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Methylation at cytosine (5mC) is a fundamental epigenetic DNA modiﬁcation recently associated with iAsmediated carcinogenesis. In contrast, the role of 5-hydroxymethylcytosine (5hmC), the oxidation product of 5mC
in iAs-mediated carcinogenesis is unknown. Here we assess the hydroxymethylome in iAs-transformed cells,
showing that dynamic modulation of hydroxymethylated DNA is associated with speciﬁc transcriptional networks. Moreover, this pathologic iAs-mediated carcinogenesis is characterized by a shift toward a higher hydroxymethylation pattern genome-wide. At speciﬁc promoters, hydroxymethylation correlated with increased
gene expression. Furthermore, this increase in hydroxymethylation occurs concurrently with an upregulation of
ten-eleven translocation (TET) enzymes that oxidize 5-methylcytosine (5mC) in DNA. To gain an understanding
into how iAs might impact TET expression, we found that iAs inhibits the binding of CTCF at the proximal, weak
CTCF binding sites of the TET1 and TET2 gene promoters and enhances CTCF binding at the stronger distal
binding site. Further analyses suggest that this distal site acts as an enhancer, thus high CTCF occupancy at the
enhancer region of TET1 and TET2 possibly drives their high expression in iAs-transformed cells. These results
have major implications in understanding the impact of diﬀerential CTCF binding, genome architecture and its
consequences in iAs-mediated pathogenesis.

1. Introduction
Each year millions of people worldwide are exposed to the ubiquitous carcinogen, inorganic arsenic (iAs) (IARC, 2004; Salnikow and
Zhitkovich, 2008; Cheng et al., 2012; IARC, 2012). This exposure occurs mainly through drinking water and food, and can result in acute
toxicity and malignant transformation, among other consequences. The
severity of these consequences is related to the dose and duration of
exposure to this toxicant (Huang et al., 2004; Ren et al., 2011). Many
mechanisms have been implicated in the altered gene expression in iAsinduced toxicity and pathogenesis, including oxidative stress. An
equally important mechanism – changes to the epigenome – is also
known to alter gene expression in iAs-induced pathogenesis (Bird,
2002; Feng et al., 2010).
Epigenetic mechanisms include changes in DNA methylation, posttranslational modiﬁcation of histones, histone variants and microRNAs.
Disruption of these epigenetic processes can lead to altered gene

function and malignant transformation. Several recent studies showed
that the iAs exposure can alter these epigenetic marks (Rea et al., 2016;
Eckstein et al., 2017a; Rea et al., 2017). These changes to the epigenome drive speciﬁc gene expression patterns relevant to disease pathogenesis (Arita and Costa, 2009; Treas et al., 2012; Miao et al., 2015;
Chen et al., 2016). Among these epigenetic marks, DNA methylation,
the addition of a methyl group to the 5′ carbon of cytosine residues, is
considered the most stable (Okano et al., 1999). DNA methylation
within a promoter region is repressive for gene expression, while DNA
methylation within a gene body is generally thought to increase gene
expression, though it may also play a role alternative splicing (Herman
and Baylin, 2003; Ball et al., 2009; Jjingo et al., 2012; Jones, 2012;
Nestor et al., 2012; Rea et al., 2017). With respect to tumorigenesis,
changes in methylation levels have been linked to diﬀerential expression of genes, that lead cells through epithelial-to mesenchymal transition (EMT) and into a cancerous state (Jones and Baylin, 2002;
Berman et al., 2012; Hon et al., 2012; Jones, 2012; Ashktorab et al.,

Abbreviations: 5mC, 5-methylCytosine; 5hmC, 5-hydroxymethylCytosine; EMT, epithelial-to-mesenchymal transition; iAs, inorganic arsenic; iAs-T, inorganic arsenic transformed cells;
NT, non-treated cell; qRT-PCR, quantitative reverse transcription-PCR; ChIP-qRT-PCR, chromatin immunoprecipitation followed by quantitative real time PCR; Histone PTMs, histone
posttranslational modiﬁcations; TSS, transcription start site; GO, gene ontology; H3K4me1, histone H3 lysine 4 monomethylation; H3K4me3, histone H3 lysine 4 trimethylation; H3K9ac,
histone H3 lysine 9 acetylation; H3K27ac, histone H3 lysine 27 acetylation; H3K27me3, histone H3 lysine 27 trimethylation
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(Spandidos et al., 2008, 2010).

2014).
Until recently, DNA methylation was thought to be permanent and
removed only if there was a mistake in the replication process, or a
malfunction of the DNA methyltransferases – enzymes that write or
maintain this mark – or through passive demethylation (Mayer et al.,
2000; Guo et al., 2014). However, recent studies found that this process
is dynamic with demethylases excising the modiﬁed cytosine residue
(Cortellino et al., 2011; Song and He, 2012). In plants, multiple families
of DNA glycosylases (DME and ROS) are responsible for the removal of
5-methylCytosine (5mC) followed by the base excision repair pathway
replacing the cytosine (Kinoshita et al., 2004; Xiao et al., 2006; Feng
et al., 2010; Rea et al., 2012). In mammals, active demethylation is a
complex process involving several modiﬁcations of the 5mC with its
eventual removal by thymine DNA glycosylase (TDG) (He et al., 2011;
Kohli and Zhang, 2013). First, a TET (ten-eleven translocation methylcytosine dioxygenase) family member oxidizes 5mC converting it to
5-hydroxymethylcytosine (5hmC) (He et al., 2011; Zhang et al., 2013;
Chen and Wu, 2016). This newly modiﬁed cytosine, now considered the
sixth base, is a stable intermediate, playing a role in gene regulation
(Bachman et al., 2014). For DNA demethylation, 5hmC is further
modiﬁed to 5-formylcytosine and 5-carboxylcytosine, which then allows for its removal by the mammalian TDGs through the base excision
repair pathway. And lastly, an unmodiﬁed cytosine is added to the DNA
sequence (He et al., 2011; Ito et al., 2011; Zhang et al., 2013; Hu et al.,
2014).
We previously reported that chronic low-dose iAs exposure leads to
iAs-induced cellular transformation through genome-wide loci speciﬁc
reprogramming of DNA methylation (Rea et al., 2017), that drive speciﬁc gene expression patterns. Here we report that during iAs-induced
cellular transformation, 5hmC levels increase globally, as well as at
speciﬁc loci. Many of the genes and pathways aﬀected by the diﬀerential DNA methylation as well as diﬀerential hydroxymethylation
between NT and iAs-T cells, are involved in the cellular adhesion, cell
communication and neurogenesis. We attribute this increase in the
global 5hmC levels to the increased expression of the TETs, which appears to be driven through increased binding of CTCF to the distal
promoter. Our data therefore presents a platform to begin to tease the
diﬀerential binding of ‘master regulators’ such as CTCF to drive speciﬁc
epigenetic patterns critical in disease pathogenesis.

2.3. Gene ontology
Genes with 20 or more reads of diﬀerential 5hmC reads in the
promoter regions were subjected to a gene ontology annotation using
the Consensus PathDatabase (CPDB-Max Plank Institute; http://
consensuspathdb.org) using terms or pathways that had at least 10
genes and p-values < 0.05 (Kamburov et al., 2011, 2013). Resulting
− log10 (p-value) are graphed.
2.4. Reduced Representation Hydroxymethylcytosine Proﬁling (RRHP)
library preparation
Genomic DNA was fragmented overnight at 37 °C with a hydroxymethyl-insensitive enzyme, MspI, and puriﬁed using the DNA Clean
and Concentrator kit (Zymo Research). Modiﬁed Illumina TruSeq P5
and P7 adapters containing 5′-CG overhangs were ligated onto the digested DNA using T4 DNA ligase (2 h at 16 °C). Libraries were then
strand extended at 72 °C with Taq DNA Polymerase. The adapters were
designed to regenerate the 5′-CCGG site at the P5 junction while the P7
adapter generates a 5′-TCGG junction, making it insensitive to MspI
digestion. Adapterized libraries were treated with β-glucosyltransferase
to label 5-hmC modiﬁcations and puriﬁed using the DNA Clean and
Concentrator kit. The glucosylated libraries were then subjected to an
overnight MspI digestion at 37 °C, cutting any fragments not containing
a glucosyl-5hmC site at the P5 CCGG junction. After incubation, the
libraries were size-selected from 100 bp to 500 bp and puriﬁed using
the ZymoClean Gel DNA Recovery Kit (Zymo Research). The fragments
were ampliﬁed using OneTaq 2× Master Mix (NEB), and the PCR
conditions include an initial denaturation of 94 °C for 30 s followed by
12 cycles of 94 °C for 30 s, 58 °C for 30 s, and 68 °C for 1 min.
Fragments containing 5-hmC were positively selected during PCR ampliﬁcation with adapter-speciﬁc indexing primers whereas fragments
lacking glucosylated-5-hmC at the P5 junction were cleaved and,
therefore, not ampliﬁed by PCR. Ampliﬁed libraries were puriﬁed using
the DNA Clean and Concentrator kit, and multiplexed using equal volume of the libraries. Integrated DNA Technologies synthesized all
adapters and primers used in these studies. RRHP analysis was performed with 2 biological replicates. To conﬁdently identify 5hmC-enriched regions and sites, we used algorithm based on local likelihood
smoothing (BSmooth) to identify consensus 5hmC regions and sites for
each NT and iAs-T cells. We have previously used this method successfully to identify diﬀerentially methylated regions especially between groups with low sequencing coverage (Rea et al., 2016).

2. Experimental procedures
2.1. Cell growth conditions and transformation with sodium arsenite
BEAS-2B were grown in Dulbecco's modiﬁed Eagle medium (SigmaAldrich, St. Louis, MO, USA), supplemented with 10% fetal bovine
serum (Sigma-Aldrich), 1% MEM non-essential amino acids (SigmaAldrich) and 1% penicillin-streptomycin (Sigma-Aldrich). Cells were
grown to ~80% conﬂuency in a humidiﬁed chamber at 37 °C, 5% CO2
prior to use. Cells were transformed with low-dose Sodium Arsenite
(0.5 μM-Sigma-Aldrich) for 8 weeks and phenotypic changes were observed indicating epithelial-to-mesenchymal transformation. This
transformation was conﬁrmed at both transcript and protein levels of
known EMT markers (Riedmann et al., 2015; Rea et al., 2016).

2.5. Bioinformatics processing and statistical analyses
Sequence reads from RRHP libraries were ﬁrst processed to trim oﬀ
the low-quality bases and the P7CG adapter at the 3′ end of the reads.
Reads were then aligned to the reference genome (GRCh37/hg19) using
the bowtie1 default parameters and –best. Aligned reads with the MspI
tag (CCGG) were counted. The correlation analysis between diﬀerent
RRHP libraries was performed by comparing the presence of the tagged
reads at each proﬁled MspI site, and Pearson's coeﬃcient was calculated accordingly.

2.2. qRT-PCR
RNA was isolated from 1 × 107 BEAS-2B cell with RNeasy MiniKit
(Qiagen). 1 μg of RNA was used in a reverse transcriptase reaction with
iScript Reverse Transcriptase (Bio-Rad #1708891) to prepare cDNA.
25 ng of the cDNA was used in each of the qRT-PCR reactions. The
reaction protocol was as follows: 1) 94 °C 5 min; 2) 94 °C 30 s; 3)
55–63 °C (dependent on primer pair) 30 s; 4) 72 °C 45 s; 5) repeat steps
2–4 for 40 cycles; 6) 72 °C 10 min. Primers for the housekeeping gene
(GAPDH) and primers used for genes with diﬀerential 5hmC were
created for this study using PrimerBank (Supplemental Table 5)

2.6. Chromatin immunoprecipitation
ChIP analyses were performed as previously described (Rea et al.,
2017) using 25 μg of crosslinked chromatin and 2 μg of speciﬁc antibodies for the immunoprecipitations, which are listed in Supplemental
Table 4. 2 μL of eluate was used for qPCR (described above) to determine the CTCF occupancy diﬀerences and the histone modiﬁcations
in the TET family promoter regions. Primers used in ChIP analyses are
listed in Supplemental Table 5.
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Table 1
Read eﬃciency of RRHP.

NT
iAsT

Total number of reads

Mapping eﬃciency

Detected CpGs

Average read count (coverage)

Loci with > 20 reads

Loci with > 50 reads

38.27 × 106
58.81 × 106

63%
68%

1.93 × 106
2.04 × 106

9
13

10,542
96,538

340
30,665

Fig. 1. Proﬁling analysis through RRHP reveals a global
increase in 5hmC. (A) Scatter Plot from RRHP analysis
showing an increase in global 5hmC levels in iAs-T cells. (B)
Representative Dot Blot shows global 5hmC levels in NT
BEAS-2B (NT) cells compared with cells exposed for
8 weeks with chronic, low dose iAs (iAs-T) shows higher
overall 5hmC levels in iAs-T cells (top), and methylene blue
staining for genomic DNA (bottom) for loading control. (C)
Quantiﬁcation of 3 independent Dot Blots showing an increase in 5hmC levels with the increasing concentrations of
genomic DNA. Shown is one biological replicate with 3
technical replicates, a second biological replicate with
technical replicates showed similar results. The * denotes
p < 0.05 and error bars represent the SEM. (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this article.)

Care).

2.7. 5hmC DNA immunoprecipitation (5hme-DIP)
Genomic DNA was puriﬁed from 5 × 106 cells (BEAS-2B NT and
iAs-T) using Qiagen DNeasy Blood and Tissue Kit (Qiagen 69506) and
5hme-DIP was performed using the EpiQuik hMeDIP Kit (Epigentek P1038) following the manufacturer's protocol. 2 μL of eluate was used in
qRT-PCR reactions to determine changes in 5hmC occupancy at loci
showing diﬀerential 5hmC levels from RRHP. Primers used are listed in
Supplemental Table 5.

2.9. TET hydroxylase activity assay
Total nuclear protein fraction was extracted from NT and iAs-T cells.
In details, cells were gently resuspended in hypotonic solution (20 mM
Tris-Cl, pH 7.4; 10 mM NaCl; 3 mM MgCl2) and allow to sit for 5 min on
ice. Cells were then lysed by adding NP-40 to a ﬁnal concentration of
1% and vortexed. Thereafter, nuclei were pelleted by centrifugation at
4 °C for 10 min. Nuclei were then lysed with 1× RIPA buﬀer
(Thermoﬁsher Scientiﬁc; Cat # 89900) for 30 min on ice and centrifuged for 10 min at full speed. Supernatant was used to estimate the
protein concentration using the BCA assay. For each experiment, 20 μg
of nuclear protein extract was used to determine TET activity using the
Epigentek-Epigenase 5mC Hydroxylase TET Activity/Inhibition Assay
Kit (Colorimetric) (Epigentek #P-3086). TET activity was calculated in
two ways: 1) Speciﬁc Activity through a standard curve (expressed in
ng/min/mg – Fig. 6B) and 2) Simple Calculation (expressed in OD/min/
mg – Supplemental Fig. 5) as suggested by manufacturer.

2.8. Dot blots
Puriﬁed genomic DNA from non-treated (NT) and iAs-T cells were
diluted to 50 ng/μl. 25 ng −125 ng of genomic DNA were spotted on
Positively charged Nylon Membrane (Invitrogen AM10104). These
were allowed to air dry, then DNA was UV-crosslinked to the membrane
by placing on a UV transilluminator (Biorad) for 3 min. Membranes
were blocked with 5% Milk + PBST, then incubated with the 5hmC
antibody (Abcam AB106918-1:500 dilution) overnight at 4 °C. Alkalinephosphate conjugated anti-rat secondary antibody was added and incubated for 1 h at room temperature. After washing three times with
PBST, the blots were developed with ECF (Vistra ECF Western blotting
system, GE Health Care) following the manufacturer's protocol. The
Western bands were scanned with the GE-Typhoon FLA9500, and intensities of each dot were quantiﬁed using ImageQuant (GE Health

3. Results
3.1. Increase in 5hmC in cells transformed with chronic, low-dose iAs
We previously showed using ELISA (enzyme-linked immunosorbent
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from 5mC at CCGG sequences (Petterson et al., 2014). After sequencing,
we obtained a library of 38.27 × 106 reads covering 1.93 × 106 unique
CpG sites for NT and 58.81 × 106 reads covering 2.04 × 106 unique
CpG sites for iAsT with average read counts of 9 and 13 per CpG, respectively (Table 1). These mapped to the human genome (GRCh37/
hg19) at 63% and 68% for NT and iAsT, respectively (Table 1). A total
of 2,165,849 unique loci were found with 5hmC, which is about 0.07%
of the total genome. This value is in line with previous observations that
5hmC is relatively low in non-neural tissue humans (Globisch et al.,
2010; Ye and Li, 2014). Comparison of NT and iAs-T results showed a
high correlation between these samples (Pearson correlation
r = 0.9771), with some strong outliers, in the iAs-T sample (Fig. 1A).
RRHP proﬁling is not an absolute quantiﬁcation of 5hmC, but it is a
positive read assay, so that increased 5hmC levels at a speciﬁc locus
returns higher read numbers. Thus based on this assertion, the total
global number of reads in iAs-T cells was ~20 million more than in NT
cells, indicating an increase in hydroxymethylation in these cells. This
increase in 5hmC reads is interesting as the distribution is not limited to
any speciﬁc chromosome or region, but is well distributed across the
genome. Further analysis showed an increase of 5-hydroxymethylation
at 65.77% of loci, while 24.93% of loci showed decreased 5hmC levels
in the iAs-T compared to NT cells. The remaining 9% of CCGG sites
showed no diﬀerence in 5hmC levels (Supplemental Table 1). We
conﬁrmed this global increase in 5hmC through Dot Blot analysis using
an antibody directed toward 5hmC (Fig. 1B). Genomic DNA isolated
from both NT and iAs-T cells was titrated linearly by blotting 25 ng to
125 ng and probed with antibody speciﬁc for 5hmC. The staining was
quantiﬁed and results show that at 50 ng DNA concentration, a 10-fold
in 5hmC was seen in iAs-T compared to NT, while at 75 ng a 4-fold
increase was seen (Fig. 1C). These results validate the global increase in
5hmC levels measured through with RRHP.
To begin to understand the functional impact of these diﬀerential
hydroxymethylation patterns, we analyzed the genes with changes in
5hmC pattern. We performed a gene ontology (GO) analysis using the
Consensus PathDatabase (CPDB-Max Plank Institute) (Kamburov et al.,
2011, 2013), and the most enriched GO Biological Process and Molecular function for these genes are cell communication, cell adhesion,
neurogenesis, transcription factor activity and metal ion binding
(Fig. 2A and B). These same GO terms were associated with genes with
altered DNA methylation patterns from our previous studies (Rea et al.,
2017). We next carried out the Kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment analysis to identify the enriched
metabolic or signaling pathways in which these genes are involved.
This analysis revealed cell communication pathways, integrin cell adhesion, focal adhesion and multiple cellular adhesion pathways as the
most enriched pathways (Fig. 2C). Interestingly, many of these adhesion genes had lower 5-hydroxymethylation and were down-regulated
in gene expression (Supplemental Table 2).
We and others have shown that DNA methylation occurs not only at
promoter regions but also at other regulatory regions (Khalid et al.,
2014; Kubo et al., 2015; Rea et al., 2017). We therefore asked if these
changes in 5hmC occur at other functional genomic regions as well. For
these analyses, we used a stringent read number of > 20 (Table 1) allowing for a deeper assessment of the 5hmC distribution in the genome
(Petterson et al., 2014; Grosser et al., 2015; Tekpli et al., 2016). We
observed a similar diﬀerential of 5hmC distribution at functional
genomic regions - 46% diﬀerential hypo- and hyper-5hydroxymethylation within introns, 11% within exons, 36% in intergenic
regions, and about 7% at the promoters (Fig. 3A and B). While this
distribution of hypo- and hyper-hydroxymethylation is similar, there
were more loci (9.5 × more reads) for hyper-hydroxymethylation
compared to hypo-hydroxymethylation in iAs-T compared to NT cells
(96,538 vs. 10,542 - Table 1), again conﬁrming increased hydroxymethylation in iAs-T cells. If we increase the stringency to > 50 reads
we again see a similar distribution in functional genomic regions
(Supplemental Fig. 1), however 30,665 loci with more reads indicating

Fig. 2. Enrichment analysis of genes with diﬀerential 5hmC. Gene Ontology Analysis of
global 5hmC changes show alterations to genes involved in cellular adhesion, cellular
communication, transcription factor activity, and neural cell growth for (A) Biological
Processes (B) Molecular Function (C) Pathway-based Sets.

assay), that there was little or no change in global DNA methylation
between NT and iAs-T BEAS-2B cells. However, in the same studies
using high-resolution single nucleotide MiniMethyl-Seq analysis, we
showed many loci-speciﬁc hypermethylation and hypomethylation
changes. These studies suggested that the iAs-mediated DNA methylation reprogramming directed diﬀerential gene expression in iAs-transformed cells, both at the transcription initiation and splicing levels (Rea
et al., 2017). DNA methylation although a more stable modiﬁcation,
can be removed in mammals, through the conversion of 5mC to 5hmC
by the TET family of proteins. The 5hmC is then further modiﬁed to 5formylcytosine, and eventually to 5carboxycytosine, before being recognized by the Base Excision Repair Pathway, removed, and replaced
with a non-modiﬁed cytosine.
Our previous studies showing both hypermethylation and hypomethylation at many sites, prompted us to ask whether some of the
hypomethylation sites are due to removal of the 5mC by TETs to 5hydroxymethylation. We therefore carried out a high-resolution RRHP
protocol followed by sequencing, to determine the regions with differential 5hmC in time-matched NT and iAs-BEAS-2B transformed cells
(iAs-T). RRHP makes use of the unique glucosylation of 5hmC, and a
second MspI digestion; the glucosylated 5hmC can be distinguished
127
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Fig. 3. Distribution of diﬀerential 5hmC in functional
genomic regions with stringent read counts of > 20.
Number of loci with 20+ reads, are low within promoter
regions and high in the Introns. (A) Number of loci that
show increased 5hmC levels in iAs-T. (B) Number of loci
that show decreased 5hmC levels in iAs-T. Increased 5hmC
loci total 96,538, while only 10,542 loci show decreased
5hmC levels. Even though there is a diﬀerence in loci, the
relative distribution between promoter, intron, exon, and
intergenic regions is very similar.

(Fig. 4C). Many of these with decreased 5hmC levels in the promoter
are involved with cellular adhesion. Here too, the 6 promoters with
reduced hydroxymethylation in iAs-T compared to NT cells, showed a
decrease in gene expression levels (Fig. 4D). These results are in line
with other studies showing a positive correlation of hydroxymethylation levels with levels of gene expression (Colquitt et al., 2013; Tsai
et al., 2014; Skvortsova et al., 2017). Indeed, other genes that had
diﬀerential promoter hydroxymethylation from RRHP (though we were
not able to amplify products from 5hme-DIP) also showed correlating
changes in gene expression levels. MMP2, FOXC2, BAG2 and UBB all
show increased gene expression correlating with the hyper-hydroxymethylation levels observed from RRHP, while PRKACA, and OLFM1
show decreased expression levels correlating with decreased promoter
5hmC levels observed in the RRHP data (Supplemental Fig. 2). These
genes used for validation were chosen based on the fact that they
showed both high diﬀerential 5hmC and gene expression as seen in our
microarray dataset (GSE90211).

increased 5hmC and 340 loci with less reads or decreased 5hmC
(Table 1).
3.2. Diﬀerential promoter 5hmC levels correlate with gene expression
changes
Changes in promoter 5mC levels correlate with changes in gene
expression (Eckstein et al., 2017b; Rea et al., 2017). This is an inverse
correlation relationship - increased promoter 5mC correlates with decrease gene expression while decreased promoter 5mC levels correlates
with increase gene expression. Since hydroxylation of 5mC to 5hmC is
the ﬁrst step in the active DNA demethylation process, we next asked if
the observed changes in promoter 5hmC levels correlate to changes in
gene expression – if increased 5hmC correlates to increased gene expression and vice versa. First, we analyzed and validated the change in
occupancy of 5hmC at 5 diﬀerent promoters with RRPH identiﬁed increased 5hmC in iAs-T cells compared to NT cells (Fig. 4A). We used
hydroxymethylated DNA immunoprecipitation (5hme-DIP) followed by
quantitative real-time PCR (qRT-PCR) for these analyses. In detail,
genomic DNA was sonicated, and then immunoprecipitated with 5hmCspeciﬁc antibody. Resulting DNA was puriﬁed and subjected qRT-PCR
to determine the relative occupancy of 5hmC at speciﬁc gene loci.
Hyper-5hmC was conﬁrmed at the promoters of FGF4, PTPN5, SNAIL,
SOX10, and TET3 (Fig. 4A). We then asked whether this change in
5hmC correlated with increased gene expression. Using quantitative
RT-PCR, we observed an increase in gene expression in iAs-T compared
to NT for all of the 5 hyper-hydroxymethylated promoters, cells
(Fig. 4B).
Next, we also validated the observed decreased 5hmC at 6 diﬀerent
promoter loci - ADAR, DNMT3B, ETS2, GNAI2, TUBB, and PTPN1

3.3. Overlap of 5mC (MethylMIni-Seq) and 5hmC (RRHP)
Bisulﬁte sequencing is a widely used technique to map 5mC and
5hmC sites. However, neither bisulﬁte-treated 5mC nor 5hmC can undergo the C → T transitions, rendering this method unable to distinguish between 5mC and 5hmC sites (Huang et al., 2010; Yu et al., 2012;
Petterson et al., 2014). The additional step of glucosylation of 5hmC in
the RRPH technique, gives it the ability to distinguish between 5mC and
5hmCs. Since we had shown previously using MethylMini-Seq that iAsmediated transformation resulted in extensive DNA methylation reprogramming (Rea et al., 2017), we asked if some of those previously
identiﬁed 5mC sites were indeed 5hmC sites (Booth et al., 2012; Chen
128
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Fig. 4. Diﬀerential 5hmC levels in the promoter correlate
with changes in gene expression. Validation of promoter
regions that showed (A) Hyper and (C) Hypo 5-hydroxymethylation changes in RRHP dataset. Using 5hme-DIP
followed by qRT-PCR ﬁve genes were validated with an
increase in 5hmC levels (A) in their promoters in iAs-T cells
and six were validated as having a decrease in 5hmC levels
(C) in their promoters in iAs-T cells. Hydroxymethylation
levels in the promoter correlate with gene expression levels;
genes with an increase in promoter 5hmC levels show increased expression (B) and genes with a decrease in promoter 5hmC levels show decreased expression (D). The *
denotes p < 0.05, error bars represent the SEM.

Hypermethylation and increased 5hmC - could indicate sites of 5hmC,
2) Hypermethylation and decreased 5hmC - could indicate sites of 5mC,
3) Hypermethylation and no change in 5hmC - could indicate sites of
5mC, 4)Hypomethylation and increased 5hmC - could indicate 5hmC
sites, 5) Hypomethylation and decreased 5hmC - could indicate the
possible removal of the 5mC completely in the treated cells or 6) Hypomethylation and no change in 5hmC - could indicate loci where 5mC
is removed (Supplemental Table 3 Browser tracks for representative
four genes (GDF2, CLN5, CHST13, and DISP2) in the UCSC genome
browser provide examples of categories 1, 2, 4, and 5 (Supplemental
Fig. 3). Gene ontology analysis showed similar over-represented functional groups - cell adhesion, cell communication, cell signaling, neural
development, chromatin binding, epithelium development, EMT, KRAS
signaling and extracellular Matrix (Supplemental Fig. 4).
3.4. Diﬀerential CTCF binding regulates TET expression in iAs-T cells
Fig. 5. Functional Genomic Region analysis of 5mC and 5hmC overlapping loci. Pie
charts show the distribution of loci (7532) at functional genomic regions reveal that both
diﬀerential 5mC (measured via MethyMini-Seq) and diﬀerential 5hmC (measured via
RRHP) occur. 46.60% of changes were within the gene body; 43.57% were in the intergenic region and 9.82% were in the promoter region.

Active DNA demethylation occurs mainly through the conversion of
5mC to 5hmC by TET enzyme-mediated oxidation (Hill et al., 2014; Wu
and Zhang, 2017). Since we observed increased global and site-speciﬁc
hydroxymethylation in iAs-T cells, we hypothesized there would be an
increase in the expression of TETs. Using qRT-PCR we determined the
relative gene expression of TET1, TET2 and TET3. We found that the
levels increased by about 1.2 to 1.4-fold in iAs-T cells compared to NT
cells (Figs. 6A and 4B). We next tested whether this increase in TET
gene expression correlated with increased TET activity. To answer this
question, we used the 5mC hydroxylase TET activity Assay Kit (Epigentek) to measure the activity of TETs in nuclear extracts obtained
from NT and iAs-T cells. Our results show increase in TET activity in
iAs-T cells compared to NT cells as measured using either the level of
hydroxymethylated product (1.67 vs 0.75 ng/min/mg) (Fig. 6B) or the

et al., 2013; Petterson et al., 2014). We carried out an overlap of our
RRPH data with the methyl-seq data and found that 7532 loci showed
both signiﬁcant 5mC changes as well as diﬀerential 5hmC levels
(Supplemental Table 3). The distribution of these changes was as follows: 46.6% in gene bodies (37.7% in intron, and 8.91% exon), 43.6%
in intergenic regions and 9.8% at promoters (Fig. 5). This distribution
of changed sites is similar to the overall changes seen in 5hmC levels
(Fig. 3). We categorize the overlapping sites into six categories: 1)
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Fig. 6. CTCF binding is preferentially increased at the distal
binding site of the TET promoter in iAs-T cells directing
increased expression. (A) Graphic representation of qRTPCR results showing an increase in gene expression for
TET1 and TET2 in iAs-T cells. (B) Graphic representation of
increase in TET hydroxylase activity in iAs-T cells compared o NT cells. Shown here is Speciﬁc Activity as measured using hydroxylated product produced (ng/min/mg).
Experiments were done in triplicates (C) Cartoon showing
the distal and proximal CTCF binding sites of TET1 (top)
and TET2 (bottom) promoters (D) Graphic representation of
ChIP-qRT-PCR results for CTCF occupancy at TET promoters reveals increased relative occupancy binding at
distal promoter sites and decreased binding at the proximal
CTCF binding sites. The * denotes p < 0.05, error bars
represent the SEM.

this hypothesis, we performed ChIP-qRTPCR assays for histone posttranslational modiﬁcations (PTMs) known to be associated with promoter (H3K4me3, H3K9ac, H3K27me3) and enhancer regions
(H3K4me1, H3K27ac). First we conﬁrmed the presence of enhancer
associated PTMs at the distal sites while the promoter-associated PTMs
such as H3K9ac and H3K27me3 are low (Fig. 7A and B top panel).
H3K4me3 though typically associated with promoters, can also be
found at enhancers. Nonetheless, compared to promoters, H3K4me3
levels at enhancers are low, and a high ratio of H3K4me1 to H3K4me3
broadly distinguishes enhancers from promoters (Heintzman et al.,
2007; Koch and Andrau, 2011; Djebali et al., 2012). This diﬀerential
level of H3K4me3 further conﬁrmed that this site is most likely an
enhancer region (Fig. 7A and B bottom panel). A further comparison
between NT and iAsT cells, showed an increase in the relative occupancy of the enhancer-associated histone PTMs (Supplemental Fig. 6,
left panels) at the TET distal promoter region. For instance, H3K4me1,
H3K4me3 and H3K27ac levels are signiﬁcantly increased at the distal
region, while the promoter associated-histone PTMs (H3K9ac,
H3K27me3), was decreased slightly or not all (Fig. 7 top panels and
Supplemental Fig. 6, left panels).
At the TET1 proximal promoter region, a decrease in H3Kme1,
H3K4me3, H3K9ac and H3K27me3 was observed while H3K27ac was
not detected when iAs-T was compared to NT cells, (Fig. 7A bottom
panel, Supplemental Fig. 6B, right panel). For the proximal site of TET2,
a similar decrease in H3K4me1, H3K9ac, and H3K27me3 was observed
and again H3k27ac was not detected. Contrary though to TET1 promoter, we observed an increase in H3K4me3 was observed (Fig. 7B
bottom, Supplemental Fig. 6A, right panel). These results suggest that
the increased binding of CTCF to the distal sites is regulatory for TET1
and TET2 expression, and support the hypothesis of these distal CTCF
binding sites maybe potential enhancer regions.

amount of hydroxylase activity present in the cells (Supplemental
Fig. 5).
To a large degree, the expression of genes is regulated at the level of
transcription initiation mediated by the speciﬁc binding of protein
transcription factors (TFs) to short DNA sequence motifs located in gene
promoter regions, the DNA-sequence region upstream of genes. We
asked if iAs could regulate the binding of some key TF to alter gene
expression at the TET promoters. We had previously shown that iAs
inhibition of CTCF binding at the promoters of DNA methyltransferases
(DNMTs) reduced their expression. Interestingly, using the ModEncode
consortium database (UCSC Genome browser), we identiﬁed two potential binding sites for CTCF at the promoters of the TET1 and TET2
genes. One of the sites, which is henceforth called the proximal site, is
near the transcription start site (TSS) while the second site is 5 kb and
9 kb upstream of the TSS (henceforth distal site) for TET2 and TET1
respectively (Fig. 6C). We measured the relative occupancy of CTCF in
NT and iAs-T cells at both loci using chromatin immunoprecipitation,
with anti-CTCF antibodies, followed by qRT-PCR (ChIP-qRT-PCR). We
found that the relative occupancy of CTCF at the distal sites of TET1 and
TET2 was increased by at least 2-fold while the occupancy at the
proximal CTCF sites decreased by 2.5- and 5-fold respectively (Fig. 6D).
iAs is known to speciﬁcally target CTCF binding to weak CTCF binding
sites (Zhou et al., 2011; Kasowski et al., 2013; Rojas et al., 2015; Rea
et al., 2017). Using in silico analysis, we calculated the strength of these
CTCF binding sites using the CTCFBSDB database: (http://insulatordb.
uthsc.edu/home_new.php) (Bao et al., 2008; Ziebarth et al., 2013). This
database uses motifs from multiple sources to generate Position Weight
Matrices (PWM) and produces log-odds for best ﬁt for sequence against
the background. Using this in silico tool, we found that the distal
binding site of TET1 promoter returned a score of 14.125, while the
proximal binding site returned a score of 6.419. Likewise, the proximal
CTCF binding site at the TET2 promoter the distal region returned a
score of 12.32, while the proximal site returns a score of 8.0. These data
indicate that the distal CTCF binding sites of both TET1 and TET2 are
stronger binding sites than the proximal site.
The results outlined above suggest that these distal CTCF binding
sites may act as enhancer regions for the TET1 and TET2 genes. To test

4. Discussion
This study represents the ﬁrst comprehensive genome-wide analysis
of the diﬀerential distribution of 5hmC in response to iAs-mediated
EMT. Most studies investigating changes to epigenome in response to
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Fig. 8. Model for CTCF binding at TET promoters during iAs exposure. In NT cells (Top),
CTCF has occupancy at both distal and proximal binding sites, and TET gene expression
occurs normally. In iAs-T cells (Bottom), depletion of CTCF at the weaker proximal
binding site is associated with an increased binding of CTCF at the stronger CTCF distal
binding site, thus driving increased gene expression at the TET genes. CTCF is a chromatin
architectural protein that forms both short-distance and long-distance loops, bringing
regulatory elements that are often separated by considerable distances. In this ﬁgure, we
depict CTCF control of transcription at the TET gene through interactions between enhancer region and promoter regions in a three-dimensional nuclear space (Right). To illustrate this, the ﬁgure depicts regulatory elements at the TET locus and the CTCF, histone
modiﬁcations within these regions.

products including 5hmCs; and 2) the widely used bisulﬁte sequencing
is unable to distinguish between methylation and hydroxymethylation,
since both 5mC and 5hmC do not undergo deamination after reacting
with sodium bisulﬁte. Thus in the RRHP technique, a glucosylation and
a second restriction enzyme digest helps in distinguishing the 5hmC
from 5mCs (Huang et al., 2010). We therefore asked whether the results
from our previous MethylMini-Seq did contain some 5hmC sites. An
overlay of both data showed that there were about 7600 sites that were
identiﬁed previously as 5mCs (Fig. 5) that are most likely 5hmCs.
Further analysis also helped to delineate regions previously methylated
that potentially change to a demethylated state with iAs- transformation (Supplemental Table 3). Furthermore, we illustrate a positive
correlation between 5hmC promoter enrichment and RNA abundance
for several genes (Fig. 4). Not surprisingly, genes with low promoter
5hmC enrichment are least expressed, while genes with high 5hmC at
the promoter are highly expressed. This observation is in agreement
with earlier reports of positive correlation of 5hmC levels with promoter gene expression (Colquitt et al., 2013; Tsai et al., 2014;
Skvortsova et al., 2017). We also observed low 5hmC levels within high
CpG regions (only 16.25% of our dataset), which is in line with previous
studies (Booth et al., 2012; Putiri et al., 2014). One limitation, however
of the RRHP analysis, is that it relies on MspI digest, thus only 5hmC
sites within a CCGG context will be read (Petterson et al., 2014)
This study also reveals a dynamic interplay between TET expression,
CTCF and diﬀerent chromatin marks (Fig. 6). The simplest explanation
for this observation is that CTCF binding inhibition will inhibit gene
expression of TET genes. After investigating the CTCF occupancy at the
proximal promoter region of the TETs we observed a decrease in the
occupancy at TET1 and TET2 (Fig. 6D). Based on our previous studies,
this decrease in CTCF occupancy should lead to a decrease in gene
expression as we had seen with at the promoters of DNMTs (Rea et al.,
2017). However, the expression of TET genes was increased in iAs-T

Fig. 7. Changes in enhancer-associated histone PTMs at the TET promoter suggest enhancer activity of the distal CTCF binding site. Distal Region (top panel) of the TET1 (A)
and TET2 (B) promoters, have elevated enhancer-associated marks (H3k4me1 and
H3k27ac). The proximal promoter regions (A, B bottom panel) show decreased levels of
promoter-associated modiﬁcations, however a decrease in the repressive H3K27me3 is
observed. The * denotes p < 0.05, error bars represent the SEM.

iAs focused on DNA methylation and histone PTMs (Salnikow and
Zhitkovich, 2008; Rea et al., 2016; Eckstein et al., 2017b; Rea et al.,
2017). In this study, we report a global increase in 5-hydroxymethylcytosine during iAs-mediated transformation. These results
are in line with several studies showing increased 5hmC levels and
increased TET levels during the process of carcinogenesis (Tsai et al.,
2014; Kao et al., 2016; Tian et al., 2017). These 5hmC genome-wide
changes were not random but found at speciﬁc targeted loci. We
identiﬁed these 5hmC-targeted loci with changes between NT and iAs-T
cells (Fig. 1, Table 1). Pathway enrichment analyses of genes with
diﬀerential 5hmC sites revealed pathways such as cellular communication, cellular adhesion, and neurogenesis (Fig. 2). Interestingly,
these same pathways were targeted by iAs through DNA reprogramming (Rea et al., 2017). Our ﬁndings that the same pathways are targeted by both 5mC and 5hmC are consistent with the idea 5hmC methylation is an important constituent of the DNA demethylation
pathways, contributing to epigenetic plasticity and altered gene expression in iAs-mediated carcinogenesis.
We next examined the genome-wide distribution of 5mC and 5hmC
(Fig. 3) for two main reasons: 1) demethylation of 5mCs leads to other
131

Toxicology and Applied Pharmacology 338 (2018) 124–133

M. Rea et al.

MiniSeq data is GSE85012 and RRHP data is GSE103626 this work was
supported by NSF grant MCB 1517986 to YFN-M, NIEHS grant R01ES024478, TG was supported by NIEHSR25ES027864 to the SURES
program at UK, and NIH T32 grant 165990 to MR, through Markey
Cancer Center at University of Kentucky.

cells as well as an increase in the hydroxylase activity (Fig. 6A and B).
Further analyses of the promoter of the TET genes, showed a second
CTCF binding site ~6 to 10 kb upstream of the TSSs (distal site).
Analysis of the relative occupancy of CTCF at these distal sites, showed
an increase in CTCF binding in iAs-T cells. CTCF binds DNA sequence
motifs with speciﬁc sequences that inﬂuence the strength of CTCF
binding (Nakahashi et al., 2013). Due to this diﬀerential binding, we
analyzed the strength of these CTCF binding sites. Thus, using
CTCFBSDB, we determined that the proximal binding site had a motif
weak for CTCF-binding while the motif found at the distal site is a
strong binder. Taken together, these results suggest that iAs blocks
CTCF binding to the weaker target sites, and thus to promote the observed increase in gene expression, the block at the proximal weaker
site must be compensated by increased binding at a stronger binding
site.
CTCF is known to act in several ways to regulate gene expression. It
can act as a transcriptional activator, repressor and insulator, or it can
pause transcription. CTCF is also an architectural protein creating shortrange and long-range loops. In forming short-range loops, CTCF links
promoters to transcription start sites, while in its formation of longrange loops, CTCF links enhancers to promoters; also acting as an insulator, creating boundaries between topologically associated domains
(TADs). Our data suggest that the binding of CTCF to the stronger site
might loop the regulatory region to the promoter region, to drive TET
expression. To test this idea that the stronger binding site is an enhancer, we analyzed enhancer-associated histone PTMs. At both the
TET1 and TET2 distal promoter regions we detected H3K4me1 and
H3K27ac, as well as H3K4me3. Interestingly in iAs-T cells there was an
increase in occupancy of these marks (Fig. 7 top). This ﬁnding seems to
suggest that in NT cells, the occupancy of enhancer-associated histone
PTMs, and CTCF binding at the proximal site, drive a ‘normal’ TET
expression. On the otherhand, in iAs-T, because of the reduction of
positive marks (speciﬁcally, CTCF binding at the proximal sites), a
compensatory mechanism is occurring, promoting increased CTCF
binding to the distal site to enhance TET expression (Fig. 8).
An understanding of the diﬀerential binding of CTCF to target sites
is probably more complicated than the simple model we depict in Fig. 8.
CTCF is known to bind with associated complexes such as condensin
and BORIS (Pugacheva et al., 2010; Nakahashi et al., 2013; Ali et al.,
2016). It is possible that some of these complexes make CTCF an insulator, activator or repressor and that some of these complexes aid in
stronger CTCF binding to the distal site. However, a clear mechanistic
insight into selective inhibition of CTCF by iAs requires a detailed
genome-wide functional analysis of CTCF binding in iAs-T cells. Future
studies will help delineate such selectivity. Interestingly, other heavy
metals have also been shown to inhibit CTCF binding at weaker binding
sites (Jose et al., 2014). Whether this is a mechanism for all heavy
metals remains still to be determined.
In conclusion, this study together with our previous methylation
studies (Rea et al., 2017), demonstrates that selective inhibition of
CTCF binding, regulates epigenomic reprogramming to drive speciﬁc
gene expression proﬁles. And since CTCF insulates TADs and controls
proper genomic architecture and chromosome folding, our studies may
provide a mechanistic insight into the rules governing mammalian
genome organization. Disruptions of these rules may have profound
implications in understanding disease pathogenesis.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.taap.2017.11.015.
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