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Abstract

Fibrolamellar hepatocellular carcinoma (FLC) is a rare form of primary liver cancer that affects 

adolescents and young adults without underlying liver disease. Surgery remains the mainstay of 

therapy, however most patients are either not surgical candidates, or suffer from recurrence. There 

is no approved systemic therapy and the overall survival remains poor. Historically classified as a 

subtype of Hepatocellular carcinoma (HCC), FLC has a unique clinical, histological and 

molecular presentation. At the genomic level FLC contains a single 400kB deletion in 

chromosome 19, leading to a functional DNAJB1-PRKACA fusion protein. In this review we 

detail the recent advances in our understanding of the molecular underpinnings of FLC and outline 

the current knowledge gaps.
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Introduction

Fibrolamellar Hepatocellular Carcinoma (FLC) is a primary liver cancer which 

predominantly affects adolescents and young adults (AYA). FLC is a relatively rare tumor, 

with an estimated age-adjusted incidence rate of 0.02 per 100,000 in the United States (1, 2). 

Clinically, FLC most commonly presents as a single large liver mass, in patients without 

underlying liver disease. Several factors including a paucity of symptoms, an absence of 

known risk factors, and a lack of serum tumor markers; all contribute to an insidious and 

delayed presentation and diagnosis. It has a peak age of detection of 21 years, with the vast 

majority of patients diagnosed between the ages of 5 and 40. However, as a consequence of 

the delayed diagnosis, the actual age of onset is not known. Based on the existing databases 

it is slightly more common in women, but otherwise has no ethnic, geographic predilection 

and is not associated with any known risk factors (3, 4).

FLC was first described in 1956 based on its unique histology (5), which includes large 

eosinophilic, hepatocyte-like polygonal cells, with prominent nucleoli and pale inclusion 

bodies, surrounded by abundant fibrotic bands or “lamellae”, from which the tumor derives 

its name (6) (Figure 1). Unfortunately, even with a biopsy, the detection of lamellar bands is 

often unresolved (7), a confounding problem in diagnosis. In radiological scans FLC is seen 
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as a large hypodense mass that enhances with contrast administration in the setting of a 

normal appearing liver. Like Focal nodular hyperplasia the mass in FLC frequently contains 

a central scar. It is due to this similarity that focal nodular hyperplasia, was suspected by 

some to be the premalignant lesion for FLC. Historically, the diagnosis of FLC was based on 

a combination of the typical presentation (i.e. a single large tumor in a young patient without 

underlying liver disease) and compatible histological features. However, since some patients 

lack the typical histological features or exhibit a “mixed” histology, which includes features 

of both Hepatocellular carcinoma (HCC) and FLC, several immune-stains, including CK7 

and CD68, have been recommended to assist with diagnosis (8, 9). Despite these additions, 

in lieu of a gold standard for diagnosis, it has been an ongoing concern that many reports 

included misdiagnosed cases, and, conversely, some cases of FLC have been mistakenly 

diagnosed as other tumors (3, 7, 10).

Based on the size of the tumor at diagnosis and vague or absent abdominal symptoms, FLC 

is thought to be a slow growing tumor. However, perhaps in part due to delayed diagnosis, 

over half the patients have metastases to the lymph nodes at diagnosis (3, 11). As of this 

writing, no systemic chemo- or immunotherapies have found effective and thus there is no 

standardized treatment (12–15). Current management of FLC is based on surgical resection 

of the primary tumor, regional lymph nodes, as well as distant metastases in selected cases 

(16, 17). Surgical resectability has borne out as the main predictor of survival in several case 

series, and patients often undergo repeated surgeries during the course of their disease (15, 

18). However, recurrence after surgical resection, most commonly extra-hepatic, is common.

(4, 11, 18) Unfortunately, as a consequence of extensive liver involvement, up to 30% of 

cases are not considered for resection at the time of diagnosis. Patients not eligible for 

resection often do not survive a year (16, 19). Even with resection, a majority of patients 

relapse within the year. Improved survival only correlates with aggressive resection of 

recurrences (11). (20) As a consequence, the 5-year survival for FLC patients is under 50% 

(3). Patients with tumors that are confined to the liver but exceed the limit for resection have 

been considered for orthotopic liver transplantation (OLT). A recent review found that the 

overall survival of FLC patients receiving OLT was comparable to that of HCC patients (1, 

3, and 5 year survival was 96%, 80% and 48% for FLC as compared with 89%, 77%, and 

68% for HCC)(21).

Initially FLC was considered to be a subtype of HCC and was codified as such in the ICD O 

(oncology) and SEER database. As result, it is also referred to as fibrolamellar 

hepatocellular carcinoma or the fibrolamellar variant of hepatocellular carcinoma. It has 

been argued to what extent FLC and HCC are separate diseases. While there are often 

morphological differences, there are times when they cannot be unambiguously 

differentiated by pathological criteria; and times when the samples appear to have mixtures 

of the two. Despite the fact that HCC usually occurs in older individuals, and FLC in AYA, 

non-cirrhotic HCC is still more common in the AYA population than FLC. FLC is found 

predominantly in the background of an otherwise healthy liver, while HCC usually occurs in 

patients with chronic viral hepatitis or liver cirrhosis of diverse causes. The question of 

which is a more indolent and which is more aggressive, is not yet resolved in the literature 

and may be confounded by the relatively advanced stage at which FLC is diagnosed on the 

one hand, and the lack of underlying liver disease on the other (4, 22).
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The Genomics of Fibrolamellar Carcinoma

Historically, several studies evaluated the genomics of FLC. These studies generally suffered 

from small sample size and the limitations of the then available technology (restriction 

fragment length polymorphism, fluorescence in situ hybridization and comparative genomic 

hybridization). Despite these limitations these studies pointed to a relatively stable genome 

compared with HCC, with a lower frequency of mutations, and copy number variations. 

While some of the chromosomal abnormalities were similar (such as alterations in 

chromosome 1 and 8), by and large the overall pattern differed from that found in HCC. 

These are summarized nicely in a review by Ward et al. (23). Chromosomal abnormalities 

were correlated to a more aggressive disease in some of the studies (24–26).

A molecular characterization using next generation sequencing technology, provided 

unambiguous demonstration that FLC and HCC are very different diseases. As a result of 

the clear molecular differences, detailed below, many have started referring to FLC as 

fibrolamellar carcinoma to avoid confusion with hepatocellular carcinoma. In the FLC tumor 

over 3500 transcripts changed significantly (FDR <0.01 with a |log2|>1) (10). These RNA-

Seq results were confirmed for some of the key transcripts using qPCR and they were 

confirmed at the protein level using Western blot and mass spectrometry (10). The pattern of 

transcription cleanly segregated from patients with HCC, with a few notable exceptions, to 

be discussed below (Figure 2) (10). Whole genome sequencing showed a relatively 

consistent mutational spectrum with low inter-tumor variation; few coding, non-synonymous 

somatic mutations (median=6, range 0–16) no mutations in any of the known oncogenes and 

an extremely low level of amplifications, inversions, indels or deletions (27). Each of the 

kinases that were increased in expression were tested to see if they were using the usual 

isoform, or an altered isoform, by mapping the RNA reads onto the DNA genome. In all of 

the kinases, spare one, there were increases in reads for all of the normal exons and for reads 

that bridged the exons. The one exception was PRKACA, the catalytic subunit of protein 

kinase A. The number of reads to exons 2–10 and bridging those exons, were all increased. 

However, there was no increase in the number of reads in exon 1, nor in the reads that were 

bridging exon 1 and 2. Instead, there were reads that bridged between exon 2 of PRKACA 

and exon 1 of DNAJB1, a heat shock protein which was ~400 kB upstream (Figure 3A). 

These results were consistent with a deletion of ~400kb in one copy of chromosome 19 

(Figure 3B) (28). This deletion resulted in a chimeric RNA of the first exon of DNAJB1 and 

the second to final exons of PRKACA (Figure 3C). This was tested by extracting the tumor 

tissue and demonstrating the chimera RNA by Sanger sequencing. This was further tested by 

demonstration of a chimera protein which was recognized both by antibodies to the amino 

terminus of DNAJB1 and the carboxyl terminus of PRKACA. The chimeric DNAJB1-

PRKACA protein retained full enzymatic activity (28). This occurred on the background of 

one normal copy of the chromosome which produced the normal DNAJB1, the normal 

PRKACA and normal levels of the transcripts for the eight genes in between. An 

examination of the few HCC patients whose transcriptome clustered with the FLC showed 

that they had the deletion in chromosome 19 (10). Thus, it was concluded that they were 

likely to be FLC patients who had been misdiagnosed. While these results were initially 

demonstrated in 15 patients, all of the observations including the deletion, the formation of 
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the chimera, proper enzymatic activity, the changes in the transcriptome, the segregation 

between FLC and HCC have since been reproduced in several papers (10, 29–33), although 

in one study (33) the chimera was found in only 79%. In some studies, RNA-Seq analysis 

showed that in proposed cases of FLC that did not contain the DNAJB1-PRKACA fusion, 

the transcriptome clustered with cases of HCC rather than FLC, and these cases where 

eventually adjudicated as HCCs (10, 32).

The genomic data on the formation of the chimeric protein and the highly consistent changes 

in the transcriptome and proteome of the FLC tumor, relative to the adjacent normal tissue, 

offered a number of important insights into the disease. One important insight was that FLC 

was not a genetically inherited disease. This is based on the observation that the alteration 

was only found in the tumor, not in the adjacent normal tissue. Thus, the driver for FLC was 

a somatic mutation. This was a relief for families of fibrolamellar patients who were 

concerned about siblings and children of the patients. These observations also led to a 

number of insights into therapeutic approaches. The conclusion that FLC is not genetically 

inherited, indicates that after complete resection there is no genetic disposition that could 

lead to additional de novo carcinogenesis. Additionally, the results implicate the chimeric 

protein as a critical therapeutic target. Further therapeutic insights come from the 

observation that the changes in the tumor of the transcriptome and proteome were highly 

conserved from patient-to-patient. Thus, on a molecular basis, we can consider FLC as a 

single disease rather than a collection of syndromes. This suggests that diagnostics, 

prognostic indicators and therapeutics developed for one patient should work for all patients.

Potential mechanisms of transformation

Two recent studies have supported the role of the chimera in transformation (34, 35). In 

these studies introducing the chimera into mouse liver via cDNA with the sleeping beauty 

transposon, or CRISPR induced liver tumors with similar features to human FLC. It is not 

yet known how expression of the chimera causes transformation. There are a number of 

clear possibilities all of which are experimentally testable. First, transformation could be the 

consequence of an increased expression of the chimera over native PRKACA, a result of the 

promoter for the heat shock protein driving transcription. This may be sufficient. However, if 

this was the case, additional mutations leading to overexpression of PRKACA should be 

able to lead to FLC. For example, increased activity of PRKACA could be the result of a 

mutation-induced increase in the activity of the promoter of PRKACA, a loss of one of the 

regulatory subunits, or a mutation in the regulatory subunit of PRKACA, which abrogates 

the regulation of the kinase. There are several human diseases that fit into this category. 

Carney complex has been reported in families that either have a deletion in the PRKAR1A 

regulatory subunit (36) or a single point mutation in PRKACA at the 206 position that 

converts a lysine to an arginine (L206R). This latter point mutation results in a lost 

interaction with the regulatory subunit and constitutive activation of the PRKACA (37–40). 

This is a germ line mutation and patients develop multiple neoplasias including: cardiac 

myxomas, cortisol-producing adrenocortical adenomas, and schwannomas. While there have 

been a few reports of liver adenomas in these patients, reports of fibrolamellar tumors are 

extremely rare (3). A second mechanism of transformation could result from loss of 

myristoylation of the amino terminal glycine. The myristic acid normally sits in an acyl 
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pocket in the large subunit of the kinase. This too may be sufficient. However, if this was the 

case, one would expect cases of fibrolamellar that are the consequence of a mutation of that 

glycine. As of yet, these have not been reported. Third, transformation could be driven by 

loss of the first exon of PRKACA. Once again, there are many different mutations that could 

result in the loss of the first exon. There are many other genes to which PRKACA could 

have been fused. However, so far, only fusions to DNAJB1 have been reported in FLC. This 

suggests that there may be something very specific about the first exon of DNAJB1. Fourth, 

transformation may be the consequence of an effect of DNAJB1 on localization or reaction 

partners of the PRKACA. Normally PRKACA is part of a holoenzyme that is localized in 

the cells through interactions with specific A Kinase Associated Proteins (AKAPs) (41). 

These AKAPs help form a signaling complex that links protein kinase A with various 

downstream effectors. The DNAJB1 domain could link PRKACA to new sets of effectors. 

Fifth, the DNAJB1 domain could be affecting the dynamics or the specificity of the 

PRKACA. Thus, the possibility remains that FLC could be effected through another 

alteration, such as dysregulation of PRKACA, and not only as the DNAJB1-PRKACA 

chimera. Thus, until this is clearly resolved, there are two different strategies going forward. 

First, we could redefine FLC to be based not on its morphology (which as often proven to be 

difficult to resolve), but instead define FLC as the tumor driven by the DNAJB1-PRKACA 

chimera. Second, we continue with the current, albeit loose, definition of FLC but start 

referring to a DNAJB1-PRKACA-associated variant of FLC, in those tumors where the 

chimera has been detected.

Unresolved questions in FLC

Despite the rapid progress in the past three years, there are still many critical unresolved 

questions in FLC: First, the cell type is still unresolved. This is a non-trivial problem, since 

during certain stress conditions and carcinogenesis hepatocytes have been reported to 

dedifferentiate into a poorly differentiated state, or trans-differentiate into cholangioccytes 

(42). In one study, in which ascites from an FLC patient were grown in long-term culture in 

vitro, after subsequent xenografting into the ice the transcriptome had many similarities to 

biliary stem cells (43).

A second critical unresolved question is whether there is another factor contributing to FLC. 

The experimental evidence shows an absolute correlation between FLC and the expression 

of the DNABJ1-PRKACA chimera. This suggests that the chimera is necessary, but does not 

mean that it is sufficient. It does not mean that every patient who has the chimera form in the 

liver will get the tumor. It is possible that all patients have a “second hit”, an additional 

mutation that is required for the effects of the chimera. This second hit may vary between 

patients. Alternatively, there may some predisposition in the population. It is possible that 

there is a polymorphism in the population that is considered innocuous and perhaps 

insignificant, but in conjunction with the chimera is required to develop the tumor. Amongst 

the population with whole-genome sequencing, there were several mutations that were found 

in more than one patient, with the most frequently mutated genes being MUC4 in 4 patients; 

GOLGA6L2, DSPP, FOXO6, HLA DRB1, and PCSK5 in 3; and FER1L6, CPS1, NEFH, 

TENM4 and the lincRNA FAM186A, in 2 patients (27). Interestingly, activation of MUC4 

can contribute to ERBB2 signaling. Additionally, a duplication in chromosome 22 
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encompassing the genes USP41 and FAM230A was found in 7 patients, however the 

transcriptome did not show differential expression of these genes (27). Analysis of a 

different cohort of patients (n=78) using a combination of array and next generation 

sequencing technologies, showed low copy number variations compared with HCC and 

CCA, with focal alterations in LPHN1 (31%), and the tumor suppressor genes STK11 (31%) 

and CDKN1C (3%). Furthermore, a mutation in BRCA2 was identified in 4.2% of patients 

(33). Two studies identified additional fusion genes. The first, resulting from a translocation 

between the CLPTM1L and GLIS3 genes in a single patient (44). The second, identified a 

fusion between GOLT1A-KISS1 in 14/26 tumors, but also in 2/9 normal liver tissues (45). 

However, neither of these reported fusions have been replicated in additional studies. An 

alternative mechanism for a “second hit” may involve noncoding RNAs. LincRNAs 

AF064858.6, LINC00313, and RP11-157N3.1, were found to be upregulated in FLC relative 

to HCC and normal liver (Dinh et al., 2017). In a series of 41 patients, 5 of the 71 most 

commonly deleted miRs target IGF2BP1. The expression of IGF2BP1 was increased nearly 

100-fold in primary tumors compared with normal liver. The same study found 

amplifications (ANKRD11, IFR2BP2, DUSP1, TXNIP, and MCL1) and deletions (FANK1, 

PRODH, SLC25A1, MIF, EP300, GRAMD4, WNT7B and hsa-mir-33a) in genes affecting 

the p53 pathway to be common to FLC tumors (45) Another possibility is that the 

transformation is the result of the loss of genes, similar to the loss of the tumor suppressor 

Rb. The formation of the chimeric gene is the result of a deletion of ~400kB which 

eliminates eight coding genes including: ASF1B, ADGRL1, RN7SL231P, ADGRES, 

DDX39A, PTGER1, GIPC1 and PKN1. Furthermore, 4 putative genes are deleted: 

ENSG00000160251, ENSG00000224543, ENSG00000266913, ENSG00000267474. There 

are two reasons to suspect that these do not play a crucial role in tumorigenesis. First, the 

level of these transcripts is not altered in the FLC tumor relative to the adjacent normal 

tissue (10). Second, there were no discernable differences in mouse liver tumors that result 

from using CRISPR/Cas9 to delete the 400 kB region or tumors that result from expressing 

the chimeric transcript in trans from the sleeping beauty transposon (34).

A third unresolved question is the nature of the age dependence in the disease. Why is it 

rarely seen in patients younger than ten or older than 40. FLC has been considered a slow 

growing tumor, is it not seen in younger patients because it takes ten years to develop (46)? 

Why is it not seen in older patients? If this is the consequence of two breaks and then an 

appropriate fusion, it would be expected to increase with aging, not decrease. Are there 

hormones that are lost with aging that are required for tumorigenesis? Alternatively, does it 

reflect the time course of the loss of the ability of the liver to regenerate, perhaps reflection 

on the effects of aging on EGF receptor activation(47); or aging on growth hormone induced 

activation of the pathways involved in hepatocyte proliferation (48). One possible 

explanation is the formation of the chimera in older livers is either totally innocuous, or so 

lethal that a tumor is never seen.

A fourth unresolved question is why are tumors driven by the DNAJB1-PRKACA chimera 

not found in other organs. Thus far the DNAJB1-PRKACA fusion appears to be specific to 

FLC and has not been demonstrated in any other malignant or non-malignant disease 

conditions (29) (10, 30). Is there something particular about the way PKA or DNAJB1 is 

activated in the liver? If the chimera is formed in other organs, do the cells die, or do they 
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grow normally. Alternatively, there could be something about the packing of the DNA in the 

chromatin in the liver that brings these two domains in cross-proximity, favoring the 

formation of the chimera in case of breaks. This proximity may be lost with aging, and the 

loss of the ability to regenerate, contributing to the age dependence of FLC.

A fifth unresolved question is what causes the deletion leading to the chimera. There are no 

known risk factors associated with FLC, apart from a slight female predominance in some 

series. One study suggested toxic exposure as a possible cause based on the increased 

expression of Aryl hydrocarbon receptor in an FLC transplantable cell line (43). It is 

possible that larger case series and further research may shed light on this point.

A sixth unresolved question is whether the metastases differ from the primary tumor. One 

possibility is that they are identical, and that the potential for metastasis is encoded in the 

primary tumor. In this case, an additional genomic change would not be required for 

metastasis (49). In many primary tumors, given enough time, a small cluster of cells break 

away and, eventually, successfully colonize another location. An alternative possibility is 

that there is a discrete difference in the transcriptome, proteome or epigenome between the 

primary and metastatic tumors. For some cancers differences have been observed in specific 

non-coding RNA such as micro-RNA or long-non-coding RNA (lncRNA) (50, 51). In 

melanoma for example, altering the expression of the microRNA that regulates ApoE 

affected the metastasis (52). Some changes in the non-coding RNA have been reported for 

FLC (30). However, these are correlations. It remains to be demonstrated that they are 

causally related to the FLC phenotype. Some epigenomic changes have been characterized 

in fibrolamellar. These usually take the form of alterations in the methylation of DNA or the 

histones that affect the expression of genes. Some tumors, such as HCC, demonstrate a 

global hypomethylation associated with loss of differentiation. There have been some 

reports that there is no decrease in methylation in FLC (53). However, a slightly lower 

methylation in FLC has also been reported by others with a third of these tumors hypo-

methylated and more aggressive as judged by size, the presence of micro-satellites, vascular 

invasion, number of tumors and overall survival (32). Other tumors show what is called 

“methylator phenotype” an increased methylation on CpG rich domains (54). An 

examination of the methylation status of tumor suppressor gene promoters in FLC compared 

with HCC and paired non-tumor liver of each did not detect a methylator phenotype (55). 

However, other studies found an increased methylation in the promoter for RASSF1 (Ras 

association domain-containing protein 1) in primary and metastatic FLC and not detected in 

the paired tissue. This increase was also seen in all known primary liver tumors with 

hepatocyte differentiation, including: hepatoblastoma, hepatic adenoma and HCC (55). The 

protein is associated with cell cycle control by inhibiting the accumulation of Cyclin-D1 

(56). Similar to HCC, increased methylation was also found in Cyclin-D2, RASSF1A, has-

mir-9-1 and has-mir-9-2. Finally, two tumor suppressor genes (DLUE7 and ZNF709) and 

eight putative tumor suppressor genes showed increased methylation (32).

A seventh unresolved question is why doesn’t the immune system attack FLC? On the one 

hand FLC is at the extreme low end of tumor mutational load. While on the other fusion 

proteins generate neo-antigens and FLC should therefore have a single clear neo-antigen. 

There have been a few dozen anecdotal uses of anti-PD1 and anti-PDL1 therapy with FLC 
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with no reported successes. In the case of FLC it remains to be seen what can be done to 

trigger an effective immune attack.

Finally, there is the question of whether there is any consequence to a second DNAJB1-

PRKACA chimera that is formed. Some of the patients have a break between the first intron 

of DNAJB1 and first intron of PRKACA and these tumors only produce a chimeric 

transcript of the 1st exon of DNAJB1 and the 2nd to 10th exons of PRKACA. A subgroup of 

patients have one break in the middle of the second exon of DNAJB1 and their second break 

in the first intron of PRKACA. These patients predominantly make a chimeric transcript that 

is like all the other FLC tumors with the 1st exon of DNAJB1 and the 2nd to 10th exons of 

PRKACA. However, they also make a smaller amount of a second chimera with the 1st exon 

of DNAJB1, part of the second exon of DNAJB1 and the 2nd to 10th exons of PRKACA. 

This minority chimeric transcript also produces a chimeric protein. So far no features have 

been found that distinguish these two tumors. Thus, it is not known if the minority chimera 

is of significance.

Therapeutic directions for Fibrolamellar Carcinoma

Of greatest consequence to the patients are new therapeutics on the horizon. The recently 

published work suggests at least two new therapeutic directions: Inhibition of the DNAJB1-

PRKACA chimera and targeting the pathways that are consistently altered in FLC.

Targeting the chimera—There are a number of advantages to this approach, one of 

which is that the DNAJB1-PRKACA kinase is specific to FLC and has not been found in 

any normal tissue; this would potentially minimize side-effects. There are a few different 

strategies for targeting the chimera. One approach is to target the kinase pocket. An industry 

has built up around designing inhibitors for kinases, however the kinase pocket is very 

similar between the DNAJB1-PRKACA and the native PRKACA. The fusion junction is on 

the side of the protein opposite the kinase pocket so it may not be possible to design a 

selective blocker. Even a small inhibition of the native PRKACA could be lethal as a 

consequence of effects on lymphocytes (57), platelet signaling (58), the heart (59) or the 

brain (60). It is possible that an inhibitor that blocks both the native and the chimeric protein 

kinase A may have a sufficient therapeutic window if the level of activity of PKA is high 

enough in the tumor cells and if it is dependent on the chimera. However, it would still be 

challenging to design an inhibitor that is specific for PKA over other kinases. A second 

approach is to find an allosteric inhibitor. In the chimeric kinase Bcr-Abl, responsible for 

chronic myeloma leukemia, an inhibitor into an acyl pocket, normally occupied by a 

myristoyl group, can allosterically block activity (61). In FLC, the amino terminus is not 

myristoylated, leaving the acyl pocket accessible to inhibitors.

Targeting the activated pathways—Many years of characterization of change in the 

FLC proteome (3, 10) and transcriptome (10, 62), have helped identify a number of 

oncogenic proteins or pathways that are activated in FLC. A critical issue is to determine 

which of these are merely correlated with FLC and which are driving the tumor. Aromatase, 

which is considered oncogenic in breast cancer (63), is increased at the transcript level 62-

fold in FLC (10). However, a recent clinical trial failed to show a therapeutic effect on FLC 
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(64). Aurora Kinase A, which is oncogenic in breast cancers, bladder cancer, colorectal 

cancer, neuroblastoma, and hepatocellular carcinoma (65–68) is increased in the 

transcriptome 4-fold in FLC and it is the subject of an on-going clinical trial 

(NCT02234986). There are a number of other oncogenic pathways that are upregulated in 

FLC including the EGF receptor pathway for which both the ligands (EGF, EREG, AREG, 

NRG2), and the receptors EGFR and ErbB2 are significantly increased (10). Many inhibitors 

have been developed and approved for members of this pathway. Other suspects of interest 

include the Wnt, PAK21 and the mTOR pathway. There are numerous members of the Wnt 
pathway significantly increased in FLC including DKK4 (log2=6.52, FZD10 (log2=6.13) 

wnt16 (log2=4.4) (10). Alterations in β-catenin (CTNNB1), the key effector in the Wnt 

pathway, have been found in a subtype of hepatic adenomas, HCC and hepatoblastoma. 

However, several series did not find similar alterations in FLC (69). In HCC there have been 

conflicting reports regarding the effect of CTNNB1 mutations on tumor phenotype. In one 

study HCCs with missense mutations in exon-3 of CTNNB1 displayed a more aggressive 

histological phenotype, including increased tumor size and vascular invasion, compared to 

those without CTNNB1 mutations. FLC tumors (n=5) in this series did not have CTNNB1 

mutations, but showed elevated levels of total beta-catenin, similar to HCC, compared to 

controls. (70); and higher levels of Y654 phosphorylation of beta-catenin (Tyrosine kinase) 

compared with HCC. This was associated with elevated levels of Cyclin–D1 (71). 

Interestingly EGF and HGF lead to Y654 phosphorylation of beta-catenin, and EGFR in turn 

is regulated by PKA. Expression of the CTNNB1 mutation in mouse liver in conjugation 

with expression of the DNAJB1-PRKACA chimera increases the penetrance of the tumor, 

the size of the tumor and accelerates demise of the animal (34).

The mTOR pathway integrates nutritional signals, and is a central regulator of cellular 

homeostasis. It has been implicated in HCC, where rapamycin inhibitors have shown anti-

tumor activity. In FLC in phosphorylation of S6, the downstream target of mTORC1, 

coupled with low levels of p-Akt, suggested primary activation of mTORC1 (72). However, 

a clinical trial using the mTORC1 inhibitor Everolimus failed to show therapeutic effect in 

FLC (NCT01642186).

As altered PKA activity is expected to alter the transcriptome and proteome of cells, it 

becomes critical to resolve which of these pathways are important for tumorigenesis and 

fitness of FLC and which are epiphenomenon of the overactivation of protein kinase A. An 

effective model system for distinguishing between these would help accelerate bringing 

therapeutics to the patients.

Summary

The application of next generation sequencing has led to a dramatic advancement in our 

understanding of FLC. FLC has immerged as a distinct molecular entity driven by a novel 

DNAJB1-PRKACA fusion protein, with a unique and relatively homogeneous transcriptome 

and proteome. The fusion protein now serves as the main focus of drug discovery efforts, 

while the differentially regulated oncogenic pathways may serve as a framework for research 

aimed at drug repurposing. As inhibitors of many of these targets/pathways already exist and 
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either in development or already approved this may facilitate a more rapid path to an 

effective therapeutic.
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Figure 1. FLC has a typical histological appearance
The histology of FLC has several typical features that can be seen on H&E staining. These 

include: large hepatocyte-like polygonal cells, with an abundant eosinophilic cytoplasm, 

prominent nucleoli and pale cytoplasmic inclusion bodies. These cells are surrounded by 

abundant fibrotic bands or “lamellae”.
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Figure 2. FLC and HCC have distinct molecular characteristics
The transcriptome of fibrolamellar tumor relative to the adjacent normal and hepatocellular 

carcinoma tumor, relative to the adjacent normal, were analyzed and characterized by 

hierarchical clustering (complete method) with a spearman rank correlation matrix for all 

3708 protein coding genes that passed the DESeq2 expression filter (|log 2 fold change| > 1, 

FDR < 0.01, and ranked by moderated t statistic ranking). The transcriptome of the 

fibrolamellar samples (purple) segregated away from those of hepatocellular carcinoma 

(orange) [Data shown is for 10 FLC and 42 HCC from over 400 HCC patients analyzed]. An 

example is shown of one patient out of five found that had been reported to be HCC, but the 

transcriptome segregated with FLC. This particular example was from a young adolescent 

who was diagnosed with HCC without a molecular characterization. An analysis showed the 

presence of a fusion between the genes DNAJB1 and PRKACA consistent with this patient 

actually having fibrolamellar (see figure 3). A histological sample was not available in this 

specific case. Figure from (10).
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Figure 3. Molecular basis for FLC: A deletion in a chromosome 19 produces a chimeric gene
Figure A. The reads for the mRNA were mapped onto the genome. An increased number of 

reads for PRKACA, the catalytic subunit of protein kinase A, in the tumor sample (red) 

relative to the normal (blue) in exon 2 through 10, and in the reads spanning the exons, 

demonstrated the increased expression of this gene. In addition in the tumor there were reads 

that spanned between the start of exon 2 of PRKACA and the end of exon 1 of DNAJB1, a 

member of the heat shock protein family. Figure B. This pattern of reads demonstrate that in 

the tumor there is the normal transcript for DNAJB1 (green), and the normal transcript for 

PRKACA (goldenrod) and a chimeric transcript with the first exon of DNAJB1 and the 2nd 

to final exons of PRKACA. This chimeric transcript was confirmed by Sanger sequencing 

(28). Figure C. The formation of the chimeric transcripts, while maintaining the normal 

transcripts, is consistent with a deletion of ~400 kB in one copy of chromosome 19. This 

deletion was confirmed by Sanger sequencing (28). Figure adapted from (28).

Lalazar and Simon Page 16

Semin Liver Dis. Author manuscript; available in PMC 2018 June 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	The Genomics of Fibrolamellar Carcinoma
	Potential mechanisms of transformation
	Unresolved questions in FLC
	Therapeutic directions for Fibrolamellar Carcinoma
	Targeting the chimera
	Targeting the activated pathways


	Summary
	References
	Figure 1
	Figure 2
	Figure 3

