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ABSTRACT
Hepatocellular carcinoma (HCC) usually afflicts individuals in their maturity after 

a protracted liver disease. Contrasting with this pattern, the age structure of HCC in 
Andean people displays a bimodal distribution with half of the patients developing HCC 
in adolescence and early adulthood. To deepen our understanding of the molecular 
determinants of the disease in this population, we conducted an integrative analysis 
of gene expression and DNA methylation in HCC developed by 74 Peruvian patients, 
including 39 adolescents and young adults. While genome-wide hypomethylation is 
considered as a paradigm in human HCCs, our analysis revealed that Peruvian tumors 
are associated with a global DNA hypermethylation. Moreover, pathway enrichment 
analysis of transcriptome data characterized an original combination of signatures. 
Peruvian HCC forgoes canonical activations of IGF2, Notch, Ras/MAPK, and TGF-β 
signals to depend instead on Hippo/YAP1, MYC, and Wnt/β-catenin pathways. These 
signatures delineate a homogeneous subtype of liver tumors at the interface of the 
proliferative and non-proliferative classes of HCCs. Remarkably, the development of 
this HCC subtype occurs in patients with one of the four Native American mitochondrial 
haplogroups A-D. Finally, integrative characterization revealed that Peruvian HCC 
is apparently controlled by the PRC2 complex that mediates cell reprogramming 
with massive DNA methylation modulating gene expression and pinpointed retinoid 
signaling as a potential target for epigenetic therapy.
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INTRODUCTION

Hepatocellular carcinoma (HCC), the main form of 
primary liver cancer, is one of the leading causes of tumor-
related death worldwide [1]. HCC exhibits a high degree 
of molecular heterogeneity translated to some extent in 
its clinical presentation [2]. The transcriptome analysis of 
HCC delineates two major classes (i.e., proliferative and 
non-proliferative) with differences in pathway activation, 
phenotypes, and prognosis [3]. The non-proliferative HCC 
class is correlated to chronic hepatitis C virus infection 
and alcohol consumption, and it is associated with 
low circulating α-fetoprotein (AFP) levels, low-grade 
cancer cells with retention of a certain degree of well-
differentiated hepatocyte signaling, and a good prognosis 
[4]. On the opposite side, the proliferative HCC class is 
associated with hepatitis B virus (HBV) infection, higher 
serum AFP levels, more aggressive tumors, and shorter 
survival [4]. This latter class is further subdivided into 
hepatocyte- and progenitor-like clusters. Genome-wide 
hypomethylation is viewed as a transversal hallmark of 
all HCC subtypes, whereas CpG-rich regions are found 
focally hypermethylated [5, 6]. 

This molecular classification of HCCs relies almost 
exclusively on genomic data from HCC patients of North 
America, Asia-Pacific, and Europe [2]. Indeed, there is still 
a scarcity of molecular information available from HCC 
patients of Africa, Latin America, and Oceania despite 
distinctive characteristics exhibited by the disease in these 
regions. For example, a significant fraction of HCC cases 
in South America manifests with unusual early-age onset 
[7, 8]. That is especially prevalent in the Andean Natives 
of Peru, in which non-cirrhotic, non-fibrolamellar HCCs 
develop in young patients with underlying infection by 
HBV subtype F1b [9, 10]. In these tumors, the DNA repair 
machinery is constitutively activated in liver cancer cells, 
despite a low HBV replication level and a low-to-moderate 
mutation rate at major gene targets [10, 11]. Intriguingly, a 
similar early-age onset of HCC, associated with the same 
clade of HBV, has also been described in Alaskan Native 
people, 10,000 km distant from the Andean communities 
of Peru [12]. This observation has raised the hypothesis of 
a particular dynamics in liver cancer shared by people with 
Indigenous American ancestries [8]. 

People with Indigenous ancestry remain starkly 
underrepresented in cancer genomics studies, which 
eventually limits the usefulness of available molecular 
classifications for these populations [13, 14]. Yet, it 
has been demonstrated that cancer biology is impacted 
by ancestry [15, 16]. The Peruvian population retains 
among the highest proportions of Indigenous American 
genetic architecture of all Latin Americans [17–19]. 
Accordingly, the peculiar presentation of HCC in the 
Andean Native people of Peru supports the idea that liver 
cancer pathogenesis might be modulated by the patients’ 
Indigenous American background, either through their 

genetic architecture or by anthropological determinants 
conditioning individual exposome [20]. However, 
establishing a link between disease presentation and ethnic 
or genetic background still requires to characterize the 
molecular hallmarks of these tumors [21, 22].

Here, we conducted an integrative analysis of gene 
expression and DNA methylation in HCC developed by 
patients from Peru. We report an original model of DNA 
hypermethylation associated with a gene expression 
signature that does not conform with the current molecular 
classification of HCCs. Altogether, our findings uncover a 
major role for anthropological background in molecular 
oncology with the characterization of a clinically relevant 
molecular subtype of HCC in patients with Indigenous 
American ancestry. To the best of our knowledge, the 
present study represents the first integrative genomics 
characterization of a molecular subtype of cancer that 
preferentially affects people with Indigenous ancestry. 

RESULTS 

Peruvian HCC coincides with Indigenous American 
ancestry and exhibits age-related features 

The 74 Peruvian patients with HCC included in 
the present study carried mitochondrial DNA (mtDNA) 
haplotypes of the four ancestral lineages (A–D) shared by 
Indigenous American populations (Figure 1A and Table 1) 
[23]. This series was in keeping with the bimodal age 
structure described in Peruvian HCC patients, with 52.7% 
patients represented by adolescents and young adults (AYA) 
aged 44 or younger (n = 39) and 47.3% middle and old age 
individuals (MOA) above age 44 (n = 35) (Figure 1B and 
Table 1) [24]. Tumor size normalization indicated a 3-fold 
elevation of AFP in AYA with 9,273 ± 14,613 ng/mL/
tumor-cm, compared to the 3,305 ± 7,737 ng/mL/tumor-
cm in MOA (p < 0.05). MOA presented a significantly 
higher, albeit still very mild, rate of liver cirrhosis than 
AYA (11.5% vs. 0%; p < 0.05). No fibrolamellar variant 
that usually occurs in younger individuals was reported in 
the series despite the significant fraction of AYA. Presence 
of HBV DNA was detected in at least one specimen of the 
matched pair of liver tissues (tumor and/or non-tumor) in 
86.5% of patients (n = 64), with 92.3% of AYA (n = 36) and 
80% of MOA (n = 28) (p > 0.05). Phylogenetic analysis of 
the HBV DNA sequences clustered all isolates of the series 
within the Indigenous subgenotype F1b [25]. Overall, this 
landscape has fueled the idea that two distinct age-related 
pathophysiological biologies coexist inherently in Peruvian 
communities with Indigenous American ancestry [8, 12]. 

Pathway- and gene-centric approaches uncover a 
peculiar transcriptome landscape in Peruvian HCC 

Transcriptome profiling was performed in a subset of 
39 HCC and non-tumor liver (NTL) matched pair tissues 
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(HCC/NTLs) for whom high-quality RNA was available 
[RNA integrity number (RIN) > 7]. We first followed a 
pathway-centric approach by using the previously described 
Sample Enrichment Score (SES) data mining method for 

scoring transcriptome hallmarks in single samples [26]. 
Data validation was carried out with random gene sets 
and dataset authentication by gender (Supplementary 
Figure 1). The SES method was applied to Peruvian HCC/

Table 1: Baseline clinicopathologic features of the Peruvian HCC patients
Feature Overall AYA MOA Statistical significance
Cohort 74 39 35
MtDNA haplogroup p > 0.05**

A 10 (13.5%) 6 (15.4%) 4 (11.4%)
B 37 (50%) 19 (48.7%) 18 (51.4%)
C 17 (23%) 11 (28.2%) 6 (17.2%)
D 8 (10.8%) 3 (7.7%) 5 (14.3%)
ND 2 (2.7%) 2 (5.7%)
Age (years) p < 0.0001*

Mean ± SD 45.9 ± 22.5 27 ± 9 67 ± 11.3
Median 44 27 68
Range [13–94] [13–44] [46–94]
Interquartile range 43.2 13 16
Gender p > 0.05**

Female 23 (31%) 15 (38.5%) 8 (22.9%)
Male 51 (69%) 24 (61.5%) 27 (77.1%)
Tumor size (cm) p > 0.05*

Mean ± SD 14.4 ± 7.5 14.2 ± 7.1 14.6 ± 8.1
Range [5–30] [5–25] [7–30]
Interquartile range 8 8.5 8.5
More than 10 cm 59 (79.7%) 31 (79.5%) 28 (80%)
Tumor growth pattern p > 0.05**

Acinar 2 (2.7%) 2 (5.7%)
Solid 8 (10.8%) 4 (10.3%) 4 (11.4%)
Trabecular 51 (68.9%) 27 (69.2%) 24 (68.6%)
ND 13 (17.6%) 8 (20.5%) 5 (14.3%)
Tumor grade p > 0.05 **

Well differentiated 2 (2.7%) 1 (2.5%) 1 (2.8%)
Moderately differentiated 55 (74.3%) 32 (82.1%) 23 (65.7%)
Poorly differentiated 15 (20.3%) 5 (12.9%) 10 (28.7%)
ND 2 (2.7%) 1 (2.5%) 1 (2.8%)
Cirrhosis p < 0.05**

Positive 4 (5.4%) 4 (11.4%)
Negative 70 (94.6%) 39 (100%) 31 (88.6%)
HBV DNA p > 0.05**

Positive 64 (86.5%) 36 (92.3%) 28 (80%)
Negative 10 (13.5%) 3 (7.7%) 7 (20%)

Footnote: Percentages are expressed as a ratio of the total patients investigated for the considered parameter. Tumor 
architecture and grading were defined according to the World Health Organization (WHO) Classification of Tumors, 5th 
Edition. Mean values are presented with ± standard deviation (SD). AFP: α-fetoprotein; HBV: hepatitis B virus; mtDNA: 
mitochondrial DNA; ND: not determined. *t-test; **χ2 test. 
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NTLs using KEGG, Reactome, Gene Ontology-Cellular 
Component, and MsigDB Hallmarks. An age-stratification 
into AYA (n = 19) and MOA (n = 20) was used to explore 
the transcriptome according to the median (age 44 years 
old). Four comparisons were performed: (i) AYA-HCC 
vs. MOA-HCC, (ii) AYA-NTL vs. MOA-NTL, (iii) AYA-
HCC vs. AYA-NTL, and (iv) MOA-HCC vs. MOA-NTL. 

Surprisingly, AYA vs. MOA (i and ii) did not exhibit 
noticeable differences, whereas a differential enrichment 
of 118 gene sets was found in HCC vs. NTL (iii and iv) 
(Supplementary Figure 2). Tumor gene set enrichments 
observed in age subsets were similar (Figure 1C and 1D). 
They corresponded to cell fate determination, cell cycle 
activation, epigenetic modifications, DNA damage 

Figure 1: Indigenous American ancestry coincides with early-age onset of HCC and a peculiar transcriptome landscape. 
(A) Pie chart representing the distribution of the 74 Peruvian HCC patients by mtDNA haplogroups (Green: A; Blue: B; Yellow: C; Red: 
D; Grey: other). (B) Histogram showing the age distribution of the 74 Peruvian HCC patients at the time of diagnosis. X-axis shows age 
groups (7-year interval); Y-axis shows the fractions of patients according to the age groups (Orange: AYA; Brown: MOA). Solid delineation 
(blue) represents the histogram curve fitting. (C) Heatmap-based unsupervised hierarchical clustering of HCCs and NTLs in AYA (n = 19) 
and MOA (n = 20) (top dendrogram), produced from color-coded SES values of the 118 gene sets with significant differential HCC/NTL. 
(D) Hierarchically clustered heatmaps of HCC/NTLs (top dendrograms) in AYA (n = 19) (upper panel) and MOA (n = 20) (lower panel), 
produced from color-coded expression levels of the 488 AYA-specific and 231 MOA-specific DEGs (left dendrograms). (C, D) Black: 
MOA-NTL; Brown: MOA-HCC; Grey: AYA-NTL; Orange: AYA-HCC.
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response, as well as cancer-related pathways including 
Wnt/β-catenin, PI3K/AKT/mTOR, Slit2/Robo1, MYC, 
and ErbB2-ErbB3 axes (Figure 1C and Supplementary 
Table 1). Also, potentially important gene sets pertaining 
to iron metabolism, cellular senescence, sumoylation, and 
viral activity were enriched in tumors, albeit to a lesser 
extent. On the opposite, lower scores corresponding to 
depleted expression in HCC included hepatocyte identity 
or steroid signaling (Figure 1C and Supplementary Table 1). 
Of note, the retinoid signaling pathway score was also 
significantly lower in HCC (mean SES: 19.8) than in NTL 
(mean SES: 25) (p < 5.6E-10). Insight regarding immune 
status was gained by using gene sets designed to evaluate 
tumor infiltration with stromal or immune cells, as well as 
T-cell activation vs. immune escape effectors (IEGS33) or 
other effectors of the immunogenomic landscape [26–28]. 
None of the tumors belonged to the immune class, nor 
displayed fibrosis activation signature, further confirming 
the unusual microenvironment of Peruvian HCC [29, 30]. 
Interestingly, Peruvian HCC/NTLs displayed a low-level 
of inflammatory infiltration, at odds with prior data on 
the immune microenvironment in HCC (Supplementary 
Figure 3) [31, 32]. Finally, transcriptomic deconvolution 
identified the major fraction of leukocytes in HCC/NTLs as 
myeloid cells (Supplementary Figure 3) [28]. 

Gene expression signature characterizes 
Peruvian HCC as a distinct molecular subtype 

After batch-effect removal, gene expression data 
of the Peruvian patients were compared to HCC/NTL 
microarray datasets of 195 patients from other continental 
origins with clinical and demographic information 
(Supplementary Table 2). Out of the initial 118 gene sets, 
56 were specific to Peruvian patients, pointing at a drastic 
loss of hepatocyte identity, including more extensive 
alterations in retinoids, carbohydrates, fatty, and bile 
acids metabolisms, or in xenobiotics-modifying enzymes 
(Supplementary Figure 4 and Supplementary Table 3). 
Downregulation of estrogens and somatotropin signaling 
pathways were also more pronounced in Peruvian tumors. 
Meanwhile, cell proliferation in Peruvian HCC was more 
dependent on activation of Hippo/YAP1 and c-Met/HGF 
proliferation pathways, DNA methylation and repair, 
and the activity of chromatin modifiers such as that of 
Polycomb Repressive Complex 2 (PRC2). The position 
of the Peruvian tumors within the molecular classification 
of HCCs was then explored using SES on previously 
reported signatures (Figure 2A) [3, 4]. Of note, Peruvian 
HCC transcriptomes blended two (S2 and S3) of the three 
reference clusters defined by Hoshida and collaborators 
[33]. Likewise, Peruvian tumors tended to be a composite 
of G1, G3, and G6 signatures defined by Boyault and 
collaborators [34]. Peruvian HCCs fell into the progenitor-
like cluster of the proliferative class, but with sui generis 
peculiarities both in signaling pathway activation and 

clinical presentation (Figure 2B). Overall, Peruvian 
HCC did not conform with the molecular classes of HCC 
published previously. Moreover, Peruvian HCC displays 
relatively low rates of vascular invasion and recurrence 
despite a commonly heavy tumor burden (mean: 14 cm in 
diameter) [9, 35]. These findings indicate that the form of 
HCC developed by Peruvians with Indigenous American 
ancestry represents a molecular subtype divergent from 
the unifying molecular classification of HCCs [3, 4]. 

To further characterize this molecular subtype, HCC/
NTL differentially expressed genes (DEGs) extracted from 
the 56 Peruvian-specific gene sets were scrutinized (AYA: 
19,774 and MOA: 14,523). A derivation set was built by 
randomly selecting 21 Peruvian and 99 non-Indigenous 
American HCC datasets; and the discovery set was made 
with the remaining 18 Peruvian and 96 non-Indigenous 
American HCCs. A 961 gene signature was defined 
(hereinafter referred to as “Amerind signature”), of which 
806 were upregulated and 155 downregulated in Peruvian 
HCC (Figure 3A and Supplementary Table 4). A major 
subset (48%) of downregulated DEGs defined hepatocyte 
identity (n = 74), whereas 16.4% of the upregulated DEGs 
were associated with cancer-related activation pathways 
(n = 136), 13.7% with chromatin organization (n = 111), and 
12% with steroid hormone signaling (n = 97). The Amerind 
signature supported the idea that cell-fate maintenance 
defects are paramount in Peruvian HCC. Accordingly, 83 
genes encoding for pivotal effectors in cellular allostasis 
and homeostasis, such as homeotic genes of HOXA and 
HOXB clusters, PAX6 and PAXIP1, and 64 genes involved 
in the retinoid metabolism and liver specification, such as 
ALDH1A2, ALDH1A3, RARB, RXRB, and RXRG, were 
differentially expressed in Peruvian HCC [36]. Remarkably, 
gene expressions of the four core components of the PRC2 
complex (i.e., EED, EZH2, RBBP7, and SUZ12) were 
significantly increased in Peruvian tumors (Supplementary 
Table 5). Some of the genes forming the Amerind signature 
(e.g., BRCA1, FANCD2, MKI67, POLA1, POLD3, 
SOX9, YWHAZ, and ZNF207) were displaying a stronger 
correlation of expression (either positive or negative) 
with PRC2 components in Peruvian HCC than in tumors 
from elsewhere, suggesting that PRC2 complex might be 
a key-driver of Peruvian liver tumorigenesis (Figure 3B). 
Quantitative PCR (qPCR) and immunohistochemistry (IHC) 
assays conducted in an independent cohort of Peruvian HCC 
patients (n = 65) confirmed downregulation of differentiated 
hepatocyte markers, upregulation of progenitor cell 
markers, and supported a dramatic disruption of retinoids 
signaling (Figure 3C and 3D, Supplementary Figure 5 and 
Supplementary Table 5) [37]. 

DNA hypermethylation predominates in 
Peruvian HCC 

We previously determined that mutations rates 
at key-genes for HCC were rather low in  Peruvian 
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HCC (e.g., TP53 and TERT are mutated in 14% and 
17% of cases, respectively) [11]. Epigenetic changes 
appeared thus as plausible surrogate alterations in the 
liver carcinogenesis of Peruvian patients. Methylome 
profiling was performed on a larger series of 70 HCC/
NTLs, including 36 AYAs and 34 MOAs. Mean β values 
indicating the degree of cytosine methylation (5mC) were 
compared between HCC and NTL. The high degree of cell 
purity monitored by SES in Peruvian HCC/NTLs ruled out 
5mC contamination by leukocytes (Supplementary Figure 
3) [27]. Upwards methylation shifts were overwhelming 
in Peruvian HCC (Figure 4A). Differentially methylated 
positions (DMPs) were then assessed with a q-value 
of 0.05 and a Δβ score that differed by at least 0.2 [38, 
39]. Remarkably, the proportion of hypermethylated 
DMPs in AYA and MOA significantly contrasted with 

the corresponding values observed in studies conducted 
on HCCs of patients from North America, East Asia, and 
Europe (Supplementary Figure 6) [2, 39, 40]. Such trend 
toward higher levels of global genome methylation was 
observed in induced pluripotent stem cells (Supplementary 
Figure 6) [41]. In Peruvian HCC, hypermethylated 
DMPs were primarily detected in CpG islands within 
TSS 200 and TSS 1500 promoter regions; in contrast, 
hypomethylated DMPs were rather spotted on non-CpG 
island regions into gene bodies (Supplementary Figure 6). 
Previously reported stringent criteria were then applied 
to identify the most biologically meaningful DMPs in 
Peruvian HCC, meanwhile discarding age-related 5mCs 
[39, 42]. With these filtering criteria, hypermethylation 
was prevailing for 99% and 77% of DMPs in AYA and 
MOA, respectively (p < 0.0001) (Figure 4B). Functional 

Figure 2: Peruvian HCC corresponds to an atypical positioning within the molecular classification. (A) Column chart 
showing the evaluation of published molecular signatures for HCC in Peruvian specimens. Molecular signatures were evaluated as the ratio 
of HCC/NTLs using SES (log2). DN: downregulated gene sets; UP: upregulated gene sets. (B) Schematic visualization of the unifying 
molecular classification of HCCs, integrating Peruvian specimens [3, 4]. Proliferative (left) and non-proliferative (right) classes are 
established according to prognostic gene signatures and signaling pathway activation. Associated clinical features are overlapped. 
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enrichment analysis of AYA and MOA DMP-associated 
genes revealed DNA methylation shift on genes originally 
identified in human embryonic stem cells (hESCs) as 
targets of PRC2 presenting H3K27(me3) mark (Figure 
4C). Less relevant classes were involved in transcription, 
cell potency, and cancer-associated pathways such as the 
Hippo/YAP1 and Wnt/β-catenin axes. Remarkably, some 

hypermethylated AYA-specific DMPs (n = 138) have 
been associated with neuronal differentiation known to 
represent a context of extreme epigenetic plasticity [43]. 

To provide further insights into the dynamics of 
DNA methylation marks, 5-hydroxymethylcytosine 
(5hmC) detection was performed on a subset of 31 
HCC/NTLs, including 15 AYAs and 16 MOAs. 5hmC 

Figure 3: Amerind signature identifies Peruvian HCC as a distinct phenotypic cluster. (A) Heatmap-based unsupervised 
hierarchical clustering of HCCs from France (n = 81), Peru (n = 39), Taiwan (n = 97), and Turkey (n = 17) (top dendrogram), produced from 
color-coded expression levels of the 961 genes (left dendrogram) identified in the Amerind signature. Red: Peruvian HCCs; Jade green: 
HCCs from elsewhere. (B) Heatmap showing Spearman correlation coefficient between the 961 genes forming the Amerind signature and 
mRNA expression of the main PRC2 components (i.e., EZH2, SUZ12, EED, and RBBP7) in Peruvian and non-Peruvian HCCs. (C) Box-
and-whisker plots representing relative gene expression (log2) in Peruvian HCC/NTLs (n = 65) of selected markers of liver cancer stem 
cell: AFP, CD34, DKK1, EPCAM, and THY1; cancer stem cell: CD24 and POU5F1; and differentiated hepatocyte: CYP3A4, PCK1, and 
PCK2, measured by qPCR. Images: IHC captures; Scale bars: 100 µm. (D) Box-and-whisker plots representing relative expression (log2) in 
Peruvian HCC/NTLs (n = 65) of selected genes involved in retinoid metabolism: ADH1A, ADH1B, ADH1C, ADH4, and RARB; and retinoic 
acid (RA)-regulated targets: AURKA, CTNNB1, ESR1, IGF1R, and KPNA2, measured by qPCR. (C, D) Error bars represent confidence 
intervals. **p < 0.01; ****p < 0.0001.
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is commonly seen as an intermediate in active DNA 
demethylation, but it might also represent an intrinsically 
meaningful epigenetic mark per se [44]. The 5hmC score 
revealed that minor subsets of DMPs (4.2% in AYA and 
5% in MOA) were hydroxymethylated in HCC or NTL 
tissues. The largest fractions of 5hmC in HCC/NTLs 
were detected in CpG islands and within open sea regions 
located into gene bodies in both age groups. However, 
a contrasting phenomenon was observed between AYA 
and MOA: cancer cells in AYA presented with a loss of 
hydroxymethylation along CpG islands (in shores, shelves, 
and open seas) located into TSS 1500 promoters, 3’ and 
5’UTR regions, and gene bodies; whereas in MOA, cancer 
cells displayed a gain of hydroxymethylation on the same 
spots, suggesting an age-specific feature (Figure 4D). 
We then classified 5hmC positions in four categories: (I) 
unmethylated CpGs in NTLs converted to 5hmC in HCCs 
(non-5mC to 5hmC; AYA: 1,954 and MOA: 2,239), (II) 
methylated CpGs in NTLs converted to 5hmC in HCCs 
(5mC to 5hmC; AYA: 293 and MOA: 2,586), (III) 5hmC 
in NTLs converted to unmethylated in HCCs (5hmC to 
non-5mC; AYA: 1,919 and MOA: 647), and (IV) 5hmC 
in NTLs converted to methylated in HCC (5hmC to 5mC; 
AYA: 1,081 and MOA: 633). Categories III and IV were 
remarkably abundant in AYA, while categories I and II 
were predominating in MOA (p < 1E-04) (Figure 4E). De 
novo hydroxymethylation (Category I: non-5mC to 5hmC) 
was associated with the most consistent enrichments both 
in AYA and MOA, and outlined once more the crucial role 
of PRC2 in Peruvian HCC. Other ontological enrichment, 
both in AYA and MOA, pointed out an association 
between cell fate, CpG-rich bivalent promoter region 
in brain cells, and genes controlling synapse formation 
(Figure 4F). These findings suggest that, in Peruvian 
HCC, 5hmC acquisition might be part of a PRC2-driven 
cell reprogramming. 

Integrative genomics reveals PRC2-driven 
reprogramming of cancer cells in Peruvian HCC

The integrative analysis uncovered an ample 
overlap between genes experiencing shifts in transcription 
and DNA methylation or hydroxymethylation, with a 
difference of magnitude between AYA (142 DMPs specific 
to AYA and 283 non-5mC to 5hmC) and MOA (29 DMPs 
specific to MOA and 259 non-5mC to 5hmC) (Figure 5A). 
Furthermore, within the subset of genes concomitantly 
hypermethylated and downregulated in AYA (51%) and 
MOA (48%), a large proportion were PRC2 targets (Figure 
5B). Several genes showing the higher correlation between 
methylation and expression (Spearman ρ > 0.5) were 
known members of protein–protein networks important 
for development, including homeobox-containing IRX4, 
HOXD9, HOXD12, and SOX17 in AYA and PAX6 in 
MOA (Figure 5C). In contrast, DEGs associated with 
de novo hydroxymethylation process neither define a 

confident network nor an association with PRC2 complex 
(Supplementary Figure 7). This observation suggests that 
PRC2 complex influences primarily gene expression via 
DNA methylation, mediating cancer cell reprogramming 
and disease progression, especially in AYA; whereas in 
MOA, the role devoted to these marks, albeit similar, 
appears to be less extensive. 

In vitro targeting of the retinoid signaling 

The genomic analysis of Peruvian HCC evidenced a 
weaker retinoid signaling signature in tumor cells, which 
could pinpoint novel targets and drugs for anticancer 
targeted therapy (Figure 1C and Supplementary Table 1) 
[45]. We hypothesized that this weaker retinoid signaling 
could be responsible for the increased proliferation; hence, 
the pharmacological response to RA should antagonize 
this process. Through a phenotypic exploration by 
qPCR of 57 different liver cancer cell lines, we selected 
hepatocyte-like HCC-9903 and progenitor-like KYN-
2 cell lines, which display different patterns of gene 
expression for the retinoid signaling pathway, to assess 
their proliferative response to RA or RA inverse agonist 
BMS-493 stimulation in a clonogenic assay (Figure 6A 
and 6B, Supplementary Figure 8) [46]. In HCC-9903 cells, 
RA stimulated a doubling of CFUs, whereas BMS-493 
abrogated them. By contrast, RA induced a 50% decrease 
of CFUs in progenitor-like KYN-2 cells, whereas BMS-
493 was ineffective. These results were further confirmed 
by qPCR assessment of the RA-mediated modulation of 
ADH1A, ADH1C, and RARB gene expressions in KYN-2, 
taken here as a proxy for retinoid metabolism (Figure 6C) 
[47]. Progenitor-like cells, functionally close to Peruvian 
HCC, responded to RA stimulus, suggesting that RA-
based treatment could efficiently contribute to reducing 
liver cancer cell proliferation in patients with Native 
American ancestry. This hypothesis is reinforced by the 
fact that serum retinol levels were depleted in 55.3% of 
individuals in an independent cohort of Peruvian HCC 
patients (n = 47), which included nine patients with severe 
retinol deficiency (Supplementary Table 6).

DISCUSSION 

HCC is one of the most heterogeneous forms 
of cancer, both in terms of molecular signature and 
phenotypic diversity. Considerable efforts have been 
made to elaborate on a clinically relevant molecular 
classification of HCCs [3, 4]. However, attempts at 
building a unifying classification, that includes the whole 
heterogeneity of HCC, will remain an ongoing process as 
long as some populations are underinvestigated [48, 49]. 
In this respect, there are still conspicuously underreported 
populations in the field of cancer research, among which 
Indigenous patients occupy a prominent position. The 
early-age onset HCC described in a significant fraction 
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Figure 4: Peruvian HCC is associated with a genome-wide hypermethylation pattern, and DNA hydroxymethylation 
represents a relevant epigenetic mark in Peruvian HCC. (A) Pie charts representing proportions of hyper- and hypo-DMPs in 
AYA (upper panel) and MOA (lower panel). TSS: transcription start site; UTR: untranslated transcribed region. Blue: hypomethylated 
DMPs; Red: hypermethylated DMPs. (B) Volcano plots displaying HCC/NTL DNA methylation differences in AYA (upper panel) and 
MOA (lower panel). DMPs were identified by Δβ score ≥ |0.2|. Colored dots indicate significantly hyper- and hypo-methylated 5mCs 
when stringent criteria were applied [37]. Blue: age-related DMPs previously identified [39]; Green: 5mCs in differentially methylated 
regions (DMRs) defined as regions having at least two significant neighboring CpG sites displaying > 20% methylation differences in the 
same direction within a 250 bp region [37]; Red: DMPs. (C) Histogram presentation of the most significantly enriched gene ontologies 
associated with hyper-DMPs specific to AYA (orange) and MOA (brown), or common to both age groups (yellow), according to KEGG 
and Reactome terms. H3K27(me3): trimethylated lysine 27 in histone 3. (D) Schematic view of the number of 5hmC positions within CpG 
island (upper panel) and gene structure (lower panel) in Peruvian HCC/NTLs. Density plots show the frequency distribution of 5hmC 
gain (blue numbers) and loss (black numbers) in HCC cells for the given genomic region. (E) Bar plots representing the distribution of 
hydroxymethylation changes at individual CpGs in AYA (left) and in MOA (right). (F) Histogram presentation of the most significantly 
enriched gene ontologies associated with the four hydroxymethylation categories, according to KEGG and Reactome terms. NPC: neuronal 
precursor cells. (E, F) Black: 5hmC to 5mC; Dark blue: 5mC to 5mC; Light blue: non-5mC to 5hmC; Grey: 5hmC to non-5mC.
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of Native American patients, originating from Alaskan 
and Andean regions, infected with the same endemic 
HBV subgenotype F1b, represents an illustration of this 
situation [10, 12]. 

In the present study, we report that Indigenous 
American haplogrouping coincides with peculiarities in 
both gene expression and DNA methylation in Peruvian 
HCC patients. Integrative genomics established that, 
while Peruvian HCC falls roughly into the progenitor-
like cluster of the proliferative class (albeit in cahoots 
with cluster B of the non-proliferative class), it constantly 
displays idiosyncratic traits in signaling pathway 
activation [3, 4]. In that regard, Peruvian HCC forgoes 

some of the canonical hallmarks of the proliferative 
class (e.g., IGF2, Notch, Ras/MAPK, and TGF-β) [3, 4]. 
More importantly, the Amerind signature for HCC is 
remarkably enriched with genes involved in the Hippo/
YAP1, MYC, and Wnt/β-catenin pathways, as well as in 
Polycomb epigenetic repressors and DNA repair effectors 
(e.g., BRCA1, FANCD2, and TP53). The significant gain 
of stem cell-like features observed at the transcriptome 
level in Peruvian HCC involves the activity of epigenome 
regulators, concomitant with a massive loss in hepatocyte 
markers, in the context of aberrant nuclear receptor 
signaling involving retinoids or steroids. From a molecular 
standpoint, Peruvian HCC features a homogeneous, albeit 

Figure 5: PRC2 complex mediates cancer cell reprogramming via DNA methylation in Peruvian HCC. (A) Circos plots 
displaying the relationships between downregulated DEGs (green), DMPs (red), and de novo 5hmCs (blue) in AYA (n = 15) (upper panel) 
and MOA (n = 16) (lower panel). (B) Heatmap of the integrative status of PRC2 targets in AYA (upper panel) and MOA (lower panel). 
The color key shows levels of expression (green) and methylation (red) independently scaled between -2 to 2. (C) Mapping of the protein–
protein interaction network for PRC2 targets displaying high correlation (Spearman ρ > 0.5) between gene expression and DNA methylation 
in AYA (upper panel) and MOA (lower panel). Edges represent protein–protein associations meant to be specific and meaningful and line 
thickness indicates the strength of data support, with edge confidence scores ranging from 0.7 (thinner lines) to 0.9 (thicker lines). Nodes 
are filled with known or predicted 3D structure. Blue: downregulated genes; Purple: upregulated genes.
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hybrid, phenotypic subtype between the proliferative 
and non-proliferative classes that were presumably 
mutually exclusive according to the classification of 
HCCs [3, 4]. Besides, Peruvian tumors appear to be also 
distinct from the cyclin-driven HCC subclass, which 
displays an activation of the ATR and E2F pathways 
and downregulation of MYC targets [50]. The molecular 
divergence of Peruvian HCC, with tumors from elsewhere, 
is evidenced by hierarchical clustering relying on a large 
and meaningful gene expression signature. Whether this 
molecular phenotype is due to anthropological specificities 
embedded in genome architecture, to extrinsic etiological 
cues, or to subtle interplays between both components 

remains to be ascertained. In this view, the distinctive 
tumor dynamics could result from an incomplete 
adaptation of people with Native American background to 
the endemic HBV subgenotype F1b [25, 51, 52]. 

The clinical epidemiology of HCC in Peru is 
characterized by the dual occurrence of an early-onset 
form of HCC in younger individuals, concomitant with 
a more conventional older population of patients [8, 24]. 
This presentation initially suggested two inherent age-
related natural histories of the disease among the Peruvians. 
However, comparative transcriptome analysis between 
AYA and MOA uncovered a difference of degree rather 
than nature in terms of gene expression, instead indicating 

Figure 6: RA inhibits progenitor-like liver cancer cell growth in vitro. (A) Heatmap representation of the relative expression of 
ADH4, CYP3A4, DKK1, and THY1 progenitor-like gene markers in KYN-2 and HCC-9903 cells measured by qPCR (n = 3). (B) Outline 
of the effect of RA, RA inverse agonist (BMS-493), and vehicle control (DMSO) on KYN-2 (left) and HCC-9903 (right) in a clonogenic 
assay. Upper panel: qualitative dot plots comparing the numbers of colony-forming units (CFUs) according to the treatment allocated; 
Lower panel: respective illustrations of CFUs. (C) Qualitative dot plots of the relative expression of three RA-mediated genes (i.e., ADH1A, 
ADH1C, and RARB) in KYN-2 (upper panel) and HCC-9903 (lower panel) according to the treatment allocated, measured by qPCR (n = 3). 
(B, C) Blue: BMS-493; Grey: DMSO; Red: RA. Error bars represent standard deviations. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 



Oncotarget486www.oncotarget.com

a biological continuum throughout the aging process. 
Withal, while 5hmC gain corroborated the functional 
enrichment analysis of the transcriptome, DNA methylation 
exhibited an age-dependent pattern with significantly more 
methylated CpGs in AYA compared to MOA. Interestingly, 
Peruvian HCC in AYA, and to a lesser extent in MOA, 
exhibited high levels of DNA methylation, contrasting 
with the global hypomethylation pattern considered as a 
hallmark of HCC and other carcinomas [5]. Altogether, 
these findings suggest that liver tumorigenesis in Peruvians 
is the outcome of a DNA methylation program disruption, 
especially in AYA. It uncovers a unique biological model 
of global DNA hypermethylation dynamics in cancer 
development, somewhat reminiscent of that observed in the 
reprogramming of cells to pluripotency [41]. In this context, 
tumor cells might originate from either misprogrammed 
liver progenitors unable to implement a full-fledged hepatic 
specification; or an epithelial/mesenchymal plasticity 
fostered by inappropriate microenvironmental cues that 
trigger the conversion of differentiated liver cells into 
cancer cells [53, 54]. 

There are some limitations to recognize in the 
present study. Because of the clinical epidemiology 
of HCC in Peru, we did not have the opportunity to 
incorporate in our experimental design HCC patients 
with anthropological backgrounds other than Native 
American ethnicity. Therefore, it remains difficult to come 
to a decisive conclusion on the respective contributions 
of human genome architecture and exposome in the 
molecular epidemiology of HCC in Peru. The comparison 
with patients from East Asia, the Middle East, and Western 
Europe was achieved using publicly available datasets 
produced in different periods. Although we used up-to-
date normalization tools to avoid batch effects, we cannot 
rule out the fact that this comparison is not free of bias 
[55]. Nonetheless, the present study stresses the necessity 
to justly reconsider the potentially prominent roles played 
both by human genome architecture and biogeography 
in the molecular epidemiology of cancer affecting 
underreported minorities and Indigenous patients, notably 
in low- and middle-income countries [56]. 

Finally, our findings have implications for the 
development of therapeutics tailored to this newly 
identified molecular subtype of HCC. Some authors 
have discussed the role of RA action in the prevention 
and treatment of MYCN-positive liver cancer stem cells, 
and it is apparent that a profound alteration of retinoid 
signaling is a crucial characteristic of Peruvian HCC [45]. 
Herein, clonogenic assays have demonstrated in vitro 
the ability of RA to block the proliferation of HCC cells 
that have a constitutive defect of the retinoid signaling 
pathway. This preliminary result would represent a new 
avenue in molecularly-targeted therapy: the reversal and 
maintenance of HCC cells into a metastable innocuous 
hepatocyte phenotype by active, RA-mediated DNA 
methylation reprogramming [6, 45, 57]. The present study 

establishes a foundation for the dissection of the functional 
importance of RA-mediated epigenetic control in HCC 
and therapeutics tailored to patients with Indigenous 
American ancestry. 

MATERIALS AND METHODS 

Study conduct 

Written informed consent was provided by patients 
or legal guardians for their information and samples to be 
stored and used for research. The study was approved by 
the Ethics Evaluation Committee of the National Cancer 
Institute of Peru (INEN), protocol N° 10-05. 

Study design and sampling 

The study was conducted retrospectively on a series 
of 74 surgical specimens resected from patients treated at 
INEN (Lima, Peru) between August 2006 and August 2016. 
Patients with HCC underwent anatomic liver resection as 
previously described [35]. None of the patients was treated 
with chemotherapy or radiation prior to tumor resection. 
NTLs were obtained from tumor-free margins of the 
resected surgical pieces. About 50 mg of HCC/NTL were 
promptly harvested after surgical removal, flash-frozen with 
liquid nitrogen, and stored at –150°C in the INEN Cancer 
Research Biobank. Comprehensive histopathological 
diagnosis and patient follow-up were performed as previously 
described [9, 35]. Different subsets of HCC/NTLs for 
profiling transcriptome (n = 39), methylome (n = 70), and 
hydroxymethylome (n = 31) were selected ad rem in keeping 
with the age structure and the age-related biomedical features. 

Nucleic acids extraction 

Tissues were pounded under liquid nitrogen and 
then digested at 37°C for 8 hours in RNase-free tissue 
lysis buffer containing proteinase K and sodium dodecyl 
sulfate (SDS). Genomic DNA was extracted twice with 
phenol and once with chloroform, precipitated in ethanol, 
and resuspended in TE buffer (10 mM Tris; 0.1 mM 
EDTA, pH 8.0). The resulting DNA pools were quantified 
using Qubit® dsDNA Broad-Range Assay Kit (Invitrogen). 
Total RNA was isolated from flash-frozen HCC/NTLs 
using TRI Reagent® (Sigma-Aldrich) and Lysin Matrix 
D homogenization system (MP Biomedicals). The RNA 
pools were quantified using Qubit® RNA Broad-Range 
Assay Kit (Invitrogen). RIN was assessed using the RNA 
6000 Nano LabChip® Kit and a 2100 Bioanalyzer System 
(Agilent Technologies). 

Mitochondrial haplogroup determination 

Primers mt16023 and mt16422 were designed 
to amplify the mtDNA D-loop hypervariable region 
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1 (HVR1) containing genetic variants for Indigenous 
American mtDNA haplogroup determination 
(Supplementary Table 7) [58]. PCR reactions were carried 
out using 10 ng DNA in a 50 μL reaction volume with 
2 U of Platinum™ Taq DNA polymerase (Invitrogen) 
and 20 pmols of primers. Touchdown amplification 
was performed with an initial denaturation temperature 
at 94°C for 2 min, followed by 18 cycles of 94°C for 
15 s, annealing temperatures starting at 70°C for 15 s 
(decreasing at 3°C after every three cycles), 72°C 30s for 
extension. This step was followed by 20 cycles of 94°C 
for 15 s, 50°C for 15 s, 72°C for 30 s, and finally 72°C 
for 3 min. PCR amplicons were sequenced according to 
a Sanger method and haplotypes were determined using 
Mitomaster sequence analysis tool version Beta 1 [59]. 

Hepatitis B virus DNA detection and phylogeny 

HBV detection and phylogeny was performed 
as previously described [10]. Briefly, HCC/NTLs were 
screened for the presence of HBV DNA on a QX200™ 
Droplet Digital™ PCR System (Bio-Rad) using the 
TaqMan® Pathogen Detection Assay Pa03453406_s1 and 
the Human TaqMan® Copy Number Reference Assay as a 
reference (both Thermo Fisher Scientific). Reaction mixtures 
consisted of 100 ng of total DNA in a 20 µL reaction volume 
with 10 µL of QX200™ ddPCR™ EvaGreen® Supermix 
(Biotium) and 1x primers, blended with 70 µL of QX200™ 
Droplet Generation Oil (Bio-Rad), according to the 
manufacturer’s workflow. PCR reactions were performed in 
duplex with an initial denaturation temperature at 95°C for 
10 min, followed by 40 cycles at 94°C for 30 s with a 2.5°C/
sec ramp rate, 59°C for 1 min with a 2.5°C/sec ramp rate, 
98°C for 5 min, and hold at 4°C. Data were analyzed using 
the QuantaSoft™ software version 1.7 (Bio-Rad), with auto-
analysis settings for duplex experiment. HBV sequences 
were produced using the BigDye™ Terminator v3.1 Cycle 
Sequencing Kit (Applied Biosystems). HBV phylogeny was 
computed using Kimura two-parameter model and neighbor-
joining method on the Molecular Evolutionary Genetics 
Analysis (MEGA) software version 7 [60]. 

Transcriptome profiling 

RNA profiling was performed using GeneChip™ 
Human Transcriptome Array 2.0 and GeneChip™ WT 
PLUS Reagent Kit (Applied Biosystems), according to the 
manufacturer’s instructions. Alternatively, transcriptome 
datasets for comprehensive comparative analyses were 
obtained from Gene Expression Omnibus (GEO) for HCC/
NTLs. Gene expression data normalization and batch 
correction were performed using the Robust Multichip 
Average (RMA) and ComBat algorithm (sva R package), 
respectively [55]. These datasets were then collapsed 
using Fred’s Softwares algorithm (collapse_genes-09). A 
pathway-centric approach using SES was applied to our 

dataset based on four curated databases by Fred’s Softwares: 
KEGG, Reactome (reactome_2018803), Gene Ontology-
Cellular Component (C5_CC), and MSigDB Hallmarks 
(H), according to the recommended workflow (two-tailed 
t-test with p-value < 1.7E-05 as significance level and fold 
change < 0.7 and > 1.5 as thresholds) [26]. Fred’s Software 
source codes and databases are available at: https://sites.
google.com/site/fredsoftwares/products. A gene-centric 
approach was applied to identify DEGs using limma R 
package with a q-value of 0.05, following the recommended 
workflow [61]. The identification of the Amerind signature 
was carried out using the Signature Evaluation Tool (SET)  
with the lowest error rate at 0.075, as recommended [62]. 
Reference signatures (C6) from the MSigDB version 7.1 
were evaluated on HCC/NTLs using SES [63]. 

Methylome profiling 

DNA methylation profiling was performed 
with bisulfite treatment using the Infinium® 
HumanMethylation450K and MethylationEPIC BeadChip 
arrays (Illumina), according to the manufacturer’s 
instructions. DNA methylation patterns were normalized 
using Noob correction method [64]. DMPs were identified 
using minfi R package with a q-value of 0.05, following the 
recommended workflow [38]. Stringent criteria were used 
to account for the most biologically meaningful DMPs, as 
described previously [39]. These filtering criteria applied 
to each DMP consisted in: (1) the mean Δβ value in HCC/
NTL was ≥ 20%; (2) More than 70% of the HCCs had β 
values greater than 2 standard deviations above the mean 
methylation level of all 70 NTLs; and (3) the mean Δβ 
value for NTLs was ≤ 25% (for hypermethylated sites) or ≥ 
25% (for hypomethylated sites). DNA hydroxymethylation 
profiling was performed with oxidative bisulfite treatment 
using the Infinium® MethylationEPIC BeadChip array. 
5hmC detection was achieved according to the 5hmC-
score method identifying 5hmC positions between 
the bisulfite- and oxidative bisulfite-treated replicates 
within each sample, as previously reported [65]. Briefly, 
hydroxymethylated CpGs were identified with a 5hmC-
score ≥ 0.3 in at least three samples. 5hmC-scores were 
determined independently in HCC and NTL tissues. 
Finally, definite 5hmC were defined as those falling in the 
third quartile of the 5hmC-score density distribution, which 
encompassed more than 80% of identified CpGs. Gene 
list functional enrichment analysis was performed using 
ToppFun on four curated databases: KEGG, Reactome, 
Gene Ontology-Cellular Component, and MsigDB 
Hallmarks, with a Bonferroni q-value of 0.05. 

Integrative analysis of DNA methylation and 
gene expression data 

Associated gene symbols were used to merge 
DEGs with 5mC positions and/or with non-5mC to 5hmC 

https://sites.google.com/site/fredsoftwares/products
https://sites.google.com/site/fredsoftwares/products
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positions in R environment, according to the HUGO Gene 
Nomenclature Committee (HGNC) [66]. Spearman’s 
ρ was calculated between gene expression and β value 
or 5hmC-score for each DEG/5hmC-specific or DEG/
non-5mC to 5hmC dyad, respectively. Those genes with 
Spearman’s ρ > 0.05 were evaluated on STRING version 
10 for protein–protein interaction network and enrichment 
analysis, with default setting [67]. 

Quantitative transcript detection 

qPCR assays were performed as previously 
described [11], with the following modifications: relative 
gene expression was calculated according to the ΔΔCT 
method using the geometric mean of five housekeeping 
gene expression as references: TRIM44, HMBS, LMF2, 
CIPC, and EME2. These reference genes were selected 
from the transcriptome profiling of the 39 Peruvian HCC/
NTLs, to which geNorm and NormFinder algorithms were 
applied [68]. The list of DNA primer pairs for qPCR is 
provided in Supplementary Table 7. 

Immunohistochemistry and blood tests

Paired tissues were formalin-fixed, paraffin-
embedded as previously described [9]. IHC was 
performed on HCC/NTL sections at the Histo Pathology 
High Precision (H2P2) platform with certification to 
International Organization for Standardization (ISO) 
9001 (Rennes, France). The list of antibodies used for 
IHC is provided in Supplementary Table 7. Serum AFP 
levels were monitored from blood samples using electro-
chemiluminescence immunoassay (ECLIA); and serum 
retinol levels were measured retrospectively using high-
performance liquid chromatography (HPLC).

Clonogenic assay 

Hepatocyte-like HCC-9903 and progenitor-like 
KYN-2 HCC cell lines were cultivated using Gibco™ 
DMEM, High Glucose, GlutaMAX™ Supplement 
with 10% fetal bovine serum, and 100 U/mL Gibco™ 
Penicillin-Streptomycin at 37°C in a 5% CO2 humidified 
atmosphere. Clonogenic assays were performed as 
previously described [69]. Briefly, 5E+03 HCC-9903 
and 7.5E+02 KYN-2 cells/well were respectively 
incubated for 14 days in 6-well plates either with 5 μM 
RA (Sigma), 5 μM RA inverse agonist BMS-493 (Tocris 
Bioscience), or DMSO as vehicle control. Cells were 
then washed three times with cold PBS, fixed with ice-
cold 100% methanol, and stained for 30 minutes with 3 
mL of 0.5% crystal violet solution (0.5% crystal violet; 
4% formaldehyde; 30% ethanol; 0.17% NaCl). The 
supernatant was then discarded and CFUs were counted 
using a stereo-microscope. Assays were conducted in 
duplicate. 

Statistics 

Statistical analysis was computed using the R 
software environment version 3.5.3. Box plots and 
heatmaps with t-test and χ2 test were charted using 
the Prism software version 8 (GraphPad). Statistical 
significance was evaluated one- or two-tailed according 
to the circumstances. 

Data availability 

The datasets generated during this work have 
been deposited in the GEO repository with accessions 
GSE111580, GSE136247, GSE136319, GSE136380, and 
GSE136583. Additional analyzed datasets are available 
in GEO with accessions GSE141521, GSE17548, 
GSE37988, GSE45436, GSE56588, GSE62232, and 
GSE63898; as well as in the database of Genotypes and 
Phenotypes (dbGaP) with the study accession phs000178.
v11.p8 (project ID: TCGA-LIHC). HBV sequences are 
available in the European Nucleotide Archive (ENA) 
repository with the secondary study accession ERP023329.

Abbreviations 

5mC: 5-methylcytosine; 5hmC: 
5-hydroxymethylcytosine; AFP: α-fetoprotein; AYA: 
adolescents and young adults; CFU: colony-forming unit; 
DEG: differentially expressed gene; DMP: differentially 
methylated position; DMR: differentially methylated 
region; GEO: Gene Expression Omnibus; H3K27(me3): 
trimethylated lysine 27 in histone 3; HBV: hepatitis 
B virus; HCC: hepatocellular carcinoma; HCC/NTL: 
tumor and non-tumor matched pair tissues; hESC: human 
embryonic stem cell; IHC: immunohistochemistry; MOA: 
middle and old age individuals; mtDNA: mitochondrial 
DNA; NTL: non-tumor liver; PRC2: polycomb repressive 
complex 2; qPCR: quantitative PCR; RA: retinoic acid; 
RIN: RNA integrity number; SES: sample enrichment 
score; TSS: transcription start site; UTR: untranslated 
transcribed region.

Author contributions 

S.B. and P.P. designed research; J.P.C., A.M., L.C., 
I.L., S.C.Z., and E.R. performed the experiments; B.R., 
J.J.F., and A.D. contributed new reagents/analytic tools; 
J.P.C., A.M., L.C., S.B., and P.P. analyzed data; J.P.C., 
S.B., and P.P. wrote the paper. All authors read and 
approved the manuscript. 

ACKNOWLEDGMENTS 

We are grateful to all patients whose participation 
was essential to the achievement of this study. We thank 
Luis Taxa from the INEN Department of Pathology and 



Oncotarget489www.oncotarget.com

staff members of the INEN Cancer Research Biobank for 
their leadership in aggregating medical information and 
samples; Frédéric Pont and Marie Tosolini from the Centre 
de Recherches en Cancérologie de Toulouse (CRCT) for 
their assistance in bioinformatics; Alain Fautrel and staff 
members of the H2P2 platform for their technical support; 
and Eric Deharo from the Institut de Recherche pour le 
Développement (IRD) for his critical discussion. 

CONFLICTS OF INTEREST 

Authors have no conflicts of interest to declare.

FUNDING 

This work was supported by the Alliance pour les 
Sciences de la Vie et de la Santé (AVIESAN), ITMO 
Cancer ENV201408 (to S.B.) and the Ligue Contre 
le Cancer (to P.P.). J.P.C. was a recipient of a doctoral 
scholarship from the Fondo Nacional de Desarrollo 
Científico, Tecnológico y de Innovación Tecnológica 
(FONDECYT) 212-2015-FONDECYT and was supported 
by a fellowship from Campus France 941211E; L.C. was 
supported by a doctoral fellowship from IRD ARTS-
2016-878573B; I.L. was supported by a postdoctoral 
fellowship from the Fondation ARC pour la Recherche 
sur le Cancer PDF20170505624; J.J.F. has received 
funding from the Agence Nationale de la Recherche 
(ANR) under the Investments for the Future program 11-
LABX-0068; S.C.Z. and E.R. have received funding from 
the World Bank Group and FONDECYT-CONCYTEC 
under the Research Infrastructure Improvement program 
016-2018-FONDECYT/BM; and S.B. has received funding 
from the European Union’s Horizon 2020 Framework 
program under the Marie Skłodowska-Curie Actions 823935.

REFERENCES 

 1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, 
Jemal A. Global cancer statistics 2018: GLOBOCAN 
estimates of incidence and mortality worldwide for 36 
cancers in 185 countries. CA Cancer J Clin. 2018; 68:394–
424. https://doi.org/10.3322/caac.21492. [PubMed]

 2. Cancer Genome Atlas Research Network. Comprehensive 
and integrative genomic characterization of hepatocellular 
carcinoma. Cell. 2017; 169:1327–41. https://doi.
org/10.1016/j.cell.2017.05.046. [PubMed]

 3. Calderaro J, Ziol M, Paradis V, Zucman-Rossi J. Molecular 
and histological correlations in liver cancer. J Hepatol. 2019; 
71:616–30. https://doi.org/10.1016/j.jhep.2019.06.001. 
[PubMed]

 4. Zucman-Rossi J, Villanueva A, Nault JC, Llovet JM. 
Genetic landscape and biomarkers of hepatocellular 
carcinoma. Gastroenterology. 2015; 149:1226–39. https://
doi.org/10.1053/j.gastro.2015.05.061. [PubMed]

 5. Xiong L, Wu F, Wu Q, Xu L, Cheung OK, Kang W, Mok 
MT, Szeto LLM, Lun CY, Lung RW, Zhang J, Yu KH, Lee 
SD, et al. Aberrant enhancer hypomethylation contributes 
to hepatic carcinogenesis through global transcriptional 
reprogramming. Nat Commun. 2019; 10:335. https://doi.
org/10.1038/s41467-018-08245-z. [PubMed]

 6. Arechederra M, Daian F, Yim A, Bazai SK, Richelme 
S, Dono R, Saurin AJ, Habermann BH, Maina F. 
Hypermethylation of gene body CpG islands predicts 
high dosage of functional oncogenes in liver cancer. Nat 
Commun. 2018; 9:3164. https://doi.org/10.1038/s41467-
018-05550-5. [PubMed]

 7. Chan AJ, Balderramo D, Kikuchi L, Ballerga EG, Prieto 
JE, Tapias M, Idrovo V, Davalos MB, Cairo F, Barreyro 
FJ, Paredes S, Hernandez N, Avendaño K, et al. Early 
age hepatocellular carcinoma associated with hepatitis 
B infection in South America. Clin Gastroenterol 
Hepatol. 2017; 15:1631–2. https://doi.org/10.1016/j.
cgh.2017.05.015. [PubMed]

 8. Pineau P, Ruiz E, Deharo E, Bertani S. On hepatocellular 
carcinoma in South America and early-age onset of the 
disease. Clin Res Hepatol Gastroenterol. 2019; 43:522–6. 
https://doi.org/10.1016/j.clinre.2018.10.019. [PubMed]

 9. Cano L, Cerapio JP, Ruiz E, Marchio A, Turlin B, Casavilca 
S, Taxa L, Marti G, Deharo E, Pineau P, Bertani S. Liver 
clear cell foci and viral infection are associated with non-
cirrhotic, non-fibrolamellar hepatocellular carcinoma in 
young patients from South America. Sci Rep. 2018; 8:9945. 
https://doi.org/10.1038/s41598-018-28286-0. [PubMed]

10. Marchio A, Cerapio JP, Ruiz E, Cano L, Casavilca S, Terris 
B, Deharo E, Dejean A, Bertani S, Pineau P. Early-onset 
liver cancer in South America associates with low hepatitis 
B virus DNA burden. Sci Rep. 2018; 8:12031. https://doi.
org/10.1038/s41598-018-30229-8. [PubMed]

11. Marchio A, Bertani S, Rojas-Rojas T, Doimi F, Terris B, 
Deharo E, Dejean A, Ruiz E, Pineau P. A peculiar mutation 
spectrum emerging from young Peruvian patients with 
hepatocellular carcinoma. PLoS One. 2014; 9:e114912. 
https://doi.org/10.1371/journal.pone.0114912. [PubMed]

12. Hayashi S, Khan A, Simons BC, Homan C, Matsui T, 
Ogawa K, Kawashima K, Murakami S, Takahashi S, 
Isogawa M, Ikeo K, Mizokami M, McMahon BJ, et al. An 
association between core mutations in hepatitis B virus 
genotype F1b and hepatocellular carcinoma in Alaskan 
Native people. Hepatology. 2019; 69:19–33. https://doi.
org/10.1002/hep.30111. [PubMed]

13. Sirugo G, Williams SM, Tishkoff SA. The missing diversity 
in human genetic studies. Cell. 2019; 177:26–31. https://
doi.org/10.1016/j.cell.2019.02.048. [PubMed]

14. Claw KG, Anderson MZ, Begay RL, Tsosie KS, Fox K, 
Garrison NA, and Summer internship for INdigenous 
peoples in Genomics (SING) Consortium. A framework 
for enhancing ethical genomic research with Indigenous 
communities. Nat Commun. 2018; 9:2957. https://doi.
org/10.1038/s41467-018-05188-3. [PubMed]

https://doi.org/10.3322/caac.21492
https://www.ncbi.nlm.nih.gov/pubmed/30207593
https://doi.org/10.1016/j.cell.2017.05.046
https://doi.org/10.1016/j.cell.2017.05.046
https://www.ncbi.nlm.nih.gov/pubmed/28622513
https://doi.org/10.1016/j.jhep.2019.06.001
https://www.ncbi.nlm.nih.gov/pubmed/31195064
https://doi.org/10.1053/j.gastro.2015.05.061
https://doi.org/10.1053/j.gastro.2015.05.061
https://www.ncbi.nlm.nih.gov/pubmed/26099527
https://doi.org/10.1038/s41467-018-08245-z
https://doi.org/10.1038/s41467-018-08245-z
https://www.ncbi.nlm.nih.gov/pubmed/30659195
https://doi.org/10.1038/s41467-018-05550-5
https://doi.org/10.1038/s41467-018-05550-5
https://www.ncbi.nlm.nih.gov/pubmed/30089774
https://doi.org/10.1016/j.cgh.2017.05.015
https://doi.org/10.1016/j.cgh.2017.05.015
https://www.ncbi.nlm.nih.gov/pubmed/28532694
https://doi.org/10.1016/j.clinre.2018.10.019
https://www.ncbi.nlm.nih.gov/pubmed/30482474
https://doi.org/10.1038/s41598-018-28286-0
https://www.ncbi.nlm.nih.gov/pubmed/30061721
https://doi.org/10.1038/s41598-018-30229-8
https://doi.org/10.1038/s41598-018-30229-8
https://www.ncbi.nlm.nih.gov/pubmed/30104677
https://doi.org/10.1371/journal.pone.0114912
https://www.ncbi.nlm.nih.gov/pubmed/25502816
https://doi.org/10.1002/hep.30111
https://doi.org/10.1002/hep.30111
https://www.ncbi.nlm.nih.gov/pubmed/29893492
https://doi.org/10.1016/j.cell.2019.02.048
https://doi.org/10.1016/j.cell.2019.02.048
https://www.ncbi.nlm.nih.gov/pubmed/30901543
https://doi.org/10.1038/s41467-018-05188-3
https://doi.org/10.1038/s41467-018-05188-3
https://www.ncbi.nlm.nih.gov/pubmed/30054469


Oncotarget490www.oncotarget.com

15. Totoki Y, Tatsuno K, Covington KR, Ueda H, Creighton 
CJ, Kato M, Tsuji S, Donehower LA, Slagle BL, Nakamura 
H, Yamamoto S, Shinbrot E, Hama N, et al. Trans-ancestry 
mutational landscape of hepatocellular carcinoma genomes. 
Nat Genet. 2014; 46:1267–73. https://doi.org/10.1038/
ng.3126. [PubMed]

16. Carrot-Zhang J, Chambwe N, Damrauer JS, Knijnenburg 
TA, Robertson AG, Yau C, Zhou W, Berger AC, Huang 
KL, Newberg JY, Mashl RJ, Romanel A, Sayaman RW, 
et al. Comprehensive analysis of genetic ancestry and its 
molecular correlates in cancer. Cancer Cell. 2020; 37:639–
54. https://doi.org/10.1016/j.ccell.2020.04.012. [PubMed]

17. Chacón-Duque JC, Adhikari K, Fuentes-Guajardo M, 
Mendoza-Revilla J, Acuña-Alonzo V, Barquera R, Quinto-
Sánchez M, Gómez-Valdés J, Everardo Martínez P, 
Villamil-Ramírez H, Hünemeier T, Ramallo V, Silva de 
Cerqueira CC, et al. Latin Americans show wide-spread 
Converso ancestry and imprint of local Native ancestry on 
physical appearance. Nat Commun. 2018; 9:5388. https://
doi.org/10.1038/s41467-018-07748-z. [PubMed]

18. Harris DN, Song W, Shetty AC, Levano KS, Cáceres O, 
Padilla C, Borda V, Tarazona D, Trujillo O, Sanchez C, 
Kessler MD, Galarza M, Capristano S, et al. Evolutionary 
genomic dynamics of Peruvians before, during, and after the 
Inca Empire. Proc Natl Acad Sci U S A. 2018; 115:E6526–
35. https://doi.org/10.1073/pnas.1720798115. [PubMed]

19. Homburger JR, Moreno-Estrada A, Gignoux CR, Nelson 
D, Sanchez E, Ortiz-Tello P, Pons-Estel BA, Acevedo-
Vasquez E, Miranda P, Langefeld CD, Gravel S, Alarcón-
Riquelme ME, Bustamante CD. Genomic insights into the 
ancestry and demographic history of South America. PLoS 
Genet. 2015; 11:e1005602. https://doi.org/10.1371/journal.
pgen.1005602. [PubMed]

20. Letouzé E, Shinde J, Renault V, Couchy G, Blanc JF, 
Tubacher E, Bayard Q, Bacq D, Meyer V, Semhoun J, 
Bioulac-Sage P, Prévôt S, Azoulay D, et al. Mutational 
signatures reveal the dynamic interplay of risk factors and 
cellular processes during liver tumorigenesis. Nat Commun. 
2017; 8:1315. https://doi.org/10.1038/s41467-017-01358-x. 
[PubMed]

21. Chaisaingmongkol J, Budhu A, Dang H, Rabibhadana 
S, Pupacdi B, Kwon SM, Forgues M, Pomyen Y, 
Bhudhisawasdi V, Lertprasertsuke N, Chotirosniramit A, 
Pairojkul C, Auewarakul CU, et al. Common molecular 
subtypes among Asian hepatocellular carcinoma and 
cholangiocarcinoma. Cancer Cell. 2017; 32:57–70. https://
doi.org/10.1016/j.ccell.2017.05.009. [PubMed]

22. Candia J, Bayarsaikhan E, Tandon M, Budhu A, Forgues M, 
Tovuu LO, Tudev U, Lack J, Chao A, Chinburen J, Wang 
XW. The genomic landscape of Mongolian hepatocellular 
carcinoma. Nat Commun. 2020; 11:4383. https://doi.
org/10.1038/s41467-020-18186-1. 

23. Brandini S, Bergamaschi P, Cerna MF, Gandini F, Bastaroli 
F, Bertolini E, Cereda C, Ferretti L, Gómez-Carballa A, 
Battaglia V, Salas A, Semino O, Achilli A, et al. The Paleo-

Indian entry into South America according to mitogenomes. 
Mol Biol Evol. 2018; 35:299–311. https://doi.org/10.1093/
molbev/msx267. [PubMed]

24. Bertani S, Pineau P, Loli S, Moura J, Zimic M, Deharo E, 
Ruiz E. An atypical age-specific pattern of hepatocellular 
carcinoma in Peru: a threat for Andean populations. PLoS 
One. 2013; 8:e67756. https://doi.org/10.1371/journal.
pone.0067756. [PubMed]

25. von Meltzer M, Vásquez S, Sun J, Wendt UC, May A, 
Gerlich WH, Radtke M, Schaefer S. A new clade of hepatitis 
B virus subgenotype F1 from Peru with unusual properties. 
Virus Genes. 2008; 37:225–30. https://doi.org/10.1007/
s11262-008-0261-x. [PubMed]

26. Tosolini M, Algans C, Pont F, Ycart B, Fournié JJ. Large-
scale microarray profiling reveals four stages of immune 
escape in non-Hodgkin lymphomas. Oncoimmunology. 
2016; 5:e1188246. https://doi.org/10.1080/216240
2X.2016.1188246. [PubMed]

27. Yoshihara K, Shahmoradgoli M, Martínez E, Vegesna R, 
Kim H, Torres-Garcia W, Treviño V, Shen H, Laird PW, 
Levine DA, Carter SL, Getz G, Stemke-Hale K, et al. 
Inferring tumour purity and stromal and immune cell 
admixture from expression data. Nat Commun. 2013; 
4:2612. https://doi.org/10.1038/ncomms3612. [PubMed]

28. Tosolini M, Pont F, Poupot M, Vergez F, Nicolau-Travers 
ML, Vermijlen D, Sarry JE, Dieli F, Fournié JJ. Assessment 
of tumor-infiltrating TCRVγ9Vδ2 γδ lymphocyte 
abundance by deconvolution of human cancers microarrays. 
Oncoimmunology. 2017; 6:e1284723. https://doi.org/10.10
80/2162402X.2017.1284723. [PubMed]

29. Sia D, Jiao Y, Martinez-Quetglas I, Kuchuk O, Villacorta-
Martin C, Castro de Moura M, Putra J, Camprecios G, 
Bassaganyas L, Akers N, Losic B, Waxman S, Thung 
SN, et al. Identification of an immune-specific class of 
hepatocellular carcinoma, based on molecular features. 
Gastroenterology. 2017; 153:812–26. https://doi.
org/10.1053/j.gastro.2017.06.007. [PubMed]

30. Okrah K, Tarighat S, Liu B, Koeppen H, Wagle MC, Cheng G, 
Sun C, Dey A, Chang MT, Sumiyoshi T, Mounir Z, Cummings 
C, Hampton G, et al. Transcriptomic analysis of hepatocellular 
carcinoma reveals molecular features of disease progression 
and tumor immune biology. NPJ Precis Oncol. 2018; 2:25. 
https://doi.org/10.1038/s41698-018-0068-8. [PubMed]

31. Zheng C, Zheng L, Yoo JK, Guo H, Zhang Y, Guo X, Kang 
B, Hu R, Huang JY, Zhang Q, Liu Z, Dong M, Hu X, et 
al. Landscape of infiltrating T cells in liver cancer revealed 
by single-cell sequencing. Cell. 2017; 169:1342–56. https://
doi.org/10.1016/j.cell.2017.05.035. [PubMed]

32. Zhang Q, He Y, Luo N, Patel SJ, Han Y, Gao R, Modak M, 
Carotta S, Haslinger C, Kind D, Peet GW, Zhong G, Lu S, 
et al. Landscape and dynamics of single immune cells in 
hepatocellular carcinoma. Cell. 2019; 179:829–45. https://
doi.org/10.1016/j.cell.2019.10.003. [PubMed]

33. Hoshida Y, Toffanin S, Lachenmayer A, Villanueva 
A, Minguez B, Llovet JM. Molecular classification 

https://doi.org/10.1038/ng.3126
https://doi.org/10.1038/ng.3126
https://www.ncbi.nlm.nih.gov/pubmed/25362482
https://doi.org/10.1016/j.ccell.2020.04.012
https://www.ncbi.nlm.nih.gov/pubmed/32396860
https://doi.org/10.1038/s41467-018-07748-z
https://doi.org/10.1038/s41467-018-07748-z
https://www.ncbi.nlm.nih.gov/pubmed/30568240
https://doi.org/10.1073/pnas.1720798115
https://www.ncbi.nlm.nih.gov/pubmed/29946025
https://doi.org/10.1371/journal.pgen.1005602
https://doi.org/10.1371/journal.pgen.1005602
https://www.ncbi.nlm.nih.gov/pubmed/26636962
https://doi.org/10.1038/s41467-017-01358-x
https://www.ncbi.nlm.nih.gov/pubmed/29101368
https://doi.org/10.1016/j.ccell.2017.05.009
https://doi.org/10.1016/j.ccell.2017.05.009
https://www.ncbi.nlm.nih.gov/pubmed/28648284
https://doi.org/10.1038/s41467-020-18186-1
https://doi.org/10.1038/s41467-020-18186-1
https://doi.org/10.1093/molbev/msx267
https://doi.org/10.1093/molbev/msx267
https://www.ncbi.nlm.nih.gov/pubmed/29099937
https://doi.org/10.1371/journal.pone.0067756
https://doi.org/10.1371/journal.pone.0067756
https://www.ncbi.nlm.nih.gov/pubmed/23840771
https://doi.org/10.1007/s11262-008-0261-x
https://doi.org/10.1007/s11262-008-0261-x
https://www.ncbi.nlm.nih.gov/pubmed/18649130
https://doi.org/10.1080/2162402X.2016.1188246
https://doi.org/10.1080/2162402X.2016.1188246
https://www.ncbi.nlm.nih.gov/pubmed/27622044
https://doi.org/10.1038/ncomms3612
https://www.ncbi.nlm.nih.gov/pubmed/24113773
https://doi.org/10.1080/2162402X.2017.1284723
https://doi.org/10.1080/2162402X.2017.1284723
https://www.ncbi.nlm.nih.gov/pubmed/28405516
https://doi.org/10.1053/j.gastro.2017.06.007
https://doi.org/10.1053/j.gastro.2017.06.007
https://www.ncbi.nlm.nih.gov/pubmed/28624577
https://doi.org/10.1038/s41698-018-0068-8
https://www.ncbi.nlm.nih.gov/pubmed/30456308
https://doi.org/10.1016/j.cell.2017.05.035
https://doi.org/10.1016/j.cell.2017.05.035
https://www.ncbi.nlm.nih.gov/pubmed/28622514
https://doi.org/10.1016/j.cell.2019.10.003
https://doi.org/10.1016/j.cell.2019.10.003
https://www.ncbi.nlm.nih.gov/pubmed/31675496


Oncotarget491www.oncotarget.com

and novel targets in hepatocellular carcinoma: recent 
advancements. Semin Liver Dis. 2010; 30:35–51. https://
doi.org/10.1055/s-0030-1247131. [PubMed]

34. Boyault S, Rickman DS, de Reyniès A, Balabaud C, 
Rebouissou S, Jeannot E, Hérault A, Saric J, Belghiti J, 
Franco D, Bioulac-Sage P, Laurent-Puig P, Zucman-Rossi 
J. Transcriptome classification of HCC is related to gene 
alterations and to new therapeutic targets. Hepatology. 
2007; 45:42–52. https://doi.org/10.1002/hep.21467. 
[PubMed]

35. Ruiz E, Rojas-Rojas T, Berrospi F, Chávez I, Luque C, Cano 
L, Doimi F, Pineau P, Deharo E, Bertani S. Hepatocellular 
carcinoma surgery outcomes in the developing world: a 
20-year retrospective cohort study at the National Cancer 
Institute of Peru. Heliyon. 2016; 2:e00052. https://doi.
org/10.1016/j.heliyon.2015.e00052. [PubMed]

36. Negishi T, Nagai Y, Asaoka Y, Ohno M, Namae M, Mitani 
H, Sasaki T, Shimizu N, Terai S, Sakaida I, Kondoh H, 
Katada T, Furutani-Seiki M, et al. Retinoic acid signaling 
positively regulates liver specification by inducing wnt2bb 
gene expression in medaka. Hepatology. 2010; 51:1037–45. 
https://doi.org/10.1002/hep.23387. [PubMed]

37. Sun JH, Luo Q, Liu LL, Song GB. Liver cancer stem cell 
markers: progression and therapeutic implications. World J 
Gastroenterol. 2016; 22:3547–57. https://doi.org/10.3748/
wjg.v22.i13.3547. [PubMed]

38. Aryee MJ, Jaffe AE, Corrada-Bravo H, Ladd-Acosta C, 
Feinberg AP, Hansen KD, Irizarry RA. minfi: a flexible and 
comprehensive Bioconductor package for the analysis of 
Infinium DNA methylation microarrays. Bioinformatics. 2014; 
30:1363–9. https://doi.org/10.1093/bioinformatics/btu049. 
[PubMed]

39. Shen J, Wang S, Zhang YJ, Wu HC, Kibriya MG, Jasmine 
F, Ahsan H, Wu DPH, Siegel AB, Remotti H, Santella 
RM. Exploring genome-wide DNA methylation profiles 
altered in hepatocellular carcinoma using Infinium 
HumanMethylation 450 BeadChips. Epigenetics. 2013; 
8:34–43. https://doi.org/10.4161/epi.23062. [PubMed]

40. Villanueva A, Portela A, Sayols S, Battiston C, Hoshida Y, 
Méndez-González J, Imbeaud S, Letouzé E, Hernandez-
Gea V, Cornella H, Pinyol R, Solé M, Fuster J, et al. 
DNA methylation-based prognosis and epidrivers in 
hepatocellular carcinoma. Hepatology. 2015; 61:1945–56. 
https://doi.org/10.1002/hep.27732. [PubMed]

41. Nishino K, Umezawa A. DNA methylation dynamics in 
human induced pluripotent stem cells. Hum Cell. 2016; 
29:97–100. https://doi.org/10.1007/s13577-016-0139-5. 
[PubMed]

42. Horvath S. DNA methylation age of human tissues and 
cell types. Genome Biol. 2013; 14:R115. https://doi.
org/10.1186/gb-2013-14-10-r115. [PubMed]

43. Gallegos DA, Chan U, Chen LF, West AE. Chromatin 
regulation of neuronal maturation and plasticity. Trends 
Neurosci. 2018; 41:311–24. https://doi.org/10.1016/j.
tins.2018.02.009. [PubMed]

44. Branco MR, Ficz G, Reik W. Uncovering the role of 
5-hydroxymethylcytosine in the epigenome. Nat Rev Genet. 
2011; 13:7–13. https://doi.org/10.1038/nrg3080. [PubMed]

45. Qin XY, Suzuki H, Honda M, Okada H, Kaneko S, Inoue I, 
Ebisui E, Hashimoto K, Carninci P, Kanki K, Tatsukawa H, 
Ishibashi N, Masaki T, et al. Prevention of hepatocellular 
carcinoma by targeting MYCN-positive liver cancer stem 
cells with acyclic retinoid. Proc Natl Acad Sci U S A. 2018; 
115:4969–74. https://doi.org/10.1073/pnas.1802279115. 
[PubMed]

46. Pineau P, Marchio A, Nagamori S, Seki S, Tiollais P, 
Dejean A. Homozygous deletion scanning in hepatobiliary 
tumor cell lines reveals alternative pathways for liver 
carcinogenesis. Hepatology. 2003; 37:852–61. https://doi.
org/10.1053/jhep.2003.50138. [PubMed]

47. Schenk T, Stengel S, Zelent A. Unlocking the potential 
of retinoic acid in anticancer therapy. Br J Cancer. 2014; 
111:2039–45. https://doi.org/10.1038/bjc.2014.412. [PubMed]

48. Roberts MC, Kennedy AE, Chambers DA, Khoury MJ. 
The current state of implementation science in genomic 
medicine: opportunities for improvement. Genet Med. 
2017; 19:858–63. https://doi.org/10.1038/gim.2016.210. 
[PubMed]

49. Chiang DY, Villanueva A. Progress towards molecular 
patient stratification of hepatocellular carcinoma: lost 
in translation? J Hepatol. 2017; 67:893–5. https://doi.
org/10.1016/j.jhep.2017.07.031. [PubMed]

50. Bayard Q, Meunier L, Peneau C, Renault V, Shinde J, Nault 
JC, Mami I, Couchy G, Amaddeo G, Tubacher E, Bacq D, 
Meyer V, La Bella T, et al. Cyclin A2/E1 activation defines 
a hepatocellular carcinoma subclass with a rearrangement 
signature of replication stress. Nat Commun. 2018; 9:5235. 
https://doi.org/10.1038/s41467-018-07552-9. [PubMed]

51. Roman S, Jose-Abrego A, Fierro NA, Escobedo-Melendez 
G, Ojeda-Granados C, Martinez-Lopez E, Panduro A. 
Hepatitis B virus infection in Latin America: a genomic 
medicine approach. World J Gastroenterol. 2014; 20:7181–
96. https://doi.org/10.3748/wjg.v20.i23.7181. [PubMed]

52. Enard D, Cai L, Gwennap C, Petrov DA. Viruses are a 
dominant driver of protein adaptation in mammals. eLife. 2016; 
5:e12469. https://doi.org/10.7554/eLife.12469. [PubMed]

53. Aizarani N, Saviano A, Sagar, Mailly L, Durand S, Herman 
JS, Pessaux P, Baumert TF, Grün D. A human liver cell atlas 
reveals heterogeneity and epithelial progenitors. Nature. 
2019; 572:199–204. https://doi.org/10.1038/s41586-019-
1373-2. [PubMed]

54. Goding CR, Pei D, Lu X. Cancer: pathological nuclear 
reprogramming? Nat Rev Cancer. 2014; 14:568–73. https://
doi.org/10.1038/nrc3781. [PubMed]

55. Leek JT, Johnson WE, Parker HS, Jaffe AE, Storey JD. The 
sva package for removing batch effects and other unwanted 
variation in high-throughput experiments. Bioinformatics. 
2012; 28:882–3. https://doi.org/10.1093/bioinformatics/bts034. 
[PubMed]

https://doi.org/10.1055/s-0030-1247131
https://doi.org/10.1055/s-0030-1247131
https://www.ncbi.nlm.nih.gov/pubmed/20175032
https://doi.org/10.1002/hep.21467
https://www.ncbi.nlm.nih.gov/pubmed/17187432
https://doi.org/10.1016/j.heliyon.2015.e00052
https://doi.org/10.1016/j.heliyon.2015.e00052
https://www.ncbi.nlm.nih.gov/pubmed/27441236
https://doi.org/10.1002/hep.23387
https://www.ncbi.nlm.nih.gov/pubmed/19957374
https://doi.org/10.3748/wjg.v22.i13.3547
https://doi.org/10.3748/wjg.v22.i13.3547
https://www.ncbi.nlm.nih.gov/pubmed/27053846
https://doi.org/10.1093/bioinformatics/btu049
https://www.ncbi.nlm.nih.gov/pubmed/24478339
https://doi.org/10.4161/epi.23062
https://www.ncbi.nlm.nih.gov/pubmed/23208076
https://doi.org/10.1002/hep.27732
https://www.ncbi.nlm.nih.gov/pubmed/25645722
https://doi.org/10.1007/s13577-016-0139-5
https://www.ncbi.nlm.nih.gov/pubmed/27083573
https://doi.org/10.1186/gb-2013-14-10-r115
https://doi.org/10.1186/gb-2013-14-10-r115
https://www.ncbi.nlm.nih.gov/pubmed/24138928
https://doi.org/10.1016/j.tins.2018.02.009
https://doi.org/10.1016/j.tins.2018.02.009
https://www.ncbi.nlm.nih.gov/pubmed/29530320
https://doi.org/10.1038/nrg3080
https://www.ncbi.nlm.nih.gov/pubmed/22083101
https://doi.org/10.1073/pnas.1802279115
https://www.ncbi.nlm.nih.gov/pubmed/29686061
https://doi.org/10.1053/jhep.2003.50138
https://doi.org/10.1053/jhep.2003.50138
https://www.ncbi.nlm.nih.gov/pubmed/12668978
https://doi.org/10.1038/bjc.2014.412
https://www.ncbi.nlm.nih.gov/pubmed/25412233
https://doi.org/10.1038/gim.2016.210
https://www.ncbi.nlm.nih.gov/pubmed/28079898
https://doi.org/10.1016/j.jhep.2017.07.031
https://doi.org/10.1016/j.jhep.2017.07.031
https://www.ncbi.nlm.nih.gov/pubmed/28837834
https://doi.org/10.1038/s41467-018-07552-9
https://www.ncbi.nlm.nih.gov/pubmed/30531861
https://doi.org/10.3748/wjg.v20.i23.7181
https://www.ncbi.nlm.nih.gov/pubmed/24966588
https://doi.org/10.7554/eLife.12469
https://www.ncbi.nlm.nih.gov/pubmed/27187613
https://doi.org/10.1038/s41586-019-1373-2
https://doi.org/10.1038/s41586-019-1373-2
https://www.ncbi.nlm.nih.gov/pubmed/31292543
https://doi.org/10.1038/nrc3781
https://doi.org/10.1038/nrc3781
https://www.ncbi.nlm.nih.gov/pubmed/25030952
https://doi.org/10.1093/bioinformatics/bts034
https://www.ncbi.nlm.nih.gov/pubmed/22257669


Oncotarget492www.oncotarget.com

56. Mohindra KS. Research and the health of Indigenous 
populations in low- and middle-income countries. Health 
Promot Int. 2017; 32:581–6. https://doi.org/10.1093/heapro/
dav106. [PubMed]

57. Hore TA, von Meyenn F, Ravichandran M, Bachman 
M, Ficz G, Oxley D, Santos F, Balasubramanian S, 
Jurkowski TP, Reik W. Retinol and ascorbate drive erasure 
of epigenetic memory and enhance reprogramming to 
naive pluripotency by complementary mechanisms. Proc 
Natl Acad Sci U S A. 2016; 113:12202–7. https://doi.
org/10.1073/pnas.1608679113. [PubMed]

58. Mulligan CJ, Hunley K, Cole S, Long JC. Population 
genetics, history, and health patterns in Native Americans. 
Annu Rev Genomics Hum Genet. 2004; 5:295–315. 
https://doi.org/10.1146/annurev.genom.5.061903.175920. 
[PubMed]

59. Lott MT, Leipzig JN, Derbeneva O, Xie HM, Chalkia D, 
Sarmady M, Procaccio V, Wallace DC. mtDNA variation 
and analysis using Mitomap and Mitomaster. Curr 
Protoc Bioinformatics. 2013; 44:1.23.1–26. https://doi.
org/10.1002/0471250953.bi0123s44. [PubMed]

60. Kumar S, Stecher G, Tamura K. MEGA7: Molecular 
Evolutionary Genetics Analysis version 7.0 for bigger 
datasets. Mol Biol Evol. 2016; 33:1870–4. https://doi.
org/10.1093/molbev/msw054. [PubMed]

61. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, 
Smyth GK. limma powers differential expression analyses 
for RNA-sequencing and microarray studies. Nucleic Acids 
Res. 2015; 43:e47. https://doi.org/10.1093/nar/gkv007. 
[PubMed]

62. Jen CH, Yang TP, Tung CY, Su SH, Lin CH, Hsu MT, Wang 
HW. Signature Evaluation Tool (SET): a Java-based tool to 
evaluate and visualize the sample discrimination abilities 
of gene expression signatures. BMC Bioinformatics. 2008; 
9:58. https://doi.org/10.1186/1471-2105-9-58. [PubMed]

63. Liberzon A, Birger C, Thorvaldsdóttir H, Ghandi M, Mesirov 
JP, Tamayo P. The Molecular Signatures Database (MSigDB) 
hallmark gene set collection. Cell Syst. 2015; 1:417–25. 
https://doi.org/10.1016/j.cels.2015.12.004. [PubMed]

64. Triche TJ, Weisenberger DJ, Van Den Berg D, Laird PW, 
Siegmund KD. Low-level processing of Illumina Infinium 
DNA Methylation BeadArrays. Nucleic Acids Res. 2013; 
41:e90. https://doi.org/10.1093/nar/gkt090. [PubMed]

65. Stewart SK, Morris TJ, Guilhamon P, Bulstrode H, 
Bachman M, Balasubramanian S, Beck S. oxBS-450K: 
a method for analysing hydroxymethylation using 
450K BeadChips. Methods. 2015; 72:9–15. https://doi.
org/10.1016/j.ymeth.2014.08.009. [PubMed]

66. Yates B, Braschi B, Gray KA, Seal RL, Tweedie S, Bruford 
EA. Genenames.org: the HGNC and VGNC resources in 
2017. Nucleic Acids Res. 2017; 45:D619–25. https://doi.
org/10.1093/nar/gkw1033. [PubMed]

67. Szklarczyk D, Franceschini A, Wyder S, Forslund K, 
Heller D, Huerta-Cepas J, Simonovic M, Roth A, Santos A, 
Tsafou KP, Kuhn M, Bork P, Jensen LJ, et al. STRING v10: 
protein–protein interaction networks, integrated over the 
tree of life. Nucleic Acids Res. 2015; 43:D447–52. https://
doi.org/10.1093/nar/gku1003. [PubMed]

68. Nolan T, Hands RE, Bustin SA. Quantification of mRNA 
using real-time RT-PCR. Nat Protoc. 2006; 1:1559–82. 
https://doi.org/10.1038/nprot.2006.236. [PubMed]

69. Franken NAP, Rodermond HM, Stap J, Haveman J, van 
Bree C. Clonogenic assay of cells in vitro. Nat Protoc. 
2006; 1:2315–9. https://doi.org/10.1038/nprot.2006.339. 
[PubMed]

https://doi.org/10.1093/heapro/dav106
https://doi.org/10.1093/heapro/dav106
https://www.ncbi.nlm.nih.gov/pubmed/26511944
https://doi.org/10.1073/pnas.1608679113
https://doi.org/10.1073/pnas.1608679113
https://www.ncbi.nlm.nih.gov/pubmed/27729528
https://doi.org/10.1146/annurev.genom.5.061903.175920
https://www.ncbi.nlm.nih.gov/pubmed/15485351
https://doi.org/10.1002/0471250953.bi0123s44
https://doi.org/10.1002/0471250953.bi0123s44
https://www.ncbi.nlm.nih.gov/pubmed/25489354
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1093/molbev/msw054
https://www.ncbi.nlm.nih.gov/pubmed/27004904
https://doi.org/10.1093/nar/gkv007
https://www.ncbi.nlm.nih.gov/pubmed/25605792
https://doi.org/10.1186/1471-2105-9-58
https://www.ncbi.nlm.nih.gov/pubmed/18221568
https://doi.org/10.1016/j.cels.2015.12.004
https://www.ncbi.nlm.nih.gov/pubmed/26771021
https://doi.org/10.1093/nar/gkt090
https://www.ncbi.nlm.nih.gov/pubmed/23476028
https://doi.org/10.1016/j.ymeth.2014.08.009
https://doi.org/10.1016/j.ymeth.2014.08.009
https://www.ncbi.nlm.nih.gov/pubmed/25175075
https://doi.org/10.1093/nar/gkw1033
https://doi.org/10.1093/nar/gkw1033
https://www.ncbi.nlm.nih.gov/pubmed/27799471
https://doi.org/10.1093/nar/gku1003
https://doi.org/10.1093/nar/gku1003
https://www.ncbi.nlm.nih.gov/pubmed/25352553
https://doi.org/10.1038/nprot.2006.236
https://www.ncbi.nlm.nih.gov/pubmed/17406449
https://doi.org/10.1038/nprot.2006.339
https://www.ncbi.nlm.nih.gov/pubmed/17406473

