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Pediatric tumors are relatively infrequent, but are often associated with significant lethality and lifelong morbid-
ity. A major goal of pediatric cancer research has been to identify key drivers of tumorigenesis to eventually de-
velop targeted therapies to enhance cure rate and minimize acute and long-term toxic effects. Here, we used
genomic approaches to identify biomarkers and candidate drivers for fibrolamellar hepatocellular carcinoma
(FL-HCC), a very rare subtype of pediatric liver cancer for which limited therapeutic options exist. In-depth gen-
omic analyses of one tumor followed by immunohistochemistry validation on seven other tumors showed
expression of neuroendocrine markers in FL-HCC. DNA and RNA sequencing data further showed that
common cancer pathways are not visibly altered in FL-HCC but identified two novel structural variants, both
resulting in fusion transcripts. The first, a 400 kb deletion, results in a DNAJB1-PRKCA fusion transcript,
which leads to increased cAMP-dependent protein kinase (PKA) activity in the index tumor case and other FL-
HCC cases compared with normal liver. This PKA fusion protein is oncogenic in HCC cells. The second gene
fusion event, a translocation between the CLPTM1L and GLIS3 genes, generates a transcript whose product
also promotes cancer phenotypes in HCC cell lines. These experiments further highlight the tumorigenic role
of gene fusions in the etiology of pediatric solid tumors and identify both candidate biomarkers and possible
therapeutic targets for this lethal pediatric disease.

INTRODUCTION

Fibrolamellar hepatocellular carcinoma (FL-HCC) is a very

Hepatocellular carcinoma (HCC) is the primary cause of liver
cancer and the third leading cause of cancer mortality, with
more than 600000 deaths annually. In the majority of cases,
chronic hepatitis B virus and hepatitis C virus infections are
responsible for the development of the disease, but other factors
such as alcohol consumption and exposure to aflatoxin B1 contrib-
ute to cancer development (1,2). HCC is usually a cancer found in
older adults, and primary hepatic carcinomas are rare in people
younger than 20 years. In this age group, approximately two-thirds
of pediatric cases are hepatoblastomas, an embryonal cancer
thought to arise from hepatocyte precursor cells, and the remain-
ing cases are primary HCCs. Unlike HCC in adults, the risk factors
for pediatric HCC are poorly understood. Epidemiologic evidence
indicates that underlying liver or metabolic disease is absent in
most cases of pediatric HCC, and it is thought that most HCCs
in children and young adults do not arise in the setting of histolo-
gically recognizable liver disease (3,4).

rare and distinct subtype of HCC that affects adolescents and
young adults (5,6). FL-HCC develops in the setting of normal
healthy livers posing the question as to why these tumors arise
in the liver of young patients in the absence of known metabolic
defects or viral infections (4). Furthermore, there are no known
genetic predispositions to the development of FL-HCC, and
there are no documented cases of it affecting more than one
member of a family. Morphologically, FL-HCC tumors are char-
acterized by a proliferation of pleomorphic malignant hepato-
cytes with large central nucleoli and abundant eosinophilic
cytoplasm. The tumor cells are arranged in variably sized nests
or cords set within a meshwork of lamellated collagen fibers.
In the majority of cases, FL-HCC cells contain hyaline droplets
and some isolated cells have round cytoplasmic inclusions
known as ‘pale bodies’ (7,8). The background uninvolved liver
parenchyma characteristically shows no increase in fibrosis.
FL-HCCs express markers associated with biliary [Cytokeratin
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7 (CK7) and MUCI] and hepatocytic (Heppar-1, Albumin and
Glypican-3) differentiation, as well as hepatic progenitor/stem
cells (CK19, CD10, CEA, EpCAM, CD133, CD44 and SALL4)
(4,9—13). FL-HCC:s also show elevated expression of epidermal
growth receptor (EGFR) and Ras signaling as well as transform-
ing growth factor B, compared with adult HCC (14—17). There is
also some immunohistochemical evidence that the nuclear factor
kappa B pathway is activated in FL-HCC (18), and that expression
of the small heterodimer partner orphan nuclear receptor is
decreased (19). But overall, the list of FL-HCC markers is
still limited and the (epi)genetic alterations driving the growth
of these tumors have remained unknown. There are also no
serum biomarkers for early detection and no clear correlation
between the expression of known markers and the survival rate
of patients (reviewed in 3,4). FL-HCC is associated with better
survival than HCC in adults, presumably due to the young age
ofthe patients and the lack of cirrhosis, which makes more aggres-
sive surgical therapy possible (20). However, few therapeutic
options have been explored beyond surgery and little is known
about the efficacy of chemotherapy for these patients. The
S-year survival rate ranges from 35 to 75% in patients treated
with liver transplantation or resection. In cases where surgery is
not possible, the survival drops to 12—14 months (compared
with 8—9 months for adult HCC) (21-24).

The very low incidence rate of 0.02 per 100 000 (age-adjusted)
has kept FL-HCC an understudied cancer (5). Indeed, a search
through the pathology archives and tissue bank for Stanford
University Hospital and Lucille Packard Children’s Hospital
revealed only eight cases (seven formalin-fixed paraffin-embedded
and one fresh frozen tissue) for which the diagnosis was reprodu-
cible by an independent pathologist’s review. We sought to gain
a better understanding of the molecular mechanisms underlying
FL-HCC initiation and progression, with the hope that it would
allow for the development of better diagnosis and treatment strat-
egies. To this end, we performed an in-depth molecular character-
ization of one FL-HCC tumor using transcriptome and whole
genome sequencing (WGS). Similarto arecent study (25), we iden-
tified an intrachromosomal deletion resulting in a gene fusion
product between DNAJBI and PRKACA that results in activation
of cAMP-dependent protein kinase (PKA) signaling; this fusion
may play a driving role in FL-HCC initiation and progression. In
addition, we found a translocation and gene fusion event between
GLIS3 and CLPTMIL with oncogenic effects in liver cancer
cells. These experiments identify novel potential therapeutic
targets for FL-HCC.

RESULTS

A genome-wide RNA profiling analysis of a pediatric
FL-HCC tumor identifies a neuroendocrine differentiation
state

We performed an unbiased transcriptome sequencing analysis
(RNA-seq) of a freshly resected FL-HCC tumor and paired
normal liver tissue (Fig. 1A and Supplementary Material,
Table S1). To investigate global patterns of differential gene
expression, we performed gene set enrichment analysis
(GSEA) and ingenuity pathway analysis (IPA). These analyses
revealed that gene expression profiles in normal liver tissue
were preferentially enriched for hepatic metabolism pathways,
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indicating that the tumor had decreased hepatic function, as
would be expected (Supplementary Material, Table S2). Con-
versely, gene expression profiles in the tumor were enriched
for pathways involved in protein synthesis, proliferation and
extracellular matrix interactions, as would be expected for
tumor cell populations (Supplementary Material, Table S2).

Further RNA-seq analysis with Cufflinks identified 543 signifi-
cantly differentially expressed genes [false discovery rate (FDR)-
adjusted P-values <0.05; Supplementary Material, Table S3].
Two hundred and nineteen genes were upregulated and 324
genes were downregulated in the tumor compared with normal
liver (Fig. 1B). Among the 219 upregulated genes were genes
coding for markers previously associated with FL-HCC, such as
EpCAM, CK7, and AGR2 (Anterior Gradient Homolog 2)
(4,10,26). Immunostaining for CK7 confirmed the expression of
this protein in the tumor cells (Fig. 1C). Other less common
FL-HCC markers (such as CK19, Neurotensin and Transcobala-
min) were also upregulated in the tumor compared with control
liver, although they did not pass the threshold for significance
(Supplementary Material, Table S4). Of note, AFP (alpha-
fetoprotein), a marker commonly associated with adult HCC,
was expressed at very low, almost undetectable levels in the
tumor. Taken together, these observations confirm the histopatho-
logical diagnosis of FL-HCC for this patient.

To help expand the limited number of markers currently avail-
able for FL-HCC, we searched for additional candidate biomar-
kers from the list of upregulated genes. The downstream effects
analysis by IPA, which finds biological functions that are
expected to be increased or decreased based on the observed
gene expression changes, identified neurological disease and
endocrine system disorders as among the top most significantly
increased biological functions aside from those related to cancer
(Supplementary Material, Table S5). Indeed, we noted that a
number of the significantly upregulated genes are usually
expressed in neural or neuroendocrine cells [such as genes
coding for the p21-activated kinase 3 (PAK3), the carboxypep-
tidase (CPE), calcitonin-related polypeptide alpha (CALCA),
the proprotein convertase subtilisin/kexin type 1 (PCSK1), and
secretogranin 2 (SCG2); Supplementary Material, Table S4].
Given that neuroendocrine features have been previously
noted in FL-HCC (10,27-29), we tested CPE and UCHL1 (ubi-
quitin thiolesterase, another commonly used neuroendocrine
marker that was upregulated in FL-HCC with a P-value close
to the significance threshold). CPE and UCHL 1 showed stronger
immunostaining in the FL-HCC tumor tissue compared with the
adjacent normal liver tissue (Fig. 1D). Immunohistochemistry
analysis on seven other FL-HCC sample tissues (Fig. 1A and
Supplementary Material, Table S1) showed the expression of
CPE in additional tumors (Supplementary Material, Fig. S1).
These experiments confirm that at least a subset of FL-HCC
cases have a neuroendocrine differentiation phenotype and
suggest that specific neuroendocrine markers may help further
distinguish FL-HCC from other HCC subtypes.

Genome-wide sequencing of a pediatric FL-HCC tumor
highlights a low number of somatic mutations and a lack
of mutations in classical cancer genes

The few studies aimed at understanding the genetics of FL-HCC
tumorigenesis have analyzed the mutation status of candidate
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Figure 1. Expression of neuroendocrine markers in FL-HCC. (A) Histopathology of the index case (H&E, hematoxylin and eosin staining) compared with the normal
liverarea. Indent, highmagnification. Scale bar, 100 wm. (B) Representative image of an immunostaining analysis for the known FL-HCC marker Cytokeratin 7 (CK7,
brown staining). The section was counterstained with hematoxylin (Hem.). Scale bar, 100 pm. (C) Heat map of the 543 significantly differentially expressed genes
between tumor and normal liver tissue. Some known and novel genes upregulated in the tumor are shown, including neuroendocrine genes. (D) Immunofluorescence
analysis of the neuroendocrine markers CPE and UCHL 1. The tumor area (top) is demarked by a dashed line. The CPE signal is red, and the UCHLI signal is green.

DAPI marks the DNA in blue. Scale bar, 100 pm.

genes suchas TP53, KRAS, EGFR and CTNNB1, and have found
only a lack of mutations in the genes analyzed (4,14—16,30). To
perform an in-depth characterization of the genetic changes in
FL-HCC, we conducted WGS of both the FL-HCC tumor and
paired normal tissue from the patient for which we had obtained
fresh frozen tissue (Complete Genomics; Fig. 2A). 96.6 and
96.3% of the tumor and normal genomes, respectively, were
sequenced with 77.7 and 73.2% of the genomes sequenced to a
coverage of >30x. We conducted a two-step approach in iden-
tifying somatic mutations. First, to achieve maximum sensitiv-
ity, we screened for potential variants by using low thresholds
in CGtools (default parameters) and identified 200 395 potential
somatic small variants (indels, single-nucleotide variants and
substitutions). This number decreased to 86 331 after applying
additional quality control filters (minimum of 20 x coverage in
the normal genome and maximum of 1 read supporting the
somatic allele in the normal genome to allow for sequencing
error). Next, we determined the true somatic mutations by
looking for validation in sequencing data generated by a differ-
ent technology (to minimize sequencer-specific artifact). Using

[llumina technology, we sequenced the cancer exome to an
average depth of 66x. Filtering the WGS data against the
exome sequencing data and the RNA-seq data, we confirmed 67
true somatic mutations in the cancer genome (with at least two
supporting reads in either the RNA-seq or exome sequencing
data; see Materials and Methods).

These 67 mutations were comprised of 5 insertions, 9 dele-
tions and 53 single-nucleotide variants (Supplementary Mater-
ial, Table S6). Unlike HCC cancer genomes, which have an
overrepresentation of transversions (31,32), the majority of the
variants identified in FL-HCC are transitions (A>G/T>C or
C>T/G>A,; Fig. 2B). Eleven of the somatic mutations were
in coding regions resulting in two frameshifts, seven missense
mutations, one synonymous alteration and one single amino
acid deletion. Some of these mutations were predicted to have
damaging or deleterious effects on protein function by SIFT
and Provean scores, respectively (Supplementary Material,
Table S7). However, none of the mutated genes in this list are
known cancer genes nor do they have known involvement with
cancer pathways. Compared with recent HCC genome
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Figure 2. WGS of a FL-HCC tumor and normal liver. (A) Flowchart describing the detection and validation of somatic small variants. (B) The majority of the somatic
mutations in the tumor are transitions (A>G/T>C or C>T/G>A). (C) Overall mutation rate in the FL-HCC case sequenced compared with three studies of adult
HCC (see text for detail). (D) Circos plot of the somatic changes in the tumor sample. From outermost to innermost layer: Track 1—human karyotype ideogram. Track
2—CNV as determined by Complete Genomics CNVcalls algorithm. Track 3—exome sequencing coverage over RefSeq coding regions. Track 4—scatterplot of
somatic small variants (red, coding region; green, UTR), where y-axis is variant allele frequency. Track 5—large structural variants.

sequencing studies (31-33), the overall mutation rate of
FL-HCC is 3- to 10-fold lower and closer to the mutation rate
of other pediatric cancers (34) (Fig. 2C).

The analysis of copy number variations and chromosomal
events identifies two gene fusions in the FL-HCC genome

Data from traditional cytogenetic methods have suggested that
chromosomes are largely stable in FL-HCC tumors, with some
large chromosomal changes such as gains in chromosome
arms 1q and 8q orloss of 18q(4,6,35,36). Copy number variation
(CNV) analysis (CG Cancer Pipeline version 2.2) comparing the
tumor genome with control liver detected a potential 89 somatic
CNV amplifications; of which, 81 occurred on chromosome 8
(Fig. 2D). GSEA using positional gene sets (gene sets

corresponding to human chromosomes and cytogenic bands)
showed enrichment for gene sets corresponding to both arms
of chromosome 8 in the tumor expression data (Supplementary
Material, Table S8). Taken together, these observations
suggest that the genome of this FL-HCC case is triploid for
chromosome 8.

A recent study on adult HCC found an average of 20.8
genomic rearrangements per tumor by WGS (32). Here, using
discordant mate-pairs and split-read mapping, we detected and
validated only two large genomic rearrangements in the WGS
data. The first rearrangement is an intrachromosomal deletion
of ~400 kb on chromosome 19. The second is a translocation
between chromosome 5 and chromosome 9 (Fig. 2D). Both rear-
rangements resulted in fusion transcripts that were also detected
in the RNA-seq expression data by TopHat-Fusion analysis
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Figure 3. WGS of a FL-HCC tumor and normal liver. (A) Schematic representation of the fusion between the DNAJBI and PRKACA genes. The 400 kb deletion on
chr19 results in the N-terminal J domain of DNAJBI1 fused to the Ca subunit of PKA (PRKACA). The 400 kb deletion also results in the loss of eight genes: ASFIB,
CD97,GIPC1,LOCI100130932, LPHN1, PKN1 and PTGER1. (B) Schematic representation of the t(5;9) translocation between GLIS3 and CLPTM L resulting in an
in-frame chimeric protein. (C and D) Sanger sequencing chromogram of the RT-PCR product around the fusion point.

(Supplementary Material, Table S9). The t(5;9) translocation
fuses the N-terminus of CLPTM 1L in frame to a part of the DNA-
binding domain of GLIS3 (Fig. 3A). The large intrachromoso-
mal deletion on chrl9 fuses the N-terminal J domain of
DNAJBI in frame to the catalytic domain of PRKACA (PKA
subunit Ca; Fig. 3B). Both fusions were validated by RT-PCR
from tumor RNA and by subsequent Sanger sequencing
(Fig. 3C and D).

Taken together, these observations confirmed the relatively
stable nature of the FL-HCC genome and led us to investigate
further the possible tumorigenic role of the two fusion
proteins.

The DNAJBI-PRKACA fusion codes for an active and
oncogenic form of the PKA enzyme

DNAJBI codes for a heat shock protein (also named HSP40) and
PRKACA for the Ca catalytic subunit of the PKA. This same
DNAJBI1-PRKACA fusion was recently identified as a recurrent
event in a study of 15 cases of FL-HCC, strongly suggesting it is
an initiating event in the disease (25). Our study provides inde-
pendent support for this previous finding. An immunoblot ana-
lysis on tumor extracts using an antibody directed against
PKA-Ca showed a protein at the predicted size for the fusion
product, slightly larger than PKA-Ca (Fig. 4A). Interestingly,
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Figure 4. The DNAJB1-PRKACA fusion codes for an active form of PKA. (A) Immunoblot analysis of PKA and the fusion protein (PKA antibody) in normal liver and
tumor material. Increasing amounts of protein extracts were loaded. Tubulin serves as a loading control. (B) Immunofluorescence analysis of the tagged fusion protein
(antibody against the Xpress tag) following transfection in HeLa cells. (C) Immunoblot analysis from 293 T cells stably infected with an empty vector (Ctrl) or a vector
expressing the fusion protein (Fus.); the cells were treated with vehicle (DMSO) or 50 M Forskolin and 100 wM 3-Isobutyl-1-methylxanthine (IBMX) (Fsk/IBMX)
for 30 min. Immunoblot was performed for PKA, phospho-PKA, CREB, phospho-CREB and an antibody that recognizes phosphorylated PKA substrates. The same
extracts were used in the two immunoblots. Tubulin serves as a loading control. (D) Immunoblot analysis for the indicated antibodies as in (C), 293T cells were treated
with vehicle or 10 wM Forskolin for 1 h. (E) Immunofluorescence analysis of phospho-CREB (red signal). The tumor area (top) is demarked by a dashed line. DAPI

marks the DNA in blue. Scale bar, 100 pm.

the levels of the fusion protein were higher than PKA-Ca levels
from the wild-type PRKACA allele (Fig. 4A). This is most likely,
in part, due to the higher DNAJBI-PRKACA fusion transcript
levels compared with the PRKACA transcript levels, as evi-
denced by the relatively higher number of fusion junction span-
ning reads (276) compared with the number of exonl—exon2
wild-type PRKACA spanning reads (11) (data not shown).

We were not able to generate a cell line or a xenograft from the
patient tumor (data not shown), hampering functional studies
with the endogenous fusion protein. To circumvent this limita-
tion, we transiently expressed a tagged form of the fusion
protein in human cancer cells. We found that the fusion
protein localized mostly in the cytosol of HeLa cells (Fig. 4B),
as would be expected given the largely cytosolic localization
of both DNAJB1 (37) and PKA-Ca (38) under normal condi-
tions. When transfected into 293T cells, the fusion protein was

phosphorylated at a site in PKA-Ca often associated with
kinase activity (Serine 133) even in the absence of activators
ofadenylyl cyclase [Forskolin and 3-Isobutyl-1-methylxanthine
(IBMX)] (Fig. 4C, top panel); adenylyl cyclase activation leads
to PKA activation in cells by increasing the intracellular levels of
the PKA activator cAMP. Accordingly, we detected increased
phosphorylation of cAMP response element-binding protein
(CREB) and other PKA substrates in these cells even in the
absence of Forskolin and IBMX treatment (Fig. 4C, bottom
panel). Furthermore, treatment with Forskolin alone induced a
greater increase in CREB phosphorylation in cells expressing
the fusion protein (Fig. 4D). These experiments suggest that the
fusion protein is constitutively more active than wild-type
PKA-Ca, but can be further induced with signals that normally
activate PKA in cells. We also found increased levels of phospho-
CREB in the tumor compared with adjacent normal liver on tissue
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Figure 5. The DNAJB1-PRKACA fusion is oncogenic in HCC cells. (A and D) Immunoblot analysis of the fusion (Fus.) protein following lentiviral infection in human
HCC cells compared with cells infected with an empty control (Ctrl) vector (A, HepG2 and D, C3A). The top portion of each blot shows PKA and the fusion protein (PKA
antibody). The middle panel shows immunoblot analysis for phospho-CREB. The lower blot shows Tubulin as a loading control. (B and E) Quantification of BrdU in-
corporation in HepG2 (B) and C3A (E) cells stably expressing the fusion protein compared with an empty control virus (# = 3 independent experiments). (C and F) Rep-
resentative images (left) of 10 cm plates from colony-formation assays from HepG2 (C) and C3A (F) cells stably infected with a lentivirus expressing the fusion protein
compared with an empty control virus (both selected for puromycin resistance) and quantification (right) (n» > 3 independent experiments). *P < 0.05 (paired -test).

sections (Fig. 4D), suggesting that the fusion protein is active in
tumor cells in vivo. Accordingly, the upstream regulator analysis
by IPA identified CREB as a candidate activated regulator of the
gene signatures that were significantly different in the tumor
compared with normal liver (Supplementary Material,
Table S10). Increased phospho-CREB levels were detected in
the additional FL-HCC samples, validating the observations by
Honeyman et al. that the fusion is present in most if not all
cases of FL-HCC (25) (Supplementary Material, Fig. S2).
Intriguingly, our initial attempts to obtain cancer cells stably
expressing high levels of the PKA fusion by transfection
failed; similarly, we could not obtain Hep3B cells (derived
from a case of well-differentiated HCC in an adolescent)
stably expressing the fusion protein after lentiviral infection
and selection (data not shown). However, we were able to
stably infect several other HCC cell lines (SNU-449, HepG2
and C3A) using the same lentiviral vector. In HepG2 cells
(derived from an HCC case in an adolescent), expression of
the fusion protein induced increased levels of phospho-CREB
(Fig. 5A) and led to an increased BrdU incorporation, a marker
of DNA replication (Fig. 5B). In addition, expression of the
PKA fusion protein enhanced the ability of these cells to form
colonies when plated a low density, a feature of transformed
cells (Fig. 5C). In C3A cells (a clonal expansion of HepG2
cells with far more differentiated features), selected cells could
only express low levels of the fusion protein (Fig. 5D), but

BrdU incorporation was nevertheless still increased compared
with the empty vector control (Fig. 5SE) and the ability to form
colonies at low density was also significantly enhanced
(Fig. 5F). Expression of the PKA fusion protein in SNU-449
cells also led to increased phospho-CREB and significant
BrdU incorporation, but there was only a non-significant trend
in the colony-forming ability of these cells when they expressed
the fusion protein, presumably because these cells have a higher
basal proliferation rate and naturally form more colonies in this
assay (data not shown).

Taken together, these observations suggest that expression of
the DNAJBI-PRKACA fusion may have toxic effects when
expressed at high levels in the wrong cellular contexts, but also
provide evidence that this fusion protein is oncogenic in
certain HCC cell lines.

The CLPTM1L-GLIS3 fusion codes for an oncogenic protein
in HCC cell lines

CLPTM1L islocated adjacent to TERT on chromosome 5p. Mul-
tiple studies have associated this locus with an increased cancer
risk (39). We found no evidence of the reciprocal t(9;5) trans-
location, suggesting that 7ERT is not in an abnormal location
in the FL-HCC genome. GLIS3 mutations are responsible for a
rare syndrome involving hepatic fibrosis, neonatal diabetes, con-
genital hypothyroidism, congenital glaucoma and polycystic
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Figure 6. The CLPTM1L-GLIS3 fusion is oncogenic in HCC cells. (A) Immunoblot analysis of the fusion protein following transient transfection in 293T cells (anti-
body against CLPTM1L). Non-specific bands (asterisks) serve as a loading control. pcDNA Ctrl is the vector control for pcDNA-Fus.; the right lane is from cells
transfected with a lentivirus to stably express the fusion protein (same lentivirus used in C—F). (B) Immunofluorescence analysis of the tagged fusion protein
(Xpress tag) following transfection of pcDNA-Fus. in HeLa cells. (C and D) Representative images (left) of 10 cm plates from colony-formation assays from
C3A (C) and Hep3B (D) cells stably infected with a lentivirus expressing the fusion protein compared with an empty control virus (both selected for puromycin re-
sistance) and quantification (right) (n > 3 independent experiments). (E and F) Quantification of BrdU incorporation in C3A (E) and Hep3B (F) cells stably expressing
the fusion protein compared with an empty control virus (n = 3 independent experiments). *P < 0.05 (paired #-test).

kidneys (40). To investigate if this fusion protein could partici-
pate in the development of FL-HCC in this patient, we cloned
atagged form of the CLPTM1L-GLIS3 cDNA into an expression
vector and transfected this construct into mammalian cells. The
fusion protein was detected at the predicted size by immunoblot
in293T cells (Fig. 6A). We also found that the fusion protein was
localized mostly in the cytosol of HeLa cells and not at the mem-
brane (where CLPTM1L would be expected to localize based on
its transmembrane domain) or in the nucleus (where GLIS3
would be expected to localize based on its nuclear localization
signal and DNA-binding zinc finger domains) (Fig. 6B). We

were unable to detect the fusion protein by immunostaining on
tumor sections or by immunoblot on tumor extracts, presumably
because of the low quality of the available commercial anti-
bodies for these two proteins (these antibodies also did not
readily recognize the transfected tagged fusion protein—data
not shown).

In the absence of available FL-HCC cell lines, we sought to
express the fusion protein in human HCC cells using lentiviral
infection. We verified that the selected cells expressed the
fusion transcript (data not shown), and measured the ability of
these cells to form colonies when plated at low density compared
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with control cells. Expression of the fusion protein had no signifi-
cant effect on the ability of fast-growing SNU-449 and HepG2
cells to form colonies at low density (data not shown). In con-
trast, expression of the CLPTMIL-GLIS3 cDNA in slower-
growing C3A and Hep3B cells (from an 8-year-old HCC
patient) enhanced the colony-forming ability of these cells to
form colonies at low density (Fig. 6C and D). Accordingly,
expression of the CLPTM1L-GLIS3 fusion protein led to a sig-
nificantincrease in BrdU incorporation in these cells (Fig. 6E and
F). These pro-tumorigenic effects of the CLPTMI1L-GLIS3
fusion in juvenile HCC cells suggest that this fusion protein
may have contributed to the development of FL-HCC in the
tumor of this patient.

DISCUSSION

In children and adolescents, HCC is a rare disease and its devel-
opment is often unexplained. Here, we sought to investigate in
depth one case of FL-HCC, an exceedingly rare subtype of pedi-
atric liver cancer for which no etiological factor was known. We
identified two gene fusion events that may contribute to the de-
velopment of cancer in this patient and others.

Increasing evidence indicates that pediatric tumors often
develop with many fewer alterations than adult tumors, possibly
because children with cancer have not been exposed to the same
level of carcinogens, both in terms of time and absolute amount,
as their adult counterparts (34,41,42). In addition, pediatric
tumors may arise from stem/progenitor cell populations that
are endowed with an inherently greater self-renewal and prolif-
erative potential, owing to their relative similarities with embry-
onic cells (43). One striking example is retinoblastoma, a tumor
type in which the only recurrent gene-altering events are in the
RB] tumor suppressor gene (44). Other examples include pedi-
atric cancers initiated and driven by simple gene fusion events;
strikingly, these gene fusions are specific for different cancer
types, suggesting that they are oncogenic only in certain contexts
(45-56). Interestingly, these oncogenic events are often not ob-
viously accompanied by loss of function of tumor suppressors
such as RB or p53, raising the thus far untested possibility that
the cell of origin for these pediatric tumors does not undergo sen-
escence in response to this specific oncogenic stress.

In the case of FL-HCC, this work and recent work from
Honeyman et al. (25) suggest that a fusion protein with the cata-
lytic domain of the PKA enzyme may be a driving oncogenic
force. This DNAJBI-PRKACA fusion has not been described
in any other cancer types and how it promotes the development
of cancer specifically in the livers of children remains unknown.
Our data suggest that one target of PKA in FL-HCC cells could
be the transcription factor CREB, but the functional relevance
of CREB phosphorylation in this context remains unknown
and it is likely that the DNAJB1-PKA-Ca has multiple targets
in cancer cells.

Interestingly, a human syndrome associated with 19p13.12
microdeletions has been described (57). This deletion encom-
passes the genes present in the chromosomal region that is lost
as a result of the intrachromosomal deletion that gives rise to
the DNAJBI-PRKACA fusion, but these patients are not
known to develop FL-HCC. These observations support the
idea that the DNAJB1-PKA-Ca fusion protein is a key driver

of cancer in FL-HCC, but it will be important in the future to
determine if haploinsufficiency of one or more of these deleted
loci may contribute to cancer development in FL-HCC patients.

This work and previous work indicate that FL-HCC tumors
often express neuroendocrine markers (10,27—29). Our recent
study in neuroendocrine small cell lung carcinoma (58) and pre-
vious experiments in neuroendocrine prostate cancer cells
(59,60) and in adrenal tumors (61 —63) suggest that PK A activity
may be important in the growth of neuroendocrine tumor cells.
This further raises the question of the cell of origin of FL-
HCC. There are no known neuroendocrine cell types residing
in the liver, but it is possible that FL-HCC arises upon activation
of PKA from embryonic liver progenitors with neuroendocrine
features; conversely, liver progenitors may acquire neuroendo-
crine features upon PKA activation and may retain these features
as tumors progress. Resolving this issue will likely require the
development of genetically engineered mouse models for
FL-HCC.

Previous observations have underscored the lack of mutations
in cancer pathways in FL-HCC (4,29,64), including the recent
study from Honeyman et al. (25). While the activation of PKA
signaling may be a driving event in FL-HCC, one would still
expect to identify second hits during tumor progression, includ-
ing possible epigenetic changes such as alterations in DNA
methylation patterns (65) or mutations in the mitochondrial
genome (66). The CLPTM1L-GLIS3 fusion identified in our ana-
lysisis an interesting candidate. CLPTM 1L may regulate the risk
of developing cancer (39,67), although its cellular functions
remain largely unknown. GLIS3 is a transcription factor impli-
cated in liver and pancreas development, including neuroendo-
crine cells; GLIS3 is mutated in a human syndrome associated
with multiple organ defects, including the liver (40). We
re-analyzed the RNA-seq data recently published by Honeyman
et al. with 11 cases of FL-HCC (25): our analysis confirmed the
presence of the DNAJBI-PRKACA fusion transcript in all the
samples, but failed to identify fusion events involving either
CLPTMIL or GLIS3 (Supplementary Material, Table S11).
Thus, it is possible that the CLPTM1L-GLIS3 fusion is a rare
event in FL-HCC, possibly unique to this patient. Nevertheless,
other genetic or epigenetic events may have similar effects in
FL-HCC cells, and further studies of the effects of this second
fusion on the growth of tumor populations may provide novel
insights into FL-HCC biology. Our present work also does not
exclude that loss of one GLIS3 allele may be oncogenic.

From a personalized medicine perspective, the identification
ofthe CLPTM1L-GLIS3 fusion does not offer a direct therapeut-
ic target. In contrast, inhibitors of PKA could provide novel tar-
geted therapies in FL-HCC patients, especially if these inhibitors
could be specifically delivered to the tumor cells in the liver. In
that respect, the RNA-seq data that we generated here could in
the future not only help identify additional biomarkers for
FL-HCC, but could also help find cell surface markers that
may serve as specific delivery sites for drugs.

MATERIALS AND METHODS
WGS and processing

Appropriate IRB approval (IRB-21796) was obtained from Stan-
ford University to collect and study archived pathology tissue
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samples obtained from patients aged 45 years and younger with
the diagnosis of HCC or FL-HCC. Thirty-two patients were
identified. Patients with hepatitis, increased background paren-
chymal fibrosis or tumor morphology atypical of FL-HCC
were excluded. Eight patients remained for the study population.
Informed consent was obtained from case 8 (Supplementary Ma-
terial, Table S1), and tissue was collected from both the tumor
and distant non-affected normal liver tissue.

The genomes of both the tumor and normal tissue were
sequenced at Complete Genomics using their DNA nanoball
array and combinatorial probe-anchor ligation sequencing tech-
nology (68). The Complete Genomics Cancer Pipeline (version
2.2) was used for sequence alignment, read mapping and initial
data analysis. Briefly, reads are initially mapped to Human
Genome Build 37, then areas which appear to contain variation
undergo a local de novo assembly algorithm to refine initial map-
pings and both call and score differences between the reference
genome and either the tumor or the normal genome (68).

All the sequencing data from this study (raw DNA and RNA
sequencing files) are available on database of genotypes and phe-
notypes or can be obtained by contacting the corresponding
author.

Small variant detection

Potential small variants (single nucleotide polymorphisms,
indels and substitutions) were derived from the masterVar files
provided by Complete Genomics. These include potential
somatic small variants that were identified with the CallDiff
method (CGtools) within the CGAtools v1.6.0 package (www.
completegenomics.com/analysis-tools/cgatools/). From these
initial calls generated by the default parameters (200 395 poten-
tial somatic changes), only calls which had a minimum of 20 x
coverage in the normal genome and <2 reads supporting the
somatic allele in the normal genome were considered. Then to
this set of 86 331 sequence changes, we filtered for true positives
by looking for corresponding support in either the RNA-seq
reads of the Whole Exome Sequencing reads. A true somatic mu-
tation is called if either of two conditions were satisfied: (1) it was
present in at least two reads of the Whole Exome Sequencing
(Illumina) or (2) it was present in at least two reads of the
RNA-seq for the tumor and had a <5% allele frequency in the
normal RNA-seq data (to account for sequencing error). This
identified 69 somatic mutations, 2 of which were discarded
because they occurred at non-fully called loci and were thus
most likely germline variants that were undercalled in the
normal genome. Variants were annotated using data and tools
provided by UCSC, HGNC, PROVEAN (provean.jcvi.org),
SIFT (sift.jevi.org/), dbSNP (www.ncbi.nlm.nih.gov/SNP),
Annovar (www.openbioinformatics.org/annovar) and CG.

CNYV detection

We used is CallCNVs (Complete Genomics), where genome-
wide coverage is calculated, corrected for GC bias, and then
smoothed and averaged in 2 kb windows. The tumor sample
coverage was then normalized against the normal sample cover-
age and then segmented and scored using Hidden Markov
Models. Results were visualized within IGV (Broad Institute).
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Structural variant detection

JunctionDiff and Junction2Event tools (CGAtools v1.6.0) from
Complete Genomics were used to compare the tumor and normal
genomes. The somatic events were filtered based on the follow-
ing exclusion and inclusion criteria. Exclusion criteria: somatic
events annotated as artifacts or complex, frequency in CG Base-
line Genome Set >0, or overlap with known underrepresented
repeats. Inclusion criteria: at least 10 supporting discordant
mate pairs and the junction sequence are resolved or evidence
of the somatic event in sequencing data generated from other
platforms (e.g. transcriptome sequencing).

‘Whole exome sequencing and processing

Library construction and targeted sequence capture and enrich-
ment were performed by Centrillion Biosciences using Agilent’s
SureSelect Human All Exon Kit v4. Briefly, 1 pg genomic DNA
was analyzed for quality control on the Agilent Bioanalyzer, then
exome enrichment was performed using the Agilent’s SureSe-
lect Human All Exon Kit v4 kit. Post-library validation was per-
formed using the Agilent DNA 1000 Kit and the Illumina Library
Quantification Kit (Kapa Biosystems). Clustering was per-
formed on the [llumina cBot using Illumina TruSeq PE Cluster
kit v3, and sequencing was done on Illumina HiSeq 2000 using
the Illumina TruSeq SBS Kit v3-HS to generate 2 x 100 pair
end reads. Reads were mapped to UCSC hgl9 genome using
burrows-wheeler aligner (bio-bwa.sourceforge.net). PCR dupli-
cates were removed by Picard (picard.sourceforge.net). Reads
then underwent local realignment and base recalibration by
genome analysis toolkit (www.broadinstitute.org/gatk/). Samtools
(samtools.sourceforge.net) mpileup was used to generate a pileup
file that was compared with Complete Genomics somatic variant
calls by custom perl scripts. The targeted regions were sequenced
to an average depth of 115.7x, with ~99.9% of the targeted
regions covered by >1x, ~98.1% covered by >10x, ~88.9%
covered by >30x and ~75.8% covered by >50x. Bedtools
(https://github.com/arq5x/bedtools2) was used for coverage calcu-
lations in conjunction with Agilent’s Human All Exon v4 target
bed file.

Whole transcriptome sequencing (RNA-seq) and processing

RNA was extracted from the tumor and nonadjacent normal liver
using TRIzol, followed by DNAse treatment to remove genomic
DNA contamination and purified using a Qiagen RNEasy
column. RNA was assessed for quality using an Agilent 2100
Bioanalyzer. The RNA-Seq library construction and sequencing
were performed by Centrillion Biosciences. Briefly, after
passing quality control, 1 pg RNA underwent rRNA depletion
with the Epicentre Ribo-Zero Magnetic rRNA Removal Kit
(Human/Mouse/Rat). The library was prepared using the Epi-
centre ScriptSeq v2 RNA-Seq Library Preparation Kit, and post-
library validation was performed using the Agilent DNA 1000
Kit and the Illumina Library Quantification Kit (Kapa Biosys-
tems). Clustering was performed on Illumina cBot using the
[llumina TruSeq PE Cluster Kit v3 and then sequenced by
the Illumina HiSeq 2000 using the Illumina TruSeq SBS
Kit v3-HS to generate 2 x 100 paired end reads. Reads
were mapped to the reference genome hgl9 using Tophat
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(tophat.cbcb.umd.edu) (with parameters —r 100 and —mate-std-
dev 50). Cufflinks (cufflinks.cbcb.umd.edu) cuffdiff was used to
determine differential gene expression between the tumor and
normal transcriptomes using a hg19 reference transcript annotation
file, refFlat.gtf, downloaded from the UCSC genome browser.
CummeRbund (compbio.mit.edu/cummeRbund) was then used
to visualize the data and generate the heat map. For fusion transcript
discovery, TopHat-Fusion was used (tophat v2.0.6 with —fusion-
search option using bowtiel -r 100 --mate-std-dev 50 and
tophat-fusion-post using --num-fusion-reads 1 —num-fusion-pairs
2 --num-fusion-both 5).

Comparison of somatic mutation rates

Previously published data for HCC were used (31-33). Muta-
tion rates for Guichard et al., Huang et al. and this study were cal-
culated by counting somatic small variant mutations (silent,
missense, indels and those affecting splice sites) occurring in
the exome and dividing by the total exome targeted bases
covered. Mutation rates for Fujimoto et al. were calculated by
counting all somatic small variant mutations and dividing by
the size of the hgl19 genome (2897.3 Mb excluding N bases).

Gene set enrichment analysis

To investigate global patterns of differential gene expression
and to determine if there were gene expression features signifi-
cantly enriched in either the tumor or normal transcriptome,
we performed GSEA using java GSEA downloaded from http://
www.broadinstitute.org/gsea/index.jsp. Mean fragments per
kilobase of exon per million fragments mapped (FPKM) expres-
sion values from cuffdiff (for genes which passed the test status
for comparison) were used to generate a GCT file that was then
fed into GSEA. Gene sets were downloaded from MSigDB. A
cutoff value of FDR g-value of <0.25 was used.

Circos plot

Circos plot was generated by Circos (v. 0.62) (available at http://
circos.ca/software/). Variant allele frequency was calculated
as the number of mutant allele calls over the total number of
mutant and reference base calls. To visualize the exome sequen-
cing coverage across all protein coding regions, a BED file was
generated from the UCSC genome browser containing all
RefSeq coding exons and then edited to remove overlapping
regions. This BED file, spanning 34.9 Mb or ~1% of the
genome, was then the reference file for Bedtools’ bedCoverage
to calculate the coverage for each feature. The result was then
displayed as a histogram in the Circos plot.

Ingenuity pathway analysis

A list of differentially expressed genes in addition to the
log2(fold change) and the associated P-values and g-values
were derived from cuffdiff output of the RNA-seq data—
where log2(fold change) = log2([tumor mean FPKM]/[normal
mean FPKM]). This served as the input for IPA software
(www.ingenuity.com). Core analysis was then performed on
all genes whose g-value of <0.25 using the default settings
with the exception that an additional filter (all tissues and cell

lines) was selected. Overrepresented disease and biological
functions in the downstream effects analysis were considered
significant if P-value <0.05 and the absolute activation
Z-score was >2. For upstream regulator analysis, we filtered
for transcriptional regulators and considered them significant
if the overlap P-value was <0.05 and the absolute activation
Z-score was >2. Both types of analyses are based on prior
knowledge of expected effects between genes and biological
functions (for downstream effects analysis) or transcriptional
regulators and their target genes (for upstream regulatory ana-
lysis) from IPA’s Ingenuity Knowledge Base.

Cloning of fusion transcripts

RT-PCR verification of fusion transcripts was done by primers
targeting either side of the breakpoint, amplification of the
subsequent product and Sanger sequencing. The entire
DNAJBI-PRKACA fusion transcript was amplified in one
PCR reaction with primers targeting the ATG start codon of
DNAJB1 (DNAJB1-PRKACA-cDNA-full-F1) and the stop
codon of PRKACA (DNAJBI-PRKACA-cDNA-full-R1).
Product was then cloned into pCDNA4-HisMax-TOPO vector
and subsequently sequenced for confirmation. The CLPTMI1L-
GLIS3 fusion transcript was amplified in three separate PCRs:
the first PCR amplified a 5" fragment starting with the ATG start
codon of CLPTM1L and the second PCR amplified the 3’ fragment
containing the stop codon of GLIS3. Both fragments contained an
overlap of ~500 bp that included the breakpoint. The fragments
were then used as the template for the final third reaction, which
used the forward primer of the first reaction and the reverse
primer of the second reaction to obtain the full-length transcript
(~2.2 kb). Primers are provided in Supplementary Material,
Table S12.

Similar forward and reverse primers were used to clone the
full transcripts (from start to stop codon) of CLPTM1L-GLIS3
and DNAJB1-PRKACA out of the pPCDNA4-HisMax-TOPO
plasmids into the multiple cloning site of the pLEX-MCS lenti-
viral vector system. Sanger sequencing was used to verify the
plasmids.

Cell culture

293T and HeLa cells were grown in DMEM with 10% serum.
HCC cells lines were purchased from the ATCC collection and
were grown in RPMI with 10% serum. 293T cells and HeLa
cells were transfected using the calcium phosphate method.
Lentiviral supernatants were produced by transfecting 293T
cells with pLEX-MCS (Open Biosystems) and pLEX-
CLPTMI1L-GLIS3 plasmids together with packaging plasmids
(pCMV A8.9 and pMD VSV-G). Transduced cells were selected
with puromycin. For colony-formation assays, pPLEX-MCS and
pLEX- CLPTM1L-GLIS3 stably infected HCC cell lines were
seeded at 1000 cells/10 cm plate. Plates were stained with
Crystal Violet 10 days after plating: plates were washed with
PBS and then fixed for 10" in 4% formaldehyde at room tempera-
ture (RT). After a rinse in PBS, 0.1% Crystal Violet was added
for 30 min at RT. Excess staining was removed under tap
water and plates were let to dry. Stained colonies were counted
manually. BrdU incorporation (10 puM) was performed for
30 min before fixation and analysis by FACS, as described
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before (69). Statistical significance was assayed by paired Stu-
dent’s r-test (*P-value <<0.05). Mean and standard error are
shown.

RNA and protein analysis

RNA was extracted from frozen cell pellets with TRIzol (Invitro-
gen). Expression levels were measured using Taqgman or SYBR
green by quantitative PCR. For immunoblotting, cells were homo-
genized using lysis buffer containing 1% NP40, 50 mm HEPES-
KOH pH 7.8, 150 mm NaCl, 10 mm EDTA and a cocktail of
protease and phosphate inhibitors. The antibodies used were
phospho-CREB (Ser133), CREB, phospho-PKA C (Thr197),
PKA C and phospho-(Ser/Thr) PKA substrate (all purchased
from Cell Signaling). Loading was verified with staining of total
protein with Ponceau and antibodies against anti-alpha-Tubulin
(Sigma T9026).

Immunostaining

For paraffin sections, normal and tumor tissue chunks were fixed
in 4% paraformaldehyde and then transferred to 70% ethanol
prior to processing and embedding. For immunofluorescence
on paraffin sections, antigen retrieval was performed using
Trilogy (Cell Marque) for 15 min in a pressure cooker. Sections
were then briefly washed in PBS + 0.1% Tween (PBST), and then
blocked for 1 h at RT in PBST with 10% serum and 1% bovine
serum albumin (BSA). Sections were next incubated with
primary antibodies in block solution overnight at 4°C, washed
in PBST, incubated with fluorescent secondary antibodies
diluted to 1 : 500 in block solution for 1 h at RT in the dark, then
washed with PBST and mounted with ProLong Gold (Life Tech-
nologies). Dilutions for primary antibodies used: 1:800 for
phospho-CREB  (Ser133, Cell Signaling); 1:500 UCHLI1
(Sigma-Aldrich)and 1 : 100 CPE (BD Biosciences). Forimmuno-
cytochemistry, HeLa cells were grown on 10 mm coverslips in
24-well plates and then transfected with the pCDNA4-
HisMax-TOPO-CLPTMIL-GLIS3 plasmid, the pCDNA4-
HisMax-TOPO-DNAJB1-PRKACA plasmid or a control GFP
plasmid. Cells were fixed 48 h later for 10 min at RT in 4% paraf-
ormaldehyde, then washed in PBS and permeabilized for 10 min
in 0.2% Triton X-100 in PBS. Coverslips were incubated with
primary antibody anti-Xpress (1 :500 dilution, Life Technolo-
gies) diluted in PBST + 10% serum + 1% BSA for 1 h at RT,
washed with PBST, then incubated with secondary antibody
diluted in PBST + 10% serum + 1% BSA for 1 h at RT, then
washed with PBST and rinsed with PBS before being mounted
on a slide with ProLong Gold. Immunohistochemical staining
was performed on paraffin-embedded tissue of FL-HCC and
normal background liver parenchyma from each patient using
standard techniques. Each case was evaluated for protein expres-
sion of CPE (polyclonal, Santa Cruz Biotechnology), CREB
(polyclonal, Abcam), phospho-CREB (polyclonal, Abcam) and
CK7 (OV-TL 12/30, Dako).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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