
Arsenic exposure during embryonic development alters the 
expression of the Long noncoding RNA Growth arrest specific-5 
(Gas5) in a sex-dependent manner

Kevin K Caldwell, Alexander Hafez, Elizabeth Solomon, Matthew Cunningham, and Andrea 
M Allan
Department of Neurosciences, University of New Mexico Health Sciences Center, Albuquerque 
NM 87131

Abstract

Our previous studies suggest that prenatal arsenic exposure (50 ppb) modifies epigenetic control of 

the programming of the glucocorticoid receptor (GR) signaling system in the developing mouse 

brain. These deficits may lead to long-lasting consequences, including deficits in learning and 

memory, increased depressive-like behaviors, and an altered set-point of GR feedback throughout 

life. To understand the arsenic-induced changes within the GR system, we assessed the impact of 

in utero arsenic exposure on the levels of the GR and growth arrest-specific-5 (Gas5), a noncoding 

RNA, across a key gestational period for GR programming (gestational days, GD 14–18) in mice. 

Gas5 contains a glucocorticoid response element (GRE)-like sequence that binds the GR, thereby 

decreasing GR-GRE-dependent gene transcription and potentially altering GR programming. 

Prenatal arsenic exposure resulted in sex-dependent and age-dependent shifts in the levels of GR 

and Gas5 expression in fetal telencephalon. Nuclear GR levels were reduced in males, but 

unchanged in females, at all gestational time points tested. Total cellular Gas5 levels were lower in 

arsenic-exposed males with no changes seen in arsenic-exposed females at GD16 and 18. An 

increase in total cellular Gas-5 along with increased nuclear levels in GD14 arsenic-exposed 

females, suggests a differential regulation of cellular compartmentalization of Gas5. RIP assays 

revealed reduced Gas5 associated with the GR on GD14 in the nuclear fraction prepared from 

arsenic-exposed males and females. This decrease in levels of GR-Gas5 binding continued only in 

the females at GD18. Thus, nuclear GR signaling potential is decreased in prenatal arsenic-

exposed males, while it is increased or maintained at levels approaching normal in prenatal 

arsenic-exposed females. These findings suggest that females, but not males, exposed to arsenic 

are able to regulate the levels of nuclear free GR by altering Gas5 levels, thereby keeping GR 

nuclear signaling closer to control (unexposed) levels.
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Introduction

Arsenic readily crosses the placenta during development [1,34,86] and all forms of arsenic, 

including inorganic and methylated arsenicals, accumulate in the brain [74]. Several 

epidemiological studies have demonstrated that arsenic exposure is associated with 

neurological and cognitive deficits [12,22,27,37,64,70,71,95]. Many of the cognitive deficits 

seen following arsenic exposure may be mediated by the glucocorticoid receptor (GR) and 

hypothalamic pituitary adrenal (HPA) signaling system [44,50,82,94]. In our previous work, 

we observed significant cognitive deficits, which corresponded with alterations in GR 

signaling, in mice that were exposed to arsenic throughout gestation and during the early 

postnatal period [2,9,26,52,53,81,83]. We have shown that exposure to 50 ppb arsenic, a 

concentration that is moderately higher than the EPA recommended limit of 10ppb, affects 

glucocorticoid signaling including reduced expression of GR in both the embryonic and 

adult mouse brain [2,9,26], suggesting that arsenic disrupts the fetal programming of the GR 

system. Aberrant GR programming during development has lasting effects into adulthood, 

including increased susceptibility to psychiatric disorders [50,61,98]. Most of our published 

studies using this model of prenatal arsenic exposure have used males. However, we recently 

reported that sex-specific effects within the glucocorticoid signaling system in fetal placenta 

and brain [9]. In an effort to identify mechanisms through which arsenic exerts these actions, 

we conducted a series of studies assessing the effects of arsenic on regulators of GR 

signaling in the embryonic brain, focusing on noncoding RNAs.

Noncoding RNAs are functional RNA molecules that control gene expression and are not 

thought to be translated into proteins; however, recent studies suggest that some lncRNAs 

may be translated into small polypeptides [16,51]. These molecules regulate gene expression 

at both the transcriptional and post-transcriptional level [13]. Examples of noncoding RNAs 

include microRNAs, which act as RNA silencers by base-pairing with a complementary 

sequence on mRNA, small nucleolar RNAs (snoRNAs), which guide chemical modifications 

of other RNAs, and long noncoding RNAs (lncRNAs), which are distinguished from other 

noncoding RNAs by having a transcript length greater than 200 nucleotides [33]. While 

more than one-fifth of the genome has been determined to consist of these new classes of 

RNA molecules, the physiologic roles of most of them are still unknown [42]. The 

abundance of these noncoding RNA molecules, combined with data suggesting that certain 

types of noncoding RNAs are highly conserved throughout species, suggests that they may 

play important roles as epigenetic gene regulators [41].

Growth arrest-specific-5 (Gas5) is a lnc RNA which has been implicated in a variety of 

cellular processes including cell cycle control and growth arrest [48,57,75] and apoptosis 

[39,57,58,66]. Gas5 expression has been shown to arrest cells in the G1-S phase of growth, 

suggesting that it may act as a cell cycle regulator [30]. Prolonged growth arrest in cells with 

high levels of Gas5 has been shown to cause a decrease in the transcription of the inhibitor 

of apoptosis 2 (IAP2) gene, thereby sensitizing cells to apoptosis [45]. It is important to note 

that the IAP2 gene contains a glucocorticoid response element (GRE) site within its 

promoter and its expression is induced by dexamethasone [91]. Gas5 reduces GR-dependent 

transcription by forming a double helical, hairpin structure which mimics a GRE site, and 

which competes with GREs for binding to the DNA binding domain of the GR [39,45,80]. 
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Gas5 also is capable of binding to and blocking the transcriptional activity of the 

mineralocorticoid, progesterone and androgen, but not estrogen, receptors [39,45]. In 

addition to binding steroid hormone receptors, Gas5 is a multiple snoRNA host gene that 

encodes 9 (10 in humans) C/D box snoRNAs within 11 introns [76]. Recently, He et al. [35] 

reported that, in humans, five of these snoRNAs contain sequences that appear to be PIWI-

interacting RNAs (piRNAs). Thus, there are several likely sources of transcriptional and 

translational regulation contained within the Gas5 gene.

Gas5 expression is detected as early as the 8-cell stage of mouse development [24] and 

continues throughout embryogenesis and fetal development with relatively high expression 

in the developing brain [15]. Fetal mouse Gas5 expression peaks at gestational day (GD) 16 

[15]. In the adult mouse, Gas5 expression is high in brain and low in liver and spleen [15]. 

Morellini and colleagues [55] have shown that Gas5 is expressed in the hippocampus at 

higher levels than found throughout the rest of the brain [55].

The role of Gas5 as a regulator of GR-associated transcription suggests that it may play a 

significant role in the programming of the HPA axis during development and throughout life. 

Programming of the HPA axis is believed to be most important during the second trimester 

(~GD10-19 in the mouse) of fetal development [38,69]. Gas5 expression has been shown to 

be increased during periods of psychogenic stress, suggesting that Gas5 is also a likely 

regulator of HPA axis programming postnatally [55].

The role of lncRNAs in prenatal arsenic-mediated changes in GR programming has not been 

explored. The goal of the present studies was to assess the impact of prenatal arsenic 

exposure during fetal brain development on both Gas5 and GR levels to determine if 

changes in the lncRNA may be responsible for altered GR programming following in utero 
exposure to arsenic.

Materials and Methods

Prenatal Arsenic Exposure Model

All procedures involving animals, including the prenatal arsenic exposure model, were 

approved by the Institutional Animal Care and Use Committee at the University of New 

Mexico and followed the National Institutes of Health Guide for the care and use of 

laboratory animals (8th edition, 2011). Male and female C57BL/6J mice were obtained from 

Jackson Laboratory and were raised in a reverse light/dark cycle with lights on at 20:00 and 

off at 08:00 daily. Female animals were exposed to arsenic in their drinking water, as 

previously described [53,85]. Prior to mating, female mice were acclimated to arsenic 

exposure by drinking 50 parts-per-billion (ppb) arsenic (sodium arsenate, Sigma Aldrich) 

water, prepared using standard tap water. Control mice were provided with tap water, which 

contained approximately 5 ppb arsenic. Mating occurred over a single 8 hour period during 

the dark cycle. After mating, females were maintained on arsenic water throughout 

pregnancy. Dams were decapitated, fetuses were removed and the telencephalons were 

dissected, snap frozen in liquid nitrogen and stored at −80° C at GD14, 16 or 18. Mice were 

euthanized between 0800–1000hr.
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Sex Determination qPCR Analysis

Fetal sex was determined by measuring genomic DNA (gDNA) expression of the Sry gene. 

Sry gene primers were purchased from Invitrogen (cat: A156612) with the following 

sequences: forward: GCTGGGATGCAGGTGGAAAA; reverse: 

CCCTCCGATGAGGCTGATATT (PrimerBank ID: 6766761a1). qPCR was carried out in 

duplicate using Roche FastStart Universal SYBR Green Master (ROX) (cat: 04913850001, 

Roche Diagnostics) following the manufacturer’s suggested protocol. Sex was determined 

by comparative analysis of Ct values [84].

Tissue Extraction for Protein Quantification

Fetal telencephalons were homogenized according to previously established protocols [7]. 

Individual telencephalons were homogenized in a Kontes RNase-Free Pellet Pestle Grinder 

(cat: KT749520-0090, VWR) in 100 μL ice cold homogenization buffer (HB) (20 mM Tris-

HCl, pH 7.4, 1 mM EDTA, 320 mM sucrose, 1:1000 protease inhibitor cocktail (Sigma 

P8340), 200 μM sodium orthovanadate). Samples were centrifuged at 1,000 ×gmax for 6 

minutes, the supernatant was removed, the pellet was resuspended in 75 μL of HB and spun 

again at 1,000 ×gmax for 10 minutes. The supernatant was removed, combined with the first 

supernatant and frozen at −80° C; the preparation was designated the post-nuclear lysate 

(PNL) and contains cytosolic and membrane proteins. The pellet was resuspended in 

extraction buffer (EB) (HB containing 75 mM NaCl, 75 mM KCl and 1% v/v Triton X-100). 

Samples were sonicated (2× 15 sec) in ice then kept in ice for 20 minutes. Samples were 

centrifuged at 15,000 ×gmax for 15 min and the supernatant was collected as the soluble 

nuclear (nuc) fraction, and frozen at −80° C. Protein concentration was determined using the 

Qubit® Protein Assay Kit following the manual method (cat: Q33212, ThermoFisher 

Scientific) on a Qubit® 2.0 Fluorometer.

Evaluation of Protein Expression

Immunoblotting was carried out following established protocols [2,84]. Antibody 

concentrations and loaded total proteins amounts (15 μg) of male and female PNL and nuc 

fractions were optimized to fit the linear range of signal detection. Protein expression was 

evaluated in GD14, GD16 and GD18, male and female, PNL and nuc fractions (n ≥ 5). 

Transfer was done onto Immobilon-FL Transfer Membrane (cat: IPFL07810, Millipore) 

using a Mini Blot Module (cat: B1000, Life Technologies). Blots were incubated in in LI-

COR Blocking Buffer (cat: 927-40000, LI-COR) overnight at +4° C. Membranes were then 

incubated with anti-GR antibody (cat: sc-1004, Santa Cruz Biotechnology) diluted 1:1,000 

in PBS-T (10x PBS (cat: 70011-044, Life Technologies) diluted in deionized water, 1% v/v 

Tween-20) for 3 hours at room temperature. An immunofluorescent secondary antibody was 

applied (IRDye 680 Donkey anti-Rabbit IgG (cat: 926-68073) diluted 1:10,000 in PBS-T) 

for 45 minutes at room temperature without light exposure. Imaging of the immunoblots was 

conducted using a two-channel infrared detection Odyssey Infrared Imaging System (cat: 

LIC-8201-00, LI-COR) and quantified using Image Studio version 5.0 (LI-COR 

Biosciences). Protein detected by immunofluorescence was corrected to the total protein as 

quantified by Coomassie staining [65].
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Nucleic Acid Purification

gDNA and RNA were extracted from 20 mg frozen telencephalon using the DNeasy Blood 

and Tissue Mini Kit (cat: 69504, Qiagen) and RNeasy Plus Mini Kit (cat: 74134, Qiagen), 

respectively, according to the manual methods. The gDNA and RNA were stored at −20° C 

and −80° C, respectively. Integrity was tested using a NanoDrop 1000 Spectrophotometer 

(Thermo Scientific) followed by quantification using the Qubit dsDNA HS Assay Kit (cat: 

Q32851, Thermo Scientific) or using the Qubit RNA BR Assay Kit (cat: Q10211, Thermo 

Scientific) on a Qubit® 2.0 Fluorometer.

Quantitative PCR assessment of microRNA expression

Ten ng of total RNA was reverse transcribed with the TaqMan® MicroRNA Reverse 

Transcription Kit (cat: 4366596; Life Technologies) using primer sets for TaqMan® 

MicroRNA Assay (cat: 4427975; Life Technologies) for miR-21 (mmu-mir21 Accession 

MI0000569) according to the manufacturer’s instructions. To produce cDNA suitable for the 

endogenous control, snoRNA202 (Snord68, cat:4427975; ThermoFisher) RNA was reverse 

transcribed with the TaqMan® MicroRNA Reverse Transcription Kit and Random 

Hexamers (50 μM, cat: N8080127; Life Technologies). Previous work identified this 

snoRNA as a stable endogenous control for assessments of microRNA expression in our 

prenatal arsenic exposure model [9,84].

Gas5 RNA Assessment

Reverse transcription was carried out on 1 μg of RNA using the Roche Transcriptor First 

Strand cDNA Synthesis Kit (cat: 04897030001, Roche Diagnostics) according to the 

associated manual method. cDNA was further quantified using NanoDrop and stored at 

−20°C. Quantitative analysis of Gas5 lncRNA expression was carried out using qPCR. 

qPCR primers for Gas5 lncRNA were developed using the NCBI Primer-Blast software: 

forward: GGAAGCTGGATAACAGAGCGA; reverse: 

GGTATTCCTTGTAATGGGACCAC. Hprt was used as an endogenous control using the 

following primer set, forward: TGACACTGGCAAAACAATGCA; reverse: 

GGTCCTTTTCACCAGCAAGCT. Primer specificity was determined using qPCR 

dissociation curves and agarose gel electrophoresis and efficiency was established to be 

between 90% and 110%. Samples were run in triplicate on a LightCycler 96 instrument 

(Roche Diagnostics) using Roche FastStart Universal SYBR Green Master (Rox) (cat: 

04913850001, Roche Diagnostics) under standard conditions. Template and reverse 

transcription negative controls were confirmed negative. To assess the levels of Gas5 in the 

nuclear fraction, the RNA extracted from the input fraction of the RIP was converted to 

cDNA and Gas5 levels were quantified by qPCR. Analysis of fold expression was carried 

out using the Comparative CT method.

RNA Binding Protein Co-Immunoprecipitation (RIP)

The level of nuclear Gas5 bound with GR was measured by immunoprecipitation of the GR 

and assessment of associated Gas5 by qPCR. Using the Magna Nuclear RIP (Cross-linked) 

Nuclear RNA-Binding Protein Immunoprecipitation Kit (Millipore, #17-10520), frozen 

whole telecephalon was homogenized in ice-cold Nuclease Free PBS (kit) with Protease 
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Inhibitor Cocktail (kit) and RNase Inhibitor (kit). Half of this cellular homogenate was 

treated with formaldehyde to cross-link associated molecules. The cytoplasmic membrane 

was lysed and the nuclei were isolated by centrifugation at 1,000 ×gmax for 5 minutes at 

+4*C. Following probe sonication of the nuclear lysate, 10uL of each nuclear lysate was 

removed and labeled “Input” and 50uL of each nuclear lysate was used for the 

immunoprecipitation reaction and labeled “IP.” Using anti-GR antibody (M-20; Santa Cruz, 

sc-1004x), GR and associated molecules were isolated using magnetic beads (kit). 

Following elution and cross-link reversal, the RNA was purified with Trizol (Thermo 

10296028) and chloroform. Pellet Paint (Millipore, 69049-3), a precipitate enhancer, was 

used to aid the RNA purification. Following qPCR, the data were analyzed as % input, 

following Thermo Fisher’s online guide for ChIP data analysis.

Statistical Analysis

Protein and RNA expression data were analyzed using SPSS (v.24, IBM) and GraphPad 

Prism 6 software (GraphPad Software, Inc). Two-way or one-way ANOVAs, followed with 

post hoc comparison using bonferroni corrected Student’s t-test was done with significance 

determined by a p value of <.05. Data are presented as mean ± SEM normalized to control. 

A power calculation (G*power v3.1.9.2) for a two way ANOVA revealed an expected 80% 

power to detect an effect of .65 with 5 per group and for a one-way ANOVA with n= 5 per 

group the effect size detected is .68. The number of samples per group ranged from 5–9.

Results

Developmental expression of Gas5: influence of sex and arsenic exposure

We assessed the developmental changes in Gas5 levels in both controls and prenatal arsenic 

exposed fetal brains at GD14-18, a period critical to glucocorticoid programming [38,69,77]. 

To make the comparison across the developmental time points, the data in Figure 1 are 

corrected to the control expression levels at GD14 within each sex. There is a common 

pattern of Gas5 expression in the male and female control brain with a large peak at GD16 

and precipitous decline by GD18 (Figure 1 column). One-way ANOVA found a significant 

effect of age on Gas5 levels [F(2,20)= 58.44, p=.0001] for males and females 

[(F(2,18)=33.806, p=.0001]. Compared to E14, there was a significant increase in Gas5 

levels at E16 [(t(12)=4.73, p=.0001] and a significant decrease at E18 (t(12)= 2.564, p= .

025] for females. Similarly for the males, levels of Gas5 at E16 were greater then E14 

[t(12)=3.089, p=.009 ] and there was a significant decrease at E18 [t(14)=6.643, p=.0001] 

relative to E14 levels.

In general, prenatal arsenic exposure blunted the developmental-dependent increase in Gas5 

at GD16 (Figure 1 right column) in both the male and female brains; however, the reduction 

at GD 18 was still present. The age analysis revealed a significant developmental effect of 

age on Gas5 RNA in the arsenic females [F(1,17)= 58.998, p=.0001] and arsenic males 

[F(1,19)=43.315, p=.0001]. Unlike the control condition, there was no significant increase in 

Gas5 levels at E16 but there was a significant decrease from GD14 to GD18 [t(13)=6.805, 

p=.0001] for the males and for the females [t(11)= 6.435, p=.0001].
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Developmental expression of GR: influence of sex and arsenic exposure

Gas5 binds to the DNA binding domain of the GR via two GRE-like sequences in Gas5, 

thereby suppressing the transcriptional activity of the GR [39,45]. Because of this, Gas5 has 

often been referred to as a ‘GR decoy’ or a riborepressor for GR [45]. It has been suggested 

that high levels of Gas5 can alter glucocorticoid responding, potentially reducing GR ability 

to autoregulate [49]. We assessed the levels of the GR in both the nuclear and PNL fractions 

in arsenic-exposed and control male and female fetal brains at GD14-18 using 

immunoblotting techniques (Figure 2). Two-way ANOVAs were conducted on the separate 

fractions and developmental time-points. For the GD14 nuclear fraction (Figure 2A), there 

was no significant treatment effect [F(1,16)= 3.924, p=.065] or sex effect [F(1,16)= 3.318, 

p= .087], but there was a significant treatment by sex interaction [F(1,16)= 7.793, p=.012]. 

There was a decrease in the levels of nuclear GR in the males exposed to arsenic 

[t(8)=3.966, p=.004] with no decrease present in the arsenic-exposed females. In the GD14 

PNL fraction (Figure 2B) there was a significant effect of arsenic treatment [F(1,18)= 7.202, 

p=.015] and no significant sex effect [F(1,18)= 0.145, p= .707], but there was a significant 

treatment by sex interaction [F(1,18)= 4.478, p=.05]. Post hoc analysis showed a significant 

decrease in the levels of GR in the PNL fraction in arsenic males [t(10)= 2.876, p=.0165] but 

not in females. In the nuclear fraction at GD16 (Figure 2C), two-way ANOVA revealed that 

there was no significant treatment effect [F(1,36)= 3.0173, p=.091] but there was a 

significant sex effect [F(1,36)= 91.05, p= .0001], as well as a significant treatment by sex 

interaction [F(1,36)= 6.361, p=.016]. Again, we found that there was a decrease in GR levels 

in the arsenic-exposed male nuclear fraction [t(12)=2.7, p=.0137] with no effect on female 

GD16 nuclear levels. In the PNL fraction at GD16 (figure 2D), there was no significant 

treatment effect [F(1,21)= 2.071, p=.165] but there was a significant sex effect [F(1,21)= 

27.39, p= .0001], and no significant treatment by sex interaction [F(1,21)= 1.498, p=.235]. 

In the nuclear fraction from GD18 brain (Figure 2E), two-way ANOVA revealed that there 

was no significant treatment effect [F(1,21)= 0.096, p=.760] or sex effect [F(1,21)= 1.253, 

p= .276], but there was a significant treatment by sex interaction [F(1,21)= 8.30, p=.009]. 

Post hoc testing showed a significant decrease in nuclear GR levels in male arsenic-exposed 

[t(12)= 2.283, p= .0415] with no reduction in female arsenic-exposed. In the PNL fraction at 

GD18 (Figure 2F) there were no changes noted due to sex or arsenic treatment. Two-way 

ANOVA revealed that there was no significant treatment effect [F(1,21)= .0096, p=.760] and 

no significant sex effect [F(1,21)= 1.253, p= .276], but there was a significant treatment by 

sex interaction [F(1,21)= 8.3098, p=.009]. We note that the effects of prenatal arsenic 

exposure on nuclear and PNL GR levels in GD14 and GD18 males observed in the present 

studies replicate our previous findings [9].

Sex dependent changes in Gas5 in response to arsenic exposure

We measured the impact of prenatal arsenic exposure on total Gas5 in male and female brain 

at each of the developmental time-points (Figure 3). The fold expression data in Figure 3 are 

expressed relative to female controls within gestational day. At GD14 (Figure 3 left panel), a 

two-way ANOVA revealed a significant effect of treatment [F(1,24)= 7.857, p=.010], no 

effect of sex [F(1,24)= .107, p=.746] and a treatment by sex interaction [F(1,24)=9.772, p=.

005]. Post hoc analysis revealed a significant increase in Gas5 levels in arsenic-exposed 

females [t(12)=4.602, p=.001], but not males. This sex difference was reversed by GD16 
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(Figure 3 center panel); there was a significant effect of treatment [F(1,24)= 12.803, p=.

002], no effect of sex [F(1,24)= 1.230, p=.278] and no treatment by sex interaction 

[F(1,24)=2.145, p=.156]. By GD16, arsenic-exposed males displayed a significant decrease 

in Gas5 [t(12)= 3.744, p=.003], while females showed no effect of arsenic on Gas5 levels. 

The reduction in Gas5 levels in male arsenic exposed brains continued into GD18 (Figure 3 

right panel). We found there was no significant overall effect of treatment [F(1,28)= 1.548, 

p=.224], a significant effect of sex [F(1,28)= 28.73, p=.0001] and no treatment by sex 

interaction [F(1,28)=2.162, p=.153]. The overall sex difference in Gas5 levels at GD18 was 

due to a lower level of Gas5 in the male brain overall. In addition, there was a significant 

Gas5 decrease in male arsenic-exposed [t(15)=3.347, p=.004], similar to that seen at GD16.

Effect of prenatal arsenic on levels of miR-21

Sodium arsenite has been shown to increase microRNA-21 (miR-21) expression in cultured 

cells [28,47,68]. Gas5 and miR-21 are known to negatively regulate each other’s levels [97]. 

mir-21 is expressed prior to GD12 in the mouse embryo [56], with expression in the GD18 

mouse brain being enriched in the hippocampal formation and cortex [67]. To determine if 

the arsenic-associated changes in Gas5 levels were due to reciprocal changes in the levels of 

miR-21, we measured levels of miR-21 in brain samples taken from littermates analyzed for 

Gas5 levels (Figure 4). The fold expression data presented are expressed relative to female 

control levels of miR-21. At GD14 (Figure 4 left panel) a two way ANOVA revealed no 

significant effect of treatment [F(1,24)= 2.084, p=.162], no effect of sex [F(1,24)=0.048, p=.

829] and no treatment by sex interaction [F(1,24)=0.007, p=.936]. At GD16 (figure 4 center 

panel) there was an overall effect of treatment [F(1,24)= 4.693, p=.04], no effect of sex 

[F(1,24)=0.001, p=.984] and no treatment by sex interaction [F(1,24)=0.143, p=.718]. 

Arsenic reduced the levels of miR-21 slightly in both males and females. At GD18 (Figure 4 

right panel), again, there was no significant effect of treatment [F(1,24)= 1.330, p=.260], no 

effect of sex [F(1,24)=2.373, p=.137] and no treatment by sex interaction [F(1,24)=0.420, 

p=.523].

Impact of arsenic on the nuclear localization of Gas5

GAS5 is present in both the cytoplasm and nucleus of cells [8,15,45,97]. The subcellular 

localization of lncRNAs has been reported to determine their function [14]. We assessed the 

levels of Gas5 in the unfractionated brain homogenate in Figure 1 to assess changes due to 

developmental age and arsenic exposure. In Figure 3 we measured total Gas5 levels in males 

and females in response to arsenic. Here we assessed the levels of Gas5 in the nuclear 

fraction to determine if there were differences in the nuclear availability of Gas5, which, in 

turn, could alter GR transcriptional regulation (Figure 5). In these studies, we assessed only 

GD14 and GD18, as these two developmental time points revealed the most robust sex 

differences in response to arsenic exposure.

At GD14 there was no overall treatment effect on the levels of nuclear Gas5 [F(1,12)=.114, 

p=.741] but there was an overall sex effect [F(1,12)= 5.236, p=.041] and a trend towards a 

treatment by sex interaction [F(1,12)= 4.291, p= .061]. Post hoc analysis showed a 

significant decrease in nuclear Gas5 levels among arsenic-exposed females. There was a 

non-significant trend of increased Gas5 levels in the arsenic-exposed male nuclear fraction.
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At GD18 there was no significant treatment effect [F(1,20)= 0.525, p=.477] and no sex 

effect [F(1,20)= 3.22, p= .088], while the treatment by sex interaction approached 

significance [F(1,20)= 4.101, p=.056]. This was likely due to a trend toward decreasing 

nuclear Gas5 levels in the arsenic-exposed males.

RIP analysis of the Interaction between nuclear Gas5 and GR

Gas5 plays a key role in the regulation of GR-dependent transcription [39,45,80]. It is 

possible that arsenic regulates GR transcriptional activity by controlling the level of free 

(uncomplexed) nuclear GR. To explore this possibility, we preformed an RNA binding 

protein co-immunoprecipitation (RIP) assay (Figure 6) in which we immunopercipitated the 

GR and quantified the amount of Gas5 bound. The results from the nuclear Gas5 

determinations (Figure 5) were critical to the interpretation of the RIP data, thus we only 

assessed GD14 and GD18 developmental time points.

A two-way ANOVA of the GD14 data revealed a significant overall effect of treatment 

[F(1,17)=10.471, p=.005], a significant effect of sex [F(1,17)=18.606, p=.0001] and no sex 

by treatment interaction [F(1,17)= 3.378, p=.084]. There was a significant decrease in Gas5-

GR association following arsenic exposure in both male [t(9)= 2.41, p =.039] and female 

[t(8)= 2.53. p= .035] GD14 brains. Analysis of the GD18 data found no overall treatment 

effect [F(1,20)=3.150, p=.091], a significant effect of sex [F(1,20)= 69.492, p=.0001] and a 

significant sex by treatment interaction [F(1,20)= 7.504, p= .013]. The source of the 

significant sex by treatment interaction was a significant decrease in GR-associated Gas5 at 

GD 18 in the females [t(10)= 2.81, p=.019] exposed to arsenic, but not the males [t(10)= .

801, p=.437]. The GD18 arsenic-exposed males had a trend towards an increase in bound 

Gas5. Finally, there was a 3-fold difference between the sexes at GD14 and a 2-fold 

difference at GD18 in the percentage of Gas5 input levels bound to the GR with females 

having a higher percentage of total Gas5 bound to GR.

Discussion

Males and females differ in their responses to a variety of both natural experiences and 

experimental manipulations across the lifespan. In general, the existing literature indicates 

that males are more sensitive to the effects of in utero experiences/exposures 

[17,18,21,23,62,73] and are more at risk for adverse pregnancy outcomes [20,78,87] than are 

females. However, there are reports that the effect of sex may be measure-specific [31,88] 

and that, for some exposures and outcomes, females are more sensitive than are males to 

alterations in the in utero environment [6,10,19,36,60]. In fact, a series of studies on the 

populations in Bangladesh found that in utero arsenic exposure produced significant 

associations of urinary arsenic and lower IQ and a reduction in physical growth in females 

but not in male school-aged children [32,72]. While our current studies do not assess 

cognitive function, in our previous work with the prenatal arsenic model we have found 

significant cognitive deficits in male offspring [52,53], and in our molecular work we have 

often found changes in males but not females exposed to prenatal arsenic [2,83,84], 

suggesting a protective effect of female sex in our low to moderate exposure mouse model. 

While the relationship between Gas5 and cognition is not known, our studies do demonstrate 
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that, in fetal brain, prenatal exposure to arsenic selectively alters GR levels in males, while 

modifying total Gas5 and nuclear Gas5 association with GR in both males and females. 

Collectively, the data indicate that prenatal arsenic exposure was associated with reduced 

GR signaling potential in male fetal brain and increased GR signaling potential in female 

fetal brain (see below). Thus, we observed measure-specific, sex-dependent effects of 

prenatal arsenic exposure. In general, the results agree with our previous observations that 

glucocorticoid signaling is altered in male but not in female fetal placenta and brain [9].

In order to assess the implications of the findings from the RIP study, we applied a 

simplified model of reversible binding (interaction) of two molecules [43,93] with a 

stoichiometry of 1:1 for the binding of GR and Gas5 [39,45]. We assumed that arsenic 

exposure does not change the affinity (Kd, dissociation constant) of the GR•Gas5 complex. It 

is important to acknowledge that this is a limitation of our model and requires further 

research to support the assumption. The model is described by the equation:

Applying this model to the findings from the measurements of nuclear GR (Figure 2; 

GRtotal), nuclear Gas5 (Figure 5; Gas5total) and nuclear GR•Gas5 complex, we developed 

the following conclusions. In the GD14 females, the findings of unaltered nuclear GR and 

reduced nuclear Gas5 predicted a decreased interaction of GR and Gas5, which was found in 

the RIP assay (Figure 6). Because GRtotal was not changed by arsenic exposure, the 

decreased level of GR•Gas5 will increase the level of GRfree, thus potentially increasing GR 

signaling. DISCUSS EFFECTS ON NUCLEAR FREE Gas5 In the GD14 males, nuclear 

GR levels were reduced while Gas5 levels were unchanged, predicting a decreased 

interaction of GR and Gas5, which was found in the RIP study. The reduction in the level of 

the GR•Gas5 complex increases the fraction of the GR pool that is free (uncomplexed) in the 

arsenic-exposed males, since GRtotal = GRfree + GRbound. However, a relatively large 

percentage of nuclear GR would need to be bound to Gas5 in control animals for an arsenic-

dependent increase in free GR to compensate for the ~40% decrease in total GR that was 

measured in the arsenic-exposed mice. Although the present studies did not assess the 

percentage of nuclear GRs bound to Gas5, it seems likely that, relative to GRfree levels in 

control mice, GRfree levels, and, consequently, nuclear GR signaling potential, are reduced 

in the GD14 arsenic-exposed male brain. DISCUSS EFFECTS ON NUCLEAR FREE Gas5 

In the GD18 females, GRtotal and Gas5total levels were unaltered, predicting that GR binding 

to Gas5 was not changed. However, the reduced GR•Gas5 binding detected in the RIP assay 

indicates that a smaller percentage of the Gas5 pool is complexed with GR, effectively 

increasing the percentage of GR that is free. Combined with the trend (p=.095) toward an 

increased level of GR, the data indicate that nuclear GR signaling is increased in the GD18 

female arsenic-exposed brain. DISCUSS EFFECTS ON NUCLEAR FREE Gas5 Finally, in 

the GD18 male, the reduced GRtotal detected in the presence of an unaltered level of Gas5 

predicted a decreased in GR•Gas5 interaction in the RIP assay. However, we found no 
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change in GR•Gas5 binding, indicating that GRfree is reduced in the arsenic-exposed mice. 

Thus, we conclude that nuclear GR signaling is reduced in the GD18 males. DISCUSS 

EFFECTS ON NUCLEAR FREE Gas5.

Alternatively, the RIP assay findings can be interpreted in light of the reported interaction of 

arsenic with the four cysteine (C4) zinc finger DNA-binding domain of the GR [3], which 

blocks the binding of the receptor to GREs in hormone-responsive genes [29]. If arsenic 

competes with Gas5 for binding to the GR in vivo, GR-associated Gas5 levels detected in 

RIP samples prepared from prenatal arsenic-exposed animals would be predicted to be 

reduced, as some GRs would be bound to arsenic rather than Gas5, assuming no 

compensatory changes in GR or Gas5 levels or the affinity of the GR•Gas5 interaction. This 

also assumes that arsenic is present in the nuclear lysates used in the RIP assay, thus 

maintaining the predicted reduction in GR•Gas5 binding during immunoprecipitation of the 

GR complex. Importantly, the observed reduction in the association of GR with Gas5 would 

not indicate that “free” (uncomplexed) GR levels are increased, as predicted by the kinetic 

model. In fact, “free” GR levels could be further decreased, if arsenic is bound to receptors 

in addition to those displaced from Gas5. While the findings in the E14 male, E14 female 

and E18 female fetal brain RIP assays are consistent with an arsenic-mediated reduction in 

GR-Gas5 association, the finding of unaltered GR-Gas5 association in E18 males is not. If 

increases in “free” (not bound to Gas5) GR predicted by the RIP assay for GD14 males do 

not represent GRs that are available for regulation of gene transcription, then the reduced 

level of nuclear GRs indicates that GR signaling potential is reduced in these animals. If in 

the E14 and E18 females, the predicted increase in non-Gas5-bound GR simply represents 

GRs bound to arsenic, rather than uncomplexed GRs, then GR signaling potential would not 

be altered in these animals relative to control, since nuclear total levels were not changed. In 

the E18 males, the reduction in nuclear total GR and lack of change in Gas5-associated GR, 

combined with the expectation that some GRs are bound to arsenic, indicates that 

uncomplexed GR available for signaling is reduced in these animals.

Based on the above considerations, we propose that nuclear GR signaling potential is 

decreased in GD14 and GD18 prenatal arsenic-exposed males, while it is increased or 

maintained at levels approaching normal in GD14 and GD18 prenatal arsenic-exposed 

females. It is worth noting that the increase in the level of GR that is not bound to Gas5 

predicted by the kinetic model will act to compensate for GRs that are bound by arsenic.

It is likely that the opposite effects of prenatal arsenic exposure on GR signaling in male and 

female fetal brain exert opposite effects on numerous developmental processes. GRs play a 

critical role in developmental programming of the HPA axis [69]. Sex-dependent differences 

in in utero programming of the HPA axis have been reported [11,36,54,63,79,92]. Thus, 

future studies could assess the role of the proposed changes in development of the HPA 

feedback control.

Alterations in GR levels and distribution in the fetal brain may be the result of direct effects 

of arsenic on the fetus or secondary to effects of arsenic on the pregnant dam. We have 

previously reported that arsenic consumption does not alter maternal corticosterone levels 

[9]. Further, we have reported that placental 11β-hydroxysteroid dehydrogenase 2 (11β-
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HSD2), which converts biologically active corticosterone (cortisol in humans) into inactive 

11-dehydrocorticosterone (cortisone in humans), levels are increased in the GD14, but not 

GD18, male placenta [9]. These previous findings suggest that the effects of arsenic on the 

fetal brain found in the present studies are unlikely to be mediated by effects of the toxin on 

transplacental passage of corticosterone, although there may be reduced passage of maternal 

corticosterone to the GD14 male fetus. The more likely case is that the effects of arsenic are 

due to direct effects on the fetus.

The mechanisms underlying the effects of arsenic on GR and Gas5 levels and interactions 

will be areas of future study. We have reported that perinatal exposure to arsenic is 

associated with epigenetic modifications in adult offspring. Sex-dependent and region-

dependent changes in global histone methylation (histone 3 lysine 4 trimethyl) and 

acetylation (histone 3 lysine 9 acetyl), as well as the levels of enzymes (histone 

methyltranferase MLL, histone demethylase KDM5B, histone acetylases GCN5 and PCAF, 

and histone deacetylases HDAC1 and HDAC2) that control these histone modifications, 

were found in adult offspring exposed to arsenic perinatally [83]. GR/Nr3c1 levels have 

been reported to be regulated by histone modifications [5,89,90]. A recent study by Marsit’s 

group found arsenic, as well as other heavy metals, increased the methylation of NR3C1 

(GR gene) in human placental tissues [4]. Thus, epigenetic mechanisms provide targets for 

studies aiming to identify the sex- and gestational age-dependent effects of arsenic on GRs 

that we report.

We have reported reduced levels of microRNA-9, -9* and -124 in GD14 male, but not 

female, brain during prenatal arsenic exposure; no effects of prenatal arsenic exposure were 

seen in GD18 male or female brain [84]. GR expression has been reported to regulated by 

miR-124 [46]. In addition to the regulation of Gas5 levels by miR-21 noted above, miR-222 

also has been shown to inhibit Gas5 expression as the result of binding to Gas5 [96]. Finally, 

Gas5 levels are increased in response to growth arrest [25,48,80], likely as the result of 

inhibition of the degradation of Gas5 by the nonsense-mediated RNA decay pathway 

[40,59,80]. Thus, treatments that target miRs or nonsense-mediated RNA decay pathways 

would be predicted to modify cellular GR and Gas5 levels.

Conclusions

We report measure-specific and sex-dependent effects of prenatal arsenic exposure in GD14, 

GD16 and GD18 brain. The findings indicate that prenatal arsenic exposure reduces GR 

regulation of gene expression in GD14 and GD18 male brain, while increasing regulation of 

gene expression in GD14 and GD18 female brain. Defining the relationships between these 

findings and altered programming of the HPA axis and the long-term consequences of in 
utero exposure to arsenic are areas of active research in our laboratories.
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Highlights

Long noncoding RNA Growth arrest specific transcript (Gas5) binds to GR

Gas5 nuclear levels may regulate GR mediated gene transcription

Prenatal arsenic (50ppb) alters brain Gas5 levels in an age and sex-dependent 

manner.
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Figure 1. 
The effect on the level of Gas5 RNA expression in male (top row of figures) and female 

(bottom row of figures) brain at GD 14, 16 and18. The developmental pattern of Gas5 

expression is shown for the control (right column) and the prenatal arsenic exposed (left 

column) fetal brains. Fold expression of Gas5 was acquired by the ΔΔCt (Comparative CT) 

method. Arsenic exposed are presented in the filled columns and controls presented in the 

unfilled columns. Data presented are mean ±SEM n = 6–9, **p<.003, ***p< .0001.
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Figure 2. 
The effect of prenatal arsenic on glucocorticoid receptor (GR) protein expression assessed 

by immunoblot in nuclear (Nuc, Figs. A, C, E) and post nuclear (PNL, Figs. B, D, F) 

fractions from GD14 (Figs.A and B), GD16 (Figs. C and D) and GD18 (Figs. E and F) in 

arsenic (filled bars) and control (open bars) male and female brains. Data are mean ± SEM, 

n=7–9, * p<.05 and ** p<.004. Antibody intensity was corrected to within blot Coomassie 

stain.
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Figure 3. 
The effect of prenatal arsenic on Gas5 RNA expression assessed by qPCR in whole 

homogenate from GD14 (left panel), GD16 (center panel) and GD18 (right panel) in arsenic 

(filled bars) and control (open bars) male and female brains. Fold expression of Gas5 was 

acquired by the ΔΔCt (Comparative CT) method. Data are mean ± SEM, n=7–9, * p<.05.
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Figure 4. 
The effect of prenatal arsenic on miR-21 RNA expression assessed by qPCR in whole 

homogenate from GD14 (left panel), GD16 (center panel) and GD18 (right panel) in arsenic 

(filled bars) and control (open bars) male and female brains. Fold expression of miR-21 was 

acquired by the ΔΔCt (Comparative CT) method. Data are mean ± SEM, n=7.
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Figure 5. 
The effect of prenatal arsenic on nuclear levels of Gas5 expression assessed by qPCR in 

GD14 (left column) GD18 (right column) in arsenic (filled bars) and control (open bars) 

female (top row) and male (bottom row) nuclear fraction. Fold expression of nuclear Gas5 

was acquired by the ΔΔCt (Comparative CT) method. Data are mean ± SEM, n=5–7, *p< .

05.
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Figure 6. 
The effect of prenatal arsenic on the percent input levels of Gas5 bound to GR by qPCR 

following RNA immunoprecipitation from GD14 (left column) GD18 (right column) in 

arsenic (filled bars) and control (open bars) female (top row) and male (bottom row) in the 

nuclear fraction. Data are mean ± SEM, n=5–7, *p<.05.
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