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Abstract

Background: Hepatoblastoma (HB) is a rare embryonal liver tumor occurring in the pediatric population, and although intrinsic

biological differences between tumors can impact HBs prognosis, few groups have studied this aspect. Given the crescent

relevance of epigenetic mechanisms in the genesis and progression of these tumors, we aim to classify HB samples according

to the different stages of liver development as well as DNA methylation machinery. Procedures: Using bioinformatics tools,

we evaluate the expression of 24 genes associated with epigenetics and stages of hepatocyte differentiation as well as global

DNA methylation to propose a stratification model for HB. Results: Based on the gene expression profiles of DNA methylation

machinery and hepatocyte differentiation markers, HBs were clustered into three groups. Besides reinforcing the molecular

heterogeneity of these embryonal tumors, our data propose that a panel of 13 genes can be used for HB stratification (TET1,

TET2, TET3, DNMT1, DNMT3A, UHRF1, ALB, CYP3A4, TDO2, UGT1A1, AFP, HNF4A, and FOXA2). DNA methylation

machinery exerts a key role in the characterization of HBs, directly reflected in diverse DNA methylation content. Moreover,

we suggest that the group of HBs presenting similarity with differentiated livers, such as upregulation of mature hepatocyte

markers, decreased expression of DNA methylation enzymes and higher global methylation levels are associated with a worse

prognosis. Conclusions: HBs are heterogeneous tumors and our findings point out the role of the epigenetic machinery in the

samples characterization, suggesting the need of new stratification system for patients with HBs.

INTRODUCTION

Hepatoblastoma (HB) is a rare liver tumor occurring in childhood1, hypothetically arising from hepatocyte
precursors2. There is a reported global trend towards an increasing incidence of HB over the last years 3

which could be caused by the rising of premature children, associated with low birthweight, a known risk
factor for HB 4. The overall 5-year survival rate of children with HB is 70% 5,6; however, patients who do
not respond to standard treatment have very low survival 7–10. HB are heterogeneous with several histologic
types 2, frequently displaying combinations of epithelial, stromal, mesenchymal and/or undifferentiated
cells11.Despite this clinical heterogeneity, a few recurrent genetic lesions were reported in HBs, that present
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the lowest reported burden of somatic mutations 12. Epigenetic mechanisms seem to be crucial factors
to be considered in the genesis and progression of this tumor. In our previous work13, the evaluation
of HB methylomes disclosed a lower level of DNA methylation is non-repetitive sequences compared to
non-tumoral livers, a finding corroborated by others14, in addition to hypermethylation in CpG islands
mapped in genes associated with tumor suppression, lipid metabolism, and liver differentiation. Moreover,
we unraveled changes in gene expression of the epigenetic machinery in HBs that support a model of an
active demethylation process in this tumor, probably during the early stages of liver development 15. HB
is an embryonal tumor, for which the main hypothesis of origin proposes that cancer arises from a failure
of cell differentiation, leading to the rupture of the normal process of organ development 16. Therefore,
some childhood tumors could mimic the activity of embryonic cells; as an example, the α-fetoprotein, only
produced by the fetal liver, is increased in most HBs 17. Although intrinsic biological differences between
tumors can impact HBs prognosis, few groups have studied this aspect. Here, we focus on the model of the
origin of embryonal tumors to classify HB samples according to the different stages of liver development,
based on gene expression analysis of markers of hepatocyte differentiation as well as enzymes of the DNA
methylation machinery. Using these data, we provide a framework to stratify HBs, correlating the molecular
biomarkers with clinical features.

MATERIAL AND METHODS

Patients

Fresh-frozen HBs (n=21) and matched non-tumoral liver tissues (n=9) were recovered from biobanks. All
patients received pre-surgery chemotherapy according to either SIOPEL (http://www.siopel.org /) or COG
(https://www.childrensoncologygroup.org /) protocols, and they were followed by clinical examination, imag-
ing tests, and alpha-fetoprotein dosage. This study was approved by the Ethics Committees of the A.C.
Camargo Cancer Center and GRAACC. Biological samples were collected after signed informed consent
obtained from parents.

Cell cultures

Induced pluripotent stem cell lines (iPSC) derived from human peripheral blood of three control individuals
were obtained following the procedure reported by Okita et al. 18. Hepatic differentiation was performed
using the iPSC lines as described 19 to collect cells in different stages of differentiation (definitive endoderm,
hepatoblasts, and precursor hepatocyte cells).

RNA isolation

RNA samples were obtained from the biobank of the A.C. Camargo Cancer Center and GRAACC; samples
were extracted from tissues using the QIASymphony DNA Mini kit (QIAGEN ) and the RNeasy Mini Kit
(QIAGEN ), according to manufacturer’s recommendations. The quality of RNA samples was verified by
microfluidics-based electrophoresis (Bioanalyzer, Agilent Technologies; CA, USA), and only RNA samples
with RNA Integrity Number (RIN) >7.0 were used.

Gene expression analysis

Expression of 24 genes was evaluated by qRT-PCR (AFP, ALB, CK18, CK19, CXCR4, CYP3A4, FOXA2,
G6PC, HNF1A, HNF4A, NANOG, POU5F1, SOX2, SOX17, TDO2, UGTA1, TET2, TET3, DNMT1,
DNMT3A, DNMT3L, SOX2, TET1, andUHRF1 - primers upon request). The cDNA was synthesized
using the High Capacity RNA-to-cDNA kit (Applied Biosystems, EUA). Experiments were based on the
International Guideline MIQE (The Minimum Information for Publication of Quantitative Real-Time PCR
Experiments). The housekeeping genes were chosen using the geNorm algorithm20 after expression analysis
of ACTB ,GAPDH , B2M genes and 18S ribosomal RNA (18S rRNA ). Data were normalized using the
expression values of the housekeeping genes 18S rRNA and B2M , and all reactions were performed with
three technical replicates. The delta-delta Ct ([?][?]Ct) method was used for data analysis 21.

Statistical analysis

2
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Statistical analysis of gene expression data was applied to log2-transformed values 22. A gene was considered
differentially expressed between tumors and controls if the p-value was lower than 0.05 (FDR-corrected
ANOVA). Sample clustering was performed using the k-means algorithm with 1000 random permutations and
four different centroids. Centroid numbers were estimated using the elbow method and UPGMA hierarchical
clustering; input data were scaled, centered and PCA transformed prior to clustering procedure. Differentially
expressed genes were identified by analysis of variance (ANOVA) 23 between sample sets 1, 2 and 3. All
analyses were performed using R (version 3.4.4), with the following packages: STRINGR, GGPLOT2, GRID,
gridExtra, and GGBIPLOT.

Global methylation level

The global mean methylation level was calculated as the average of all normalized B-values of the HM450K
Methylation array (Illumina)13 for each sample as this platform mainly reflects the content of CpG sites
mapped to regulatory sequences.

In silico analysis

To explore the pathways in which the genes are involved with, we used Reactome Pathway Database
(https://reactome.org/ - Version 72 Released). A binomial test is used to calculate the probability for
each result and the p-values are corrected for the multiple testing (Benjamini–Hochberg procedure) that
arises from evaluating the submitted list of identifiers against every pathway 24,25. We considered signifi-
cant, those p-values <0.05. Data were crossed with other resources such as NCBI, Ensembl, UniProt, KEGG
(Gene and Compound), ChEBI, PubMed and GO.

Pairwise gene expression correlation was calculated using Pearson’s method and the data was displayed using
the heatmap.2 function (packages: STRINGR, GGPLOT2, GRID, gridExtra, and GGBIPLOT) with the
same setting as the UPGMA previously described.

RESULTS

Gene expression of differentiation markers was evaluated for specific stages: stem cells (NANOG , POU5F1
, SOX2 ), definitive endoderm (CXCR4 , FOXA2 , SOX17 ), hepatoblasts (AFP , CK19 , HNF4A)
, hepatocyte (ALB , CYP3A4 , CK18 , HNF1A , G6PC ,TDO2 , UGT1A1 ). In addition, the gene
expression data of genes associated with the DNA methylation machinery (DNMT1 ,DNMT3A , DNMT3B
, DNMT3L , TET1 , TET2 ,TET3 , UHRF1 ) were recovered from our previous study15.

Pairwise correlation analysis of the 24 genes expression pointed to three groups with correlated expres-
sion patterns (Figure 1 ): (1) AFP, CK19, UHRF1, DNMT3B, HNF1A, FOXA2, HNF4A , SOX2 ; (2)
DNMT3A, TET3, TET1, DNMT1 , TET2 ; and (3) ALB, TDO2, CYP3A4, CK18 , and UGT1A1 .

Based on the (Supporting Information Figure S1A and S1B ) and K-means (Supporting Informa-
tion Figure S2) The Set-1 cluster (in black) was composed of hepatoblasts and hepatocyte-like cells and
only three HBs (33T, 35T, and 43T), suggesting a gene expression profile similar to transitional phases of
the hepatocyte differentiation. A second group (Set-2, in red) contained nine HB samples (18T, 28T 32T,
37T, 38T, 40T, 42T, 44T, and 45T). The larger group (Set-3, in green) clustered all 9 non-tumoral liver
samples plus nine HBs (15T, 17T, 30T, 31T, 34T, 36T, 39T, 41T and 46T), showing that these tumors
exhibited a gene expression profile similar to differentiated livers. The Set-2 cluster (red) presented a partial
overlap to Set-1 and Set-3, pointing to mixed characteristics of gene expression, in a more advanced phase of
hepatocyte differentiation when compared to the Set-1 group. Finally, an isolated group consisting of only
the iPSC and the definitive endoderm cells was detected (Set-4, in blue), exhibiting the most distinctive
gene expression pattern when compared to the other groups, as expected.

Differential expression analysis indicated that 13 out the 24 genes showed differences between Set-1, Set-2
and Set-3 groups (Supporting Information Figure S3) . From these thirteen genes, six genes were asso-
ciated with the epigenetic machinery (TET1, TET2, TET3, DNMT1, DNMT3A, and UHRF1 ), a definitive
endoderm marker (FOXA2 ), two hepatoblast markers (AFP andHNF4 A), and four hepatocyte mark-
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ers (ALB, CYP3A4, TDO2 , and UGT1A1 ). The gene expression analysis evidenced that Set-1 tumors
have upregulation of hepatoblast markers (Figure 3A-C ), and high expression of the DNA methylation
genes, mainly UHRF1 and TET1 (Figure 3D-E ). The Set-2 tumors exhibit upregulation of the DNA
methylation genes (Figure 3D-I ) and low expression of markers of both the intermediary stages of differ-
entiation (Figure 3A-C ) and mature hepatocyte genes (Figure 3J-M ). Finally, in Set-3, samples show
down-regulation of the DNA methylation genes (Figure 3D-I ), associated with high expression of mature
hepatocyte marker genes (Figure 3J-K ). With the determination of these 13 genes derived from differential
expression, the analysis of gene distance showed that these genes have three groups with a similar expression
pattern (UHRF1, AFP, FOXA2 and HNF4A ; DNMT3A, TET3, TET1, DNMT1 , and TET2 ;ALB, TDO2,
CYP3A4, and UGT1A1 ). Besides, the analysis showed that in HB genes of epigenetic machinery have an
inverse expression pattern to the mature hepatocyte’s markers (Supporting Information Figure S4 ).

The thirteen genes were submitted to Reactome Pathways analysis, searching for 1) pathways related to
biological mechanisms and 2) pathways that are specific for cancer. From the 158 pathways (p<0.05)
(Supporting Information Table S1 ), the top five were mRNA splicing - major pathway (R-HSA-
72163), mRNA splicing (R-HSA-72172), processing of capped intron-containing pre-mRNA (R-HSA-72203),
apoptosis (R-HSA-109581) and protein localization (R-HSA-9609507). Considering cancer pathways, from 33
pathways (p<0.05) (Supporting Information Table S2 ), the top five were endosomal/vacuolar pathway
(R-HSA-1236977), TP53 regulates transcription of DNA repair genes (R-HSA-6796648), signaling by BRAF
and RAF fusions (R-HSA-6802952), constitutive signaling by aberrant PI3K in cancer (R-HSA-2219530)
and oncogenic MAPK signaling (R-HSA-6802957).

Comparison of the analysis of global DNA methylation between the three groups (Figure 4 ) showed that
the Set-3 presented an overall methylation level similar to non-tumoral liver samples, in agreement with
expression data. The samples from the Set-1, that presented expression profile similar to embryonic stages
of the hepatocyte differentiation, had a lower level of global DNA methylation than the other two groups.
The Set-2 samples, that contain HBs with transitional gene expression profile when compared to the others,
also had an intermediate mean level of DNA methylation.

Table 1 presents the clinical characteristics of the HB cases, clustered according to the Set in which they
were classified based on their gene expression profile. Moreover, the somatic driver mutations previously
detected in some HBs, as well as the results of the immunohistochemistry analysis of the beta-catenin
are presented (data derived from Aguiar et al. 2020 26). Set-1 was composed of intermediate-risk HBs,
according to the CHIC criteria27,28. It is interesting to note that three out of nine patients of the Set-3
died, three developed pulmonary metastases, and one was characterized as HB/HCC features (carrying a
TERTpromoter mutation; Supporting Information Figure S5 – Kaplan-Meier survival curve ).
The Set-2 contains tumors that are clinically heterogeneous, with two cases of late diagnosis, one of them
carrying a somatic mutation in the TERT promoter.

Despite the number of samples in each set, it is possible to notice a trend in relation to histology. In Set-1
there is a predominance of epithelial embryonal, Set-2 exhibits a predominance of epithelial and mesenchymal
mixed, and in Set-3, epithelial fetal samples.Figure 5 summarizes our findings and proposes the stratification
of this cohort of HBs.

DISCUSSION

The scenario of few recurrent driver mutations in HBs represents a challenge for risk stratification and adjust-
ment of the therapeutic regimen, and for this reason molecular subclassifications, including gene signatures,
have been proposed 2,29,30. Expression pattern of 16 genes grouped HBs according to tumor aggressiveness
in two groups, called C1 and C2 signatures where β-catenin is upregulated in both signatures with genes
being related to hepatocyte markers (GLUL , CYP2E1 , CYP1A1, andAQP9) , cell cycle regulation (E2F5 ,
BUB1 ,DLG7 ), hepatic stem/progenitor markers (DUSP9 , AFP ,CK19 , and TACSTD1) , and metabolism
(APOC4, ALDH2 )29. The differential activation of hepatic stem/progenitor markers (LIN28B, SALL4 ,
and AFP ), genes related to cancer pathways (TERT, TP53 ), metabolism (NFE2L2 ) and hepatobiliary
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system (NOCHT1 , HNF ) were also used to stratify HBs in molecular subtypes according to risk30.

Here, we focused on epigenetic markers (expression of DNMTs and TETs as well as global DNA methylation)
in addition to genes related to the stages of liver differentiation, in an attempt to perform HB stratification.
Hepatocytes are the major cell type of the liver, accounting for ˜ 70% of the mass of the adult organ. The
anterior portion of the hepatic diverticulum gives rise to the liver from endoderm cells that differentiate in
the bi-potential cells known as hepatoblasts 31,32, and liver growth and hepatocyte maturation are processes
regulated by genes acting intrinsically in these cells 33. HB is postulated to develop from hepatoblasts, the
precursor cells of hepatocytes 2; however, microscopically, HBs are heterogeneous, rarely composed of only
one cell type, often exhibiting combinations of epithelial, stromal, mesenchymal and/or undifferentiated cells
components11.

Genes associated with DNA methylation exhibited in HBs a pattern of expression directly correlated, which is
inverse to the expression pattern of mature hepatocyte markers, highlighting the central role of this specific
epigenetic pathway in liver differentiation and as well as in HB stratification. Our data also disclosed a
direct correlation ofUHRF1 and AFP expression in tumors, which was previously described for HCC
34, possibly representing a new finding to be explored in HBs. Additionally, there is a similar expression
pattern of HFN4A and FOXA2 , which are nuclear factors that present tissue co-expression and cooperate
for hepatic pathway cell commitment35, emphasizing the key role of the hepatic differentiation blockage in
HB development.

Besides reinforcing the molecular heterogeneity of these embryonal tumors, we propose a panel of 13 genes
for this HB stratification (TET1, TET2, TET3, DNMT1, DNMT3A, UHRF1, ALB, CYP3A4, TDO2 ,
UGT1A1, AFP , HNF4 A, and FOXA2 ). Remarkably, our data showed that the DNA methylation
machinery exerts a key role in the characterization of HBs, directly reflected in diverse DNA methylation
content. Six out of the eight genes associated with DNA methylation were determinants for HB stratification,
evidencing the importance of the epigenetic machinery for the biology of this embryonal liver cancer.

At the beginning of the embryo development, the epigenetic machinery acts by decreasing the overall level of
DNA methylation, allowing the expression of genes associated with pluripotency 36. During the maturation
of the organ, there is an increase in the DNA methylation, a process that will culminate in the selective
expression of tissue-specific genes, associated with the promotion of cell differentiation. The iPSC and
definitive endoderm cell lines clustered separately (Set-4), reinforcing that HBs are composed of cells already
compromised with the hepatocyte differentiation. A small group of intermediate-risk tumors exhibited high
expression of the epigenetic machinery genes as well as hepatoblast markers (Set-1), a profile suggestive of
a precursor stage of hepatocyte differentiation. This HB group present the highest expression of TET1 ,
TET3 , andUHRF1 among all tumors; in a recent work, we proposed an active demethylation process in HBs,
particularly associated with upregulation of TETs and UHRF1 15 and, accordingly, Set-1 tumors exhibited
marked global DNA hypomethylation. In the other hand, the Set-3 presented downregulation of the DNA
methylation genes and high expression of mature hepatocyte markers, similarly to non-tumoral control livers;
they were likely derived from cells compromised with more advanced stages of hepatocyte differentiation,
and their global DNA methylation content is also similar to non-tumoral livers, corroborating the hypothesis
of origin in late stages of hepatocyte differentiation. Considering that Set-3 comprised HBs from patients
who are deceased and/or developed metastases, as well as one sample characterized as HB/HCC features,
the major markers of hepatocyte (UGT1A1 , TDO2 , and CYP3A4 ) that are differentially expressed in this
group, deserve further investigation as biomarkers of worse prognosis. Finally, the Set-2 contains clinically
heterogeneous HBs exhibiting an intermediate expression profile between the Set-1 and Set-3 clusters, with
high expression of the DNA methylation genes and downregulation of hepatoblast and mature hepatocyte
markers. The Set-2 has a global DNA methylation level intermediary between Set-1 and Set-3, which is
in accordance with the hypothesis that these tumor samples have a molecular profile transitional between
hepatoblasts and mature hepatocytes.

In a recent analysis involving a large group of 113 samples, HBs presented two epigenetic signatures (Epi-CA
and Epi-CB), according to the degree of sample hypomethylation. Moreover, amplification of the oncogenic
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14q32 DLK1-DIO3 locus in part of the HBs delineated signatures of moderate or strong expression of genes
mapped to this region. Using both findings, a molecular risk stratification of three categories was proposed
(MRS-HB) 37. Despite using a smaller cohort of 21 HB samples in our study, we also showed that DNA
methylation is a strong biomarker for HB stratification, pinpointing to specific DNA methylation genes as
important players.

Precision medicine brings the promise of improvement in diagnosis and matching patients to personalized
targeted therapies using genomics, epigenomics, metabolomics and proteomics. One of the major barriers to
the implementation of this approach in clinical settings is the intra/inter- tumor heterogeneity, in addition
to the rarity in the case of pediatric cancer. In particular, HB is a tumor with a genetic background
with low mutational background and few cytogenetic alterations12,30,38–41, in addition to DNA methylation
changes13,42.

The present work describes the possibility of molecular stratification of HBs according to markers of hep-
atocyte differentiation and DNA methylation. Tumor heterogeneity could be overcome using molecular
signatures that are linked to clinical data. Here, we evidenced a HB group (Set-3) with a similarity of late
stages of hepatocyte differentiation and lower DNA methylation genes that present a tendency to a worse
prognosis. Although the other two sets do not have clinical characteristics that are divided evenly between
groups, the association of Set-3 with a worse prognosis is in concordance with the literature that have shown
metastasis at diagnosis, advanced age of diagnosis27,28,43, mutations at TERT gene30,39 associated with high
mortality.

Most drugs based on the mechanisms of anticancer resistance in HB will act on pathways such as p53,
tyrosine kinase, cell cycle control, and transcriptional and translational events. A specific gene,CYP3A4,
upregulated in Set-3, is related to five drugs used in the treatment of HBs 44, particularly etoposide (a drug
used in neoadjuvant chemotherapy), which causes demethylation in liver cells 45,46, and Sorafenib, a kinase
inhibitor mainly oxidized by CYP3A4 , with the collaboration ofCYP1A1 and CYP1B1 47. Vincristine,
Cyclophosphamide and Isofosfamide are also metabolized by CYP3A4 48–51. These findings suggest that
changes in this gene could lead to resistance to treatment, maybe explaining the worse clinical signs observed
in Set-3, with CYP3A4 levels similar to mature hepatocytes.

Together, data here showed the possibility of HB stratification in three groups considering the epigenetic
machinery and markers of liver differentiation stages. These groups have levels of DNA methylation according
to their stage of cell differentiation, which indicates that the clinical heterogeneity widely described for this
tumor, also occurs at the epigenetic level. Therefore, we demonstrate that epigenetics can be an important
tool that must be considered in stratification of HB.
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LEGENDS OF FIGURES

Figure 1. Pairwise gene expression correlation. For each gene (24), based on the average of samples in
each compendium (full and partial), we measure for pairwise gene association using Pearson‘s correlation and
the data was displayed using the heatmap.2 function. The analysis evidenced 3 groups of genes with similar
expression patterns: 1. AFP, CK19, UHRF1, DNMT3B, HNF1A, FOXA2, HNF4A ; 2. SOX2 ;DNMT3A,
TET3, TET1, DNMT1 , and 3. TET2 ; ALB, TDO2, CYP3A4, CK18 , and UGT1A1 . In the heatmap, the
green color represents a reduction in gene expression, while the red color indicates an increase in expression.

Figure 2. Analysis of PCA K-means of hepatoblastomas and control liver samples based on
their expression profile of 24 genes. The analysis was performed grouping HBs and non-tumoral liver
samples with similar levels of gene expression which resulted in four clusters, indicated by color legends. In
the figure, the triangles indicate samples of non-tumoral tissues; the squares indicate HB samples; circles
indicate samples derived from cell culture (iPSC lines). The samples grouped in Set-1 are represented in
black; samples grouped in Set-2 are in red; in green, samples grouped in Set-3; in blue, samples grouped in
Set-4.

Figure 3. Analysis of gene expression of 13 genes in hepatoblastoma groups according to their
clustering. Set-1 presents the upregulation of hepatoblast markers AFP , HNF4 A,FOX2A (A-C ), as well
as the high expression level of the epigenetic machinery genes, mainly UHRF1 and TET1 (D-I ). The Set-2
cluster samples revealed the upregulation of the epigenetic machinery genes, highlighting TET2 (D-I ), and
low expression of markers of both the intermediary stages of differentiation (AFP ,HNF4A and FOXA2 ) (A-
C ) and mature hepatocyte genes as ALB , UGT1A1 , and TDO2 (J-I; M ). Set-3 group the samples showed
down-regulation of the epigenetic machinery genes (TET1, TET2, TET3, DNMT1, DNMT3A, UHRF1 )
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(D-I ), associated with high expression of mature hepatocyte marker genes (ALB , UGT1A1, CYP3A4 ,
and TDO2 ) (J-M ).

Figure 4. Global methylation analysis of the three different clusters of hepatoblastomas and
liver control samples. On the y-axis, the percentage of methylation is indicated for each sample. The
boxplots referring to the overall methylation level show that the average content of this epigenetic mark
differs between different HB clusters and non-tumoral liver tissues.

Figure 5. Hepatoblastoma stratification according to global content of DNA methylation and
expression profile of DNA methylation enzymes and markers of hepatocyte differentiation. In
the middle is depicted differentiation stages from stem cells to hepatocytes, with the respective genes used
in the present study as markers of each stage. The blue bar indicates the global DNA methylation level,
with the darkest color corresponding to the highest level of the epigenetic mark; similarly, the red gradient
bar indicates the level of expression of DNA methylation genes (DNMT1, DNMT3A, DNMT3B, DNMT3L,
TET1, TET2, TET3, and UHRF1 ), with the darkest one corresponding to the highest level. Clusters of
HBs (Set-1, 2 and 3) are indicated on the top.

Hosted file

Table1.docx available at https://authorea.com/users/328344/articles/455683-dna-methylation-
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