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1. The differentially DMR/DhMR occurred earlier and much more than that of
CNVs which would be more suitable for a marker to detect the disease pro-
gression.

2. The differentially DMR/DhMR-associated genes enrich in Hippo and other
cancer-related signaling pathways.

3. Eight DMR/DhMR-associated genes significantly correlate with the overall
survival of CC.
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Abstract

Background: Cervical cancer (CC) is the second leading cause of cancer death
among women worldwide. Epigenetic regulation of gene expression through
DNA methylation and hydroxymethylation plays a pivotal role during tumori-
genesis. In this study, to analyze the epigenomic landscape and identify poten-
tial biomarkers for CCs, we selected a series of samples from normal to cervical
intra-epithelial neoplasia (CINs) to CCs and performed an integrative analysis
of whole-genome bisulfite sequencing (WGBS-seq), oxidative WGBS, RNA-seq,
and external histone modifications profiling data.

Results: In the development and progression of CC, there were genome-wide
hypo-methylation and hypo-hydroxymethylation, accompanied by local hyper-
methylation and hyper-hydroxymethylation. Hydroxymethylation prefers to dis-
tribute in the CpG islands and CpG shores, as displayed a trend of gradual
decline from health to CIN2, while a trend of increase from CIN3 to CC.
The differentially methylated and hydroxymethylated region-associated genes
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HAN ET AL.

both enriched in Hippo and other cancer-related signaling pathways that drive
cervical carcinogenesis. Furthermore, we identified eight novel differentially
methylated/hydroxymethylated-associated genes (DES, MAL, MTIF2, PIP5KIA,
RPS6KA6, ANGEL2, MPP, and PAPSS2) significantly correlated with the overall
survival of CC. In addition, no any correlation was observed between methyla-
tion or hydroxymethylation levels and somatic copy number variations in CINs
and CCs.

Conclusion: Our current study systematically delineates the map of methy-
lome and hydroxymethylome from CINs to CC, and some differentially
methylated/hydroxymethylated-associated genes can be used as the potential
epigenetic biomarkers in CC prognosis.

KEYWORDS
cervical cancer, cervical intraepithelial neoplasia, DhMR, DMR, hydroxymethylation,

methylation

1 | BACKGROUND

Cervical cancer (CC) is one of the most common gyne-
cological tumors that become a health threat to women.
There are more than half a million new cases and more
than 300,000 deaths worldwide each year.! China is one
of the countries with a high incidence of CC due to the
lack of a large-scale standardized regular screening and
the low usage of human papilloma virus (HPV) vaccine.?
Although, the 5-year survival rate of CC patients detected
at an early stage is more than 90%, the survival rate
decreases dramatically for advanced CC and metastatic
CC.? Therefore, itis urgent need to further study the patho-
genesis of CC and to find potential biomarkers to research
and develop novel diagnostic techniques and treatments
for advanced CC and metastatic CC.

It is reported that aberrant epigenetic modifications,
including primarily cytosine methylation (5mC) and
hydroxymethylation (5ShmC) can lead to inappropri-
ate activation/suppression of genes and then drive the
tumorigenisis.*> While DNA 5mC has been implicated
in numerous biological processes, and aberrant DNA
methylation patterns are considered as a hallmark of
cancer, the biological significance of DNA 5hmC in cancer
remains elusive. Recent studies have shown global loss
of 5hmC in a variety of human solid tumors (breast,
colon, gastric, liver, lung, melanoma, and prostate cancer)
compared with the normal surrounding matched tissue
demonstrated by immunohistological chemistry and dot
blot assays.” The depletion of DNA 5hmC in cancer
may also be a potential biomarker for early detection and
prognosis of distinct cancers.

In CC, one of the fundamental processes driving the
initiation and progression of CC is the accumulation of
genetic and epigenetic alterations in cervix epithelial cells.
A large amount of evidence showed that the methylation
of the host tumor suppressor gene promoter region can
cause dysregulation of many genes which in turn leads to
cervical tumorigenesis.® Verlaat et al reported that cancer-
like methylation patterns in CC could be detected early
in cervical intra-epithelial neoplasia (CIN) using 12 host-
cell DNA methylated genes.’ Furthermore, improvements
in the methods used for detecting DNA methylation and
hydroxymethylation have accelerated our understanding
of epigenetic variants in cancers. Wang et al drew the
whole 5mC and 5hmC profile in CC and compared to cer-
vicitis tissues by semi-quantitative methylation analysis.'"
However, these studies did not draw a full epigenomic map
that can differentiate 5mC from 5hmC in the entire patho-
genesis from normal to CIN to CC.

In addition, multi-omics integrated analysis can better
illuminate the mechanism of the occurrence and develop-
ment of carcinoma. Integrated analysis of methylation and
gene expression for diagnosis, treatment, or prognosis has
been reported in breast cancer, lung cancer, thyroid cancer,
and hepatocellular carcinoma, head and neck squamous
cell carcinoma, and polycystic ovary syndrome.'~'
Although CC screening programs are now carried
out worldwide, many women are still diagnosed with
advanced CC which the overall prognosis remains poor.
To date, only a limited number of reports about biomarkers
were identified in CC by multi-omics integrated analysis.

In this study, we systematically analyzed the landscape
diagram of methylation and hydroxymethylation from
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normal to CIN to CC at single-base resolution using whole-
genome bisulfite sequencing (WGBS-seq) and oxidative
WGBS (0xWGBS-seq) methods. In addition, we also per-
formed an integrative analysis of WGBS-seq, oxWGBS-seq,
RNA-seq data and histone modifications profiling data
from TCGA to identify CC-specific potential epigenomic
biomarkers.

2 | RESULTS

2.1 | A decreasing trend of global 5mC
and 5hmC levels from healthy groups to
CCs

We performed WGBS-seq and oxWGBS-seq on 16 genomic
DNA extracted from two health cervical (healthy) tissues,
six CIN tissues (CIN1, CIN2, CIN3, n = 2 for each stage),
and four paired CC tissues, and adjacent paracancer tis-
sues (Figures S1 and S2). The adequate and enough DNA
with good quality were sequenced to a depth of 10.48-fold
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and 10.44-fold for WGBS-seq and oxWGBS-seq with aver-
age cytosine coverage of 96.03% and 95.69%, respectively
(Table S2). We observed both high bisulfite (unmethylated
cytosine to uracil, 99.92%) and high oxidative bisulfite con-
version rates (5-hydroxymethylcytosine to uracil, 96.57%;
Table S2). In total, 4.8-14.8 million CpG sites could be
used to evaluate the hydroxymethylation variation at base-
resolution across all samples. Thus, we created genome-
wide, single-base-resolution 5SmC and 5ShmC maps of the
healthy groups, CINs, and CCs, and we drew a map of
5mC and 5hmC modification profiling in CpG contexts
(Figure S3).

We then compared the global levels of 5mC and 5hmC
in healthy groups, CINs and CCs according to beta val-
ues derived from WGBS-seq and oxWGBS-seq libraries
(see methods for details, the level was defined as the
ratio of methylated or hydroxymethylated cytosines to
the total number of cytosines). On the genomic scale,
the average global 5mC levels at CpG sites were 73.67
(56.20%-80.97%), and the average global ShmC levels at
the CpG sites were 2.39% (0.75%—7.23%) among 16 samples.
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Global DNA methylation and hydroxymethylation profile in cervical cancer. (A) Average global methylation (left) and

hydroxymethylation (right) levels of all CpG sites across the genome. (B) Absolute cytosine modification levels (C, mC, hmC) at individual
CpG sites in each sample. (C) The ratio of ShmC in 5mC modified sites and the ratio of 5mC in ShmC modified sites. Abbreviations: CIN,
cervical intraepithelial neoplasia; CC, cervical cancer; 5mC, 5-methylation cytosine; ShmC, 5-hydroxymethylcytosine
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FIGURE 2

Genomic features relative density of 5SmC (A, left) and 5ShmC (A, right) within function genomic regions in hgl9. CpGi, CpG

island. The enrichment fold in each functional region was determined by the ratio of random simulated regions to the DMR (B, left) or DhMR
(B, right) within the regions and the DMR/DhMR without the regions. p values were calculated by hypergeometric’s test. Cpg_inter, cpg

intergenic region. (*p < 0.05, #p < 0.01, $p < 0.001)

Both 5mC and 5hmC levels showed a decreasing trend
from healthy groups (72.45% and 3.31%) to CCs (68.66% and
0.94%), even if the level of 5mC and 5hmC in the adja-
cent para-cancer tissues tended to be higher than that in
the cancer tissues (Figure 1A). The average 5mC levels
were 76.58%, 78.57%, 79.84%, and 72.13% for healthy, CINI,
CIN2, and CIN3, respectively. While the average ShmC lev-
els were 1.83%, 1.141%, 0.82%, and 3.62% for healthy, CIN1,
CIN2, and CIN3, respectively.

In addition, we also analyzed the distribution frequency
of methylation, hydroxymethylation, and unmethylation
at modified CpG site. The ShmC level was 43-fold lower
than the 5mC level across all the patients (Figure 1B). We
found that there were 6.33%-24.63% of 5ShmC modifica-
tions in all of 5mC modificated sits in all samples, while
about 10% of 5hmC modifications in healthy cervix (Fig-
ure 1C, blue marked). Interestingly, we found that 100%
5hmC sites were also simultaneously modified by 5mC
(Figure 1C, yellow marked). Our results provide valuable

data in support of the reports that upstream modification
of hydroxymethylation is methylation.”!3

2.2 | Distribution of 5SmC and 5ShmC
content in human genomic regions

We then analyzed the distribution of 5SmC and 5hmC in
genomic regions in each group. Our results showed that
5mC sites and 5hmC sites distributed across the human
genome (Figure 2A). To explore whether the methylation
levels in a strand-dependent manner, the methylation lev-
els were interrogated by both Watson and Crick strand.
The methylation level in both strands was plotted for each
sample, and we did not observe any differences of methy-
lation between the Watson and Crick strands for each
sample (typical result was shown in Figure S4A). Intrigu-
ingly, from the kernel density of mC/hmC levels results,
the ratio of fully-methylated sites in the CC group was
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and CC. Regions that gain a mark (“hyper-") are represented by white bars, whereas losses (“hypo-") are marked by red. (B) Chromosomal
distribution of significant DMRs (up) and DhMRs (down) compared with the healthy. The length of the line represents the level of
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47% lower than groups in the healthy and CINs. How-
ever, no differences were observed on the ratio of fully-
hydroxymethylated sites among the healthy, CINs, and CC
stages (Figure S4B).

Consistent with the global methylation levels, the 5mC
and 5hmC levels exhibited a similar trend in different
genomic regions and all chromosome in CINs and CC.
However, we observed different methylation patterns at
locally functional regions including the exon and intron
regions, promoter, and intergenic regions (Figure 2A).

2.3 | The DMRs and DhMRs for cervical
carcinogenesis

We identified a total of 201, 48, and 1,942 DMRs (differ-
entially methylated regions) in CIN1, CIN2, and CIN3,
while 1,290, 1,156, and 7,853 DhMRs (Differentially Hydrox-
ymethylated Regions) in CIN1, CIN2, and CIN3 compared
with healthy group, respectively. Four thousand five hun-
dred eighty-nine DMRs and 783 DhMRs were identified in
CCs and adjacent paracancer tissues (Tables S3 and S4).

The DMR and DhMR were preferably enriched in CpG
island (CpGi) and CpG shore (flanking + 1 kbp of CpG
island) (hypergeometric test, p < 0.05; Figure 2B). Remark-
ably, DMR of CINs and CC significantly enriched in exons
(hypergeometric test, p < 0.05; Figure 2B), compared to the
expected. DMR in CIN3 co-localized in enhancers, flank-
ing 1-5 kb of genes, exon-intron boundaries and introns,
while methylation in gene promoter was only significantly
found in CC (hypergeometric test, p < 0.05; Figure 2B),
suggesting the essential role of promoter methylation in
CC initiation.

The number of DMR increased in CIN3 and CC stage,
compared with CIN1 and CIN2, suggesting that the
increased methylation changes in CC development. The
number of DhMR increased dramatically in the CIN3 stage
and decreased in CC stage (Figure 3A). Next, we also com-
pared the distribution of DMRs and DhMRs among CC at
the chromosomal level. The results suggested that CIN3
was mainly hypomethylated, while CC was mainly hyper-
methylated. Consistent with these results, high hydrox-
ymethylation occurred in CIN3, and a low level of hydrox-
ymethylation occurred in CC (Figure 3B). It is suggested
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that CIN3 displayed the most drastic demethylation in the
process of CC.

2.4 | Functionally associated genes based
on DMRs and DhMRs

We then annotated the genes associated with DMR and
DhMR. Here, we called them DMRs-associated genes
(DAGs) or DhMRs-associated genes (DhAGs). Consider-
ing the promoter methylation mainly contributes to the
gene expression, we focused on the promoter-linked DAGs
and DhAGs, we found several genes (such as NFIX, CDH4,
PDEA4D, PITX2, and G6PD) were closely related to cervical
carcinogenesis (Figure 4A left). These hypermethylation
genes could play a role in the CC progression. Similarly,
we also found two genes (PLSCR4, CUL4B) in hydrox-
ymethylation (Figure 4A right). Of these genes, NFIX and
PITX2 might be used as early detection and prognostic
markers for breast cancer.”?° CDH4 and PDE4D can
be used as early diagnostic markers of gastrointestinal
tumor and prostate cancer, respectively.’> Together,
these findings provided further support for an important
role of epigenesis in CC tumorigenesis and progression.

To gain insight into the potential biological function
of methylation and hydroxymethylation, the DAGs and
DhAGs were enriched via GO and KEGG. GO enrichment
results showed that CINs and CC-related biological pro-
cesses including DNA-binding transcription activator
activity and cell adhesion molecule binding (Figure 4B).
The KEGG enrichment result showed that these poten-
tially methylated genes were significantly enriched in
Hippo, cAMP, Adherens junction, Axon guidance, and
Neuroactive ligand-receptor interaction (all p < 0.05);
hydroxymethylated genes were also significantly clus-
tered in Hippo, cAMP, Rapl, ErbB, and MAPK signaling
pathways (Figure 4C) (all p < 0.05).

2.5 | The relationship between
methylation and hydroxymethylation level
and gene expression in DAGs and DhAGs

To determine the association between the methyla-
tion/hydroxymethylation level and gene expression, we
downloaded the level 3 methylation data and the paired
RNAseq data of CC deposited in TCGA database. Then, we
analyzed the expression level of DMRs/DhMRs-associated
genes (DAGs) from TCGA, of which these DAGs were over-
lapped to our results (Tables S3 and S4). And, we found
that 67.61 % and 81.27 % for promoter and gene bodies of
DMR/DhMR-associated genes that identified in our data,
were epigenetically silenced in TCGA through the cor-

relation between methylation and expression.”* Typical
results showed that gene expression was negatively cor-
related with methylation (Figure 5A). As an example, the
MAL expression showed a significant negative correlation
with its promoter methylation (Spearman rho = —0.42,
p = l.6e—14). Besides, we also analyzed methylation and
hydroxymethylation levels in promoters and exons in each
stage of cervical lesions (Figure S5A). Higher levels of
methylation were observed in upregulated gene expression
at the promoter boundary. These observations were con-
sistent with previous studies.”* Similarly, a positive trend
was observed between methylation and gene expression
in exon boundaries (+150 bp), especially in cancer and
matched adjacent paracancer tissues. However, for hydrox-
ymethylation, similar phenomenon was not found in any
of these groups (Figure S5B).

To further understand the clinical relevance of
DAGs/DhAGs in CC, the same strategy was performed as
the above. We firstly identified DMRs/DhMRs-associated
genes (DAGs) from TCGA, of which these DAGs were
overlapped to our results (Tables S3 and S4). And, then
we investigated the association between the methyla-
tion or expression of these DAGs/DhAGs and overall
survival. Both methylation and expression showed sta-
tistically positive correlation with the overall survival
rate of MTIF2, PIP5KIA, and RPS6KA6 in CC, whereas
those of DES and MAL exhibited negative association
with overall survival (all log-rank p < 0.05 Figures 5B
and 5C). Besides, we used the same analysis method
for DAGs/DhAGs of CIN3. Interestingly, three genes
(ANGEL2, MPP1, and PAPSS2) were also identified with
statistically significant differences in the overall survival
for CC. Therefore, methylation of these eight genes could
be used as potential biomarkers for predicting prognosis.

2.6 | Integrated analysis of methylation/
hydroxymethylation and genomic
variations

To investigate the relationship among methyla-
tion/hydroxymethylation levels and copy number
variations, we selected CNV data using both the bisulfite
sequencing data and the whole exome sequencing of CC
and CINs in our previous study.” We compared the loca-
tions of CNV regions and methylation regions unmatched
data. The SCNV gain or loss region did not consistently
overlap with DMR regions across the genome (Figures 6A
and 6B). And an example showed the inconsistency of
the location of CNV and DMR/DhMR in chromosome 2
(Figure 6C).

To explore the association between CNV and methyla-
tion/hydroxymethylation, the genome was randomly
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FIGURE 4 Cluster analysis of DMR and DhMR, GO and KEGG pathway analysis for DAGs based on DMRs and DhMRs. (A)
Hierarchical clustering of DMRs (left) and DhMRs (right) methylation level in different groups during cervical carcinogenesis. Each row

represents one DMR or DhMR. Hypermethylated DMRs are shown in red, hypomethylated DMRs in blue. The gene on the right indicates
that its DMR or DhMR is located in the promoter region. (B) GO analysis for DAGs/DhAGs based on DMRs (left) and DhMRs (right). (C)
KEGG pathway analysis for DAGs/DhAGs based on DMRs (left) and DhMRs (right). Groups are shown at the bottom. The total number of
selected genes within the GO pathways on the dot plot is shown in brackets. The color of the dot indicates the adjusted p-value (p < 0.05 and
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divided into constant bins (size 33 kb, optimized
by ReadDepth), and the read density and methyla-
tion/hydroxymethylation was measured using bisulfite
sequencing data. We used M values (log2 of beta values)
to represent methylation/hydroxymethylation levels in
the bin size. Using the z score of log2 (copy number ratio)

and methylation/hydroxymethylation variation,”® the
correlation of CNV and methylation/hydroxymethylation
was measured for all samples. A negligible or weak
correlation was found between CNV and methyla-
tion/hydroxymethylation (Spearman correlation coeffi-
ciency, range —0.0078 ~ 0.36, mean 0.17 and —0.073 for
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Correlation between DNA methylation and survival outcomes. (A) Spearman correlation was used to measure linear
relationships between DNA methylation and gene expression levels. Statistically significant expression difference (log-rank p-value < 0.05)
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CNVvsmC and CNVvshmC) in all the matched data. And,
the correlation coefficiency and p values were inconsistent
across samples at specific stage (Figure S6A).

To further assess the relationship between CNV and
methylation, we measured the euclidean distance between
pairwise CNV and methylation at different stages using
bisulfite sequencing data. And, the correlation coefficiency
were 0.27 (p = 0.070), 0.054 (p = 0.14), 0.15 (p = 0.09),
0.20 (p = 0.11) between the CNV and methylation dis-
tance for CIN1, CIN2, CIN3, and CC, respectively (Fig-
ure 6D). The correlation coefficiency was 0.37 (p = 0.32),
0.37(p=0.36),0.26 (p = 0.22), and 0.058 (p = 0.65) between
CNV and hydroxymethylation for CIN1, CIN2, CIN3, and
CC, respectively (Figure 6D). Taken together, no signifi-
cant correlations were observed between CNV and methy-
lation/hydroxymethylation in the CINs and CC.

In terms of the degree of change, the methyla-
tion/hydroxymethylation occurred earlier and much more
than that of CNV (Figures 6A and 6B, and S6B), which
would be more suitable for a marker for early warning of
CC. In addition, the mutation types in cytosine sites were
measured according to methylated status using WGBSseq
and oxWGBSseq data. Hydroxymethylated cytosines were
highly enriched in C > A and C > G transversions (all
p < 0.001), while C > A mutations were also observed at
methylated cytosines (p < 0.01; Figure S7).

2.7 | Integrated analysis of methylation
and hydroxymethylation with histone
modifications peaks

Finally, we associated the methylation and hydroxymethy-
lation with histone modification. The methylation and
hydroxymethylation levels were mapped to signals of
ChIP-Seq dataset of six epigenetic marks in the normal
human cervix from the ENCODE depository.

Promoter- and enhancer- associated histone binding
peaks (peaks + 5 kb, ranging +15 kb) were associated
with DNA methylation. H3K4me3 was depleted both in
DNA methylation and hydroxymethylation. H3K27ac and
H3K4mel were depleted in methylation, while enriched in
hydroxymethylation (Figure 7A). Especially, methylation
levels in promoter-associated H3K4me3 and enhancer-
associated marks (H3K27ac and H3K4mel) were signifi-
cantly lower in CIN3 and adjacent paracancer tissues than
in tissues of healthy and CINs. H3K27me3, a poly-comb-

associated mark,?’” was only depleted in methylation. No
discrepancy was observed in methylation and hydrox-
ymethylation at H3K36me3 peaks, which is a dsDNA
repair-marks,”® among all cervix tissues. The association of
DNA methylation and hydroxymethylation as well as four-
related histone modification localized at enhancer region,
the EPSI5 gene was shown as an example in both CC
and paracancer tissues (Figure 7B). Our analysis suggested
that methylation and hydroxymethylation were an epige-
netic mark in cervical tissues. And the hydroxymethyla-
tion resisted methylation in DNA modification at epige-
netic binding sites. An enrichment of hydroxymethylation
in promoter and enhancer elements indicated its gene reg-
ulatory activity.?’

3 | DISCUSSION

Epigenetic modification, especially DNA methylation and
DNA hydroxymethylation, as an epigenetic hallmark has
been proved to play an essential role in cancer. Thus far,
studies have reported that whole-genome methylation and
hydroxymethylation profiling for several cancers, profiling
for CC remains limited. In this study, we have performed
a base-level analysis of DNA methylation and hydrox-
ymethylation across the whole genome in healthy, CINs,
and CC with matched adjacent paracancer tissues, which
revealed novel insights regarding the role of epigenetic
modification contributes to the cervical carcinogenesis and
its prognosis.

The global methylation level of tumor tissues and
the matched adjacent paracancer tissues are the same,
but tend toward be higher than CINs and healthy; the
global hydroxymethylation level of adjacent paracancer
tissues tends toward to be higher than tumor tissues
(Figure 2A). The results showed that although the
morphology of the adjacent paracancer tissues had not
changed, the epigenetics has changed on a large scale.
And these observations are consistent with most of
the previous work about cancer epigenetics.’’*! Global
hypo-methylation and hypo-hydroxymethylation have
been observed in CC, especially, the number of DMRs
and DhMRs increased in CC, compared with the healthy.
The alteration of methylation and hydroxymethylation
occurred in CpG islands and CpG shores in CINs and CC
tissues. And the exon methylation was observed in CINs
and CCs (Figure 2B). There results indicated that the local

outside: CNV, CNV, methylation changes, genome positions by chromosomes; red, gain; blue, loss. (B) Circos diagram describing the
distribution of between hydroxymethylation changes and CNV alterations in CIN1, CIN2, CIN3, and CC group across whole genome. (C) IGV
shows the distribution of CNV and methylation/hydroxymethylation in chromosome 2. (D) The correlation of CNV (z score of log2 read
density) and methylation or hydroxymethylation (z score of M values; lower panel) in CIN1, CIN2, CIN3, and CC group
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methylation/hydroxymethylation changes might greatly
contribute to cervical carcinogenesis.

Locally hyper-methylation and hyper-hydroxymethyla-
tion have been identified in the CINs and CC. When
CC compared to normal tissue, high hydroxymethylation
occurred in CIN3 and low hydroxymethylation occurred
in CC which suggested drastic transformation have taken
place in the process of CC development (Figure 3A). A
large number of hyper-DMRs and hypo-DhMRs occurred
in CC, and amount of hypo-DMRs and hypo-DhMRs
occurred in CIN3 (Figure 3B). The change of DMR and
DhMR from CINs to CC exhibited a non-linear pattern,
rather than linear fashion.

Methylation and hydroxymethylation in lesions at CINs
may be a key checkpoint for the fate of cervical cells. We

found that methylation modification levels in stage CIN3
were distinct from CIN1-2 stages with aberrant decreased
methylation and sharply increased hydroxymethylation.
Additionally, the differential methylation regions in CIN3
specifically co-localized in enhancers. It used to be thought
that methylation/hydroxymethylation level of CIN pro-
gressed through these pre-cancerous stages toward cancer
in a linear fashion,*” except report of the disease progres-
sion in CC.» Coincidently, the researchers use this model
on the methylation status of the healthy individual, CIN1,
CIN2+ and CC patients, and observed the non-linear and
bi-modal methylation dynamic with maximum methyla-
tion in CIN2+ stage. Our study provides a more precise
transition stage in the methylation dynamic process from
CINs to CCs. Moreover, our results showed that a higher
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deviation of hydroxymethylation was observed than that
of methylation in this process. Inspired by the previous
studies,> we suspected that CIN3 is a critical stage that
the methylation/hydroxymethylation status is reversible in
this stage and could determine the clinical outcome of CC.
Moreover, the hydroxymethylation level might be more
sensitive than methylation in this process due to its high
deviation.

Several DMR-related genes have been used as diagnos-
tic or prognostic biomarkers in CC. Previous studies have
reported several CC-associated methylation genes includ-
ing SEPTINY, TAFA4 (also known as FAM19A4), CDKN2A
(coding p16™%4) SOX17, EZR (coding Ezrin), PAXI,
SOX11, TERT, SOX1, LMXIA, FHIT, POU4F3, ADCYS,
CDHS, ZNF582, ESRI, MYODI, COL17A1, JAM3, ASCLI,
LHXS8, and STEGALNACS5.>-° Of these methylated-genes
related to CC, all of these reported genes were identi-
fied in our results (Tables S3 and S4). ZNF582 and PAXI
promoter methylation detection have been commercially
used for CC diagnosis.”® The methylation of p16™NK42,
which has been proved to be indirectly caused by HPV E7
oncoprotein,” was found in CC. Besides, long non-coding
AFAPI-ASI and MEG3>>* that predicted the CC survival
was also validated in our cohort (Tables S3 and S4). How-
ever, CADM]1, which has been found to be methylation in
CINs and CC were only found in CIN1 of our cohort.”
Intriguingly, BRMSI°® and RADS5IB’’ that were reported
to be methylated as detected by qMSP or methylation
microarray in CC were actually hyper-hydroxymethylated
in cancer and CIN3 of our cohort.

Notably, novel methylated genes were identified in CC.
Typically, cancer driver genes NFIX and CDH4 may act
as methylation biomarkers for early detection for breast
cancer and gastrointestinal tumorigenesis.'”?! PITX2 acts
as an oncogene in multi-cancers, while no reports about
the role of methylation in other cancers as well as CC.
As a whole, these novel methylated genes provided new
insights for a better understanding of the progress of CC
and may serve as useful biomarkers for the accurate man-
agement of CC.

GO and KEGG pathway analysis shows that the
DAGs/DhAGs were significantly enriched in Hippo signal-
ing pathways and human papillomavirus infection path-
ways. Hippo hijacks EGFR and HPV E6 oncoprotein to
promote CC,*® and its downstream YAP and TAZ proteins
play a role in cervical tumor-infiltrated cell activation.”
Previously study finds that mutation, amplification, and
deletions of Hippo in hypermethylated CC subgroup.®’
We provided additional evidences that methylated genes
in Hippo pathway occurred in CC, even at CINs stages.
In addition, this finding is not similar to previous studies
which have suggested that the cell cycle was a key biolog-
ical process and a critical driver in CC by bioinformatics

analysis.®! To some extent, our finding shows the advan-
tage of finding the CC signal pathway by WGBS-seq and
0xXWGBS-seq.

Gene expression was controlled by multiple aspects
including DNA methylation, DNA hydroxymethylation,
histone modifications, thus, the correlation between DNA
methylation, and gene expression might be overestimated
when all genes were involved in the correlation analy-
sis. It can thus be suggested that the alteration in gene
expression and changes in methylation might be associ-
ated with the outcome of CC. Using TCGA as an exter-
nal validation, we identify the epigenetic changes that
may play a key role in the prognosis of CC. We finally
identified eight DMR/DhMR-related genes (DES, MAL,
MTIF2, PIP5KIA, RPS6KA6, ANGEL2, MPP, and PAPSS2)
that showed significant associations between overall sur-
vival and the identified DNA differential methylation-
related genes among the CC patients from TCGA. All
the eight DMR/DhMR-related genes were novel prognos-
tic genes at methylation level in CC. As a tumor sup-
pressor gene, the promoter methylation of MAL has been
found in CINs and CCs.” Hypermethylation of MAL is
correlated with its downregulation of gene expression
in esophageal adenocarcinomas.®” PIP5Kia and PIP5KIA
have been reported to be involved in carcinogenesis.®*%*
RPS6KAG6 (RSK4) is a putative tumor suppressor gene.®>°
The RSK4 gene has also been reported as oncogenic gene in
several cancers.®” Overexpression of RSK4 positively corre-
lates with poor prognosis in RCC and ESCC.?”-%® Notably,
the roles of DES and MTIF2 at genetic or epigenetic levels
are unclear in human cancers.

The three prognostic markers (PAPSS2, ANGEL2,
and MPPI) that hyper-hydroxymethylated in CIN3 also
play important roles in cancers. PAPSS2 is critical for
breast cancer cell migration and metastasis.” Abnormal
ANGEL?2 expression will affect the efficiency of pre-tRNA
processing.”” MPPI may be a new protein interaction
target for therapy against tumors.”" The epigenetic modi-
fication of these genes needs to be further investigation in
cancer biology and clinical implication.

The genetic and epigenetic variations co-contribute to
cervical carcinogenesis. Herein, we found that C > A
and C > G mutations in hydroxymethylated sites were
higher than non-hydroxymethylated cytosines (Figure S7).
These observations demonstrated an association between
DNA mutation and modification, and these associations
was also reported in human genome of cell lines, brain,
kidney, and myeloid cells.”>”® However, we found that
methylation/hydroxymethylation and CNV were indepen-
dent variables in our cohort, in line with previous results
that methylation levels unrelated with CNV changes.”
In addition, we predicted the performance of methy-
lation and hydroxymethylation are better than that of
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CNV in the diagnosis for cervical carcinogenesis. This
could be due to epigenetic alterations that have been
indicated to occur much earlier than genetic alterations
in CC.”

4 | CONCLUSION

In this study, we performed the genome-wide profiles of
DNA methylation and hydroxymethylation at single-base
resolution in the healthy, CINs lesions, CC. We found sev-
eral genes that provide further support for the importance
of epigenetics in tumorigenesis and progress. Through
multi-omics analysis, 5mC, and 5ShmC might be irrelevant
to CNV in cervical carcinogenesis. Finally, we identified
eight novel prognosis-associated genes and may serve as
novel targets for CC treatment.

5 | METHODS

5.1 | Sample collection

For physical examination volunteers and patients suffer-
ing from CINs and CCs, the written informed consent was
obtained from each person before enrollment. The cervical
exfoliated cells were sampled using cervical brushes for
each enrolled patient, which were used to observe the
morphological characteristics based on the liquid-based
cytology (Becton Dickinson Company, New Jersey, USA).
In Shenzhen People’s Hospital, cervical liquid-based
cytological test was used as a routine screening test for
CC. Hence, those patients with cytological abnormality
were recommended to accept colposcopy examination.
And then the colposcopy findings were used to determine
if a biopsy is necessary. The diagnoses of CIN1, CIN2,
CIN3, or CC were determined and reviewed by two
pathologists independently.”® This study was approved by
the Ethical Review Board of Shenzhen People’s Hospital
(SPH-2017022).

A total of 16 samples including two healthy cervix tissues
and six CINs and four CCs were enrolled in this study. The
healthy cervix tissues and the paired adjacent paracancer
tissues to CCs were used as the control. The biopsies from
CINs and the surgically resected tumors and paired adja-
cent paracancer tissues were snap-frozen in liquid nitro-
gen and stored at —80°C. All tissues were diagnosed by two
independent pathologists using H&E staining. The purity
of samples was above or equal to 70% according to patho-
logical results, while no tumor content was observed in
adjacent tumor tissues, CINs, and healthy cervix. All the
CINs and cancer patients were HPV positive, while the
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healthy donors were HPV negative. A detailed description
of clinical information was found in Table S1.

5.2 | Methylome and hydroxymethylome
sequencing

521 | WGBS-seq and oxWGBS-seq library
preparation

The WGBS and oxWGBS libraries were prepared followed
by the instruction of TrueMethyl Seq Kit (TrueMethyl Seq
Kit, CEGX, Cambridge Epigenetix Limited). One micro-
gram genomic DNA and non-methylated lambda DNA
were fragmented to 250 bp, then end-repair step was per-
formed in the presence of phosphokinase and DNA poly-
merase. The control DNA was spiked in to assess oxidative
conversion rate. Then, repaired DNA was adding tailing A
and adaptorization. The adaptorized libraries were puri-
fied with magnetic beads, denatured, and oxidized with or
without KRuO4 to generate oxBS and BS libraries. After
oxidation, the DNA was converted by sodium bisulfite and
amplified with methylated primers. Then the digestion
control was amplified and qualified with Taqal enzymes.
Finally, the libraries were amplified, qualified with bioan-
alyzer, and sequenced by Illumina Xten with PE150.

5.3 | Methylome and hydroxymethylome
bioinformatical analysis

Raw bisulfite sequencing data were filtered by cutadapt
and trimgalore. Then clean data were mapped to reference
hgl9 using BSMAP software.”” The methylation levels at
a single cytosine site represented as the beta value (the
ratio of methylated cytosine count to total number of cyto-
sine counts). The hydroxymethylation levels were obtained
by mlml algorithm.”® The DMR and DhMR were ana-
lyzed by metilene,”” using circular binary segmentation
with the following parameters and other default parame-
ters. DMR was identified as differential methylated region
with methylation levels > 0.2 and CpG coverage > 5,508
2D-KS and Mann-Whitney U test p < 0.001, and corrected
by Benjamini-Hochberg method. DhMR was defined as
differential hydroxymethylated region with levels > 0.2,
CpG coverage > 5, mininum CpG > 5 per region, valley fil-
ter = 0.05, 2D-KS and Mann-Whitney U test p < 0.001, and
corrected by Benjamini-Hochberg method.”” The number
of DMR/DhMR varied dependent on the parameter thresh-
olds; the number and landscape of DhMR with different
parameters of two algorithms were shown in Figure S8 and
Table S5.
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5.4 | Transcriptome data and correlation
analysis

The RNA-seq data of paired CC samples derived from our
previously reported work was used to obtain the results in
Supplementary Figure S5%° And, the RNA-seq data were
classified into high and low expression using absolute fold
change of 2 as cutoff, while genes with no changes were
defined as "no" change group. We calculated the methyla-
tion levels of all the genes localized around TSS or exons in
the healthy, CINs, CC, and matched paracancer tissues.

For RNAseq from TCGA (n = 307), the RSEM value for
each DAGs/DhAGs weas selected and correlated with the
average methylation levels within DMR/DhMR for each
gene with promoter methylation using Spearman coeffi-
ciency method.

5.5 | SNV analysis using bisulfite
sequencing data

The SNVs from WGBSseq and oxWGBSseq were obtained
by Bis-SNP using bisulfite sequencing data.®’ Briefly, all
the possible genotypes for each SNP were modeled using
dbSNP data. Then the bisulfite data for each cytosine were
used to establish Bayesian model using prior bisulfite con-
version rate and probabilities of methylation level. Finally,
the likelihood probability of SNP frequency was measured
at the same loci by Bayesian interfere. We chose the SNVs
that were identified both in bisulfite libraries and oxida-
tive bisulfite libraries in the same sample to ensure the
reliability. The overlapped SNVs were further filtered by
1000G, Esp6500, dbSNP150, Gnomad_exome, and exac03
datasets. Then the SNVs sites were counted by transver-
sion/transition type, classified according to methylation
status at cytosine sites, and viewed by ggplot2 package.

5.6 | CNV analysis and correlation
analysis

Copy number variation was called by Aberration Detection
in Tumour Exome algorithm using whole-exome sequenc-
ing data.®* The cutoff of copy number gain and loss were
defined as absolute threshold > 0.2. The copy number
alterations were viewed through copynumber R package.
Copy number variation of bisulfite sequencing data was
called by ReadDepth for single samples.®* Calling was
detected by circular binary segmentation using the default
parameters of software. The optimized bin was used as
33 kb for each samples. CNV gain and loss threshold was
set as copy number > 2.68 and copy number < 1.38, respec-
tively. Using the z score of log2 (copy number ratio) and

methylation variation as follows,?° the correlation of pair-
wise CNV and methylation was measured for all samples
using bisulfite sequencing data.

Zmethscore = (Mcase - Mnormal) /SDcase;ZCNVscore
= (lochase - lOanormal) / SDcase-

Whereas, M represent log2 of beta values. SD,5. means
the standard deviation of case sample. And logR depicts
the log2 of read density.

5.7 | Geneset enrichment analysis

The DMR/DhMR-associated genes were annotated by
GenomicRanges and genomation package. GO and KEGG
pathway enrichment for DAGs/DhAGs of each disease
stage was performed by clusterProfiler.®

5.8 | Enrichment analysis

To understand the enriched functional region that
DMR/DhMR preferred to occur in the genome, we ran-
domly generate the same size of DMR/DhMR region as
the expected regions. Then we counted the number of
DMR/DhMR with or without specific functional regions
(intergenic, CpG island, CpG shore, CpG shelves, FAN-
TOMS5_enhancer, gene bodies, 3'UTR, 5'UTR, intron,
exon, flanking 1-5 kb of genes, boundary, and promoters)
using annotatr package. Then the numbers of observed
DMR/DhMR was compared with that of expected regions
using hypergeometric test. The enrichment fold was
calculated by the ratio of each functional region to the
randomly simulated region.

5.9 | Statistical analysis

Methylation levels were measured as the ratio of methy-
lated cytosine to total cytosines at a single site. For com-
parison, the functional regions were divided into 20 or
10 bins. And the average methylation levels at functional
regions including promoter, exons, introns, CpGi, CpG
shores (URL:https://genome.ucsc.edu/cgi-bin/hgTables),
and enhancers were measured using genomation and
GenomicRanges packages (R v3.6.1).%° The functional
regions were annotated by annotatr R package.®’

The average methylation level for each gene in
DMR/DhMR was calculated using TCGA level3 methy-
lation data (n = 307). The methylation level or gene
expression was classified into a high and low group
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according to the optimal best cutoff point estimated using
the survminer R package. The correlation with overall sur-
vival and gene expression levels was measured using the
cox proportional hazard model, and statistical calculated
by weighted log-rank test and shown as Kaplan-Meier
curve using the survival package.
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