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Epigenetic control of the imprinted growth regulator Cdkn1c in 
cadmium-induced placental dysfunction
Mark D. Simmers, Kathleen M. Hudson, Marine Baptissart, and Michael Cowley

Center for Human Health and the Environment, and Department of Biological Sciences, North Carolina State University, Raleigh, NC USA

ABSTRACT
Cadmium (Cd) is a toxic metal ubiquitous in the environment. In utero, Cd is inefficiently 
transported to the foetus but causes foetal growth restriction (FGR), likely through impairment 
of the placenta where Cd accumulates. However, the underlying molecular mechanisms are 
poorly understood. Cd can modulate the expression of imprinted genes, defined by their tran-
scription from one parental allele, which play critical roles in placental and foetal growth. The 
expression of imprinted genes is governed by DNA methylation at Imprinting Control Regions 
(ICRs), which are susceptible to environmental perturbation. The imprinted gene Cdkn1c/CDKN1C 
is a major regulator of placental development, is implicated in FGR, and shows increased expres-
sion in response to Cd exposure in mice. Here, we use a hybrid mouse model of in utero Cd 
exposure to determine if the increase in placental Cdkn1c expression is caused by changes to ICR 
DNA methylation and loss of imprinting (LOI). Consistent with prior studies, Cd causes FGR and 
impacts placental structure and Cdkn1c expression at late gestation. Using polymorphisms to 
distinguish parental alleles, we demonstrate that increased Cdkn1c expression is not driven by 
changes to DNA methylation or LOI. We show that Cdkn1c is expressed primarily in the placental 
labyrinth which is proportionally increased in size in response to Cd. We conclude that the Cd- 
associated increase in Cdkn1c expression can be fully explained by alterations to placental 
structure. These results have implications for understanding mechanisms of Cd-induced placental 
dysfunction and, more broadly, for the study of FGR associated with increased Cdkn1c/CDKN1C 
expression.
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Introduction

Cadmium (Cd) is a toxic heavy metal found 
ubiquitously throughout the environment. 
Identified as one of the top 10 chemicals of 
major public health concern by the World 
Health Organization, its adverse health effects 
include carcinogenesis, tubular impairment, and 
rapid bone demineralization [1,2]. With poor 
excretion rates and a long biological half-life of 
up to 30 years, Cd accumulates within organs 
inducing cytotoxicity, endocrine disruption, 
morphological changes, as well as disrupted epi-
genetic and gene expression profiles [3–6].

Exposure to Cd during in utero development is 
associated with foetal growth restriction (FGR), 
malformation, and spontaneous abortion [7]. 
FGR is defined as foetal weight that is below the 
10th percentile for gestational age. FGR is most 

commonly caused by placental insufficiency, 
defined as the improper formation of the placenta 
and the inability to provide sufficient gas and 
nutrient exchange [8–10]. Absorption of Cd is 
increased during pregnancy and it accumulates 
within the placenta, altering its morphology and 
transcriptional profile. Unlike other toxic metals 
including lead and arsenic, Cd does not cross the 
placental barrier efficiently, suggesting that the 
adverse effects of Cd on foetal development are 
primarily due to impaired placental function 
[11,12].

The murine placenta is comprised of three distinct 
layers: decidua, junctional zone (JZ), and labyrinth 
(Lab) (Figure 1a) [13,14]. The decidua is of maternal 
origin and is separated from the JZ by a layer of 
trophoblast giant cells (TGCs), which mediate 
implantation and spiral artery formation [15,16]. 
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Figure 1. Murine placenta and experimental design (a) Mouse placental structure. (b) Mouse exposure and mating timeline. (c) 
Generation of hybrid F1 mice. Parental alleles in the F1 hybrid mice can be distinguished by SNPs.
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The JZ is primarily composed of glycogen tropho-
blasts (GlyTs) and spongiotrophoblasts (SpTs), 
which serve as an energy store and the site of synth-
esis and secretion of hormones necessary for placen-
tal and foetal development [9]. The Lab is comprised 
of syncytiotrophoblasts (SynT) that line the 
branched villi of the foetal vasculature enabling gas 
and nutrient exchange with the foetus [17].

Proper placental development requires high and 
prolific expression of imprinted genes, defined by 
their transcription from only one allele in 
a parent-of-origin specific manner. Imprinted 
genes are characterized by allele-specific DNA 
methylation at Imprinting Control Regions 
(ICRs), which acts in concert with other epigenetic 
mechanisms including post-translational histone 
modifications and long non-coding RNAs 
(lncRNAs) to regulate monoallelic expression 
[18]. To date more than 150 human and mouse 
imprinted genes have been identified. Imprinted 
genes play key roles in regulating growth and 
development, and many of them are dysregulated 
in human foetuses affected by FGR [19,20]. 
Functional links between imprinted genes and 
FGR are further supported by mouse models of 
imprinted gene manipulation [21]. Many of the 
imprinted growth regulators associated with FGR 
are expressed in the placenta, and in some cases 
disruption of these genes in the placenta alone is 
sufficient to induce FGR [22,23].

We and others have shown that exposure to 
environmental stressors during development can 
modulate imprinted gene expression with conse-
quences for growth, development and disease [24– 
27]. Cd exposure during development is associated 
with altered DNA methylation profiles at ICRs in 
human foetal cord blood [28], suggesting that Cd 
could alter imprinted gene expression through an 
epigenetic mechanism. However, the effects of Cd 
on imprinted genes specifically in the placenta are 
not well understood. Therefore, determining 
whether Cd impacts ICR DNA methylation and 
modulates imprinted gene expression in this organ 
is important in understanding the mechanisms of 
Cd-induced FGR.

Cyclin-dependent kinase inhibitor 1C (Cdkn1c/ 
CDKN1C) is an imprinted gene and potent growth 
regulator that functions by inhibiting the activity 
of cyclin-dependent kinases to control cell 

proliferation and differentiation [29]. In mice, 
subtle changes to Cdkn1c expression can dramati-
cally affect developmental size [30]. In humans, 
CDKN1C loss-of-function mutations are asso-
ciated with 5–10% of cases of the overgrowth dis-
order Beckwith-Wiedemann syndrome (BWS) and 
microduplications of the locus are implicated in 
Silver Russell syndrome (SRS) characterized by 
FGR [31,32]. Murine Cdkn1c is expressed from 
the maternally inherited allele and located within 
the Kcnq1 locus on chromosome 7, which consists 
of one paternally expressed and seven maternally 
expressed imprinted genes. The imprinting status 
and organization of the human KCNQ1 locus is 
conserved on chromosome 11 [32]. Correct 
imprinted Cdkn1c expression is dependent on 
a hierarchy of epigenetic mechanisms. Allele- 
specific methylation established in the germline 
at the KvDMR1 ICR regulates paternally expressed 
Kcnq1ot1, a long non-coding RNA. Monoallelic 
expression of Kcnq1ot1 is required for the estab-
lishment of the Cdkn1c somatic ICR during post- 
fertilization development [33,34]. This ICR, which 
spans the Cdkn1c promoter and part of the gene 
body, is methylated on the paternally inherited 
allele where it represses Cdkn1c transcription.

Cdkn1c is susceptible to dysregulation by the 
developmental environment. In mice, exposure to 
a low protein diet during in utero development 
disrupts methylation patterns at the somatic ICR 
that persist into adulthood [26]. The relationship 
between differential methylation and low protein 
intake at this locus has also been reported in 
human infants, where hypermethylation at the 
germline ICR is associated with maternal low pro-
tein and lipid consumption [35]. In a mouse model 
of Cd-induced FGR, Cdkn1c transcript and protein 
levels are increased specifically in the placenta but 
the underlying causative mechanism is unclear [6]. 
Based on these observations, and the known asso-
ciation between Cd exposure and DNA methylation 
changes at ICRs, we hypothesized that Cd exposure 
during in utero development is associated with loss 
of methylation at the Cdkn1c somatic ICR, causing 
a loss of imprinting (LOI) and increased Cdkn1c 
expression within the placenta leading to FGR. We 
tested this hypothesis using a hybrid mouse model 
of in utero Cd exposure, generated by crossing two 
divergent inbred strains to allow for discrimination 
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of the parental alleles. We used micropunches to 
collect RNA separately from the JZ and Lab to 
determine how Cd affects both allele- and layer- 
specific expression of Cdkn1c. Together, our data 
provide novel insight into the effects of Cd on 
somatic and germline ICRs, placental morphology, 
and mechanisms of Cd-induced FGR.

Methods

Cd exposure and tissue collection

Animal work was approved by the North Carolina 
State University Institutional Animal Care and Use 
Committee, under protocols 16–045-B and 19– 
049-B. All mice were on a 14-hour/10-hour light/ 
dark cycle at 30–70% humidity, 22°C ± 4°C. 
5-week-old C57Bl/6J (B) female mice were 
exposed for 5 weeks to 0, 1, or 50 ppm CdCl2 
through drinking water (Sigma-Aldrich, 202908). 
At 10 weeks B mice were mated with unexposed 
CAST/EiJ (C) males. Cd exposure continued 
throughout mating and gestation (Figure 1b). 
Embryos and placentae were dissected at e16.5 or 
e18.5; collected tissues were weighed, snap-frozen 
immediately upon dissection and stored at −80°C, 
or prepared for histological analysis as described 
below.

To isolate layer-specific tissue, micropunches 
(0.75 mm and 0.50 mm) were taken from the 
Lab and JZ, respectively, of fresh frozen e18.5 
placentae using a cryostat. Unfixed placental 
samples were partially embedded in OCT com-
pound (Tissue-Tek) to allow sectioning and 
punches to be taken from unembedded tissue. 
Punches were taken by hand and positioned 
visually using colouration of tissue to distinguish 
layers. Punches were pressed into each layer 
approximately 1–2 mm and removed carefully 
without disrupting surrounding tissue. All tissue 
punches were collected at −20°C and placed 
directly into homogenization buffer. 10 μm sec-
tions were taken from each sample before and 
after punching of each layer, sections were 
stored at −80°C, then prepared and stained 
with haematoxylin and eosin (H&E) using stan-
dard staining protocols to ensure layer 
specificity.

Nucleic acid isolation

For each exposure group at both e16.5 and e18.5, 
eight male and eight female placental samples 
representing at least four litters from independent 
dams were selected for further analysis. Tissues 
were homogenized and DNA/RNA was isolated 
with an AllPrep DNA/RNA/miRNA kit (Qiagen). 
DNA/RNA from layer-specific tissues were iso-
lated using AllPrep DNA/RNA Micro kit 
(Qiagen). Nucleic acids were quantified on 
a Nanodrop 2000 and RNA integrity was con-
firmed by electrophoresis.

qRT-PCR

500 ng of total RNA from whole placenta or 100 
ng of total RNA from micropunches was used to 
synthesize first strand cDNA according to the 
manufacturer’s protocol (M-MLV RT enzyme, 
Promega). qRT-PCR was performed in triplicate 
on 96-well plates with a QuantStudio 3 Real-Time 
PCR system (Applied Biosystems) using 
SsoAdvanced Universal SYBR Green Supermix 
(Bio-Rad). The cycling conditions were as follows: 
95°C for 30 s; 40 cycles of 95°C for 15 s, 60°C for 
30 s; dissociation curve of 60.0°C–95.0°C. The 
primer sequences are provided in Supplementary 
Table 1. Polr2a was used as a reference gene and 
was not significantly differentially expressed 
between treatment groups (data not shown). 
Gene expression was quantified using the ΔΔCt 
method [36].

DNA methylation analysis

Genomic DNA was isolated as described above, 
then treated with sodium bisulphite using the 
Zymo EZ DNA Methylation Kit (Zymo 
Research). Bisulphite-converted DNA (bsDNA) 
was amplified by PCR and products were con-
firmed on an agarose gel. PCR amplicons were 
then pyrosequenced using a Pyromark Q96 MD 
Pyrosequencer (Qiagen). The primer sequences are 
provided in Supplementary Table 1. Methylation 
was determined for each CpG dinucleotide using 
Pyromark software (Qiagen).
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Allele-specific expression analysis

cDNA was generated as described above and ampli-
fied by PCR using gene-specific primers. Products 
were confirmed on an agarose gel. Forward and 
reverse primers were designed using Pyromark soft-
ware to include an SNP within the amplified and 
sequenced region to assign transcripts to the par-
ental alleles. The primer sequences are provided in 
Supplementary Table 1. PCR amplicons were pyr-
osequenced as described above and the percent 
contribution of the two alleles to total transcript 
abundance was determined.

Bisulphite PCR, cloning and sequencing

bsDNA was generated as described above and ampli-
fied by PCR. PCR products were purified with the 
DNA Clean and Concentrator 5 kit (Zymo 
Research). The primer sequences are provided in 
Supplementary Table 1. Concentrated DNA ampli-
cons were ligated into the pGEM-T Easy Vector 
(Promega). Plasmids were transformed into DH5α 
Competent Cells (Invitrogen) and cultured over-
night according to the manufacturer’s protocol. 
Isolated colonies were selected through blue-white 
screening in the presence of X-gal (Meridian 
Bioscience) and IPTG (Meridian Bioscience) and 
cultured overnight. Plasmid DNA was isolated 
from liquid culture with Wizard Plus SV Minipreps 
DNA Purification Systems (Promega) and submitted 
to the NC State University Genomic Sciences 
Laboratory for sequencing using Sanger sequencing. 
Quality control and methylation analysis was com-
pleted using BiQ Analyser software [37].

Reduced representation bisulphite sequencing

Genomic DNA was isolated from four female 0 
ppm and four female 50 ppm exposed placentae, 
as described above. 100 ng of gDNA was digested 
with TaqaI (NEB) at 65°C for 2 hours followed by 
MspI (NEB) at 37°C overnight. Following enzy-
matic digestion, samples were used for library gen-
eration using the Ovation RRBS Methyl-Seq System 
(Tecan) following the manufacturer’s instructions. 
In brief, digested DNA was randomly ligated, and, 
following fragment end repair, bisulphite converted 
using the EpiTect Fast DNA Bisulphite Kit (Qiagen) 

following the Qiagen protocol. After conversion 
and clean-up, samples were amplified resuming 
the Ovation RRBS Methyl-Seq System protocol for 
library amplification and purification.

Libraries were measured using the Agilent 2200 
TapeStation System and quantified using the 
KAPA Library Quant Kit ABI Prism qPCR Mix 
(Roche). Libraries were sequenced on a NextSeq 
550 using single end 75 bp sequencing.

Following sequencing, the Illumina adapter reads 
were trimmed using Trim Galore! and a custom 
script was used to trim additional bases added dur-
ing library creation to facilitate sequencing. Reads 
were mapped to the genome using Bismark and 
Bowtie 2 allowing for no mismatches. Following 
alignment, PCR duplicates were removed using 
a custom script. Each unique read had 
a randomized 6-mer barcode and if more than 
one read had the same start and end coordinates 
and the same barcode, all but one of the reads were 
discarded. Methylation at CpG sites was extracted 
using Bismark and CpG sites covered by at least 10 
reads were analysed using the methylKit R package. 
Differentially methylated bases and regions were 
identified using a Fisher’s exact test for pairwise 
comparisons and a Chi-squared test for analyses 
with more than two groups. Data are deposited in 
the Gene Expression Omnibus under accession 
number GSE206182.

Histology

Placentae were collected at e18.5 and fixed in 4% 
formaldehyde for 24 hours. Fixed placentae were 
delivered in 70% ethanol to the NC State Histology 
Laboratory for dehydration and paraffin embed-
ding. 10 µm-thick sections were prepared and 
stained with H&E using standard staining proto-
cols. Area fractions were determined using four 
samples from 0, 1, and 50 ppm exposure groups 
with a minimum of 4 sections analysed per sample. 
Total area was calculated using measurement tools 
in Photoshop (Adobe) and Lab and JZ area frac-
tions were determined as percentage of total area.

Statistical analysis

All statistical analyses unless otherwise specified 
were performed using a one-way analysis of 
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variance (ANOVA) or Student’s t-test. Data are 
presented as the mean ± standard error of the 
mean. *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001. The numbers of animals, litters 
and samples used in each experiment are pre-
sented in Supplementary Table 2.

Results

In utero Cd exposure results in foetal growth 
restriction and altered organ weight

In utero Cd exposure causes reduced birth weights 
[7] as well as alterations to organ weight and 

function [38–40]. To study the underlying mole-
cular mechanisms, we established a mouse model 
of in utero Cd exposure. B dams were exposed to 0 
ppm, 1 ppm, or 50 ppm CdCl2 through drinking 
water for 5 weeks before mating with unexposed 
C males, and BxC hybrid embryos were collected 
at two time points, e16.5 and e18.5 (Figures 1b and 
1c). Cd exposure had no impact on litter size or 
sex ratio (data not shown). Embryo weights of 
both females and males were unaffected in 
response to either CdCl2 concentration at e16.5 
but were significantly decreased in response to 50 
ppm CdCl2 at e18.5 (Figures 2a and 2c). In 

Figure 2. Effects of CdCl2 exposure on embryo and placenta weights (a, b) Weights of e16.5 and e18.5 female embryos (a) and 
placentae (b). (c, d) Weights of e16.5 and e18.5 male embryos (c) and placentae (d). Data are presented as means ± SE. One-way 
ANOVA with Dunnett’s post-hoc test comparing 50 ppm and 1 ppm to 0 ppm. *p<0.05, **p <0.01,***p<0.001, ****p<0.0001.
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females, placental weights were unchanged in 
response to either CdCl2 concentration at both 
time points (Figure 2b). Male placentae showed 
a significant decrease at e16.5 in response to 50 
ppm CdCl2 but this did not persist at 18.5 
(Figure 2d). When placenta weights were 
expressed as a proportion of total embryo weights, 
female e18.5 placentas were significantly decreased 
and male e16.5 placentas were significantly 
increased, relative to their respective controls 
(Figure S1). Given our observation of Cd- 
associated foetal growth restriction, all embryonic 
organ weights were analysed as a proportion of 
total embryo weight. Females at e16.5 showed 
a significant decrease in liver weight in response 
to 50 ppm CdCl2, and heart weight in response to 
1 ppm CdCl2 (Figure 3a). Males at e16.5 showed 
a significant decrease in liver weight at the 50 ppm 
CdCl2 concentration (Figure 3c). In both female 
and male e18.5 samples, brain and heart weights 

significantly increased, and liver weight signifi-
cantly decreased in response to 50 ppm exposure 
(Figures 3b and 3d). Lung weight significantly 
decreased in females, but not males, exposed to 
50 ppm CdCl2 (Figures 3b and 3d). These data 
show that 50 ppm CdCl2 exposure is associated 
with a strong foetal growth restriction phenotype 
at e18.5 and suggest the potential for liver, heart, 
lung, and brain dysfunction during development.

Cd exposure causes increased placental Cdkn1c 
expression

To determine the effects of Cd on Cdkn1c 
expression and the potential disruption to 
neighbouring imprinted genes within the 
Kcnq1 locus (Figure 4a), mRNA abundance in 
the placenta was analysed by qRT-PCR. As 50 
ppm CdCl2 exposure had the strongest effects 

Figure 3. Effects of CdCl2 exposure on organ weights. All weights are normalized to embryonic weight and presented relative to 
controls. (a, b) Weights of e16.5 (a) and e18.5 (b) female organs. (c, d) Weights of e16.5 (c) and e18.5 (d) male organs. Data are 
presented as means ± SE. One-way ANOVA with Dunnett’s post-hoc test comparing 50 ppm and 1 ppm to 0 ppm. <p < 0.05, **p < 
0.01, ***p < 0.001, ****p < 0.0001.
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Figure 4. The Kcnq1 locus and Cdkn1c expression. (a) Organization of the Kcnq1 locus showing paternally (p) expressed Kcnq1ot1, 
and the maternally (m) expressed Cdkn1c and Kcnq1 genes. Shaded circles represent methylated CpGs, unshaded circles represent 
unmethylated CpGs, CpG clusters represent ICRs. (b, c) Cdkn1c transcript abundance in e16.5 (b) and e18.5 (c) female placental 
samples. (d) Ratio of Cdkn1c transcripts in female placental samples derived from the maternally- and paternally inherited alleles. (e, 
f) Cdkn1c transcript abundance in e16.5 (e) and e18.5 (f) male placental samples. (g) Ratio of Cdkn1c transcripts in male placental 
samples derived from the maternally- and paternally inherited alleles. Data are presented as means ± SE. Student’s t-test, two-tailed, 
comparing 0 ppm and 50 ppm. *p < 0.05, **p < 0.01.
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on organ and embryo weights, further analyses 
were conducted on placental tissue from the 0 
ppm and 50 ppm exposure groups only.

Expression of Cdkn1c was not altered at 
e16.5 in females (Figure 4b) or males 
(Figure 4e), however at e18.5 it was signifi-
cantly increased in both sexes due to CdCl2 
exposure (Figure 4c and 4f). To determine 
whether this increased abundance is caused by 
inappropriate activation of the paternal allele, 
pyrosequencing was used to measure the con-
tributions of the two parental alleles indepen-
dently at e18.5. We exploited a single 
nucleotide polymorphism (SNP) between the 
parental B and C genomes to enable allelic 
discrimination. In female control placentae, 
95% of Cdkn1c transcripts were derived from 
the maternal allele with no significant change to 
the percentage contribution in response to 50 
ppm CdCl2 exposure (Figure 4d). Males dis-
played a significant increase in the ratio of 
maternal to paternal Cdkn1c transcripts in 
response to 50 ppm CdCl2 (Figure 4g). These 
data demonstrate that the increase in Cdkn1c 
expression is not due to activation of the 
repressed paternal allele, i.e., no LOI. An inde-
pendent approach using qRT-PCR with primers 
specific to each of the parental alleles confirmed 
this result (data not shown).

As Kcnq1ot1 establishes the imprinting status of 
genes within the Kcnq1 locus, the expression pro-
files of Kcnq1ot1, as well as Ascl2, Slc22a18, 
Phlda2, and Kcnq1, were analysed (Figure 5). At 
e18.5, exposure to CdCl2 is associated with an 
increase in Phlda2 expression in females but not 
in males. The only other difference in expression 
was a reduction in Kcnq1ot1 in males at e16.5 in 
response to CdCl2 exposure. These results suggest 
that there is no broad disruption to imprinting at 
the Kcnq1 locus.

Cd does not affect the methylation profile of the 
KvDMR1 or Cdkn1c somatic ICR in the placenta

Given the consistent effects of Cd on Cdkn1c 
expression in males and females, we focused on 
females only in our subsequent experiments. To 
determine the effects of Cd exposure on methy-
lation status within the Kcnq1 locus at e18.5, 

pyrosequencing was used to analyse subsets of 
4–8 CpG dinucleotides within the Cdkn1c 
somatic ICR and the KvDMR1 germline ICR. 
The Cdkn1c ICR consists of CpGs from –481 
to +1946 relative to the Cdkn1c transcription 
start site. Four regions covering 23 CpGs across 
the ICR were analysed, comprised of two regions 
within the promoter (promoter site 1 (position 
−81 to −31) and promoter site 2 (position −23 to 
+27)) and two intragenic regions (intragenic site 
1 (position +167 to +203) and intragenic site 2 
(position +262 to +294)).

Only one of the 23 individual CpG dinucleo-
tides analysed by pyrosequencing across the 
Cdkn1c somatic ICR showed a significant change 
in methylation (specifically a reduction) in 
response to 50 ppm CdCl2 exposure 
(Figures 6a-d). When data from these 23 CpGs 
were combined, there was no significant differ-
ence in methylation between the 0 and 50 ppm 
CdCl2 exposure groups (Figure S2). No changes 
in methylation were observed at any of the indi-
vidual CpGs within KvDMR1 (Figure 6e).

We validated the results at the Cdkn1c promoter 
by cloning and sequencing a separate section of 
the ICR that includes nine CpG dinucleotides 
(position −510 to −427 relative to the Cdkn1c 
transcription start site). This approach also 
enabled us to assign parental origin to the methy-
lation profiles by exploiting an SNP within the 
amplified region. When clones were separated 
into those of maternal and paternal origin, no 
differences in methylation were observed on either 
allele in response to exposure (Figure 6f, 6g and 
data not shown).

To further analyse the methylation state 
across the Cdkn1c somatic ICR, we performed 
RRBS on e18.5 female placentae. Consistent with 
our findings from targeted assays, neither the 
promoter or intragenic sites of the ICR were 
differentially methylated between 0 ppm and 50 
ppm samples (Figure 7a and 7b). Genome-wide, 
only 66 differentially methylated CpGs were 
identified by RRBS, none of which mapped to 
the Cdkn1c somatic ICR or indeed to the entire 
Kcnq1 locus (Supplementary Table 3). 
Furthermore, no differentially methylated CpGs 
mapped to known ICRs within other imprinted 
domains across the genome.
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Together, these data from targeted and genome- 
wide approaches demonstrate that Cd exposure is 
not associated with a loss of methylation at the 
Cdkn1c somatic ICR. This provides further sup-
port that the Cd-associated increase in Cdkn1c 
expression in the placenta is not caused by LOI. 
Furthermore, there is no detectable loss of methy-
lation at the KvDMR1 germline ICR, which 
together with the gene expression data indicate 
no apparent disruption to the imprinting mechan-
isms responsible for somatic ICR establishment 
within the Kcnq1 locus.

The labyrinth fraction of the placenta is 
increased in response to Cd exposure

To determine how Cd affects the spatial expression 
of Cdkn1c, micropunches were taken from frozen 
sections of e18.5 female placentae and Cdkn1c 
mRNA abundance was analysed. To confirm the 
accuracy of the punches, placental sections were 
taken before and after each punch and stained 
with H&E for visual inspection (Figure 8a). qRT- 
PCR was performed on each punch for the layer- 
specific markers Gcm1 and Tpbpa, specific to Lab 
and JZ respectively (Figure 8b and 8c). Together, 

Figure 5. Gene expression at the Kcnq1 locus in placentae (a, b) Ascl2, Kcnq1, Kcnq1ot1, Slc22a18, and Phlda2 transcript 
abundance in e16.5 (a) and e18.5 (b) female placental samples. (c, d) Ascl2, Kcnq1, Kcnq1ot1, Slc22a18, and Phlda2 transcript 
abundance in e16.5 (c) and e18.5 (d) male placental samples. Data are presented as means ± SE. Student’s t-test, two-tailed, 
comparing 0 ppm and 50 ppm. *p < 0.05. ND = not detected.
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these results confirmed the specificity of punches 
to each respective layer. Cdkn1c mRNA abundance 
was analysed by qRT-PCR across both layers, con-
firming its expression to be primarily within the 

Lab (Figure 8d). In contrast to qRT-PCR data 
from whole placenta, expression of Cdkn1c was 
not significantly changed in either layer in 
response to 50 ppm CdCl2.

Figure 6. Methylation of Cdkn1c somatic ICR and KvDMR1 in female e18.5 placentae. (a, b) Percent methylation of two 
subsets of CpGs within the promoter of the Cdkn1c ICR in female e18.5 placental samples, quantified by pyrosequencing. (c, d) 
Percent methylation of 2 subsets of CpGs within the intragenic portion of the Cdkn1c ICR in female e18.5 placental samples, 
quantified by pyrosequencing. (e) Percent methylation for a subset of CpGs at KvDMR1 in female e18.5 placental samples, quantified 
by pyrosequencing. (f) Percent methylation on the paternal allele for a subset of CpGs at the Cdkn1c promoter in female e18.5 
placental samples, quantified through amplification, cloning and sequencing of bisulphite-modified DNA. (g) Visual depiction of the 
methylation profiles of representative samples from each of the treatment groups. Each row represents a single unique amplicon. 
Open circles represent unmethylated CpGs, shaded circles represent methylated CpGs, missing circles represent incomplete 
sequence data. Data are presented as means ± SE. Student’s t-test, two-tailed, comparing 0 ppm and 50 ppm. **p < 0.01.
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Separately, e18.5 female formaldehyde-fixed 
placental sections were stained with H&E and 
the relative proportions of the Lab and JZ were 
analysed (Figure 8e). The ratio of Lab to JZ was 
significantly increased in response to 50 ppm 
CdCl2 exposure (Figure 8f). Given that Cdkn1c 
is primarily expressed within the Lab, the Cd- 
induced increase in Cdkn1c observed in whole 
placenta could be explained by this morphologi-
cal change to the placenta. To provide further 
support for this theory, we identified additional 
markers of the Lab and JZ, and analysed their 
expression in whole placental and micropunch 

samples. MafF, a basic region leucine zipper 
(bZIP)-type transcription factor belonging to 
the Maf family, was previously described to be 
a marker of the JZ in rats [41,42]. We detected 
a significant CdCl2-associated decrease in MafF 
expression within female e18.5 whole placenta 
samples but no change within either the JZ or 
Lab in placental micropunches, indicating that 
the decrease in MafF transcript in whole pla-
centa is likely to be due to a reduction in the 
MafF-expressing JZ (Figure S3A and B). 
Conversely, Phlda2, another member of the 
Kcnq1 locus, is specific to the Lab in mice and 

Figure 7. RRBS analysis of Cdkn1c somatic ICR methylation in female placentae. (a) Total percent methylation across the 
Cdkn1c somatic ICR promoter and intragenic regions as measured by RRBS. (b) Visualization of methylated CpGs across the Cdkn1c 
promoter and gene for four 0 ppm and four 50 ppm exposed placental samples. Peak height represents percent methylation.
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restricted to the villous cytotrophoblast in 
humans [43,44]. Phlda2 showed increased 
expression in 50 ppm exposed e18.5 female 
whole placental samples with no differential 
expression detected in layer-specific micro-
punches, mirroring the results of Cdkn1c 
(Figures 5b and S3C).

DISCUSSION

FGR affects 5 to 10% of pregnancies and is asso-
ciated with 30% of stillborn infants [8]. The num-
ber one cause of FGR is placental insufficiency, 
driven by insufficient spiral artery invasion and 
improper placental morphology. Cd accumulates 

Figure 8. Placental layer-specific gene expression and area fraction analysis. (a) H&E stained sections of a representative fresh 
frozen e18.5 female placenta prior to micropunches (top), after JZ micropunch (middle) and after Lab micropunch (bottom), showing 
the relative locations and sizes of the tissue micropunches. Scale bar = 500 μm. (b, c) Gcm1 (b) and Tpbpa (c) transcript abundance in 
e18.5 female placental Lab and JZ, demonstrating the specificity of the micropunches to each layer. Data are normalized to transcript 
abundance in the 0 ppm Lab (Gcm1) or 0 ppm JZ (Tpbpa). ND = not detected. (d) Cdkn1c transcript abundance in e18.5 female 
placental Lab and JZ. Data are normalized to transcript abundance in the 0 ppm Lab. (e) Representative e18.5 female placental 
samples paraffin-embedded and stained with H&E for area fraction analysis. Scale bar = 1 mm. (f) Area fractions of Lab and JZ 
calculated from total area visualized through H&E staining. Data are presented as means ± SE. B, C, E analysed by one-way ANOVA 
with Tukey’s post-hoc test comparing 0 ppm to 50 ppm exposures within Lab and JZ, and Lab to JZ within each 0 ppm and 50 ppm 
exposures. **p < 0.01, ***p < 0.001, ****p < 0.0001. F analysed by Student’s t-test, two-tailed, comparing 0 ppm and 50 ppm. 
***p < 0.001. ND = not detected.
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within the placenta inducing structural and func-
tional changes, and high maternal blood Cd levels 
are inversely associated with low birth weights 
[45,46]. This is a major public health concern 
given the ubiquity of Cd in the human environ-
ment and the emerging links between in utero 
exposure and long-term disease [47,48]. While 
mechanisms for Cd induced placental insufficiency 
and FGR have been proposed including reduced 
progesterone synthesis, iron deficiency, and altered 
glucose metabolism and transport, the roles of 
critical imprinted growth regulatory genes in this 
context have not been widely studied. One study 
previously reported an increase in the placental 
growth regulator Cdkn1c in response to Cd expo-
sure but the underlying mechanism is unclear [6].

Given the susceptibility of ICRs to environmen-
tal perturbation in development, we hypothesized 
that the Cd-associated increased expression of 
Cdkn1c is caused by activation of the repressed 
paternally inherited allele through alterations to 
DNA methylation. We used a hybrid mouse 
model of in utero CdCl2 exposure to test this 
hypothesis, enabling the two parental alleles to be 
studied independently. Consistent with prior 
research, our results show a significant reduction 
in embryo weight at late gestation in response to 
CdCl2 exposure accompanied by an increase in 
total Cdkn1c transcript levels in whole placenta. 
By exploiting SNPs between the two parental 
strains, we demonstrated no CdCl2-associated 
increase in transcripts from the paternal allele. 
These data demonstrate that the increase in 
Cdkn1c transcripts is not due to LOI. This finding 
is consistent with human studies demonstrating 
that CDKN1C is more highly expressed in the 
placentae of children with FGR but that imprint-
ing is maintained [49].

In further support of no LOI, pyrosequencing, 
bisulphite PCR and sequencing, and RRBS did not 
identify any overall significant loss of methylation 
at the Cdkn1c somatic ICR. While RRBS provided 
extensive coverage of the ICR, it is not as sensitive 
as pyrosequencing and therefore it is possible that 
a more targeted approach could detect subtle 
methylation changes; indeed, we did detect 
a small but significant CdCl2-associated decrease 
in methylation at one CpG in intragenic site 2 by 
pyrosequencing. However, the fact that no 

transcriptional activation from the paternal allele 
was observed suggests that any such changes have 
no functional impact on Cdkn1c expression. While 
prior experiments have shown that low protein 
diet can perturb the methylation status of the 
Cdkn1c ICR in mice, these effects are not observed 
with CdCl2 exposure, suggesting that this ICR may 
be epigenetically modulated only by a specific sub-
set of environmental stressors [26].

Our genome-wide survey of DNA methylation 
identified 66 differentially methylated CpGs. 
While not as sensitive as targeted methylation 
analyses, these data from RRBS indicate limited 
effect of CdCl2 on the methylome in e18.5 pla-
centa. Furthermore, none of these CpGs map to 
any of the characterized germline or somatic ICRs 
in the mouse genome, suggesting that any effects 
that Cd has on placental imprinted gene expres-
sion are independent of changes to DNA methyla-
tion. We previously reported Cd-associated 
methylation changes in human newborn cord 
blood and maternal blood at ICRs [28]. The dis-
crepancy with the current study could be 
explained by the differences in tissue type ana-
lysed. The placenta, alongside brain, has the high-
est number of expressed imprinted genes, and its 
development and function are intimately con-
nected to correct imprinted gene dosage [50]. 
Given this role, it may be that DNA methylation 
at ICRs is more tightly regulated in placenta than 
in blood.

A previous study [6] reported a transient loss of 
methylation at the Cdkn1c promoter ICR in e16.5 
placentae in response to 20 ppm and 40 ppm Cd 
exposure. This was only significant when the 
methylation states of multiple CpG dinucleotides 
were pooled, a result that we did not observe when 
pooling data from e18.5 females in our study 
(Figure S2). Consistent with our observations, Xu 
et al [6] did not detect this difference at later time 
points and at e16.5 it is not associated with an 
increase in Cdkn1c transcript abundance. The 
impact, if any, of this subtle and transient change 
is therefore unclear.

Correlations between loss of methylation at the 
KvDMR1 and reduced expression of CDKN1C in 
BWS patients have been demonstrated [51]. 
Furthermore, deletions of the KvDMR1 in mice 
lead to the failure to establish allele-specific 
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methylation at the somatic ICRs and cause LOI 
across the Kcnq1 locus [52,53]. Therefore, the 
increase in CdCl2-associated Cdkn1c expression 
could be due to DNA methylation changes at the 
germline ICR. However, we detected no such 
changes, providing further support that the 
increase in Cdkn1c is not driven by epigenetic 
mechanisms at the locus.

While changes to total placenta weight were 
not detected, area fraction analysis shows 
a proportional increase in the Lab, the site of 
Cdkn1c expression. By taking fixed amounts of 
each layer using micropunches, we demonstrated 
no changes to Cdkn1c expression in either the 
Lab or the JZ, indicating that the increase iden-
tified in total placenta is likely due to disrupted 
placental morphology induced by CdCl2 expo-
sure. In further support of this, MafF and 
Phlda2 – markers of the JZ and Lab, respec-
tively – showed changes in expression between 
0 and 50 ppm samples that reflected the mor-
phological changes in the placenta, and no dif-
ferences were detected in micropunches. Taken 
together with our extensive analysis of allele- 
specific expression and DNA methylation, we 
conclude that the increase in Cdkn1c expression 
reported by us and others can be fully explained 
by changes to the composition of the placenta 
and the gene is not transcriptionally modulated 
at the single cell level. This finding has implica-
tions for the study of CDKN1C-associated FGR 
in humans, in which increased CDKN1C expres-
sion could potentially be explained by structural 
changes in the placenta.

While previous studies have shown that Cd 
exposure causes reduced placental weight, our 
results show no change in their raw weight. 
One likely cause is the removal of the decidua 
during our collection procedure, which was 
required to eliminate maternal tissue contami-
nation that might bias our downstream allele- 
specific analyses. TGCs present in the decidua 
invade and reconfigure maternal spiral arteries 
to optimize maternal blood flow for nutrient 
and gas exchange. It has been shown that tro-
phoblast migration is decreased in Cd exposure 
models which may partially account for the 
reduced placental weight phenotypes reported 
previously [54].

Despite conservation of function, placental struc-
ture is highly divergent among eutherians. While 
the human placenta is structurally different to that 
of the mouse, different cell types perform equivalent 
functions. For example, the Lab layer of the mouse 
placenta and the chorionic villi of the human pla-
centa are functionally analogous, as are mouse 
TGCs and human extravillous cytotrophoblast 
cells. Mouse and human placentae are both hemo-
chorial and disc-shaped, and their development is 
driven largely by homologous genes [55–57]. 
Together, these observations support the use of 
mouse models to understand fundamental mechan-
isms of placental development and function.

Although we demonstrate no LOI of the growth 
regulator Cdkn1c in Cd-induced placental dys-
function, our data provide a proof of principle 
that the hybrid mouse model can facilitate the 
study of imprinted gene regulation in response to 
environmental stressors. Our future work will 
leverage this capability to determine the role of 
other imprinted genes in this context.
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