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With the goal of studying epigenetic alterations in fibrolamellar hepatocellular carcinoma (FLC) and establish an
associated DNA methylation signature, we analyzed LINE-1 methylation in a cohort of FLC and performed next-
generation sequencing of DNA methylation in a training set of pure-FLCs and non-cirrhotic hepatocellular carcinomas
(nc-HCC). DNA methylation was correlated with gene expression. Furthermore, we established and validated an
epigenetic signature differentiating pure-FLC from other HCCs. LINE-1 methylation correlated with shorter recurrence-
free survival and overall survival in resected pure-FLC patients. Unsupervised clustering using CG sites located in islands
distinguished pure-FLC from nc-HCC. Major DNA methylation changes occurred outside promoters, mainly in gene
bodies and intergenic regions located in the vicinity of liver developmental genes (i.e., SMARCA4 and RXRA). Partially
methylated domains were more prone to DNA methylation changes. Furthermore, we identified several putative tumor
suppressor genes (e.g., DLEU7) and oncogenes (e.g., DUSP4). While »70% of identified gene promoters gaining
methylation were marked by bivalent histone marks (H3K4me3/H3K27me3) in embryonic stem cells, »70% of those
losing methylation were marked by H3K4me3. Finally, we established a pure FLC DNA methylation signature and
validated it in an independent dataset. Our analysis reveals a distinct epigenetic signature of pure FLC as compared to
nc-HCC, with DNA methylation changes occurring in the vicinity of liver developmental genes. These data suggest new
options for targeting FLC based on cancer epigenome aberrations.

Introduction

Fibrolamellar hepatocellular carcinoma (FLC) is a rare sub-type
of primary liver carcinomas, often arising in adolescents and young
adults, without any identified risk factor or underlying cirrhosis.1

The gold standard of diagnosis relies on Edmondson pathological
triad.2 However, there is poor reproducibility among experts for
histological diagnosis of primary liver tumors with fibrous stroma
in non-cirrhotic patients, including FLC.3 Reasons may be related
to tumor heterogeneity and the existence of morphological var-
iants of FLC within classical hepatocellular carcinoma (HCC).1

In 2012, we proposed to classify FLC in 2 entities: pure-FLC
(p-FLC) and mixed-FLC (m-FLC).4 We showed that p-FLC
usually occurs in young patients (<30 years), which often pres-
ent lymph node metastasis at the time of diagnosis and frequently

experience extra-hepatic recurrences. Conversely, m-FLC occurs
in older patients and frequently involves the liver as the primary
site of disease recurrence.4 However, the morphological distinc-
tion between those entities is of great interest to individualize
patient treatments, biomarkers are needed to distinguish p-FLC
from m-FLC and other HCC arising in non-cirrhotic liver (nc-
HCC).4 Using transcriptomic profiling of a large set of p-FLC,
m-FLC and HCC arising in non-cirrhotic liver, we and others
recently showed that p-FLC harbor a unique signature character-
ized by the strong expression of specific neuroendocrine genes
(i.e., PCSK1, DNER, CALCA and NTS).5-7

Meanwhile, a recurrent DNAJB1-PRKACA chimeric tran-
script has been identified in a data set of 15 FLC cases (100%)
suggesting that this genetic alteration contributes to tumor path-
ogenesis.8 However, whether this translocation is pathognomonic
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for the diagnosis remains unclear. Indeed, in the Cornella et al.
study, which reported on 77 FLC, the presence of fusion tran-
script was found in 79% of cases.5 Conversely, in the Graham
et al. study, rearrangements of the PRKACA locus were seen in
all 19 FLC cases (100%).9

Beside the specificity of DNAJB1-PRKACA transcript in sup-
port of diagnosis of FLC, the role of epigenetics alterations in
shaping FLC identity and distinguishing p-FLC from other
HCC subtypes remains limited. As DNA methylation is a defin-
ing trait of cellular identity in mammalian cells and as most
dynamic regulations of normal development occur in CG sites
distal to transcription start sites,10 we thus decided to investigate
genome-wide DNA methylation changes in p-FLC as compared
to nc-HCC and normal livers.

Historically, rarity of FLC hampers its comprehensive genomic
and epigenetic characterization. Furthermore, the majority of
series reporting to date genomic and epigenomic features of FLC
involved limited number of cases and were contradictory.11-13

Recently, the development of genome-wide sequencing of DNA
methylation illuminate our understanding of the plasticity of
DNAmethylation during different physiological process as well as
differentiation of embryonic stem cells and cancer.10,14,15 For
instance, during the differentiation of embryonic stem cells into
fibroblasts, DNA methylation changes have been shown to occur
in majority outside of core promoters, in partially methylated
domains (PMDs), which represent large hypomethylated regions
covering almost 40% of our genome.14 However, little is known
about dynamic changes of PMDs following liver carcinogenesis in
general, and FLC in particular.

To clarify the situation, we thus decided to analyze global
DNA methylation in a cohort of patients resected for FLC. In
addition, we performed the first next-generation sequencing of
DNA methylation in p-FLC and nc-HCC and reported specific
DNA methylation signature of p-FLC.

Methods

Patients and samples
We analyzed a subset of a previously reported cohort encom-

passing 22 p-FLC and 6 m-FLC from patients which underwent
surgical resection between January 1, 1987 and December 31,
2007 at 2 French referral centers (Beaujon University Hospital
and Bicêtre hospital) (Table S1).4 Furthermore, 10 nc-HCC and
13 adjacent normal livers were also obtained as control. p-FLC
and m-FLC were reviewed by 2 expert pathologists (VP and
MF), as previously described.16 All tumor samples were de-iden-
tified, collected as the CIT (Cartes d’Identit�e des tumeurs)
cohort, stored and used with the informed consent from the
patients or their parents. For the 5 pediatric p-FLC, 2 areas of
the primary tumor have been collected (Table S1). The tran-
scriptomic signature for 39 liver samples with available RNA has
been previously reported (Table S1).6 Those include a total of
29 primary tumors (17 p-FLCs, 5 m-FLCs and 7 nc-HCC) and
10 tumor-adjacent normal livers.6 Raw data regarding the gene
expression of those cases have been used to correlate DNA

methylation with gene expression changes. All patients had cura-
tive liver resection. Tumor recurrence was based on typical CT
and MRI features or histological confirmation.

Fusion transcript detection and RT-PCR
RNA was available for 19 p-FLCs (corresponding to 17

patients), 5 m-FLCs, 7 nc-HCC and 10 normal livers. The pres-
ence of the DNAJB1-PRKACA recurrent fusion transcripts was
searched in those cases by RT-PCR followed by Sanger sequenc-
ing as previously reported by Honeyman et al.8 RT-PCR analysis
to validate SMARCA4 and RXRA expression were done using
Taqman gene expression assays Hs00231324_m1 and
Hs01067640_m1, respectively. Briefly, RNA was converted to
cDNA using High Capacity RNA-to-cDNA Kit (Applied Biosys-
tems). RT-PCR was then performed using TaqMan� Universal
Master Mix II (Applied Biosystems) according to manufacturer
instructions. Eukaryotic 18S rRNA endogenous was used as
control.

Digital Restriction Enzyme Analysis of Methylation
(DREAM) method

Next-generation sequencing of DNA methylation was per-
formed for 4 p-FLC, 1 m-FLC, 2 nc-HCCs and 2 normal livers
(Table 1), as previously described.17 Briefly, genomic DNA
(5 mg) was sequentially digested with FastDigest SmaI endonu-
clease (Fermentas) and XmaI endonuclease (NEB). The digested
DNA was purified and the 30 recessed ends of the DNA created
by XmaI digestion were filled in with 30-dA tails. This was fol-
lowed by deep sequencing on an Illumina Genome Analyzer II.
Sequencing reads were mapped to SmaI sites in the human
genome (hg18), and signatures corresponding to methylated and
unmethylated CpGs were listed for each SmaI site. Methylation
frequencies for individual were then calculated. The methylation
ratio of each individual SmaI sites was calculated as the number
of tags starting with CCGGG divided by the total number of
tags mapped to a given SmaI site.17

Analysis of DNA methylation changes
We used at least 10 sequencing reads to analyze methylation

levels at individual SmaI sites and analyzed promoter gain and
loss of DNA methylation. Promoters were defined as regions
between ¡2000 base pair (bp) from transcription start site (TSS)
to C2000 bp from TSS for each Refseq transcript. Overall, using
those criteria, 10896 common CG sites in promoter CG islands
were covered in all samples processed. If we restrict the criteria to
CG sites between ¡1000 and C1000 from TSS, 9750 CG sites
were covered by DREAM. To calculate promoter methylation,
we averaged the methylation level of all CpG sites located
between ¡2000 bp and C2000 bp from transcription start site.

Spearman correlation of DNA methylation of CG sites in the
2 normal livers was performed using at least 10 tags coverage per
CG sites, and after excluding CG sites located on X and Y
chromosomes.

Based on technical replicate experiments, and with a least 10-
fold coverage, DREAM can detect differences in methylation
greater than 15% with a false positive rate below 0.03
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(Fig. S1A).17 Thus, the cut-off of 15% methylation was used to
analyze CG sites that are differentially methylated between p-
FLC group from one side and nc-HCC and normal liver group
on the other side.

Unsupervised clustering of DNA methylation was performed
using Array-Track according to the default setting, using the
most variable probes.

Statistical analysis was performed using GraphPad Prism 5.0.
P-values <0.05 were considered statistically significant.

Pyrosequencing
Methylation of LINE-1 was assessed as previously described.18

Tumors with LINE-1 hypomethylation were defined as those
with LINE-1 methylation level inferior to the mean overall level
of the whole p-FLC population minus one standard error of
mean (SEM).

Methylation of selected genes was performed by quantitative
bisulfite pyrosequencing on the training set (n D 4) and then in
an independent set of 23 p-FLC (corresponding to 19 patients),
5 m-FLC and 7 HCC arising in non-cirrhotic liver, using the
protocol described previously.19 The list of all primers used in
this study is provided in Table S2.

Results

DNAJB1-PRKACA is specific for the diagnosis of pure-FLC
with endocrine signature

We firstly assessed the presence of the oncogenic DNAJB1-
PRKACA fusion transcript in all samples for which RNA was
available. Overall, 14 out of 17 (82.3%) primary p-FLC showed
presence of the DNAJB1-PRKACA oncogenic fusion transcript
as compared to none of m-FLC, nc-HCC and tumor-adjacent
normal livers. Of note, the 3 p-FLC cases which were negative
for DNAJB1-PRKACA were previously considered as outliers in
our p-FLC transcriptomic classification.6 Clinically, those were
related to oldest patients of our cohort. Biologically, those cases
did not display endocrine signature defined by the overexpression
of PCSK1, DNER, CALCA and NTS genes.6 We thus conclude
that DNAJB1-PRKACA is specific for the diagnosis of p-FLC.

LINE-1 methylation predicts patient outcome
We then asked whether LINE-1 methylation, a surrogate

marker of global DNA methylation, was associated with clinico-
pathological features of patients with resected p-FLC (n D 20).
Average LINE-1 methylation in p-FLC (65.31% § 1.49%)
was overall slightly different from normal liver (69.27% §
0.53%) (P D 0.046) (Fig. 1A). Six out of the 20 cases of p-FLC
showed LINE-1 hypomethylation (Fig. 1A). Analysis of clinico-
pathological features of those tumors showed that even though
they did not differ in term of AJCC stage from tumors without
LINE-1 hypomethylation (P D 0.2), they were of bigger size
(P D 0.001), showed more micro-satellites nodules (P D 0.0007)
and had tendency to present with vascular invasion (P D 0.08)
and as multiple tumors (P D 0.09) (Table S3). Interestingly,
patients with tumors harboring low LINE-1 methylation had
poor recurrence-free survival (RFS) and overall survival (OS) as
compared to others (Fig. 1B–C). Thus, we conclude that p-FLC
with global hypomethylation may be more aggressive and share
molecular alterations distinguishing them from others.

Identification of putative tumor suppressor genes
To identify putative tumor suppressor genes (TSG), we

selected 4 p-FLC including 2 cases with low LINE-1 methylation
(FLC-2 and FLC-110), and 2 cases with minimal change in
LINE-1 methylation (FLC-107 and FLC-133). Furthermore, as
a control we used 1 nc-HCC (HCC-29) and 1 m-FLC (HCC-
13) with dramatic LINE-1 hypomethylation as compared to nor-
mal liver (methylation levels of 36% and 41%, respectively); in
addition, we also performed DNA methylation analysis of one
nc-HCC (HCC-32) with sub-normal LINE-1 methylation
(methylation level of 61%).

Using DREAM, we’ve been able to generate quantitative
analysis of DNA methylation of selected CG sites with an
average of 27,788,966 tags obtained per sample (Table 1).
Overall, using a minimum threshold of 3 tags/ site (median:
29-233 tags/site), we obtained quantitative methylation
results for 53,335 CG sites (Table 1). Using a minimum
threshold of 10 tags at least per site, we covered 28,549 CG
sites with a median coverage ranging from 87 to 647 tags per
site, allowing us to analyze DNA methylation changes at

Table 1. List of cases assessed by DREAM for DNA methylation

Patient No Histology Sex Age size (cm) TNM
Total number

of tags

Median coverage
of CG sites (minimum
coverage of 3 tags/site)

Median coverage
of CG sites (minimum

coverage of 10 tags/site)

2* p-FLC M 21 22 NC 28,019,595 233 647
13 m-FLC F 58 7 No 28,012,433 68 474
29 HCC M 56 20 No 29,444,400 33 108
32 HCC M 51 14 No 29,886,194 29 87
107 p-FLC F 9 7 No 31,229,859 44 125
110* p-FLC F 13 11 NC 22,160,609 120 515
133 p-FLC F 21 10 No 32,684,467 81 204
111 N F 13 24,805,598 198 638
35 N M 21 23,857,540 123 435

*The 2 p-FLC with asterisks are those which showed LINE-1 demethylation as compared to p-FLC 107 and p-FLC 133.
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deep resolution. DNA methylation levels of the 2 normal liv-
ers were almost identical suggesting no epigenetic alterations
within normal favoring p-FLC development (Spearman corre-
lation D 0.95) (P < 0.0001) (Fig. 2A).

Because hypermethylation of promoters located in CG
islands (CGI) is a common feature of cancer that likely leads
to suppression of TSG, we thus sought to identify a list of pro-
moters located in CGI which gain DNA methylation in p-FLC
as compared to normal. Methylation gain was defined as genes
with increase of methylation �15% in cancer as compared to
less than 5% in normal livers. Using those criteria, we identi-
fied 252 genes out of 4503 promoter CGI which gained DNA
methylation in p-FLC (Table S4). The number of genes varied
between 10 to 130 genes per sample (Fig. 2B). Of note, 50
genes gained DNA methylation in 3 out of the 4 p-FLC (Fig.
S2). Out of those, we validated the 2 candidate genes DLEU7
and ZNF709 by pyrosequencing (PSQ). Interestingly, DLEU7
has been previously shown to be a TSG in leukemia.20 Gene
Ontology (GO) using DAVID pathway analysis21 revealed that
genes gaining DNA methylation are enriched for embryonic
morphogenesis (P D 8.27E-12), regulation of RNA metabolic
process (P D 1.22E-08) and embryonic organ morphogenesis
(P D 4.50E-08) (Table S5). We then decided to investigate
the genes that gain methylation and get repressed (FC�1.5 as
compared to normal), using our previously reported transcrip-
tomic data of the same dataset.6 Overall, 8 candidate genes
met those criteria (ADRA1A, CYP26A1, ITGA4, ZSCAN18,

CHL1, OLFM1, GOLSYN and
SSTR1); Interestingly, ADRA1A
was the unique gene which was
found to be methylated in 2 out
of the 4 p-FLCs.

Furthermore, we matched this
252-genes list with the list of TSG
extracted from TSGene database, a
websource for all known TSG.22 As
a result, we identified 14 genes as
putative TSG in p-FLC; out of
those, SOX11methylation occurred
in 3 samples, and ZIC1, IRX1 and
GAS1 occurred in 2 samples.

On the other hand, 538 pro-
moters gained DNA methylation
in nc-HCC and the number of
genes varied between 184–331
genes per sample (Fig. 2B).

Identification of putative
oncogenes

While the potential role of
DNA methylation is established for
silencing TSG, and demethylation
for activation of oncogenes, we
sought to analyze genes that lost
DNA methylation in p-FLC. Over-
all, 56 promoters lost DNA meth-

ylation in p-FLC as compared to 47 genes in nc-HCC (Fig. 2C).
Seven genes out of those lost DNA methylation in at least 2 sam-
ples (CACNA1D, ZNF710, FAM163, MAP4K2, BDH1, IGF2
and DUSP4) (Fig. S3) (Table S6). Furthermore, 5 genes gained
gene expression concomitantly (CACNA1D, DUSP4, ASPHD1,
PLP2 and GPC4); interestingly, the expression of CACNA1D
and DUSP4 was increased in 2 out of 4 p-FLC concomitantly
with their demethylation (Fig. S4). IGF2 and DUSP4 methyla-
tion were validated by PSQ.

Integration of DNA methylation and histone modifications
Regarding the interplay between DNA methylation and his-

tone modifications, we thus decided to match the list of genes
gaining DNA methylation with histone modification marks
obtained from embryonic stem cells (ES). Strikingly, the majority
of them (162/252; 64.3%) were bivalent genes, 179 genes
(71.03%) were marked by H3K27me3 and 67 (26.6%) marked
by H3K4me3 (Fig. S5A).

Conversely, when we matched the list of genes that lost DNA
methylation, 14 (25%) genes were marked by H3K27me3, 38
(67.9%) genes were marked by H3K4me3 and 13 (23.2%) were
bivalent (Fig. S5B).

Unsupervised clustering of CG sites in CG islands
distinguishes p-FLC from nc-HCC

We then asked if p-FLCs display a unique methylome as
compared to classical HCC. To answer this question, we

Figure 1. (A) Distribution of LINE-1 methylation levels in pure fibrolamellar carcinoma (p-FLC) and normal
adjacent liver. Each dot represents the methylation level of individual samples. Horizontal lines represent
the mean methylation levels for each group. (B) Kaplan-Meier curves for recurrence-free survival in low
LINE-1 methylation group (n D 6) versus intermediate and high LINE-1 methylation group (n D 14).
(C) Kaplan-Meier curves for overall survival in low LINE-1 methylation group (n D 6) vs. intermediate and
high LINE-1 methylation group (n D 14).
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performed unsupervised hierarchical clustering using the 10%
most variant probes of CG sites in islands (CGI). Clustering
analysis revealed that p-FLC harbor a unique methylation sig-
nature as compared to HCC (Fig. 2D). This was not the case
when unsupervised clustering was performed using CG sites
located outside CGI (Fig. 2E). Indeed, this later analysis
showed 2 clusters. The first comprises the majority of p-FLC
and includes the HCC-32 case, while the second cluster con-
tains 2 severely hypomethylated HCC (m-FLC-13 and HCC-
29). Of note, those 2 cases displayed beside patterns of dra-
matic DNA hypomethylation in CG sites outside CGI, a
concomitant gain of DNA methylation in CG sites located in
CGI (Fig. S6A–B). These data are in contrast with the 4 p-
FLC and HCC-29 cases showing dismal DNA demethylation
outside CGI, except for p-FLC-2 (Fig. S6C–F).

To further understand the difference of global DNA methyla-
tion between the 2 clusters obtained using CG sites outside CGI,
we analyzed methylation level of repetitive elements and found
statistically different methylation of all repetitive elements
including SINE-1, LINE-1, centromeric satellites and LTR

between the 2 groups (Fig. S7A). We validated these data by
pyrosequencing for LINE-1 methylation (Fig. S7B). We thus
conclude that DNA methylation of CG sites in CGI allows better
to distinguish p-FLC from other HCC, rather than CG sites out-
side CGI.

Partially methylated domains are the most prone regions
for DNA methylation changes

As we observed gain of DNA methylation predominantly
in CGI, in association with global hypomethylation outside
CGI, we thus investigated whether any particular genomic
features may correlate with DNA methylation changes during
FLC carcinogenesis. To do so, we firstly focused on CG sites
which gained DNA methylation in cancer. An arbitrary cut-
off of 20% methylation difference was chosen, because of the
excellent FDR of our method using this threshold.17 Interest-
ingly, although gain of DNA methylation was higher in CG
sites located in CGI as compared to those located outside
CGI, CG sites with some level of methylation in normal
(�20 %) were more likely to gain methylation in cancer

Figure 2. (A) Correlation of DNA methylation % within CG sites detected by DREAM in 2 normal liver samples. Minimum coverage 10C reads. Spearman
r D 0.95, p < 0.0001. (B) Bar graphs of the number of genes gaining DNA methylation in each pure fibrolamellar carcinoma (p-FLC) and non-cirrhotic
hepatocellular carcinoma (HCC) sample. (C) Bar graphs of the number of genes losing DNA methylation in each p-FLC and HCC sample. (D) Unsupervised
clustering analysis using differentially methylated CG sites located in CG islands (CGI). (E) Unsupervised clustering analysis using differentially methylated
CG sites located outside CGI.
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(Fig. 3A). Conversely, loss of DNA methylation did not dif-
fer whether CG sites where highly methylated (�70 %) or
partially methylated (<70 %) (Fig. 3B).

We then asked whether there are some specific CG sites
located in CGI that are more likely to gain DNA methyla-
tion as compared to normal. PMD and Lamina-Associated
Domains (LAD) stand out as more prone to DNA methyla-
tion gains (Fig. 3C). It is interesting here to mention that we
did not observe DNA methylation changes in CG sites
whether located in promoters, exon, intron or outside gene
bodies (Fig. 3C). Likewise, we observed a global hypomethy-
lation of CG sites located within PMDs (Fig. 3D). We con-
clude that PMD regions are more prone to DNA
methylation changes. Interestingly, genes located within
PMDs are lowly expressed in normal livers even though some
of them were unmethylated (Fig. S8A–B).

Identification of DNA
methylation signature specific for
pure-FLC

We then decided to establish
an epigenetic signature of p-FLC
as compared to other HCC and
normal liver. For that, we selected
CG sites which are differentially
methylated between p-FLC from
one side and normal liver and nc-
HCC from the other side. Using
stringent criteria (P < 0.05, and
methylation difference �15 % or
�¡15%), we identified 1.26%
(360/28549) CG sites with a min-
imum coverage of 10 tags. Out of
those, only 32 CG sites mapped
to promoter CGI including 29
genes as ZNF703, TPM4, IGF2,
MAP4K2, DUSP4 and ARID5A
(Table S7). Thus, the majority of
DNA methylation changes
occurred outside promoter CGI,
mainly in regions distal to tran-
scription start sites as gene bodies
(n D 154) or outside genes
(n D 112).

Using more stringiest criteria
for promoter definition (either in
CGI or outside) (§ 1000 bp
from TSS), there were only
0.32% (38/11574) differentially
methylated CG sites in promoters
as compared to »1.9% (322/
16973) of CG sites located out-
side promoters. As the majority of
DNA methylation changes
occurred outside promoters, we
used GREAT, a software that as-

signs biological meaning to a set of non-coding genomic regions
using the annotations of the nearby genes.23 GREAT analysis
revealed that differentially methylated CG sites are located in
genomic regions enriched for genes involved in liver
(P D 4.44E-7) and hepatobiliary development (P D 4.44E-7)
(Table S8). Enrichment for liver development was related to the
following 12 genes: ASS1, BDH1, CCND1, CEBPA, CEBPG,
GATA6, HES1, NOTCH1, RXRA, SMARCA4, SOX9 and VWF.

We then asked whether there are gene expression differences
of those liver developmental genes between p-FLC and normal
liver. Using our previous micro-arrays data, we identified that the
2 genes RXRA and SMARCA4 were differentially expressed
between p-FLC and normal livers (Fig. 4A–B). Using RT-PCR,
we validate overexpression of SMARCA4 (P D 0.003) in p-FLC;
however, the decrease of RXRA expression in p-FLC was at the
limit of significance (P D 0.05) (not shown). Importantly, those

Figure 3. (A) Box-plots of percentage of CG sites covered by DREAM method and gaining DNA methylation,
whether located in promoters or outside promoters according to their methylation levels in normal livers.
Green is related to CG sites with methylation level< 20% in normal liver. Red is related to CG sites with meth-
ylation level � 20% in normal liver. (B) Box-plots of percentage of CG sites covered by DREAM method and
losing DNA methylation, whether located in promoters or outside promoters according to their methylation
levels in normal livers. Green is related to CG sites with methylation level< 70% in normal liver. Red is related
to CG sites with methylation level � 70 % in normal liver. (C) Box-plots of percentage of CG sites gaining
DNA methylation, according to different genomic regions. (D) Box-plots of percentage of CG sites losing
DNA methylation, according to different genomic regions. Abbreviations: PMD: partially methylated
domains; LAD: lamina associated domains. For statistical analysis: ns: non significant; *P-value < 0.05;
**P-value < 0.001; ***P-value< 0.0001.
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genes belonged to a group of 13 upstream
regulators identified by Ingenuity Pathway
Analysis (IPA) as governing differentially
expressed genes between p-FLC and nor-
mal livers (Fig. 4C–D) (Table S9).

Establishment and independent
validation of p-FLC signature

We selected 4 of the top differentially
methylated CG sites (ATP2B4, ZNF703
and TPM4) differentiating p-FLC from
HCC and normal liver and validated them
by pyrosequencing. We found extremely
high correlation of pyrosequencing with
DREAM results (Spearman R D 0.92,
P < 0.0001) (not shown). We then
assessed DNA methylation of those differ-
entially methylated regions in an indepen-
dent data set comprising 23 p-FLC, 8 nc-
HCC and 5 m-FLC. Hierarchical unsu-
pervised clustering reveals 2 epi-clusters,
the first containing all but one p-FLC
(C1) and the other containing m-FLC and
nc-HCC (C2) (Fig. 5). Of note, the 3 p-
FLC classified as p-FLC by 2 pathologists
and found as outlier in our previous tran-
scriptomic classification were located
within C2 epi-cluster suggesting that they
have been misclassified. Only, one p-FLC
case was found within C2 cluster but no
RNA was available in this case to check
for presence of fusion transcript.

Validation of identified putative TSG
and oncogenes

We then sought to examine the methyl-
ation levels of selected genes gaining DNA
methylation in the training set, in a valida-
tion set encompassing p-FLC, m-FLC and
nc-HCC. We thus selected 2 genes that
lost promoter DNA methylation in 2 p-
FLC cases and become expressed (IGF2
and DUSP4) (not shown). Furthermore,
the 2 additional genes DLEU7 and
ZNF709 were chosen because they were
ranked among the top genes associated
with gain of promoter DNA methylation
levels. Of note, DLEU7 has been previ-
ously reported to play a role as a tumor
suppressor gene in leukemia and thus we
wanted to investigate its methylation level
herein.20 Methylated genes were defined as
those with methylation level more than
20% in cancer, as compared to less than
5% methylation level in normal livers.
Overall, 11/20 p-FLC gain methylation of

Figure 4. (A–B) Box-plots for expression levels of SMARCA4 and RXRA in pure fibrolamellar carci-
noma and normal adjacent livers using our previously published microarray data related to 17
p-FLC and 10 normal livers cases. (C–D) Network of genes coordinated by SMARCA4 and RXRA
according to Ingenuity Pathway Analysis. Red: upregulated; green: down-regulated.

Figure 5. Unsupervised clustering for DNA methylation using 4 sets of differentially methylated
genes. Note that all but one pure fibrolamellar hepatocellular carcinoma (FLC) belong to cluster
C1, while mixed fibrolamellar carcinoma and hepatocellular carcinoma in non-cirrhotic liver belong
to cluster C2. For the only pure FLC which clustered within C2 cases, no RNA was available to check
for the presence of fusion transcript.
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DLEU7 and 16/20 p-FLC showed gain methylation of ZNF709
(Fig. 6A–B). Finally, 18 and 14 out of 20 p-FLC lost IGF2 and
DUSP4 methylation, respectively (Fig. 6C–D).

Discussion

To our knowledge, this study represents the first application
of next-generation sequencing to deciphering genome-wide
DNA methylation alterations in FLC. Our analysis unravels the
epigenetic signature of p-FLC as compared to classical HCC and
showed that FLC methylation changes primarily occur within
partially methylated domains. Furthermore, we discovered a
unique DNA methylation signature of pFLC which can help dis-
tinguishing p-FLC from other HCC with high sensitivity and
specificity.

In contrast to previous studies performed in p-FLCS, which
are locus-specific studies,12,13 our study identified in an unbi-
ased way the landscape of frequently methylated genes in p-
FLC. Those genes were in majority involved in embryonic
morphogenesis and regulation of RNA metabolic process.
Consistent with previous reports, genes that gained DNA
methylation in p-FLC belong to a “DNA hypermethylation
module”.24 Indeed, this module corresponds to almost 75% of

hypermethylated genes marked
by the polycomb in the context
of bivalent chromatin in both
embryonic stem cells and adult
stem/progenitor cells.24 Interest-
ingly, we also found that genes
losing DNA methylation were, in
contrast, enriched for H3K4me3
in embryonic stem cells, highly
suggesting that cancer cells may
recapitulate the gene expression
of selected genes in embryonic
development. This may provide
treatment options for patients
with p-FLC, through targeting
the Polycomb repressive complex.

One of the largest series of
DNA methylation analysis
reported by Tr€ankenschuh et al.
on 15 FLC cases revealed distinct
gene-specific hypermethylation in
FLC and absence of significant
global hypomethylation.12 Con-
versely, Vivekanandan et al.
showed that FLC displays low lev-
els of methylation as compared to
HCC that arose in the background
of viral cirrhosis.13 Herein, consis-
tent with Tr€ankenschuh et al.
report, we found a DNA methyla-
tion signature unique to p-FLC as
compared to other HCC subtypes.

In contrast, we observed that almost one third of p-FLC dis-
played global hypomethylation consistent with their clinical
aggressiveness, challenging the notion that this disease is homoge-
neous at the epigenetic level.

The quantitative nature of the results obtained through deep
resolution allows us to establish and validate a DNA methylation
signature which may be used in addition to the DNAJB1-
PRKACA oncogenic fusion transcript in better classifying p-
FLC. Of note, 3 of pFLCs which we reported as outliers in our
previous transcriptomic classification of p-FLC turned out to not
harbor the oncogenic fusion transcript and were thus misclassi-
fied by 2 pathologists. Interestingly, our DNA methylation signa-
ture was consistent for those cases as they turned out to cluster
within the C2 cluster, which does not contain p-FLCs. We thus
conclude, in accordance with Graham et al., that DNAJB1-
PRKACA is really specific for the diagnosis of p-FLC.9 This may
clarify the data recently reported by Cornella et al., where 21%
of FLC did not show oncogenic fusion transcript.

In our pFLC signature, 4 markers related to 3 genes
(ATP2B4, ZNF703 and TPM4) were identified in the training
dataset. In the independent data set, those markers turned out to
have a high sensitivity and specificity in the diagnosis of pFLC.
When we focused on the cases positive for the presence of the
oncogenic fusion transcript, our signature displayed 100%

Figure 6. (A) Distribution of DLEU7 methylation levels in the validation set of pure fibrolamellar carcinoma
(p-FLC), mixed FLC (m-FLC), non-cirrhotic hepatocellular carcinoma (nc-HCC) and normal adjacent liver.
Each dot represents the methylation level of individual samples. Horizontal lines represent the mean meth-
ylation levels for each group. (B) Distribution of ZNF709 methylation levels in p-FLC, m-FLC, nc-HCC and nor-
mal adjacent liver. (C) Distribution of DUSP4 methylation levels in p-FLC, m-FLC, nc-HCC and normal
adjacent liver. (D) Distribution of IGF2 methylation levels in p-FLC, m-FLC, nc-HCC and normal adjacent liver.
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specificity in diagnosing p-FLC. Thus, DNA methylation may be
used in routine in diagnosing p-FLC if validated by others.

Another topic that deserves to be discussed is the fact that the
majority of DNA methylation changes observed between pFLC
from one side and classical HCC and normal livers from the
other sides occurred outside gene promoters. Furthermore, those
were related to regions located in the vicinity of liver develop-
ment genes (i.e., SMARCA4, RXRA). This is consistent with the
recent methylome data across many human tissue types showing
a dynamic DNA methylation regulation for only 21.8% of auto-
somal CG sites, most of which are distal to transcription start
sites.10 We thus speculate that those differentially methylated
regions may co-localize with liver regulatory elements, such as
enhancers which allow shaping of distinct lineage-specific
regulation.

Our study has several limitations. First, our next-generation
sequencing involved a handful of cases, although it is the first of
its kind in the literature. Second, we identified several genes regu-
lated by DNA methylation; however, functional validation is
lacking mainly due to the absence of cell lines available. Despite
its limitation, our study represents the first unbiased analysis of
the landscape of DNA methylation in pFLC as compared to nc-
HCC. This allowed us to identify putative novel tumor suppres-
sor genes and oncogenes that may be involved in FLC carcino-
genesis or progression. Functional analyses are furthermore
needed in the future to establish the role of those genes in cancer
initiation, invasion and proliferation. Finally, we established and
validated a DNA methylation signature which may be used in
distinguishing pure from mixed FLC, in addition to the onco-
genic fusion transcript.
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