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ABSTRACT
Fibrolamellar hepatocellular carcinoma is a rare, malignant liver tumor that 

often arises in the otherwise normal liver of adolescents and young adults. Previous 
studies have focused on biomarkers and comparisons to traditional hepatocellular 
carcinoma, and have yielded little data on the underlying pathophysiology. We 
performed whole genome sequencing on paired tumor and normal samples from 
10 patients to identify recurrent mutations and structural variations that could 
predispose to oncogenesis. There are relatively few coding, somatic mutations 
in this cancer, putting it on the low end of the mutational spectrum. Aside from a 
previously described heterozygous deletion on chromosome 19 that encodes for a 
functional, chimeric protein, there were no other recurrent structural variations that 
contribute to the tumor genotype. The lack of a second-hit mutation in the genomic 
landscape of fibrolamellar hepatocellular carcinoma makes the DNAJB1-PRKACA 
fusion protein the best target for diagnostic and therapeutic advancements. The 
mutations, altered pathways and structural variants that characterized fibrolamellar 
hepatocellular carcinoma were distinct from those in hepatocellular carcinoma, 
further defining it as a distinct carcinoma.

INTRODUCTION

Fibrolamellar hepatocellular carcinoma (FL-HCC) 
is a rare, malignant liver tumor found most commonly 
in adolescents and young adults [1]. It is distinct from 
traditional hepatocellular carcinoma (HCC) in that it 
most commonly arises in younger individuals without a 
history of viral hepatitis or other signs of cirrhosis of the 
liver [2]. FL-HCC is often reported to have an increase 
of vitamin B12 receptor and less likely to have elevated 
alpha fetoprotein, a marker of HCC [3, 4]. Compared to 
HCC, studies have reached conflicting conclusions as 
to whether there is a difference in overall survival with 
FL-HCC after complete resection [5–7]. Because of the 
lack of defining symptoms or a specific diagnostic test, 
FL-HCC is often detected after it has metastasized, at 

which point the disease is frequently progressive and fatal. 
Currently there are no effective treatments for inoperable 
or metastatic disease.

Previous investigation into the pathogenesis of  
FL-HCC has mainly differentiated it from traditional 
HCC, with early case reports and small series defining 
clinical and pathologic features. Biomarkers such as 
elevated serum neurotensin and transcobalamin were 
found, but did not prove to be sensitive or specific enough 
for diagnosis [4, 8–10]. Further investigation into DNA 
ploidy and individual genes known to be mutated in 
traditional HCC were not found in FL-HCC, defining 
it as a distinct biologic entity, but one without a known 
pathogenesis [11]. The FL-HCC genome has been 
found to be relatively stable, although recurrences and 
metastases can exhibit more mutations [12–14]. Enlarged 
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mitochondria in tumor cells and surrounding liver 
parenchyma prompted investigation into copy number 
aberrations and mutations of the mitochondrial genome, 
however, significant correlations were not found [15, 16].

Recently, next generation sequencing revealed 
a heterozygous deletion of approximately 400kb on 
chromosome 19 in all 15 samples that underwent 
transcriptome and whole genome sequencing [17]. 
Included in the deletion were eight genes whose transcript 
products were not significantly altered. The deletion 
endpoints fell within two different coding regions, creating 
an in-frame fusion protein with the promoter and first 
exon of DNAJB1, a heat shock protein, and the trailing 
nine exons of PRKACA, the catalytic subunit of protein 
kinase A. The chimeric protein retained full enzymatic 
activity. In the current study, we comprehensively explore 
the genomic landscape of FL-HCC to define the presence 
of other recurrent mutations in 10 patients from the same 
cohort. We used whole genome sequencing of paired 
normal and FL-HCC tissue to identify somatic mutations 
in coding DNA regions and other structural variants such 
as deletions, duplications, inversions, and translocations.

RESULTS

The median patient age of the samples collected was 
25 years old (range 17 – 46). Demographic and surgical 
staging information are summarized in Table 1. Regarding 
single-nucleotide variations (SNVs) and small insertion 
and deletions (indels), a median of 8957 somatic mutations 
was found per sample (range 5613 – 9626). This denotes 
a median rate of change of 2.89 mutations per megabase 
(range 1.81 – 3.11). The distributions of somatic changes 
by genomic site are found in Table 2. There was a median 
of 11 somatic, non-synonymous mutations per patient 
(range 2 – 30). Somatic base substitutions in FL-HCC 
were predominantly T > C or A > G transitions, followed 
by G > A or C > T, and the distribution of nucleotide 
changes are listed in Table 3. The median transition/
transversion (TsTv) ratio for germline mutations was 2.06, 
the loss of heterozygosity was 2.15 and somatic mutations 
were 1.63.

We attempted to verify all non-synonymous, 
somatic mutations using Sanger sequencing (Supplemental 
File 1). There was a median of 6 somatic mutations verified 
per patient, with a range of 0–16. The distribution of verified 
somatic mutations, those that were unable to be sequenced 
due to sequence homology or repeat regions, and those 
calls found to be germline are listed in Table 4. Given this 
small cohort of 10 patients, the variant calling parameters 
were tuned to be more sensitive than specific and there 
were few somatic calls that were found to be germline 
upon Sanger sequencing; however, many other locations 
failed to amplify and sequence due to nonspecific primer 
binding. There were no non-synonymous, coding somatic 

mutations that were present in all 10 patients. There were 
a few mutations that were found in more than one patient, 
with the most frequently mutated genes being MUC4 in 
four patients, and GOLGA6L2, DSPP, FAM186A, HLA-
DRB1, and NEFH in three patients (Table 5).

To examine the cellular context of these somatic 
mutations, we used the Genome MuSiC suite [18]. 
Pathway analysis was performed using the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) database, 
and filtered based on values of p ≤ 0.05 and FDR < 0.2 
[19]. Seven pathways were affected; however, a mutation 
in HLA-DRB1 was common to all pathways. No other 
mutated genes were evident in more than one pathway, 
in more than one patient. There were no pathways 
that contained mutated genes in all 10 patients. The 
Significantly Mutated Genes function of MuSiC, which 
uses a calculated background mutation rate to report 
mutations that appear above baseline for each mutation 
category, did not return any significant results. Processing 
with MutSigCV, another suite designed to discover those 
mutations that appear in a cohort above the background 
mutation rate, returned no significant results [20].

Using DELLY, we identified 3733 structural variants 
across all patients, with a median of 393 per patient 
(range 250 – 467) [21]. These were somatic mutations 
that were present in the tumor tissue but absent in the 
paired normal sample. Deletions larger than 1 kilobase, 
duplications, and inversions accounted for 769, 501, and 
2463 events, respectively. There were no translocations 
identified. There were several overlapping structural 
variants found in multiple patients (four or more), most 
of which involved non-coding regions; however, only the 
previously described, heterozygous ˗ 400kb deletion in 
chromosome 19 involved coding regions and was expected 
to cause a functional change (Figure 1). The duplication 
events that encompassed coding genes were not found 
to be differentially expressed in the tumor compared to 
normal upon transcriptome analysis (data unpublished). 
The remaining variants fell in non-coding and repeat 
regions and were not expected to alter transcription 
or protein products. A collection of 20 hepatocellular 
carcinoma samples (10 primary tumor samples with 
paired normal liver tissue from The Cancer Genome Atlas 
project [TCGA]) were analyzed using the same criteria. 
The FL-HCC samples had a distinct mutational pattern 
compared to traditional HCC, most notably the recurrent 
heterozygous deletion in chromosome 19 (Figure 2).

DISCUSSION

Fibrolamellar hepatocellular carcinoma was originally 
described in 1956 by Hugh Edmondson, a pathologist, as a 
previously unreported variant of traditional hepatocellular 
carcinoma [22]. Its clinical phenotype, typically a pediatric 
or adolescent patient without cirrhotic liver disease, was 
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first described in 1980 [1]. It often presents as advanced 
disease, which may include regional lymphadenopathy, 
local invasion, and/or distant metastasis. Locally invasive or 
disseminated disease is relatively chemoresistant, and unless 
the tumor can be resected with clear margins, recurrence is 

common and outcomes are poor [23–25]. Thus, defining 
the underlying biology of this disease is essential to 
the development of adjuvant therapy targeting specific, 
causative mutations. Partially due to its low incidence, it has 
been difficult to collect samples for cohorts that are large 

Table 1: Patient demographics
Patient Sex Age at 

Diagnosis
AJCC Stage Regional 

Lymph 
Nodes

Metastases Vascular 
Invasion

Cirrhosis

1 M 35 4A 1 0 0 0

2 M 27 4B 1 1 1 0

3 F 31 1 0 0 0 0

4 M 46 4B 0 1 1 0

5 M 17 4A 1 0 1 0

6 F 17 1 * 0 0 *

7 F 28 4A 1 0 1 0

8 F 19 4B * 1 1 *

9 F 23 1 0 0 0 0

10 M 22 4A 1 0 1 0

1 = Positive, 0 = Negative, * = Data absent from chart, AJCC = American Joint Committee on Cancer, 7th Edition

Table 2: Rate of mutations in FL-HCC per genomic site
Patient NSC / Mb SC / Mb Splice / Mb Intron / Mb Intra / Mb

1 0.010 0.002 0.002 1.411 1.521

2 0.004 0.003 0.002 1.368 1.447

3 0.004 0.002 0.003 1.321 1.345

4 0.005 0.005 0.002 1.426 1.511

5 0.001 0.004 0.002 0.834 0.863

6 0.002 0.002 0.002 1.118 1.118

7 0.007 0.005 0.001 1.369 1.517

8 0.003 0.002 0.001 1.071 1.040

9 0.002 0.001 0.002 1.310 1.272

10 0.003 0.002 0.002 1.400 1.457

NSC = Non-synonymous coding, Mb = megabase, SC = Synonymous coding, Splice = Mutation at a transcript splice site, 
Intron = Mutation in intron, Intra = Mutation in intragenic region

Table 3: Median values for nucleotide changes
A C G T

A * 127.5 400 109

C 138.5 * 115.5 367.5

G 373 110.5 * 157

T 125 403.5 125 *
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enough to permit biochemical characterization. Previous 
studies have relied on low-resolution assays such as 
comparative genomic hybridization (CGH) and microarray 
analysis [12, 26–28].

Using fresh frozen tissue to perform whole genome 
analysis of SNVs, indels, and structural variants, as well 
as an analysis of RNA-seq, revealed the presence of a 
single, recurrent heterozygous deletion of chromosome 
19 [17]. This genomic deletion leads to the fusion of the 
regulatory region and the first exon of DNAJB1 with all 

but the first exon of PRKACA. This functional, chimeric 
protein was detected in all samples and was absent from 
paired normal tissue. Given that this active chimeric 
protein was present in all tumor samples, there are two 
important factors to consider while analyzing the rest of 
the DNA. First, the significance of this chimera would 
be minimized if it occurred in a very high background of 
mutations throughout the genome. Second, there remains 
the possibility of other mutations or a “second hit” that 
may be required for tumorigenesis.

Table 4: Sanger sequencing verification of VarScan2-called somatic variants
Patient Confirmed 

Somatic by SS
Unable to 
sequence

Germline by SS % Confirmed as 
Somatic

% Rejected as 
Germline

1 16 14 1 51.61 3.23

2 8 5 1 57.14 7.14

3 5 7 1 38.46 7.69

4 12 5 3 60.00 15.00

5 0 2 4 0.00 66.67

6 1 5 2 12.50 25.00

7 15 7 1 65.22 4.35

8 3 6 0 33.33 0.00

9 4 2 6 33.33 50.00

10 7 3 3 53.85 23.08

Median 6 5 1.5 45.06 3.23

SS = Sanger sequencing

Table 5: Recurrent somatic, non-synonymous SNVs and indels by HUGO symbol
Gene Patient

1 2 3 4 5 6 7 8 9 10 Total

MUC4 1     1 1 1   4

GOLGA6L2   1  1    1  3

DSPP 1     1 1    3

FOXO6     1 1 1    3

HLA-DRB1    1  1    1 3

PCSK5    1*   1*   1* 3

FER1L6   1* 1       2

CPS1 1* 1*         2

FAM186A 1       1   2

NEFH 1       1   2

TENM4  1*      1*   2

SNVs = Single nucleotide variation, indel = small insertion or deletion, HUGO = The Human Genome Organization, 
* = Verified by Sanger sequencing
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Analysis of the whole genome revealed that there 
were few other recurrent mutations, those being found in 
more than one patient, among the 20 samples. Along the 
spectrum of adult and pediatric cancers there are those 
with relative genomic stability, and those which have 
undergone chromothripsis or massive rearrangement [29]. 
FL-HCC has a relatively stable genome, with a single 
recurrent deletion found in all patients studied, and few 
additional mutations. These additional mutations may 
simply accumulate with age, although the correlation 
is not strictly linear, with a coefficient of determination 
of 0.5611 (Figure 3). This increases the significance of 
the one recurrent deletion found in all 10 patients, the 
formation of the DNAJB1-PRKACA chimera.

The most commonly mutated gene, altered in four 
patients, was MUC4, a transmembrane protein with 
a large extracellular domain that undergoes extensive 
glycosylation and post-translational modifications [30]. 

This gene has been implicated in several other epithelial 
cancers of the gastrointestinal system, and remains an 
important possible target for further investigation [30–
32]. There were mutations detected by VarScan2 that 
we were unable to verify by Sanger sequencing, due 
to tandem repeats or sequence homology, a difficulty 
encountered when sequencing several of the MUC genes 
[33]. Activation of MUC4 by its external EGF domain can 
drive ERBB2 signaling, a transcript that was amplified 
in RNA-seq data from the same cohort of patients (data 
unpublished) [31].

The second most commonly mutated gene was 
GOLGA6L2, which had non-synonymous mutations in 
three patients. Mutations in this gene have been reported 
in a breast cancer sample from The Cancer Genome 
Atlas project; however, it has not been identified as a 
putative driver. The third most commonly mutated gene 
was DSPP, the dentin sialophosphoprotein gene. This 

Figure 1: Genomic deletions in FL-HCC across 10 patients. Inset with focus on chromosome 19 showing ~400kb deletion 
in 8/10 patients identified by DELLY.
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Figure 2: Genomic deletions in HCC (blue) and FL-HCC (orange) across ten patients each, demonstrating distinct 
mutational spectra.

Figure 3: Number of somatic, non-synonymous mutations as a function of age.
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large gene, transcribed late in the cell’s replication cycle, 
has also been reported in 21 published studies within 
the Catalogue of Somatic Mutations in Cancer database  
[34, 35]. It is possible that these mutations arose from 
late replication with a depleted nucleotide pool or were 
sequestered from DNA repair machinery due to low 
transcriptional activity, as DSPP is not highly expressed 
in the liver [35, 36]. The remaining genes mutated in 
multiple samples were found in only two or three patients 
and consisted of the lincRNA FAM186A, as well as HLA-
DRB1, FOXO6, PCSK5, FER1L6, NEFH, and TENM4. 
Mutations in transcription factors such as FOXO6 are 
intriguing, however, they appear in a minority of patients 
and were unable to be verified by Sanger sequencing. 
Discovery of additional somatic mutations and indels 
may require whole exome sequencing at greater depth in 
a larger cohort.

Carbamoyl-phosphate synthase (CPS1), confirmed 
to be mutated in two patients, is a mitochondrial protein 
involved in the urea cycle. Several case studies have 
shown an apparent correlation between hyperammonemia 
and FL-HCC [37–39]. In traditional HCC, CPS1 has 
been found to be suppressed by DNA methylation [40]. 
Whether CPS1 mutations and hyperammonemia are a 
correlative, causative, or contributing phenomenon has 
not been elucidated. Serum ammonia levels were not 
available in the medical records of the patients in this 
cohort.

Given the verified existence and functional 
implications of the known chromosome 19 deletion, 
structural variants were thoroughly investigated for 

additional somatic changes. Investigations of structural 
variants in other cancer projects have used three or more 
paired-end reads or mapping qualities (MAPQ) greater 
than 35 [41, 42]. We expanded the sensitivity of our 
filtering to identify structural variants with two paired-end 
reads, with a MAPQ greater than 20. Variants identified in 
the paired normal tissue by DELLY were excluded, and 
manual curation was used to identify additional variants in 
the tumor marked germline. The results were screened for 
germline variants by manual reference against the normal 
and the Database of Genomic Variants (DGV) [43]. The 
same filtering was applied to structural variant deletions 
of 20 paired HCC samples from the TCGA. Studies using 
immunohistochemistry and various other assays are 
compared to the results of VarScan2 and structural variant 
analysis by DELLY in Table 6.

The largest contributor to structural variants was 
reported inversions, with 2463 among all 10 patients. 
This list was heavily curated to select for events found 
only in the tumor samples and absent from the paired 
normal; however, many variants had been previously 
reported and cataloged in the DGV. More importantly, 
none of the boundaries of the inversions included 
coding regions, greatly reducing the possibility of their 
contribution to a high impact mutation. All inversions 
remaining after filtering were heterozygous. An annotated 
list of the regions implicated by DELLY are found in 
Supplemental File 2.

Deletion events larger than 1 kilobase accounted 
for 769 structural variants among all patients. The 
known chromosome 19 deletion involving DNAJB1 

Table 6: Various assays on FL-HCC compared to whole genome sequencing results
Location Type of Change Genes Affected Study FL-HCC Cohort

1q Amplification Numerous Wilkens 2000 [12] No change

7p (55, 086, 714–
55, 324, 313)

Mutation
Amplification

EGFR No change 
Patonai 2012 [27]
Polysomy without gene CNV
Buckley 2005 [28]

No change

No duplication events

12p (25, 357, 723–
25, 403, 870)

Mutation KRAS No change
Patonai 2012 [27]
No change
Muramori 2011 [58]

No change

No change

17p (7, 565, 097–
7, 590, 863)

Mutation TP53 No change
Honda 1998 [59]

No change

Mitochondrial DNA Amplification
Mutation

Mitochondrial genome Decreased DNA
Vivekanandan 2010 [16]
No consistent mutation
Vivekanandan 2010 [16]

No deletion events

CPS1 mutated in 2 
of 10

CNV = Copy number variation, FL-HCC = Fibrolamellar hepatocellular carcinoma
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and PRKACA was identified by DELLY in eight of 10 
patients, and the remaining two patients did not have 
high-quality split reads that encompassed the breakpoints 
(Figure 1). The deletion was confirmed by PCR  and 
Sanger Sequencing in all ten patients. Past studies of 
deletion and duplication events have shown focal or entire-
chromosome arm amplifications, based on assays such 
as comparative genomic hybridization (CGH). We have 
included a summary table by Ward et al. amended with 
our results discovered by split read and paired-end read 
analysis (Table 7) [44]. While CGH techniques were able 
to describe large-scale changes, the split and paired-end 
read analysis allows for precise localization of deletion, 
duplication, and inversion events. No deletions were 
found that were precisely the same in multiple patients. 
No genes contained within deleted regions were found to 
be differentially expressed based on RNA-seq data. No 
identified deletions were homozygous.

There were 501 duplication events remaining after 
structural variant filtering, results shown with previous 
data by Ward et al in Table 8. False positives were 
manually removed, such as duplications reported on 
chromosome 17 near the repeating KRTAP genes. The 
only other duplication event that involved coding regions 
was found in seven patients, on chromosome 22. This 
duplication event encompassed the genes USP41 and 
FAM230A, but these transcripts were not differentially 
expressed based on RNA-seq data (data unpublished).

There is a distinctly different pattern of mutation and 
structural variations seen when comparing our FL-HCC data 
to studies of traditional HCC. Whole genome sequencing 
from twenty samples of HCC and paired normal tissue, 
obtained from TCGA, were processed for structural variant 
deletion events in the same manner as the FL-HCC data 
(sample IDs listed in Supplemental File 3). The recurrent 
chromosome 19 deletion was absent from the HCC data, and 
no other deletion events were recurrent in both FL-HCC and 
HCC (Supplemental File 4). Many well-powered studies 
have defined the genetic and molecular characteristics of 
HCC; the most common mutations affect the WNT/beta-
catenin, p53, and PI3k/Ras pathways [45, 46]. Individual 
genes found to be mutated in several studies include TP53, 
ERRFI1, CTNNB1, AXINI, CDKN2A, and more recent 
studies have highlighted miRNA and lncRNA as potential 
oncogenic factors [47, 48]. None of these mutations were 
consistently found in our FL-HCC cohort. Additionally, 
studies regarding intratumoral heterogeneity have found a 
great deal of clonal variation and a variety of mutational 
patterns in HCC [49]. Unfortunately, for development 
of HCC treatments, most of these mutations are loss of 
function, and are not easily targetable for therapeutic 
intervention. In stark contrast, FL-HCC seems to have a 
relatively consistent mutational spectrum, with low tumor 
heterogeneity, a paucity of somatic mutations overall, 
and an active chimeric protein in all samples studied thus 
far [50].

In summary, we explored the genomic landscape 
of FL-HCC in a cohort of 10 patients using primary liver 
tumors and matched normal tissue. The demographic 
information for these 10 patients was typical for patients 
presenting with FL-HCC, and all samples were verified 
and extracted with the goal of highest quality sequencing 
output. We searched broadly for a mutation or structural 
change that could possibly contribute to the pathogenesis 
of FL-HCC, in addition to the active chimeric protein 
kinase DNAJB1-PRKACA. Analysis of the single 
nucleotide variants and small insertions and deletions 
did not reveal a consistent, deleterious mutation in all 10 
patients. Several proteins involved in cancer pathways 
had mutations in more than one patient, the most common 
being MUC4, GOLGA6L2, DSPP, FOXO6 and HLA-
DRB1. Analysis of the structural variants found a variety 
of deletions, duplications, and inversion events, however 
only one mutation involved breakpoints within coding 
regions, the previously discovered chromosome 19 
mutation. Other variants will require further investigation 
to elucidate which may contribute to the FL-HCC 
phenotype via dysregulation of transcription factors or 
promoter regions. Furthermore, analysis of more samples 
will be required to determine if any of these alterations 
are correlated with patient outcomes. Although there were 
other somatic mutations and structural variations, no other 
changes were found in all patients, offering further support 
for the chimeric DNAJB1-PRKACA kinase as necessary 
and sufficient to the oncogenesis of FL-HCC. This 
genomic data will provide a framework for future studies, 
and has clearly defined fibrolamellar hepatocellular 
carcinoma as a unique pathologic entity, distinct from 
traditional hepatocellular carcinoma.

METHODS

With IRB approval (Rockefeller IRB SSI-0797 
and Memorial Sloan Kettering IRB Protocol # 13-010), 
20 snap-frozen tissue samples were collected from 10 
patients, consisting of primary liver tumor and adjacent 
normal parenchyma. A pathologist specializing in liver 
tumors used H&E microscopy to verify that all tumor 
samples were FL-HCC and that normal samples were 
free of cirrhosis. Macrodissection was performed to 
exclude inflammatory cells in tumor and normal tissue, 
as well as to remove the stromal bands in the tumor 
tissue where possible. All tumor samples contained 
minimal necrosis and > 80% tumor cells. There were no 
samples that contained mixed HCC and FL-HCC, and all 
normal samples were free from tumor infiltration. Whole 
genomic DNA was extracted from the macro-dissected 
tissue using DNeasy Blood and Tissue Kit (Qiagen, 
Hilden, Germany). Manufacturer’s protocols were used to 
prepare the libraries using the Illumina TruSeq PCR free 
kit (Illumina, San Diego, US). Samples were sequenced 
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Table 7: Summary of chromosomal losses in hepatocellular carcinoma, 5 studies of fibrolamellar 
hepatocellular carcinoma identified by comparative genomic hybridization studies, and results of 
whole genome sequencing

HCC FL-HCC Comparative Genomic 
Hybridization

FL-HCC Whole
Genome Sequencing

Total Total 
%

Individual Studies Events Average Range

# of cases 785  30  11 10 5 3 1  10    Involved Genes

1p 15% 3 10% 1 0 1 0 1 10 4.50 3–9

HNRNPCL1 (heterogeneous 
nuclear ribonucleoprotein 
C-like 1) in 3/10 
HSPA7 (heat shock 70kDa 
protein 7) in 3/10 
PPIAL4B (peptidylprolyl 
isomerase A (cyclophilin A)-
like 4B) in 3/10 
PPIAL4C (peptidylprolyl 
isomerase A (cyclophilin A)-
like 4C) in 3/10 
PRAMEF2 (PRAME family 
member 2) in 3/10 
PRAMEF4 (PRAME family 
member 4) in 3/10 
RNVU1-19 TTC34 
(tetratricopeptide repeat 
domain 34) in 6/10

1q 1% 0 0% 0 0 0 0 0 8 4.13 0–8

ANKRD20A12P (ankyrin repeat 
domain 20 family, member A12, 
pseudogene) in 3/10 
FAM231D (family with 
sequence similarity 231, 
member D) in 3/10 
FCGR1C (Fc fragment of 
IgG, high affinity Ic, receptor 
(CD64), pseudogene) in 3/10 
FCGR2C (Fc fragment of IgG, 
low affinity IIc, receptor for 
(CD32) (gene/pseudogene)) 
in 3/10 
HNRNPCL1 (heterogeneous 
nuclear ribonucleoprotein 
C-like 1) in 3/10 
HSPA7 (heat shock 70kDa 
protein 7) in 3/10 
PPIAL4B (peptidylprolyl 
isomerase A (cyclophilin A)-
like 4B) in 3/10 
PPIAL4C (peptidylprolyl 
isomerase A (cyclophilin A)-
like 4C) in 3/10

2p 1% 0 0% 0 0 0 0 0 8 2.38 0–4  

2q 3% 0  0 0 0 0 0 6 2.83 0–6  

(Continued )
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HCC FL-HCC Comparative Genomic 
Hybridization

FL-HCC Whole
Genome Sequencing

Total Total 
%

Individual Studies Events Average Range

# of cases 785  30  11 10 5 3 1  10    Involved Genes

3p 4% 2 0% 1 1 0 0 0 10 2.00 1–5  

3q 2% 2  0 2 0 0 0 9 3.11 0–6 MUC4 (mucin 4) in 4/10

4p 11% 2 7% 1 0 0 0 1 10 7.80 12-
Mar  

4q 34% 2  2 0 0 0 0 9 2.56 0–7  

5p 2% 0 7% 0 0 0 0 0 5 1.40 0–2  

5q 8% 1 7% 1 0 0 0 0 9 1.44 0–3  

6p 1% 1 7% 0 0 1 0 0 9 2.22 0–6  

6q 15% 1 0% 1 0 0 0 0 9 2.33 0–3
ADGB (androglobin) in 3/10 
BCLAF1 (BCL2-associated 
transcription factor 1) in 4/10

7p 1% 0 3% 0 0 0 0 0 8 1.25 0–2  

7q 3% 0 3% 0 0 0 0 0 10 4.60 2–11

DPP6 (dipeptidyl-peptidase 6) 
in 4/10 
MUC12 (mucin 12) in 4/10 
PTPRN2 (protein tyrosine 
phosphatase, receptor type, N 
polypeptide 2) in 6/10

8p 38% 5 3% 2 3 0 0 0 8 1.50 0–3  

8q 2% 0 0% 0 0 0 0 0 7 1.43 0–4  

9p 14% 2 0% 0 0 2 0 0 3 1.67 0–3  

9q 11% 1 17% 0 0 1 0 0 7 1.29 0–2  

10p 3% 0 0% 0 0 0 0 0 3 1.00 0–1  

10q 11% 0 7% 0 0 0 0 0 9 2.33 0–5  

11p 5% 2 3% 2 0 0 0 0 9 2.22 0–4  

11q 10% 1 0% 0 0 1 0 0 9 3.56 0–9

GLB1L2 (galactosidase, beta 
1-like 2) in 3/10 
GLB1L3 (galactosidase, beta 
1-like 3) in 3/10

12p 7% 0 0% 0 0 0 0 0 6 1.83 0–5  

12q 3% 0 7% 0 0 0 0 0 8 2.88 0–7

DPY19L2 (dpy-19-like 2  
(C. elegans)) in 3/10 
TDG (thymine-DNA 
glycosylase) in 3/10

13p 0% 2 3% 2 0 0 0 0 0    

13q 26% 2 0% 0 2 0 0 0 5 1.20 0–2  

14p 0% 0 0% 0 0 0 0 0 0    

14q 11% 4 7% 2 2 0 0 0 7 4.00 0–7
ELK2AP (ELK2A, member 
of ETS oncogene family, 
pseudogene) in 3/10

(Continued )
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HCC FL-HCC Comparative Genomic 
Hybridization

FL-HCC Whole
Genome Sequencing

Total Total 
%

Individual Studies Events Average Range

# of cases 785  30  11 10 5 3 1  10    Involved Genes

15p 0% 0 7% 0 0 0 0 0 0    

15q 5% 1 0% 0 0 1 0 0 9 2.44 0–4 TYRO3 protein tyrosine 
kinase) in 4/10

16p 17% 3 13% 0 0 3 0 0 6 2.17 0–3  

16q 36% 1 0% 0 0 1 0 0 8 1.88 0–4  

17p 32% 1 3% 0 0 1 0 0 8 1.38 0–3

MAP2K3 (mitogen-activated 
protein kinase kinase 3) in 3/10 
NCOR1 (nuclear receptor 
corepressor 1) in 3/10

17q 4% 1 10% 0 0 1 0 0 6 1.50 0–2  

18p 4% 3 3% 0 3 0 0 0 5 1.60 0–3  

18q 11% 6 3% 3 3 0 0 0 5 1.60 0–2  

19p 7% 0 3% 0 0 0 0 0 10 1.50 1–4

PRKACA, GIPC1, CD97, 
DDX39A, LPHN1, PKN1, 
ASF1B, LOC100507373, 
PTGER1, DNAJB1 (known 
genomic deletion) in 8/10

19q 4% 0 10% 0 0 0 0 0 8 2.75 0–7  

20p 2% 1 20% 0 1 0 0 0 6 1.50 0–2  

20q 1% 0 0% 0 0 0 0 0 4 1.00 0–1  

21p 0% 1 0% 0 1 0 0 0 2 1.00 0–1  

21q 9% 3 3% 2 1 0 0 0 6 1.17 0–2  

22p 0% 0 0% 0 0 0 0 0 0    

22q 6% 1 3% 1 0 0 0 0 8 2.38 0–5

ADRBK2 (adrenergic, beta, 
receptor kinase 2) in 3/10 
CRYBB2P1 (crystallin, beta 
B2 pseudogene 1) in 4/10 
IGLL3P (immunoglobulin 
lambda-like polypeptide 3, 
pseudogene) in 4/10 
LRP5L (low density lipoprotein 
receptor-related protein 5-like) 
in 4/10

Xp 5% 1 10% 0 0 1 0 0 6 1.83 0–3  

Xq 5% 2 0% 0 0 2 0 0 6 1.50 0–3 RBMX (RNA binding motif 
protein, X-linked) 3/10

Yp 5% 1 3% 1 0 0 0 0 0    

Yq 6% 1 3% 1 0 0 0 0 8 3.13 0–6  

Reference  [60]  [61]  [62]  [63]  [12]  [63]     

HCC = Hepatocellular carcinoma, FL-HCC = Fibrolamellar hepatocellular carcinoma
Adapted from Ward and Waxman [44]
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Table 8: Summary of chromosomal gains in hepatocellular carcinoma, 5 studies of fibrolamellar 
hepatocellular carcinoma identified by comparative genomic hybridization studies, and results of 
whole genome sequencing

HCC FL-HCC Comparative Genomic
Hybridization

FL-HCC Whole Genome
Sequencing

Total Total 
%

Individual Studies Events Average Range

# of cases  785  30  11 10 5 3 1     Involved Genes

1p 5% 0 0% 0 0 0 0 0 9 2.89 0–4 TTC34 (repeat containing 
protein) in 6/10

1q 57% 9 30% 1 6 0 2 0 7 1.29 0–2
C1orf186 (chromosome 1 
open reading frame 186) 
in 4/10

2p 7% 1 3% 0 0 0 1 0 9 2.00 0–3 TPO (thyroid peroxidase) 
in 4/10

2q 8% 0 0% 0 0 0 0 0 6 1.17 0–2  

3p 5% 2 7% 0 1 0 1 0 1 2.00 0–1  

3q 9% 1 3% 0 0 0 1 0 8 2.63 0–4 MUC4 in 4/10

4p 6% 1 3% 0 0 0 1 0 10 7.80 0–19  

4q 2% 3 10% 0 0 2 1 0 9 2.00 0–4  

5p 14% 2 7% 1 0 0 1 0 5 3.20 0–7  

5q 11% 2 7% 0 0 1 1 0 6 2.83 0–5

CDE4D 
(phosphodiesterase 4D, 
cAMP-specific) in 3/10, 
PCDHB10, PCDHB16, 
PCDHB9 (procadherin 
beta) in 3/10, 
RAB3C, RAB3C  
(member RAS oncogene 
family) in 3/10

6p 22% 2 7% 0 2 0 0 0 7 1.57 0–2  

6q 8% 2 7% 0 0 0 1 1 5 1.40 0–2  

7p 15% 5 17% 4 0 1 0 0 3 2.33 0–4  

7q 17% 4 13% 3 0 1 0 0 9 3.22 0–8
PTPRN2 (protein tyrosine 
phosphatase Receptor type 
N2) in 5/10

8p 5% 1 3% 0 0 0 1 0 4 1.25 0–2  

8q 47% 7 23% 1 4 1 1 0 6 1.83 0–5  

9p 3% 0 0% 0 0 0 0 0 0 0.00   

9q 3% 1 3% 0 0 0 1 0 7 1.43 0–3  

10p 8% 0 0% 0 0 0 0 0 2 1.50 0–2  

10q 4% 0 0% 0 0 0 0 0 9 4.11 0–9  

11p 4% 0 0% 0 0 0 0 0 4 1.50 0–3  

11q 9% 1 3% 0 0 1 0 0 4 1.25 0–2  

12p 2% 1 3% 0 0 0 1 0 3 1.00 0–1  

(Continued )
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on the Illumina HiSeq 2500, with five pairs of tumor and 
normal samples in rapid mode at 2 x 150 bp paired-end, 
and five pairs in high output mode at 2 x 100bp paired-
end. The average base coverage for tumor and normal 
samples was of 60-fold and 30-fold, respectively. The 

GRCh37 reference genome was using for all subsequent 
steps. Alignment, recalibration, and deduplication were 
carried out using BWA [51], Picard Tools [52] and  
The Genome Analysis Toolkit [53] using standard best-
practice guidelines. SNVs and indels were detected using 

HCC FL-HCC Comparative Genomic
Hybridization

FL-HCC Whole Genome
Sequencing

Total Total 
%

Individual Studies Events Average Range

# of cases  785  30  11 10 5 3 1     Involved Genes

12q 7% 1 3% 0 0 0 1 0 4 1.00 0–1  

13p 0% 0 0% 0 0 0 0 0 0 0.00   

13q 7% 1 3% 0 0 0 0 1 6 1.00 1.00  

14p 0% 0 0% 0 0 0 0 0 0 0.00   

14q 4% 0 0% 0 0 0 0 0 4 1.50 0–2  

15p 0% 1 3% 0 1 0 0 0 0    

15q 5% 1 3% 0 1 0 0 0 8 1.88 0–3  

16p 3% 3 10% 1 2 0 0 0 8 1.75 0–4  

16q 2% 2 7% 1 1 0 0 0 7 1.86 0–3  

17p 3% 1 3% 1 0 0 0 0 5 1.00 0–1  

17q 22% 0 0% 0 0 0 0 0 7 1.86 0–2
KTRAP2-1, KTRAP2-2 
(keratin associated protein) 
in 3/10

18p 6% 1 3% 0 0 0 1 0 1 1.00 0–1  

18q 5% 1 3% 0 0 0 1 0 3 1.00 0–1  

19p 5% 3 10% 3 0 0 0 0 3 1.67 0–2  

19q 10% 2 7% 1 1 0 0 0 5 1.00 0–1  

20p 15% 0 0% 0 0 0 0 0 2 1.50 0–2  

20q 19% 2 7% 1 1 0 0 0 5 1.00 0–1 CDH4 (cadherin 4, type 1, 
R-cadherin) in 3/10

21p 0% 0 0% 0 0 0 0 0 1 1.00 0–1  

21q 2% 0 0% 0 0 0 0 0 2 1.50 0–2  

22p 0% 0 0% 0 0 0 0 0 0    

22q 3% 0 0% 0 0 0 0 0 7 1.71 0–2 USP41 (predicted), 
FAM230A

Xp 11% 3 10% 1 1 0 1 0 6 1.33 0–2  

Xq 15% 3 10% 1 0 0 1 1 5 2.00 0–4  

Yp 2% 0 0% 0 0 0 0 0 1 1.00 0–1  

Yq 2% 0 0% 0 0 0 0 0 7 2.86 0–6  

Reference [60]   [61] [62] [63] [12] [63]     

HCC = Hepatocellular carcinoma, FL-HCC = Fibrolamellar hepatocellular carcinoma
Adapted from Ward and Waxman [44]
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VarScan2 [54], and structural variants were identified 
using DELLY 0.5.3 [21] using paired-end and split-read 
mapping. SNV and indel gene annotation was performed 
with Oncotator [55]. Structural variant annotation was 
performed using BedTools and UCSC Genome Browser 
data sets [56, 57]. The perl and python scripts included 
with VarScan2 and DELLY were used along with manual 
filtering to filter false positive and germline events. The 
Database of Genomic Variants database used was updated 
in July of 2013 [43]. The whole genome sequencing 
data for this project are available at the Database of 
Genotypes and Phenotypes (http://www.ncbi.nlm.nih.gov/
gap/?term=phs000709).

ACKNOWLEDGEMENTS

We thank Tobias Rausch, Cyriac Kandoth, and 
members of the genomic and software community for 
their support and input on this manuscript. We also thank 
the Pathology Core Facility at Memorial Sloan Kettering 
Cancer Center. This work was funded by a grant from 
The Fibrolamellar Cancer Foundation, The Rockefeller 
University Center for Clinical and Translational Science 
grant 2UL1RR024143. The Pathology Core Laboratory 
at MSKCC is funded in part by a Cancer Center Support 
Grant from the National Institutes of Health/National 
Cancer Institute (5P30CA008748). We also thank the 
fibrolamellar community for continued support.

REFERENCES

1. Craig JR, Peters RL, Edmondson HA, Omata M. 
Fibrolamellar carcinoma of the liver: A tumor of adoles-
cents and young adults with distinctive clinico-pathologic 
features. Cancer. 1980 Jul 15;46:372–9.

2. Meyers RL. Tumors of the liver in children. Surg Oncol. 
2007 Nov; 16:195–203.

3. Berman MA, Burnham JA, Sheahan DG. Fibrolamellar 
carcinoma of the liver: an immunohistochemical study of 
nineteen cases and a review of the literature. Hum Pathol. 
1988 Jul; 19:784–94.

4. Paradinas FJ, Melia WM, Wilkinson ML, Portmann B, 
Johnson PJ, Murray-Lyon IM, Williams R. High serum 
vitamin B12 binding capacity as a marker of the fibrola-
mellar variant of hepatocellular carcinoma. Br Med J (Clin 
Res Ed). 2025 Sep; 11982/09/25:840–2.

5. Weeda VB, Murawski M, McCabe AJ, Maibach R, 
Brugières L, Roebuck D, Fabre M, Zimmermann A, Otte 
JB, Sullivan M, Perilongo G, Childs M, Brock P, et al. 
Fibrolamellar variant of hepatocellular carcinoma does 
not have a better survival than conventional hepatocellular 
 carcinoma - Results and treatment recommendations from 
the Childhood Liver Tumour Strategy Group (SIOPEL) 
experience. Eur J Cancer. 2013 Aug; 49:2698–704

6. Mayo SC, Mavros MN, Nathan H, Cosgrove D, Herman 
JM, Kamel I, Anders RA, Pawlik TM. Treatment and 
prognosis of patients with fibrolamellar hepatocellular car-
cinoma: a national perspective. Journal of the American 
College of Surgeons. 2014 Feb; 218:196–205.

7. Njei B, Konjeti VR, Ditah I. Prognosis of Patients 
With Fibrolamellar Hepatocellular Carcinoma Versus 
Conventional Hepatocellular Carcinoma: A Systematic 
Review and Meta-analysis. Gastrointest Cancer Res. 2014 
Mar; 7:49–54.

8. Collier NA, Weinbren K, Bloom SR, Lee YC, Hodgson HJ, 
Blumgart LH. Neurotensin secretion by fibrolamellar carci-
noma of the liver. Lancet. 1984 Mar; 10;1:538–40.

9. Ehrenfried JA, Zhou Z, Thompson JC, Evers BM. Expression 
of the neurotensin gene in fetal human liver and fibrolamellar 
carcinoma. Ann Surg. 1994 Oct; 220:484–9-discussion 489–91.

10. Wheeler K, Pritchard J, Luck W, Rossiter M. 
Transcobalamin I as a “marker” for fibrolamellar hepatoma. 
Med Pediatr Oncol. 1986; 1986/01/01:227–9.

11. Orsatti G, Greenberg PD, Rolfes DB, Ishak KG, Paronetto F.  
DNA ploidy of fibrolamellar hepatocellular carcinoma by 
image analysis. Hum Pathol. 1994/09/01:936–9.

12. Wilkens L, Bredt M, Flemming P, Kubicka S, Klempnauer 
J, Kreipe H. Cytogenetic aberrations in primary and recur-
rent fibrolamellar hepatocellular carcinoma detected by 
comparative genomic hybridization. Am J Clin Pathol 
[Internet]. 2000 Dec; 114:867–74.

13. Lowichik A, Schneider NR, Tonk V, Ansari MQ, Timmons 
CF. Report of a complex karyotype in recurrent meta-
static fibrolamellar hepatocellular carcinoma and a review 
of hepatocellular carcinoma cytogenetics. Cancer Genet 
Cytogenet. 1996 Jun; 1996/06/01:170–4.

14. Ding SF, Delhanty JDA, Bowles L, Dooley JS, Wood 
CB, Habib NA. Infrequent chromosome allele loss in 
 fibrolamellar carcinoma. Br J Cancer. [Internet]. 1993 Feb; 
67:244–6.

15. Xu YH, Peters RL. Mitochondrial abnormalities in hepa-
tocytes adjacent to fibrolamellar hepatocellular carcinoma. 
J Tongji Med Univ. 1986; 6:26–30.

16. Vivekanandan P, Daniel H, Yeh MM, Torbenson M. 
Mitochondrial mutations in hepatocellular carcinomas and 
fibrolamellar carcinomas. Mod Pathol. 2010/03/17:790–8.

17. Honeyman JN, Simon EP, Robine N, Chiaroni-Clarke R, 
Darcy DG, Lim IIP, Gleason CE, Murphy JM, Rosenberg 
BR, Teegan L, Takacs CN, Botero S, Belote R, et al. 
Detection of a recurrent DNAJB1-PRKACA chimeric tran-
script in fibrolamellar hepatocellular carcinoma. Science. 
(New York, NY). 2014 Feb 28; 343:1010–4.

18. Dees ND, Zhang Q, Kandoth C, Wendl MC, Schierding 
W, Koboldt DC, Mooney TB, Callaway MB, Dooling D, 
Mardis ER, Wilson RK, Ding L. MuSiC: identifying muta-
tional significance in cancer genomes. Genome Res. 2012 
Aug; 22:1589–98.



Oncotarget769www.impactjournals.com/oncotarget

19. Kanehisa M, Goto S, Sato Y, Kawashima M, Furumichi 
M, Tanabe M. Data, information, knowledge and principle: 
back to metabolism in KEGG. Nucleic Acids Res. 2014  
Jan; 42:D199–205.

20. Lawrence MS, Stojanov P, Polak P, Kryukov GV, 
Cibulskis K, Sivachenko A, Carter SL, Stewart C, Mermel 
CH, Roberts SA, Kiezun A, Hammerman PS, McKenna 
A, et al. Mutational heterogeneity in cancer and the search 
for new cancer-associated genes. Nature. Nature. 2013 Jun 
16;499:214–8.

21. Rausch T, Zichner T, Schlattl A, Stütz AM, Benes V, 
Korbel JO. DELLY: structural variant discovery by inte-
grated paired-end and split-read analysis. Bioinformatics. 
2012 Sep 15; 28:i333–i339

22. Edmondson HA. Differential diagnosis of tumors and 
tumor-like lesions of liver in infancy and childhood. AMA 
J Dis Child. 1956 Feb; 91:168–86.

23. Katzenstein HM, Krailo MD, Malogolowkin MH, Ortega 
JA, Qu W, Douglass EC, Feusner JH, Reynolds M, 
Quinn JJ, Newman K, Finegold MJ, Haas JE, Sensel MG, 
Castleberry RP, Bowman LC. Fibrolamellar hepatocellu-
lar carcinoma in children and adolescents. Cancer. 2003 
Apr 15; 2003/04/04:2006–12.

24. Malouf GG, Brugieres L, Le Deley M-C, Faivre S, Fabre M, 
Paradis V, Aerts I, Le Tourneau C, Dreyer C, Branchereau 
S, Belghiti J, Raymond E. Pure and mixed fibrolamellar 
hepatocellular carcinomas differ in natural history and prog-
nosis after complete surgical resection. Cancer. 2012 Mar 
13; 2012/03/15:4981–90.

25. Kaseb AO, Shama M, Sahin IH, Nooka A, Hassabo HM, 
Vauthey JN, Aloia T, Abbruzzese JL, Subbiah IM, Janku F, 
Curley S, Hassan MM. Prognostic Indicators and Treatment 
Outcome in 94 Cases of Fibrolamellar Hepatocellular 
Carcinoma. Oncology. 2013 Sep 19; 85:197–203.

26. Ward SC, Huang J, Tickoo SK, Thung SN, Ladanyi M, 
Klimstra DS. Fibrolamellar carcinoma of the liver  exhibits 
immunohistochemical evidence of both hepatocyte and 
bile duct differentiation. Mod Pathol [Internet]. 2010 
Sep; 23:1180–90.

27. Patonai A, Erdelyi-Belle B, Korompay A, Somoracz A, 
Torzsok P, Kovalszky I, Barbai T, Raso E, Lotz G, Schaff 
Z, Kiss A. Molecular characteristics of fibrolamellar hepa-
tocellular carcinoma. Pathol Oncol Res. [Internet]. 2012 
Aug 8; 19:63–70.

28. Buckley AF, Burgart LJ, Kakar S. Epidermal growth 
 factor receptor expression and gene copy number in 
fibrolamellar hepatocellular carcinoma. Hum Pathol. 2006/ 
03/28:410–4.

29. Vogelstein B, Papadopoulos N, Velculescu VE, Zhou S, 
Diaz LA, Kinzler KW. Cancer genome landscapes. Science 
(New York, NY). 2013 Mar 29; 339:1546–58.

30. Kufe DW. Mucins in cancer: function, prognosis and ther-
apy. Nat Rev Cancer. 2009 Dec; 9:874–85.

31. Carraway KL, Theodoropoulos G, Kozloski GA, Carothers 
Carraway CA. Muc4/MUC4 functions and regulation in 
cancer. Future Oncol. 2009 Dec; 5:1631–40.

32. Albrecht H, Carraway KL. MUC1 and MUC4: switch-
ing the emphasis from large to small. Cancer Biother 
Radiopharm. 2011 Jun; 26:261–71.

33. Guo X, Zheng S, Dang H, Pace RG, Stonebraker JR, Jones 
CD, Boellmann F, Yuan G, Haridass P, Fedrigo O, Corcoran 
DL, Seibold MA, Ranade SS, et al. Genome Reference and 
Sequence Variation in the Large Repetitive Central Exon of 
Human MUC5AC. Am J Respir Cell Mol Biol. 2014 Jan; 
50:223–32. doi: 10.1165/rcmb.2013-0235OC.

34. Forbes SA, Bhamra G, Bamford S, Dawson E, Kok C, 
Clements J, Menzies A, Teague JW, Futreal PA, Stratton MR. 
The Catalogue of Somatic Mutations in Cancer (COSMIC). 
Curr Protoc Hum Genet. 2008 Apr; Chapter 10:Unit 10.11.

35. Stamatoyannopoulos JA, Adzhubei I, Thurman RE, 
Kryukov GV, Mirkin SM, Sunyaev SR. Human muta-
tion rate associated with DNA replication timing. Nature 
Genetics. 2009 Apr; 41:393–5.

36. Chen C-L Rappailles A, Duquenne L, Huvet, M Guilbaud G, 
Farinelli L, Audit B, d’Aubenton-Carafa Y, Arneodo A, 
Hyrien O, Thermes. Impact of replication timing on non-
CpG and CpG substitution rates in mammalian genomes. 
Genome Res. 2010 Apr; 20:447–57.

37. Hashash JG, Thudi K, Malik SM. An 18-year-old woman 
with a 15-cm liver mass and an ammonia level of 342. 
Gastroenterology. 2012/09/25:1157, 1401–2.

38. Berger C, Dimant P, Hermida L, Paulin F, Pereyra M, Tejo M. 
[Hyperammonemic encephalopathy and fibrolamellar hepato-
cellular carcinoma]. Medicina (B Aires). 2012; 72:425–7.

39. Sethi S, Tageja N, Singh J, Arabi H, Dave M, Badheka A, 
Revankar S. Hyperammonemic encephalopathy: a rare pre-
sentation of fibrolamellar hepatocellular carcinoma. Am J 
Med Sci. 2009 Dec; 338:522–4.

40. Liu H, Dong H, Robertson K, Liu C. DNA Methylation 
Suppresses Expression of the Urea Cycle Enzyme 
Carbamoyl Phosphate Synthetase 1 (CPS1) in Human 
Hepatocellular Carcinoma. Am J Pathol. Elsevier Inc; 2011 
Feb 1; 178:652–61. 

41. Wang J, Mullighan CG, Easton J, Roberts S, Heatley SL, 
Ma J, Rusch MC, Chen K, Harris CC, Ding L, Holmfeldt L, 
Payne-Turner D, Fan X, et al. CREST maps somatic struc-
tural variation in cancer genomes with base-pair resolution. 
Nat Methods. 2011 Aug; 8:652–4.

42. Blake J, Riddell A, Theiss S, Gonzalez AP, Haase B, Jauch 
A, Janssen JWG, Ibberson D, Pavlinic D, Moog U, Benes 
V, Runz H. Sequencing of a patient with balanced chro-
mosome abnormalities and neurodevelopmental disease 
identifies disruption of multiple high risk loci by structural 
variation. PLoS ONE. 2014; 9:e90894.

43. MacDonald JR, Ziman R, Yuen RKC, Feuk L, Scherer SW. 
The Database of Genomic Variants: a curated collection of 



Oncotarget770www.impactjournals.com/oncotarget

structural variation in the human genome. Nucleic Acids 
Res. 2014 Jan; 42:D986–92.

44. Ward SC, Waxman S. Fibrolamellar Carcinoma: A Review 
with Focus on Genetics and Comparison to Other Malignant 
Primary Liver Tumors. Semin Liver Dis. 2011 Feb; 
2011/02/24:061–70.

45. Cleary SP, Jeck WR, Zhao X, Selitsky SR. Identification 
of driver genes in hepatocellular carcinoma by exome 
sequencing - Cleary - Hepatology - Wiley Online Library. 
2013.

46. Guichard C, Amaddeo G, Imbeaud S, Ladeiro Y, Pelletier 
L, Maad IB, Calderaro J, Bioulac-Sage P, Letexier 
M, Degos F, Clément B, Balabaud C, Chevet E, et al. 
Integrated analysis of somatic mutations and focal copy-
number changes identifies key genes and pathways in hepa-
tocellular carcinoma. Nature Genetics. 2012 Jun; 44:694–8.

47. He Y, Meng X-M, Huang C, Wu B-M, Zhang L, Lv X-W, 
Li J. Long noncoding RNAs: Novel insights into hepatocel-
luar carcinoma. Cancer Lett. 2014 Mar 1; 344:20–7.

48. Murakami Y, Yasuda T, Saigo K, Urashima T, Toyoda 
H, Okanoue T, Shimotohno K. Comprehensive analysis 
of microRNA expression patterns in hepatocellular carci-
noma and non-tumorous tissues. Oncogene. 2006 Apr 20; 
25:2537–45.

49. Nakagawa H, Shibata T. Comprehensive genome sequenc-
ing of the liver cancer genome. Cancer Lett. 2013 Nov 1; 
340:234–40.

50. Sirivatanauksorn Y, Sirivatanauksorn V, Lemoine NR, 
Williamson RC, Davidson BR. Genomic homogeneity in 
fibrolamellar carcinomas. Gut. 2001 Jul; 49:82–6.

51. Li H, Ruan J, Durbin R. Mapping short DNA sequencing 
reads and calling variants using mapping quality scores. 
Genome Res. 2008 Nov 1; 18:1851–8.

52. Picard [Internet]. [cited 2014 Jul 23]. Available from: http://
broadinstitute.github.io/picard.

53. McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis 
K, Kernytsky A, Garimella K, Altshuler D, Gabriel S, 
Daly M, DePristo MA. The Genome Analysis Toolkit: a 
MapReduce framework for analyzing next-generation DNA 
sequencing data. Genome Res. 2010 Sep; 20:1297–303.

54. Koboldt DC, Zhang Q, Larson DE, Shen D, McLellan MD, 
Lin L, Miller CA, Mardis ER, Ding L, Wilson RK. VarScan 
2: somatic mutation and copy number alteration discovery 
in cancer by exome sequencing. Genome Res. 2012 Mar; 
22:568–76.

55. Ramos AH. Oncotator [Internet]. [cited Sept 2014 Sept 11]. 
Available from: http://www.broadinstitute.org/oncotator/

56. Quinlan AR, Hall IM. BEDTools: a flexible suite of utilities 
for comparing genomic features. Bioinformatics. 2010 Mar 
15; 26:841–2.

57. Karolchik D, Barber GP, Casper J, Clawson H, Cline 
MS, Diekhans M, Dreszer TR, Fujita PA, Guruvadoo L, 
Haeussler M, Harte RA, Heitner S, Hinrichs AS, et al. The 
UCSC Genome Browser database: 2014 update. Nucleic 
Acids Res. 2014 Jan; 42:D764–70.

58. Muramori K, Taguchi S, Taguchi T, Kohashi K, Furuya 
K, Tokuda K, Ishii E. High aromatase activity and 
overexpression of epidermal growth factor receptor 
in fibrolamellar hepatocellular carcinoma in a child. 
J Pediatr Hematol Oncol. [Internet]. 2011 Jun 14; 
2011/05/10:e195–7.

59. Honda K, Sbisa E, Tullo A, Papeo PA, Saccone C, Poole S, 
Pignatelli M, Mitry RR, Ding S, Isla A, Davies A, 
Habib NA. p53 mutation is a poor prognostic indicator 
for survival in patients with hepatocellular carcinoma 
undergoing surgical tumour ablation. Br J Cancer. 1998/ 
03/26:776–82.

60. Moinzadeh P, Breuhahn K, Stützer H, Schirmacher P. 
Chromosome alterations in human hepatocellular carcino-
mas correlate with aetiology and histological grade–results 
of an explorative CGH meta-analysis. Br J Cancer. 2005 
Mar 14; 92:935–41.

61. Kakar S, Chen X, Ho C, Burgart LJ, Sahai V, Dachrut S, 
Yabes A, Jain D, Ferrell LD. Chromosomal changes in 
fibrolamellar hepatocellular carcinoma detected by array 
comparative genomic hybridization. Mod Pathol. Nature 
Publishing Group Nov 7; 2008/11/11:134–41. 

62. Marchio A, Pineau P, Meddeb M, Terris B, Tiollais P, 
Bernheim A, Dejean A. Distinct chromosomal abnormality 
pattern in primary liver cancer of non-B, non-C patients. 
Oncogene. 3AD Jul 30; 2000/08/19:3733–8.

63. Terracciano L, Tornillo L. Cytogenetic alterations in liver 
cell tumors as detected by comparative genomic hybridiza-
tion. Pathologica. 2003/05/29:71–82.

64. Terracciano LM, Tornillo L, Avoledo P, Schweinitz Von D,  
Kuhne T, Bruder E. Fibrolamellar hepatocellular carci-
noma occurring 5 years after hepatocellular adenoma in a 
14-year-old girl: a case report with comparative genomic 
hybridization analysis. Arch Pathol Lab Med. 2004/01/23: 
222–6.


