of birth weight categories against metals (OR = 25.00, 95% CI = 

(1.28,489.5)); this was the only association found.  Given a lack of main effect observable in 

this sub-cohort and the lack of precision in our logistic estimate, we could not complete a 

formal mediation analysis. 

 

4. Discussion 

In this study, we explored a potential molecular mechanism underlying the relationship 

between in-utero toxic metal exposures and the critical infant outcome of birth weight, despite the 

function of most of the 1191 transcripts included in this analysis being unknown within the 
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placenta. We found that a number of these transcripts were significantly associated with either 

increases or decreases in continuous birth weight, with the results of our logistic regression 

mirroring the directionality of these associations for each of the highlighted transcripts. The initial 

analysis of transcript expression relative to birth weight revealed that the majority of the 

significant transcripts - 40 of 46 - were associated with increased growth relative to expression, 

indicating growth-promotion as the predominant role for placental lincRNAs, with primarily 

positive ß-coefficients across the 46 FDR-significant transcripts highlighted from the linear 

regression.  While all of these transcripts have been classified based upon their chromosomal 

locations, only a few have been characterized beyond nomenclature.  JPX, which displayed the 

largest ß estimate associating it with growth (558.7 g/log(JPX)), was found by (D. Tian, Sun, & 

Lee, 2010) to be an Xist activator involved in X chromosome inactivation, thereby mediating 

dosage control of X-linked genes; JPX deletion was lethal in X/X-phenotype embryonic stem 

cells.  MIR22HG, the strongest growth-opposing transcript identified, was found to be an early-

responding indicator of chemically-induced cell stress in human induced pluripotent stem cells 

(Tani et al., 2014) as well as appearing to be down-regulated in ovarian cancer tissues when 

compared to ovarian surface epithelium (Li et al., 2016).  These examples present lincRNAs - 

among their many potential roles - as playing regulatory roles in dosage control for properly-

directed cell growth and restricting of growth in conditions that endanger the cell, with clear 

oncogene potential in cancer development when aberrantly expressed. 

Analysis of the metal exposures in relation to transcript expression offered further insight 

into potential association of lincRNA expression and birth weight outcomes.  As previously 

highlighted, all nominally significant associations showed negative correlation between 

increasing placental metal levels and lincRNA expression, indicating these metals possess some 

level of inhibitory relationship with these transcripts.  The lack of any FDR-significant 

associations here can likely be attributed to primarily low sample size within the metal subset 

cohort.  The most significant association found (FDR and nominal) was again MIR22HG, 
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offering a potential mechanism for cadmium-mediated aberrant growth via reduced MIR22HG 

anti-inflammatory activity.  Another cadmium-associated transcript ERVH48-1 - found to be 

negatively associated with growth in the previous analysis (Table 2) - was identified as a human 

endogenous retroviral transcript involved in syncytialization (spontaneous cell fusion) repression 

via binding of the syn1 receptor protein (Okahara et al., 2004; Sugimoto et al., 2013).  The 

localization of most HERV transcripts exclusively to the placenta indicates the importance of this 

anti-fusion property in controlling placental growth, and their expression was found to be reduced 

in cases of pregnancy-induced hypertension (Kudaka et al., 2008).  The presence of JPX among 

transcripts linked to Mercury concentrations also presents a possible link to the neurological 

outcomes possibly attributed to the metal, as JPX is normally expressed in fairly high levels 

within brain cells (Fagerberg et al., 2014).  It should be noted here that the relative activity level 

of lincRNAs - similar to other lncRNAs but different from translated mRNAs - varies greatly 

across transcript type; one transcript can potentially perform substantial regulatory activity at 

concentrations previously undetectable a decade ago, perhaps the same amount of activity as 

another lincRNA transcript at easily-measured, abundant concentrations.  PART1, prostate 

androgen-regulated transcript 1, is another growth-promoting (Table 2) item on this list with 

mercury.  The transcript is preferentially expressed primarily in the brain, prostate, salivary 

glands, placenta and bladder (Fagerberg et al., 2014) and is involved in androgen receptor-

mediated regulation of the prostate (Lin et al., 2000) as well as cell proliferation in cases of 

colorectal cancer (Hu et al., 2017).  These growth mechanisms could potentially be involved 

normal cell proliferation and growth during development yet result in deleterious cellular 

phenotypes if dysregulated during both fetal growth or adulthood. 

Logistic regression produced 29 transcripts that were significantly associated with LGA 

births, SGA births or - in the case of AP000766.1 - both, with the direction of association broadly 

consistent with the prior linear regression of birth weight.  While this overlap is readily apparent, 

logistic regression of birth weight categories was selected as a way of controlling for variability 
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in both gestational age and birth weight with sex using one variable, and served to highlight the 

strength and directionality of potential pathologic associations within the cohort.  As previously 

mentioned LGA and SGA births have been explicitly associated with a litany of health outcomes 

and morbidities within newborn infants, young children and even adults (Colman et al., 2012; 

Grissom & Reyes, 2013; Moore et al., 2012; Van Lieshout & Boyle, 2011), so each category is 

treated with the same gravity in our analyses.  Within the LGA category PART1 appears again 

(OR = 1.72, 95% CI = (1.01, 2.92)), indicating its potential role in aberrant cell growth in cases of 

over-expression.  It is important to note that a number of the strong, significant associations 

highlighted in the previous linear analysis, such as MIR22HG and JPX, are not present among the 

significant transcripts.  This is likely due to the method utilized to code birth weight categories 

for regression, which excluded SGA children from the SGA regression and LGA children from 

the SGA regression, meaning the only comparison was between individual extreme phenotypes 

and AGA children.  This reduced sample sizes down to 169 and 140 for LGA and SGA 

regressions, around a 15% and 30% change for these groups respectively from the 199 subjects 

with full transcriptional data.  Examination of Figure 2 shows that some of the more pronounced 

odds ratios produced belong to transcripts positively associated with SGA birth outcomes, 

including MIR22HG, ERVH48-1, LINC00337 and OSER1-AS1, though these transcripts also 

have the widest (MIR22HG) or among the widest confidence intervals in the entire list of 

transcripts.  This is consistent with increasing data variability due to smaller sample size, though 

the direction and magnitude of these prominent associations cannot be ignored despite incomplete 

significance. 

The collection of metal samples for 259 subjects in the overall study population greatly 

surpassed the majority of previous work done in trace metal sampling.  Esteban-Vasallo et al. 

(2012), who reviewed a large number of studies examining cadmium, mercury and lead 

measurement within the placenta, stated only 19 of the included 74 studies had greater than 100 
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subjects.  This low sample size reduces the statistical robustness of these studies' findings, which 

in turn varied widely in their associations between environmental exposures and placental trace 

metal concentrations as well as the presence of birth outcomes relating to these metals (Esteban-

Vasallo et al., 2012).  Consequently, this is a limitation of this specific analysis within the RICHS 

cohort study, which was restricted to 85 subjects by the availability of both metal and lncRNA 

data.  Utilizing only 199 subjects for full RNA sequencing analyses also limits study power 

compared to larger GWAS-style investigations.  The cross-sectional design represents the largest 

hurtle in making temporal conclusions regarding the causal association of trace metals and birth 

weight outcomes via lincRNAs.  The low sample size of our cohort also limited our ability to 

highlight associations closer to the null within all of our analyses, particularly those involving the 

smaller metal-subset.  However, it cannot be ignored that this was the largest study on placental 

RNA profiles ever performed, and the data nonetheless does indicate that lincRNA expression 

may play a role in the placenta’s impact on birth weight. 

The strengths of our study design should be highlighted, as its methodology accounts for 

a number of the inconsistencies encountered by previous work in placental metals measurement.  

These included our assumption of a lack of homogenous metal deposition, which was addressed 

via homogenization of multiple samples from a single placenta; previous studies frequently would 

treat a single sample as representative of the entire placenta (Esteban-Vasallo et al., 2012).  

Additionally, both our metal and transcriptional analyses were preceded by stringent quality 

control and storage procedures aimed at RNA preservation, increasing the likelihood of accurate 

metal and transcript measurements and consistency of measurements across samples.  Our sample 

of 199 subjects also represents one of the largest full transcriptome cohorts constructed to date for 

the purposes of human development investigation, and this cannot be overstated.  Further analysis 

within larger cohorts will be required in the future to further characterization of the various 

associations highlighted to definitively address the role of lincRNAs in mediating developmental 

disease phenotypes.  
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5. Tables and Figures 
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Figure 1: Birth weight-lincRNA expression linear regression results.  Individual linear models controlled for gestational age, infant 
sex, maternal age, maternal BMI, maternal education and smoking status during pregnancy, with an FDR significance threshold 
based upon Benjamini-Hochberg adjustment 
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Figure 2 (Part 1):  Full results from logistic regression of LGA and SGA outcomes on transcript expression.  Logistic models 
controlled for known factors associated with birth weight outcomes that are not accounted for within the Fenton 
classifications: maternal age, highest education level – as an indicator of SES – BMI and smoking status during pregnancy. 
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Figure 2 (Part 2):  Full results from logistic regression of LGA and SGA outcomes on transcript expression.  Logistic models 
controlled for known factors associated with birth weight outcomes that are not accounted for within the Fenton 
classifications: maternal age, highest education level – as an indicator of SES – BMI and smoking status during pregnancy. 
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