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Abstract

Transposable elements (TEs) play important roles during development and disease, in-
cluding through transcriptional activation of TE-associated genes during early human de-
velopment. Moreover, based on the functional and epigenetic similarities between early
development and cancer, TE-associated genes contribute not only to early human devel-
opment, but frequently contribute to cancer progression. In this study, we hypothesised
that recruitment of TE-associated genes during cancer onset occurs through epigenetic
regulatory processes, especially involving DNA hypomethylation accompanied by tran-
scriptional upregulation of early developmental pathways, such that, when reactivated
inappropriately in later life, they may drive malignancy. It is unknown, however, to what
extent DNA methylation changes are critically involved in the transcriptional activation
of TE-associated genes. Accordingly, to investigate this we used the RepExpress tool to
identify developmentally regulated TE-associated genes in placenta and human embry-
onic stem cells (hESCs), which we then investigated by targeted deep bisulfite sequencing
(TDBS) to determine the methylation status of the identified TE-associated genes in pla-
centa, somatic tissues, and melanoma cell lines. Outcomes suggest that DNA methylation
may be one of the regulatory factors underscoring transcriptional activation of TE-associ-
ated genes, but that methylation is not necessarily the sole factor involved in regulating
the transcriptional activation of TE-associated genes during malignant transformation.
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1. Introduction

Transposable element (TE) activation is a well-established feature of cancer, and is
thought to be accompanied by loss of DNA methylation [1-7]. Early work focused on
transposition-mediated mutagenesis as a driver of tumorigenesis [8-10]. However, it is
now clear that TE activation contributes to cancer through additional mechanisms, includ-
ing modulation of immune responses via endogenous retrovirus (ERV) expression and
the co-option of TE sequences to regulate oncogene expression (onco-exaptation) [11,12].
Furthermore, TE-associated genes can function as oncogenes [13,14]. However, despite
establishing that TE expression is linked to oncogenesis, many uncertainties remain, such
as whether localised gene-specific demethylation is frequently associated with transcrip-
tional activation of TE-associated genes in various types of cancer. Additionally, with re-
spect to the functional implications of TE-associated gene expression in disease processes
such as cancer, whether TE-associated genes are potentially involved in promoting early
developmental processes in cancer is not clear.

Activation of developmental genes is frequently associated with tumour progression
[15-19]. Cancers recapitulate some aspects of early development, such as invasion, prolif-
eration, and angiogenesis [20-22]. Further, loss of cellular identity is a feature of advanced
cancer stages, and certain cancers harbour cells with properties resembling stem cells,
conferring aggressive features with increased oncogenic potential [23]. Given the known
roles of TE-associated genes in regulating developmental processes, along with evidence
for transcriptional activation of TE-associated genes in cancer [15,16], it is possible that
reactivation of TE-associated genes may be involved in early developmental-like features
in cancers, promoting malignancy and tumour progression. If so, then does transcrip-
tional activation of TE-associated genes in cancer result from, and/or could it act as a
driver of, epigenetic reprogramming of cancer cells? In this regard, we have previously
shown that placental TE-associated genes lacking DNA methylation are expressed in mel-
anoma cell lines [24].

It is widely assumed that reduced DNA methylation underlies the activation of TE-
associated genes in pluripotent tissues and cancer [3,25-28]. However, this assumption
has rarely been tested systematically across multiple loci. Rather than focusing on indi-
vidual genes, a broader approach is needed to determine whether DNA methylation is
consistently associated with TE-associated gene activation in placenta, somatic tissues, in
early developmental tissues such as in hESCs, or in cancer.

This study investigates whether altered DNA methylation is consistently associated
with transcriptional activation of TE-associated genes in pluripotent and malignant tis-
sues. Specifically, we assess (i) the extent to which placental- and human-embryonic-stem-
cell (hESC)-enriched TE-associated genes are reactivated in melanoma, and (ii) whether
DNA methylation correlates with their expression across tissue types.

We identified placental- and hESC-enriched TE-associated genes using RepExpress
[29], and examined their expression and DNA methylation across placenta, hESCs, so-
matic tissues, and melanoma cell lines. While TE-associated genes were frequently upreg-
ulated alongside altered promoter methylation, this relationship was not universal, indi-
cating that DNA methylation is not the sole regulator of their activation.
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2. Results

2.1. Placental- and hESC-Enriched TE-Associated Genes, Including Both Long Non-Coding
RNAs and Protein-Coding Genes, Are Often Highly Expressed in Placenta and Melanoma Cells,
But Expressed at Low Levels in Somatic Tissues

To identify placental- and hESC-enriched TE-associated genes we used the
RepExpress [29] TE identification tool and RNA-Sequencing data performed on total RNA
(a summary of the workflow is provided in Supplementary Material, Figure S1). In total,
21 placental-enriched and 28 hESC-enriched TE-associated IncRNAs, together with 28 and
45 corresponding protein-coding genes, exhibited at least two-fold higher expression in
melanoma cell lines relative to somatic tissues and were expressed in both placenta and
melanoma.

Based on their expression levels (for instance, loci showing significant differential
expression between placental and/or melanoma and somatic tissue), representative TE-
associated placental-enriched and hESC-enriched long non-coding RNAs (IncRNAs), as
well as protein-coding genes, were selected (including FIRRE, LINC02434, LINC00189,
AP005262.2, LINC00470, LINC00221, LINC01357, LINC00346, MAGEA10, PSG4, STRAS,
HSD17B1, PSGY, SERPINE1, ADAM19, P3H4, CASC9, AC007326.5, PURPL, RNASEH1-
AS1, AC156455.1, AL353807.5, ERVK-28, AC010624.5, TICRR, KNOP1, CDT1, TRIML?2,
XRCC2, ZFP42, RUVBL1, RSL1D1, shown in Figures 1-4) to show expression patterns in
placental villous tissue (first trimester and term) or hESCs, alongside somatic tissues
(brain, heart, kidney, liver, lung, ovary, testis, and melanocyte) and melanoma cell lines.
With respect to eight selected IncRNAs from placental-enriched TE-associated genes, and
eight selected protein-coding genes, in many cases transcription was significantly
upregulated in placental villous tissue and melanoma cell lines when compared to healthy
somatic tissues (Figures 1 and 2), albeit there were fewer TE-associated protein-coding
genes in this regard than IncRNAs.
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Figure 1. Expression of placental-enriched IncRNAs in placental tissues, somatic tissues, and
melanoma cell lines. (A) FIRRE. (B) LINC02434. (C) LINC00189. (D) AP005262.2. (E) LINC00470. (F)
LINC00221. (G) LINC01357. (H) LINC00348. Placenta n = 33 (17 first trimester and 16 term), somatic
n = 8 (brain, heart, liver, kidney, lung, ovary, testis, melanocyte), melanoma cell lines n = 34.
Asterisks denote statistical significance; **** = p value <0.0001, *** = p value 0.0001-0.001, ** = p value
0.001-0.01, * = p value 0.01-0.05; Kruskal-Wallis test.
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Figure 2. Expression of placental-enriched protein-coding genes in placental tissues, somatic tissues,
and melanoma cell lines. (A) MAGEAI0. (B) PSG4. (C) STRA6. (D) HSD17B1. (E) PSG9. (F)

SERPINE1. (G) ADAM19. (H) P3H4. See Figure 1 legend for sample numbers and statistics
definitions.

Similarly, with respect to eight selected hESC-enriched TE-associated IncRNAs, and
eight selected protein-coding genes, many transcripts were significantly upregulated in

hESC and melanoma cell lines when compared to healthy somatic tissues (Figures 3 and
4).
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Figure 3. Expression of hESC-enriched IncRNAs in hESC, somatic tissues, and melanoma cell lines.
(A) CASC9. (B) AC007326.5. (C) PURPL. (D) RNASEH1-AS1. (E) AC156455.1. (F) AL353807.5. (G)
ERVK-28. (H) AC010624.5. hESC n = 8, somatic n = 8 (brain, heart, liver, kidney, lung, ovary, testis,
melanocyte) melanoma cell lines n = 34. Asterisks denote statistical significance; **** = p value <

0.0001, *** = p value 0.0001-0.001, ** = p value 0.001-0.01, * = p value 0.01-0.05; Kruskal-Wallis test.
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Figure 4. Expression of hESC-enriched protein-coding genes in hESC, somatic tissues, and
melanoma cell lines. (A) TICRR. (B) KNOP1. (C) CDT1. (D) TRIML2. (E) XRCC2. (F) ZFP42. (G)
RUVBL1. (H) RSL1D1. See Figure 3 legend for sample numbers and statistics definitions.

2.2. A Subset of Placental-Enriched and hESC-Enriched Transposable-Element-Derived Genes
Exhibit an Inverse Relationship Between Transcriptional Activity and Promoter DNA
Methylation in Placenta and/or Melanoma Cell Lines and Somatic Tissues

We next sought to determine whether the methylation status of promoter regions of
TE-associated placental-enriched genes and TE-associated hESC-enriched genes were
altered in concert (either directly related or inversely related) with gene expression
changes in melanoma cell lines, somatic tissues (blood and melanocyte), and placental
villous tissues (first trimester and term). Targeted deep bisulfite sequencing (TDBS) was
therefore used to analyse DNA methylation levels in comparison to gene expression levels
(generated by RNA-Seq data). Including several of the 32 placental- and hESC-enriched
protein-coding and Inc-RNA transcripts analysed above, plus additional TE-associated
transcripts, a subset of placental-enriched TE-associated transcripts (four IncRNAs, one
protein-coding, and one pseudogene) and hESC-enriched TE-associated genes (three
IncRNAs and one protein-coding) was selected based on the placental, somatic tissue,
hESC, and melanoma cell line RNA-Seq data. For this analysis, transcripts showing the
highest expression in placental tissue, hESC, and melanoma cell lines, and the lowest
expression in somatic tissues were specifically prioritised, as well as genes that had TEs
within transcription start sites (TSSs), which could potentially suggest a key role for TEs
in regulating the expression of these genes. The selected placental-enriched and hESC-
enriched TE-associated loci for comparing levels of transcription with DNA methylation
were LINC00470, AP005262.2, PLAC4, HSD17B1, LINC00221, AC073262.3, LINC02575, and
LINC00698. More information about these loci is provided in the Supplementary Material,
Table S1. Primers for TDBS were designed to cover the maximum number of CpG sites
within amplicons. Due to a lack of DNA from hESCs, methylation of TE-associated genes
in DNA from hESC cells was not determined.

Inverse relationships were suggested by this analysis from only a subset of the TE-
associated genes (LINC00470, AP005262.2, PLAC4, HSD17B1, LINC00221, LINC002575)
when TE-associated gene methylation data were compared to RNA-Sequencing
expression data for each of placenta, somatic tissues, and melanoma cell lines (Figure 5).
Several TE-associated genes (AC073262.3, LINC00698, AC010624.5, LINC01357) showed
inconsistent relationships between DNA methylation and expression across cell/tissue
types (Figure 5).
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Figure 5. Comparison of gene expression levels versus promoter DNA methylation levels of
candidate placental-enriched and hESC-enriched TE-associated genes in placenta and/or somatic
tissues and melanoma cell lines. (A) LINC00470. (B) AP005262.2. (C) PLAC4. (D) HSD17B1. (E)
LINC00221. (F) AC073262.3. (G) LINCO02575. (H) LINC00698 (I) AC010624.5 (J) LINCO01357.
Methylation levels of the promoter regions were determined by TDBS, and expression was
quantified by RNA-Sequencing. Mean promoter methylation (black bar and left Y-axis) and
expression levels in TPM (grey bar and right Y-axis) of candidate genes in different cell/tissue types
(error bars represent SEM). Placenta n = 15, somatic n =3, melanoma cell line n =10 (TDBS); placenta

n =33, somatic n = 8, and melanoma cell line n = 34 (RNA-Seq).

DNA Methylation Analysis in a Select Group of Placental-Enriched and hESC-Enriched
TE-Associated Genes Demonstrate That Methylation of a Cluster of CpG Sites Within
Promoter Amplicon Regions Are Inversely Correlated with Transcriptional Activity in
Placenta and/or Melanoma Cell Lines

LINCO00470 is a placental-enriched IncRNA, which contains multiple TEs within its
transcript sequence, and whose TSS falls within a short-interspersed nuclear element
(SINE). Investigation of an amplicon containing 16 CpG sites immediately upstream of
the TSS of LINC00470, to quantify promoter methylation, showed lower LINC00470
promoter CpG mean methylation levels in the placental tissue and melanoma cell lines
compared to healthy somatic tissue (p = 0.0177* for placental tissue versus somatic tissue),
although mean methylation differences between melanoma cell lines and somatic tissues
or placental tissue were not significant (Figure 6, left A). The first nine individual CpG
sites in the melanoma cell lines showed methylation levels approaching those of placental
tissue, as compared to the last seven CpG sites, which showed increased CpG methylation
levels (Figure 6, left B).
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Figure 6. DNA methylation analysis across a LINC00470 amplicon, and quantification of expression
of LINC00470 by RT-qPCR and RNA-Sequencing. (A) Mean CpG methylation for the LINC00470
amplicon (* = p value = 0.0177; Kruskal-Wallis test). (B) Methylation of individual CpG sites within
the LINC00470 amplicon. Placenta n = 15, somatic n = 2, melanoma cell line n = 10. (C) Expression
of LINC00470 in placenta, somatic tissue, and melanoma as quantified by RT-qPCR (placentan =7,
somatic n = 5, melanoma n = 5). (D) Expression of LINC00470 in placenta, somatic tissue, and
melanoma RNA-Seq datasets (placenta n = 33, somatic n = 8, melanoma n = 34). Asterisks denote
statistical significance; **** = p value < 0.0001, ** = p value 0.001-0.01, * = p value 0.01-0.05; Kruskal-
Wallis test.

Assessment of LINC00470 expression using RT-qPCR was carried out to validate the
RNA-Sequencing data, which showed that there was significant upregulation in placenta
compared to somatic tissues (Figure 6, right A,B). No significant upregulation was
observed for LINC00470 expression as determined by RT-qPCR or RNA-Sequencing of
melanoma cell lines.

AP005262.2 is a placental-enriched IncRNA, with its TSS occurring within a SINE
contained within the 247 bp promoter amplicon region that includes 16 CpG sites. Lower
AP005262.2 promoter CpG mean methylation levels were observed in the placental tissue
and melanoma cell lines compared to healthy somatic tissue (Figure 7, left A; p = 0.0124%,
p = 0.006"). Each individual CpG site within the amplicon showed similar methylation
patterns as observed for the mean promoter methylation, although interindividual
variation in DNA methylation measured at distinct CpG sites for the two somatic tissue
samples was high (Figure 7, left B).
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Figure 7. DNA methylation analysis across an AP005262.2 amplicon, and quantification of
expression of AP005262.2 by RT-qPCR and RNA-Sequencing. (A) Mean CpG methylation for the
AP005262.2 amplicon (* = p value = 0.0124, ** = p value 0.006; Kruskal-Wallis test). (B) Methylation
of each CpG within the Ap005262 amplicon. Placental tissue n = 15, somatic tissue n = 2, melanoma
cell line n=10. (C) Expression of AP005262.2 in placenta, somatic tissue, and melanoma as quantified
by RT-qPCR. See Figure 6 legend for sample numbers and statistics definitions. (D) Expression of
AP005262.2 in placenta, somatic tissue, and melanoma RNA-Seq datasets (placenta n = 33, somatic
tissue n = 8, melanoma n = 34). Asterisks denote statistical significance; *** = p value 0.0001-0.001, **
= p value 0.001-0.01, * = p value 0.01-0.05; Kruskal-Wallis test.
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Assessment of AP005262.2 expression using RT-qPCR to validate the RNA-
Sequencing data showed that there was significant upregulation in placental tissue
compared to somatic tissues (Figure 7, right A,B). Very little upregulation was observed
in the RT-qPCR of melanoma cell lines, although only four melanoma cell lines were used
for the RT-qPCR. A small proportion of the melanoma cell lines showed very low
transcription of AP005262.2 by RNA-Sequencing.

LINC02575 is an hESC-enriched IncRNA, whose entire transcript sequence is derived
from long terminal repeat (LTR) elements. Primers were designed to cover two regions
within the LINC02575 promoter; firstly, a 191 bp fragment containing 13 CpG sites, and
secondly, a 213 bp amplicon further upstream from the TSS, which also contained 13 CpG
sites. Mean promoter methylation levels for the two amplicons of LINC02575 were lower
in melanoma cell lines compared to healthy somatic tissues, although this difference was
only significant for the first amplicon, which was located closer to the transcriptional start
site of LINC02575 (Figure 8, left A,C). Methylation levels for each CpG site for both
amplicons showed similar patterns to those of the mean promoter methylation (Figure 8,
left B,D), although the second amplicon displayed more interindividual variation in
melanoma cell lines.

Assessment of LINC02575 expression using RT-qPCR to validate the RNA-
Sequencing data showed that there was significant upregulation in melanoma cell lines
compared to somatic tissues (Figure 8, right A,B). However, no upregulation was
observed in the RT-qPCR of hESC cells, although only one hESC cell line was used for this
RT-qPCR analysis.

Lastly, we carried out an analysis of CpG methylation using reduced representation
bisulfite sequencing (RRBS) of normal melanocyte cell lines as well as in melanoma cell
lines, as analysed above by TDBS, which agreed well with TDBS data (see Supplementary
Figure S2).
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Figure 8. DNA methylation analysis across LINC02575 amplicons, and quantification of expression
of LINC02575 by RT-qPCR and RNA-Sequencing. (A) Mean methylation levels of promoter region
(amplicon one) within LINC02575 (* = p value = 0.0303; Mann-Whitney test). (B) Mean methylation
levels for each CpG site within amplicon one of the LINC02575 promoter. (C) Mean methylation
levels of promoter region (amplicon two) within the LINC02575 promoter (p value =0.1212; Mann—
Whitney test). (D) Methylation levels of each CpG within the LINC02575 amplicon two (error bars
represent SEM). Somatic tissue types n = 2, melanoma cell line n = 10. (E) Expression of LINC02575
in hESCs, somatic tissue, and melanoma, as quantified by RT-qPCR (hESC n =1, somatic tissue types
n =5, melanoma n = 5). (F) Expression of LINC02575 in hESCs, somatic tissue types, and melanoma

RNA-Seq datasets (hESC n = 8, somatic tissue n = 8, melanoma n = 34). Asterisks denote statistical
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significance; *** = p value 0.0001-0.001, ** = p value 0.001-0.01, * = p value 0.01-0.05; Kruskal-Wallis

test.

3. Discussion

A key finding of this study is that TE-associated genes are frequently, but not
consistently, transcriptionally upregulated in association with altered promoter
methylation in placenta and melanoma, relative to somatic tissues. This supports a role
for DNA methylation in regulating TE-associated gene expression, but these results
indicate that methylation is not the sole determinant of TE-associated gene expression.

Regarding the selection of TE-associated genes included in this study, in many cases
the TE-associated genes were newly identified (using RepExpress), placenta-enriched,
and hESC-enriched TE-associated IncRNAs, as well as protein-coding TE-associated
genes. Many of the transcripts were significantly upregulated in placental tissues, hESCs,
and melanoma cell lines when compared to healthy somatic tissues, which suggests that
they may have roles specific to early human development, and these putative roles could
potentially be related to their becoming reactivated in melanoma. In some instances, TE-
associated genes were significantly upregulated in specific subgroups of melanoma cell
lines (see Supplementary Figures 53-510), as well as in multiple other cancer types (for
example, see Supplementary Figures S11-513). Relative expression levels of TE-associated
genes in RNA-Sequencing data were subsequently validated using RT-qPCR (also see
Supplementary Figures S14-516).

Following expression analysis, TDBS was then used as the primary method for DNA
methylation anaysis. Due to the repetitive nature of DNA (as represented by TE-
associated gene sequences), regions within TE-associated genes are frequently
problematic for standard sequencing pipelines, hence the need for TDBS. The TDBS
analysis revealed that putative TE-associated gene promoters frequently showed a range
of different methylation patterns across the tissues and cell lines investigated. In the
somatic tissues surveyed, numerous TE-associated gene promoters were
hypermethylated (70-90%), and yet many other TE-associated gene promoters were
hypomethylated. In melanoma cell lines, a range of methylation levels were observed in
different cell lines, with some cell lines showing mean methylation levels below 30% for
many TE-associated genes. Overall, TE-associated gene hypomethylation at canonical
promoter regions was more common in melanoma cell lines than in somatic tissues, while
in contrast, TE-associated gene promoter hypermethylation was more common in somatic
tissues; however, some TE-associated genes in melanoma cell lines exhibited promoter
hypermethylation.

Investigation of individual CpG methylation in three selected TE-associated gene
promoters demonstrated that the same general trend occurs in individual CpGs as the
mean methylation for the different tissue types (additional CpG methylation profiles in
TE-associated gene promoters are shown in Supplementary Figures S15-523).
Interestingly, using RRBS methylation analysis of multiple CpG sites in the TE-associated
gene, ADAM]19, it was evident that results from three different normal melanocyte cell
lines showed promoter hypomethylation, yet there was no ADAM19 RNA expression
observed in somatic tissues, including in melanocyte cell lines, although variable levels of
methylation and expression of ADAM19 were observed in melanoma cell lines (see
Supplementary Figure S2, and Supplementary Table 512, compared to Figure 2).

It was previously reported that hypomethylation of TE-associated genes in
melanoma occurs in association with the metastatic capacity of primary melanomas [30].
However, the results from this study suggest that hypomethylation alterations involving
TE-associated genes are not consistently associated with transcriptional upregulation of
TE-associated genes in placenta and melanoma [19,31-36]. In support of this, AC073262.3,

https://doi.org/10.3390/ijms27135827
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AC010624.5, and LINC01357 (see Supplementary Figures 520, S22 and 523) had low levels
of methylation in all tissue and cell types, despite significant differences in their
expression across different tissue and cell types, indicating that other epigenetic
mechanisms must regulate their expression. Additionally, LINC00698 (see Supplementary
Figure S21) had intermediate levels of methylation that were comparable in both somatic
tissue and melanoma cell lines, despite LINC00698 showing significant differences in
expression.

With respect to the TE-associated genes, PLAC4, HSD17B1, LINC00470, and
AP005262.2 (out of interest, the TSS SINE of AP005262.2 is conserved only within some
higher-order primate species, but not in other placental mammals), there were low levels
of methylation in the placenta that corresponded to high levels of expression, whilst the
opposite was observed in somatic tissues. In this regard, PLAC4 and HSD17B1 showed an
inverse relationship between promoter methylation and expression in placenta and
somatic tissue, but this was not true in melanoma cell lines. Further, regarding LINC00470
and AP005262.2, the melanoma cell lines showed intermediate levels of mean promoter
methylation and these genes were also expressed at intermediate levels in melanoma.
During a preliminary analysis, we identified several of the TE-associated transcripts
identified in this study in pre-treatment DNA methylome and transcriptome profiles,
which correlated with melanoma response to anti-PD1 immunotherapy [17]. Although
LINC02575 has not been characterised functionally in hESCs, a very recent study
identified LINC02575 as being prognostic in laryngeal squamous cell carcinoma (LSCC)
[37]. This study revealed that LINC02575 is capable of promoting proliferation, migration,
and invasion in LSCC cell lines. LINC02575 also demonstrated an inverse relationship
between promoter methylation and expression, with promoter methylation being high in
somatic tissues and low in melanoma cell lines, with the inverse being true regarding
expression levels. In contrast to DNA methylation, epigenetic alterations involving
chromatin-associated changes have been linked with transcriptional activation of TE-
associated genes in hESC cell lines and in cancer [38,39].

It has been proposed that transcription, together with methylation patterns
associated with TE-associated sequences, has played a major role in the evolution of
human-specific (as well as primate-specific) gene regulation [40]. However, whether DNA
hypomethylation alterations determine the subsequent transcriptional activation of TE-
associated genes appears complex. In this regard, previous studies have often focused on
only one or several retrospectively discovered TE-associated genes [41-44], and relatively
few studies have employed genome-wide TE-associated gene discovery, together with
methylation and transcription analysis techniques [45].

Recently, an evolutionary model was proposed in which vertebrate TEs are indirectly
responsible for the existence of CpG islands, as well as for the formation of regulatory
elements such as TSSs and enhancers that can potentially utilise dynamic DNA
methylation for gene control [46]. It has also been suggested that DNA hypomethylation
in O-GlcNAc transferase (OGT)-deficient cells is accompanied by derepression of TEs
predominantly located in heterochromatin [47]. OGT is suggested to protect the genome
against TET-mediated DNA demethylation and loss of heterochromatin integrity,
preventing aberrant increases in TE expression as noted in cancer, autoimmune-
inflammatory diseases, cellular senescence, and ageing [47]. However, the role of DNA
methylation in cancer is complex because in many cancers global DNA hypomethylation
is accompanied by hypermethylation of tumour suppressor gene promoters, with
associated tumour suppressor gene silencing. A wide variety of cancers display both DNA
hypomethylation and hypermethylation, and either of these types of changes can be
significantly associated with tumour progression [48]. Moreover, comparisons between
methylation levels of the LTR-derived gene promoters and six random HERV-E LTRs in
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human placenta showed that the former display significantly lower methylation levels
than random LTRs [49]. Therefore, other factors are also involved in regulating TE-
associated genes, as is evident in mice harbouring a whole human chromosome 21 in the
mouse nucleus, whereby hundreds of locations on the human chromosome 21 were newly
associated with activating histone modifications in both somatic and germline tissues, and
which influenced gene expression of nearby transcripts [50].

In conclusion, we found that TE-associated genes in many cases (although not
universally) were transcriptionally upregulated in concert with altered promoter
methylation in placental tissues, hESCs, somatic tissues, and melanoma cell lines. These
results suggest that, since methylation changes were not consistently associated in many
of the TE-associated genes exhibiting transcriptional upregulation in melanoma cell lines,
DNA methylation alterations constitute just one of several factors regulating
transcriptional activation of TE-associated genes during malignant transformation.

4. Materials and Methods
4.1. Tissue and Cell Line Samples Used for RNA-Sequencing Analysis

The study utilised two cohorts of first-trimester placental villous tissue samples from
healthy pregnancies in Auckland and Dunedin (New Zealand). Auckland first-trimester
placental samples (7-12.5 weeks’ gestation) were collected at Auckland City Hospital, and
Dunedin first-trimester placental samples (5-9 weeks’ gestation) were collected at
Dunedin Hospital, both following informed consent (Supplementary Table S2). All
placental samples were processed within four hours, as previously described [51-53].
Publicly available data generated from term placental samples were obtained from the
sequence read archive (SRA-https://www.ncbi.nlm.nih.gov/sra) (Supplementary Table
S3). One commercially available human embryonic stem cell line was obtained from
Australian Biosearch (Wangarra, WA, Australia), and publicly available stem cell RNA-
Seq data were curated for analysis (Supplementary Table S4). Commercially available
RNA was purchased from AMSBIO (Cambridge, UK) for RNA-Sequencing from seven
healthy somatic tissues (Supplementary Table S4). Melanoma and melanocyte cell lines
were used for RNA-Sequencing, as described [17] (also see Supplementary Table S5).

4.2. Identification and Analysis of TE-Associated Genes from RNA-Sequencing Data

RNA was extracted for RNA-Sequencing analysis as described previously [17].
During preliminary analyses for RNA-Sequencing it was observed that a significant
proportion of TEs were upregulated in placental tissue/hESCs in comparison to mean
expression levels in healthy somatic tissues. Placental tissue/hESC-enriched genes were
classified by an average expression count of more than 80, and a fold change of more than
3 in placental tissue/hESCs when compared to the average expression of the eight somatic
tissues.

Bioinformatic analysis of RNA-Sequencing data (also involving RepExpress) was
carried out as described previously [17,29]. All RNA-Seq libraries were ribodepleted,
except one of the hESC datasets, two of the three melanocyte samples, and 12 of the
melanoma cell lines, which were poly A-selected (see Supplementary Tables S2-S5).
Significant variations were noted between sequencing depths (notably, the melanoma
datasets had substantially lower depth than the placental), which potentially impacted the
results through reducing the number of TE-associated genes identified to be reactivated
in melanoma.

4.3. Validation of RNA-Sequencing Data Using RT-gPCR
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Briefly, for RT-qPCR analysis, RT-qPCR primers (from IDT, Singapore) were
designed for candidate genes (Supplementary Tables S6 and S7). Four genes were
placental-enriched TE-associated genes, and two were hESC-enriched. All selected genes
were also upregulated in melanoma in comparison to healthy somatic tissue. Six first-
trimester placental samples, five term, one hESC, five somatic tissues, and six melanoma
cell lines were selected based on the availability of RNA-Seq data and those used for the
targeted methylation assays (Supplementary Table S8) (expressed in hESC and placenta).

4.4. Targeted Deep Bisulfite Sequencing (TDBS) Assays

Genomic DNA was extracted for TDBS assays, as described previously [51]. Briefly,
four TDBS PCR primers (from IDT, Singapore) were designed (Supplementary Tables S9
and S10) for the promoter regions of 10 candidate TE-associated genes using the
MethPrimer tool. The first exon along with ~250 bp upstream was provided as input to
the tool. Optimal length was set to 300 bp and primers were selected with the maximum
number of CpG sites. [llumina tags were added to the 5" end of each primer to enable
recognition for sequencing (Illumina forward tag: 5’ACGACGCTCTTCCGATCT 3
lumina reverse tag: 5° CGTGTGCTCTTCCGATCT 3'). Samples from placenta (first
trimester and term), somatic tissue (blood and melanocyte), and melanoma cell lines were
selected for targeted deep bisulfite sequencing experiments (Supplementary Table S11).
DNA was not available from hESCs for TDBS assays; therefore, methylation was not
assessed using this tissue.

Reads were aligned to target regions using Biq_Analyzer. Alignments were then
used to calculate methylation scores. Individual CpG and mean CpG methylation values
were generated for each amplicon and each sample.

4.5. Statistical Analyses

Statistical analyses were performed as described previously [51]. To determine
whether individual genes were differentially expressed between somatic and early
developmental tissues (placenta or hESCs), a Mann-Whitney test was used for non-
normally distributed data and a Welch’s T-test was used for normally distributed data.
Normality of datasets was determined with a D’Agostino and Pearson test. To assess
differential expression between more than two datasets that were not normally
distributed, a Kruskal-Wallis test with Dunn’s multiple comparisons was performed
(nonparametric). To determine differential expression between more than two datasets
that were normally distributed, a Brown-Forsythe and Welch ANOVA test was
performed. All statistical analyses were carried out in Graphpad Prism.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ijms27135827/s1.

Author Contributions: Conceptualisation, A.C., E.C.M. and M.R.E.; methodology, C.F.L.-S., P.A.S.
and R.J.W,; software, P.A.S. and R.J.W.; validation, CF.L.-S., LLM. and E.J.R.; formal analysis,
C.F.L.-S,; investigation, C.F.L.-S., LILM. and J.L.L.; resources, ].L.J., TK]J.B.G., ECM. and M.R.E,;
data curation, C.F.L.-S.; writing—original draft preparation, C.F.L.-S. and M.R.E.; writing—review
and editing, C.F.L.-S,, P.AS.,, A.C,, TK].B.G, J].L]J., ECM. and M.R.E,; supervision, A.C., EC.M.
and M.R.E.; project administration, E.C.M. and M.R.E.; funding acquisition, E.C.M. and M.R.E. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by a Marsden grant from The Royal Society of New Zealand
(M.R.E and E.C.M.), a Rutherford Discovery Fellowship from the Royal Society of New Zealand and
Sir Charles Hercus Fellowship from the Heath Research Council of New Zealand (A.C.), a Mercia
Barnes Research Grant (C.F.L.-S), as well as by the Otago Medical Research Foundation and Maurice

https://doi.org/10.3390/ijms27135827



Int. ]. Mol. Sci. 2026, 27, 5827 13 of 16

and Phyllis Paykel Trust grants (C.F.L.-S.,, P.A.S.,, A.C,, M.R.E. and E.CM.), and by an Otago
Innovation “Proof of Concept” grant (M.R.E. and E.C.M.).

Institutional Review Board Statement: Human ethics approvals were provided for the collection
and use of tissues by the New Zealand Lower South Regional Ethics Committee, approval number
LRS/07/05/017, and the Northern Health and Disability Ethics Committee approval
NTX/12/06/057/AMO09.

Informed Consent Statement: Informed consent was obtained from all participants for the use of
tissues in this study. The study utilised two cohorts of first-trimester placental samples collected in
Auckland and Dunedin (New Zealand). Auckland first-trimester placental samples were collected
and processed in accordance with the Northern Health and Disability Ethics Committee approval
NTX/12/06/057/AMO09. Dunedin first-trimester placental samples were collected and processed in
accordance with the Lower South Regional Ethics Committee approval LRS/07/05/017.

Data Availability Statement: Publicly available data were previously generated from melanoma
cell lines and are located at https://www.ncbi.nlm.nih.gov/geo (see GSE16404 and GSE153595). In
addition, publicly available data from term placental samples as well as from five hESC samples
were obtained from the sequence read archive (SRA-https://www.ncbi.nlm.nih.gov/sra) (see
Supplementary Tables S3 and S4). Additional RNA-Sequencing data are available from the

corresponding author upon reasonable request.

Acknowledgments: Thanks are extended to the staff and patients at Auckland Medical Aid Centre

and at Dunedin Hospital for donating the placental tissue used in this work.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the

manuscript; or in the decision to publish the results.

References

1.

10.

11.

Lynch-Sutherland, C.; Stockwell, P.; Chatterjee, A.; Eccles, M.R.; Macaulay, E. Epigenetic Deregulation of Transposable
Elements Links Developmental Processes and Tumorigenesis. Int. J. Mol.  Sci. 2026, 27, 2690.
https://doi.org/10.3390/ijms27062690.

Lamoureux, A.; Elvira-Matelot, E.; Porteu, F.; Laplane, L. Revisiting Clonal Evolution Through the Light of Retrotransposons.
BioEssays News Rev. Mol. Cell. Dev. Biol. 2025, 47, €70078. https://doi.org/10.1002/bies.70078.

Zueva, E. A Plan or Pandemonium? The Conundrum of Retrotransposon Activation in Cancer. Mob. DNA 2025, 16, 31.
https://doi.org/10.1186/s13100-025-00368-7.

Yang, Y.; Dong, S.; You, B.; Zhou, C. Dual Roles of Human Endogenous Retroviruses in Cancer Progression and Antitumor
Immune Response. Biochim. Biophys. Acta Rev. Cancer 2024, 1879, 189201. https://doi.org/10.1016/j.bbcan.2024.189201.
Yushkova, E.; Moskalev, A. Transposable Elements and Their Role in Aging. Ageing Res. Rev. 2023, 86, 101881.
https://doi.org/10.1016/j.arr.2023.101881.

Burns, K.H. Transposable Elements in Cancer. Nat. Rev. Cancer 2017, 17, 415-424. https://doi.org/10.1038/nrc.2017.35.
Criscione, SW.; Zhang, Y.; Thompson, W.; Sedivy, ].M.; Neretti, N. Transcriptional Landscape of Repetitive Elements in Normal
and Cancer Human Cells. BMC Genom. 2014, 15, 583. https://doi.org/10.1186/1471-2164-15-583.

Beck, C.R,; Garcia-Perez, J.L.; Badge, R.M.; Moran, J.V. LINE-1 Elements in Structural Variation and Disease. Annu. Rev.
Genomics Hum. Genet. 2011, 12, 187-215. https://doi.org/10.1146/annurev-genom-082509-141802.

Lee, E.; Iskow, R; Yang, L.; Gokcumen, O.; Haseley, P.; Luquette, L.J.; Lohr, J.G.; Harris, C.C,; Ding, L.; Wilson, R.K; et al.
Landscape of Somatic Retrotransposition in Human Cancers. Science 2012, 337, 967-971. https://doi.org/10.1126/science.1222077.
Ross, ].P.; Rand, K.N.; Molloy, P.L. Hypomethylation of Repeated DNA Sequences in Cancer. Epigenomics 2010, 2, 245-269.
https://doi.org/10.2217/epi.10.2.

Roulois, D.; Loo Yau, H.; Singhania, R.; Wang, Y.; Danesh, A.; Shen, S.Y.; Han, H.; Liang, G.; Jones, P.A.; Pugh, T.].; et al. DNA-
Demethylating Agents Target Colorectal Cancer Cells by Inducing Viral Mimicry by Endogenous Transcripts. Cell 2015, 162,
961-973. https://doi.org/10.1016/j.cell.2015.07.056.

https://doi.org/10.3390/ijms27135827



Int. ]. Mol. Sci. 2026, 27, 5827 14 of 16

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Babaian, A.; Mager, D.L. Endogenous Retroviral Promoter Exaptation in Human Cancer. Mob. DNA 2016, 7, 24.
https://doi.org/10.1186/s13100-016-0080-x.

Li, X,; Xiao, R.; Tembo, K.; Hao, L.; Xiong, M.; Pan, S.; Yang, X.; Yuan, W.; Xiong, ].; Zhang, Q. PEG10 Promotes Human Breast
Cancer Cell Proliferation, Migration and Invasion. Int. J. Oncol. 2016, 48, 1933-1942. https://doi.org/10.3892/ijo.2016.3406.
Bjerregaard, B.; Holck, S.; Christensen, 1.J.; Larsson, L.I. Syncytin Is Involved in Breast Cancer-Endothelial Cell Fusions. Cell.
Mol. Life Sci. 2006, 63, 1906-1911. https://doi.org/10.1007/s00018-006-6201-9.

Yamada, Y.; Haga, H.; Yamada, Y. Concise Review: Dedifferentiation Meets Cancer Development: Proof of Concept for Epige-
netic Cancer. Stem Cells Transl. Med. 2014, 3, 1182-1187. https://doi.org/10.5966/sctm.2014-0090.

Kumar, S.M.; Liu, S.; Lu, H.; Zhang, H.; Zhang, P.].; Gimotty, P.A.; Guerra, M.; Guo, W.; Xu, X. Acquired Cancer Stem Cell
Phenotypes through Oct4-Mediated Dedifferentiation. Oncogene 2012, 31, 4898—4911. https://doi.org/10.1038/onc.2011.656.
Hossain, S.M.; Gimenez, G.; Stockwell, P.; Weeks, R.; Almomani, S.; Jones, G.T.; Ratajska, M.; Shuen, M.; Bhat, B.; RyS, J.; et al.
Pre-Treatment DNA Methylome and Transcriptome Profiles Correlate with Melanoma Response to Anti-PD1 Immunotherapy.
Cancer Lett. 2025, 618, 217638. https://doi.org/10.1016/j.canlet.2025.217638.

Hossain, S.M.; Carpenter, C.; Eccles, M.R. Genomic and Epigenomic Biomarkers of Immune Checkpoint Immunotherapy Re-
sponse in Melanoma: Current and Future Perspectives. Int. |. Mol. Sci. 2024, 25, 7252. https://doi.org/10.3390/ijms25137252.
Hossain, S.M.; Lynch-Sutherland, C.F.; Chatterjee, A.; Macaulay, E.C.; Eccles, M.R. Can Immune Suppression and Epigenome
Regulation in Placenta Offer Novel Insights into Cancer Immune Evasion and Immunotherapy Resistance? Epigenomes 2021, 5,
16. https://doi.org/10.3390/epigenomes5030016.

Goding, CR.; Pei, D.; Lu, X. Cancer: Pathological Nuclear Reprogramming? Nat. Rev. Cancer 2014, 14, 568-573.
https://doi.org/10.1038/nrc3781.

Harrington, L. Does the Reservoir for Self-Renewal Stem from the Ends? Oncogene 2004, 23, 7283-7289.
https://doi.org/10.1038/sj.onc.1207948.

Nguyen, L.V.; Vanner, R; Dirks, P.; Eaves, C.]J. Cancer Stem Cells: An Evolving Concept. Nat. Rev. Cancer 2012, 12, 133-143.
https://doi.org/10.1038/nrc3184.

Knappe, N.; Novak, D.; Weina, K.; Bernhardt, M.; Reith, M.; Larribere, L.; H6lzel, M.; Tiiting, T.; Gebhardt, C.; Umansky, V.; et
al. Directed Dedifferentiation Using Partial Reprogramming Induces Invasive Phenotype in Melanoma Cells. Stem Cells 2016,
34, 832-846. https://doi.org/10.1002/stem.2284.

Macaulay, E.C.; Roberts, H.E.; Cheng, X; Jeffs, A.R.; Baguley, B.C.; Morison, . M. Retrotransposon Hypomethylation in Mela-
noma and Expression of a Placenta-Specific Gene. PLoS ONE 2014, 9, €95840. https://doi.org/10.1371/journal.pone.0095840.
Larsen, F.; Jeong, W.; Schep, D.; Good, H.]J.; Shin, A.E.; Zhang, L.; Derouet, M.F.; Wang, T.C.; Castellani, C.A.; Shooshtari, P.; et
al. Viral Mimicry Acts as a Tumor Suppressor in Colitis. Nat. Commun. 2026, 17, 1313. https://doi.org/10.1038/s41467-026-68850-
1.

Lynch-Sutherland, C.E.; Chatterjee, A.; Stockwell, P.A.; Eccles, M.R.; Macaulay, E.C. Reawakening the Developmental Origins
of Cancer Through Transposable Elements. Front. Oncol. 2020, 10, 468. https://doi.org/10.3389/fonc.2020.00468.

Tubio, ] M.C,; Li, Y.; Ju, Y.S.; Martincorena, I.; Cooke, S.L.; Tojo, M.; Gundem, G.; Pipinikas, C.P.; Zamora, J.; Raine, K,; et al.
Mobile DNA in Cancer. Extensive Transduction of Nonrepetitive DNA Mediated by L1 Retrotransposition in Cancer Genomes.
Science 2014, 345, 1251343. https://doi.org/10.1126/science.1251343.

Wongpaiboonwattana, W.; Tosukhowong, P.; Dissayabutra, T.; Mutirangura, A.; Boonla, C. Oxidative Stress Induces Hypo-
methylation of LINE-1 and Hypermethylation of the RUNX3 Promoter in a Bladder Cancer Cell Line. Asian Pac. ]. Cancer Prev.
2013, 14, 3773-3778. https://doi.org/10.7314/apjcp.2013.14.6.3773.

Stockwell, P.A.; Lynch-Sutherland, C.F.; Chatterjee, A.; Macaulay, E.C.; Eccles, M.R. RepExpress: A Novel Pipeline for the Quan-
tification and Characterization of Transposable Element Expression from RNA-Seq Data. Curr. Protoc. 2021, 1, e206.
https://doi.org/10.1002/cpz1.206.

Ecsedi, S.I.; Hernandez-Vargas, H.; Lima, S.C.; Herceg, Z.; Adany, R.; Balazs, M. Transposable Hypomethylation Is Associated
with Metastatic Capacity of Primary Melanomas. Int. J. Clin. Exp. Pathol. 2013, 6, 2943-2948.

Grundy, E.E.; Diab, N.; Chiappinelli, K.B. Transposable Element Regulation and Expression in Cancer. FEBS ]. 2022, 289, 1160-
1179. https://doi.org/10.1111/febs.15722.

Ponomaryova, A.A.; Rykova, E.Y.; Gervas, P.A.; Cherdyntseva, N.V.; Mamedov, I.Z.; Azhikina, T.L. Aberrant Methylation of
LINE-1 Transposable Elements: A Search for Cancer Biomarkers. Cells 2020, 9, 2017. https://doi.org/10.3390/cells9092017.

Geis, F.K.; Goff, S.P. Silencing and Transcriptional Regulation of Endogenous Retroviruses: An Overview. Viruses 2020, 12, 884.
https://doi.org/10.3390/v12080884.

https://doi.org/10.3390/ijms27135827



Int. ]. Mol. Sci. 2026, 27, 5827 15 of 16

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Anwar, S.L.; Wulaningsih, W.; Lehmann, U. Transposable Elements in Human Cancer: Causes and Consequences of Deregula-
tion. Int. J. Mol. Sci. 2017, 18, 974. https://doi.org/10.3390/ijms18050974.

Morandini, F.; Lu, ].Y.; Rechsteiner, C.; Shadyab, A.H.; Casanova, R.; Snively, B.M.; Seluanov, A.; Gorbunova, V. Transposable
Element 5mC Methylation State of Blood Cells Predicts Age and Disease. Nat. Aging 2025, 5, 193-204.
https://doi.org/10.1038/s43587-024-00757-2.

Grinwald, M.F,; Saintilnord, W.N.; Wang, T. Unmasked: Transposable Elements as Drivers and Targets in Cancer. Trends Genet.
2026, 42, 30-45. https://doi.org/10.1016/j.tig.2025.08.002.

Shi, Y.; Yang, D.; Qin, Y. Identifying Prognostic IncRNAs Based on a ceRNA Regulatory Network in Laryngeal Squamous Cell
Carcinoma. BMC Cancer 2021, 21, 705. https://doi.org/10.1186/s12885-021-08422-2.

Kines, K.J.; Belancio, V.P. Expressing Genes Do Not Forget Their LINEs: Transposable Elements and Gene Expression. Front.
Biosci. 2012, 17, 1329-1344. https://doi.org/10.2741/3990.

Pal, D.; Patel, M.; Boulet, F.; Sundarraj, J.; Grant, O.A.; Branco, M.R,; Basu, S.; Santos, S.D.M.; Zabet, N.R.; Scaffidi, P.; et al.
H4K16ac Activates the Transcription of Transposable Elements and Contributes to Their Cis-Regulatory Function. Nat. Struct.
Mol. Biol. 2023, 30, 935-947. https://doi.org/10.1038/s41594-023-01016-5.

Glinsky, G.V. Transposable Elements and DNA Methylation Create in Embryonic Stem Cells Human-Specific Regulatory Se-
quences Associated with Distal Enhancers and Noncoding RNAs. Genome Biol. Evol. 2015, 7, 1432-1454.
https://doi.org/10.1093/gbe/evv081.

Jang, H.S.; Shah, N.M.; Du, A.Y; Dailey, Z.Z.; Pehrsson, E.C.; Godoy, P.M.; Zhang, D.; Li, D.; Xing, X.; Kim, S.; et al. Transposable
Elements Drive Widespread Expression of Oncogenes in Human Cancers. Nat. Genet. 2019, 51, 611-617.
https://doi.org/10.1038/s41588-019-0373-3.

Panda, K;; Ji, L.; Neumann, D.A.; Daron, J.; Schmitz, R.J.; Slotkin, R.K. Full-Length Autonomous Transposable Elements Are
Preferentially Targeted by Expression-Dependent Forms of RNA-Directed DNA Methylation. Genome Biol. 2016, 17, 170.
https://doi.org/10.1186/513059-016-1032-y.

Solovyov, A.; Behr, ].M.; Hoyos, D.; Banks, E.; Drong, A.W.; Thornlow, B.; Zhong, J.Z.; Garcia-Rivera, E.; McKerrow, W.; Chu,
C.; et al. Pan-Cancer Multi-Omic Model of LINE-1 Activity Reveals Locus Heterogeneity of Retrotransposition Efficiency. Nat.
Commun. 2025, 16, 2049. https://doi.org/10.1038/s41467-025-57271-1.

Pehrsson, E.C.; Choudhary, M.N.K,; Sundaram, V.; Wang, T. The Epigenomic Landscape of Transposable Elements across Nor-
mal Human Development and Anatomy. Nat. Commun. 2019, 10, 5640. https://doi.org/10.1038/s41467-019-13555-x.

Xie, M.; Hong, C.; Zhang, B.; Lowdon, R.F.; Xing, X.; Li, D.; Zhou, X.; Lee, H]J.; Maire, C.L.; Ligon, K.L.; et al. DNA Hypometh-
ylation within Specific Transposable Element Families Associates with Tissue-Specific Enhancer Landscape. Nat. Genet. 2013,
45, 836-841. https://doi.org/10.1038/ng.2649.

You, ].S.; Pierce, S.; Liang, G.; Jones, P.A. Roles of Transposable Elements and DNA Methylation in the Formation of CpG
Islands and CpG-Depleted Regulatory Elements. Proc. Natl. Acad. Sci. USA 2025, 122, e2502963122.
https://doi.org/10.1073/pnas.2502963122.

Sepulveda, H.; Li, X.; Arteaga-Vazquez, L.J.; Lopez-Moyado, LF.; Brunelli, M.; Hernandez-Espinosa, L.; Yue, X.; Angel, ].C.;
Brown, C.; Dong, Z.; et al. OGT Prevents DNA Demethylation and Suppresses the Expression of Transposable Elements in
Heterochromatin by Restraining TET Activity Genome-Wide. Nat. Struct. Mol. Biol. 2025, 32, 1282-1296.
https://doi.org/10.1038/541594-025-01505-9.

Ehrlich, M. The Controversial Denouement of Vertebrate DNA Methylation Research. Biochem. Biokhimiia 2005, 70, 568-575.
https://doi.org/10.1007/s10541-005-0150-z.

Reiss, D.; Zhang, Y.; Mager, D.L. Widely Variable Endogenous Retroviral Methylation Levels in Human Placenta. Nucleic Acids
Res. 2007, 35, 4743-4754. https://doi.org/10.1093/nar/gkm455.

Ward, M.C.; Wilson, M.D.; Barbosa-Morais, N.L.; Schmidt, D.; Stark, R.; Pan, Q.; Schwalie, P.C.; Menon, S.; Lukk, M.; Watt, S.;
et al. Latent Regulatory Potential of Human-Specific Repetitive Elements. Mol. Cell 2013, 49, 262-272.
https://doi.org/10.1016/j.molcel.2012.11.013.

Almomani, S.N.; Alsaleh, A.A.; Weeks, R.J.; Chatterjee, A.; Day, R.C.; Honda, I.; Homma, H.; Fukuzawa, R.; Slatter, T.L.; Hung,
N.A.; et al. Identification and Validation of DNA Methylation Changes in Pre-Eclampsia. Placenta 2021, 110, 16-23.
https://doi.org/10.1016/j.placenta.2021.05.005.

Keighley, L.M.; Lynch-Sutherland, C.F.; McDougall, L.; Almomani, S.N.; Stockwell, P.; Eccles, M.R.; Macaulay, E.C. Three Trans-
posable Elements Exhibiting Differential Expression in Pre-Eclampsia Overlap with Enhancer Regions. Placenta 2024, 158, 10—
13. https://doi.org/10.1016/j.placenta.2024.09.010.

https://doi.org/10.3390/ijms27135827



Int. ]. Mol. Sci. 2026, 27, 5827 16 of 16

53. Lynch-Sutherland, C.F.; McDougall, L.I.; Stockwell, P.A.; Almomani, S.N.; Weeks, R.J.; Ludgate, ].L.; Gamage, T.K.].B.; Chatter-
jee, A.; James, J.L.; Eccles, M.R,; et al. The Transposable Element-Derived Transcript of LIN28B Has a Placental Origin and Is
Not Specific to Tumours. Mol. Genet. Genom. 2023, 298, 1045-1058. https://doi.org/10.1007/s00438-023-02033-1.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms27135827



