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Abstract: Fibrolamellar carcinoma is a rare liver cancer, which primarily afflicts adolescents
and young adults worldwide and is frequently lethal. Given the rarity of this disease, patient
recruitment for clinical trials remains a challenge. In November 2017, the Second Fibrolamellar
Cancer Foundation Scientific Summit (Stamford, CT, USA) provided an opportunity for inves-
tigators to discuss recent advances in the characterization of the disease and its surrounding
liver and immune context. The Fibrolamellar Cancer Foundation has thus set out a road map to
identify and test therapeutic targets in the most efficient possible manner.

Keywords: fibrolamellar carcinoma, liver cancer, adolescent, young adult, fusion oncogene,
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Introduction

The Second Fibrolamellar Cancer Foundation Scientific Summit was held in Stam-
ford, CT, USA, in 2017. The goals of this meeting were to gather a diverse set of
investigators, stimulate new collaborations, and devise new ways to inspire additional
interest in the field. Here, we outline the exciting work supported by the Foundation
and presented at the meeting. Significant progress in understanding fibrolamellar
carcinoma (FLC) has recently been made by attendees and others as summarized
in Table 1.

The objective of the Foundation and all investigators remains to rapidly and substan-
tially improve patient outcomes of a rare cancer in an environment of limited resources.
On the basis of clinical experience and the detailed molecular characterization of patient
tumors as well as a fundamental understanding of protein kinase A (PKA) pathway
biochemistry, a collection of physiologically relevant disease models has been recently
generated. These complementary approaches will converge on candidate drug target
identification and evaluation. Medicinal chemistry and pharmacology will be required
to exploit potential dependencies, which, if successful, will culminate in clinical tri-
als. In this iterative process, the cross-fertilization of the clinic and the laboratory
can inform further experiments to enhance the understanding of basic biology and to
optimize therapeutic and diagnostic strategies (Figure 1).

Clinical presentation and treatment

FLC afflicts adolescent and young adult patients without known liver cancer-associated
risk factors such as chronic hepatitis infection, alcoholism, or exposure to chemicals
or parasites, as originally described by John Craig (Fibrolamellar Cancer Foundation,
Greenwich, CT, USA).® This disease is recognizable based on its unique histological
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Table | Key recent developments

Finding References
A crystal structure of the fusion protein retains a kinase domain structure and binding sites to anchorage and regulatory |

proteins similar to wild-type PRKACA

Some FLCs can be grown and propagated in immunocompromised mice and can maintain many key characteristics

DNAJBI-PRKACA is functionally confirmed to drive tumorigenesis in mice, further supported by Wnt pathway signaling and 3,4

fibrosis

The DNAJBI-PRKACA fusion oncogene is specific for FLC. It has not been observed in any of the tens of thousands of cancer 56
genomes sequenced from nonliver tumors in TCGA or MSK-IMPACT™ studies

Interaction of AKAP anchorage proteins and the PKA holoenzyme regulates PKA signaling without requiring dissociation of 7

catalytic and regulatory subunits

Abbreviations: FLC, fibrolamellar carcinoma; PKA, protein kinase A; TCGA, The Cancer Genome Atlas.

Clinical observation

Molecular characterization and
tissue context

Biochemistry

and cell biology Disease models

Target identification

Pharmacology
Clinical trials

Figure | The Second Fibrolamellar Cancer Foundation Scientific Summit developed
a “road map” for a collaborative, multidisciplinary approach to improve outcomes
for patients with fibrolamellar carcinoma.

phenotype, with strands of lamellar fibrosis, and abundant
and abnormal mitochondria on electron microscopy.

Manal Hassan (MD Anderson, Houston, TX, USA) dis-
cussed the epidemiology of the FLC population. Although
the prognosis of FLC patients has been reported to be
better than classic hepatocellular carcinoma (HCC), this
no longer holds true when controlling for background
liver cirrhosis.” The current mainstay of FLC treatment
is surgical resection, and no evidence-based systemic
therapy exists. Differentiating between FLC and classic
HCC is currently based on histology and will likely be
aided by the recent development of a fluorescent in situ
hybridization assay for sensitive and specific detection

of the DNAJBI-PRKACA fusion,' which is specific for
FLC. The clinicopathologic characteristics and survival
outcomes from this data set have already been reviewed
with the support of the Foundation and are consistent with
those reported in the literature.!! Surgical resection and
disease extent were confirmed as important predictors of
survival. The possibility of a negative association between
female gender and prognosis could represent a clue for
future therapeutic strategies.

Ghassan K Abou-Alfa (Memorial Sloan Kettering
Cancer Center [MSKCC], New York, NY, USA) led the
efforts of the meeting and discussed his clinical experience
treating FLC and the challenges associated with launching
successful clinical trials. Most patients undergo surgical
resection, and some patients undergo liver transplantation.
Many patients receive perioperative therapy, although no
standard of care has been established.!! Relatively, few
clinical trials have been conducted specifically for FLC,
given the challenge of accruing a large number of patients
with this rare disease. Retrospective epidemiological data
do not support the conclusive superiority of any par-
ticular chemotherapeutic regimen.'? Dr Abou-Alfa led an
FLC consortium including MSKCC, Harvard University,
and University of California, San Francisco, which ran
several clinical trials to evaluate different therapies for
FLC. The first trial supported by the Foundation evalu-
ated everolimus, leuprolide, and letrozole in patients with
unresectable FLC.!* Currently, a clinical trial evaluating
ENMD-2076, an aurora kinase and FLT3 inhibitor, is
underway (NCT02234986). The fact that multicenter clini-
cal trials can be conducted with sufficient enrollment is in
itself an accomplishment, and the limited throughput to
clinical adaptation requires ongoing careful prioritization
of therapeutic strategies with the strongest rationale, aided
by meaningful preclinical data.
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Molecular characterization of the

human disease

A major turning point in the study of this disease came with
the discovery of DNAJBI-PRKACA gene fusion as a nearly
universal characteristic of FLC, initially by the Simon labora-
tory,' and subsequently confirmed by other groups.'®!>! This
gene fusion is the result of a somatic genetic deletion event,
as it is not present in the adjacent normal liver,'* and usually
does not occur in the setting of a heritable genetic disorder.
These tumors harbor a low number of other mutations, and
very few of which are seen in multiple patients, which is in
line with observations in other malignancies that occur in
young patients.!” Gene expression profiling and proteomics
have confirmed that this tumor type is indeed biologically
distinct from classic HCC and implicates a variety of bio-
logical processes that may underlie disease mechanisms.’
Praveen Sethupathy (Cornell University, Ithaca, NY, USA)
offered that the comprehensive profiling of readouts such as
the cancer cell epigenetic and metabolic state could gener-
ate new hypotheses regarding molecular mechanisms of
disease and therapeutic vulnerabilities. Specifically, aber-
rantly expressed regulatory RNAs provide additional routes
to dysregulating well-known cancer-associated pathways in
FLC tumorigenesis.’ In collaboration with Jon Ramsey and
Gary Stein (University of Vermont, Burlington, VT, USA),
the possibility of targeting epigenetic degegulation'® was
proposed by studying promoter bivalency in FLC. The biva-
lent marking of gene promoters by concomitant H3K4me3
and H3K27me3 is a prevailing mechanism used by pluripo-
tent stem cells to “poise” lineage-specific genes for timely
expression in the event of pro-differentiation signaling.'® It
was hypothesized that phenotypic plasticity afforded to cells
by promoter bivalency both is a critical feature of FLC and
could nominate candidate genes that could be targeted to
enforce differentiation and halt tumorigenesis.

A mechanistic explanation for remarkable specificity
of DNAJB1-PRKACA to FLC remains elusive. Researchers
speculated that tumorigenesis driven by this event may require
high levels of activation of the DNAJBI promoter in the cell
of origin, a unique expression profile of regulators of the
stability or localization of DNAJB1 or PRKACA, a unique
expression profile of targets of phosphorylation by DNAJB1-
PRKACA, or the requirement of a secondary extracellular
signal present in particularly high levels in the liver. The
fact that adolescent and young adult patients get FLC could
be consistent with a yet-to-be defined reliance on a specific,
puberty-associated, endocrine milieu for DNAJBI-PRKACA-
mediated transformation. Anna Mae Diehl (Duke University,

Durham, NC, USA) emphasized that the liver specificity of
DNAJB1-PRKACA-mediated transformation supports the
notion that aspects of the hepatic tissue environment may be a
critical aspect of disease pathogenesis. Dr Diehl is engaged in
the study of the stem cell niche in the liver microenvironment
and how tumor—stroma cross talk supports both regeneration
and tumorigenesis.'” Analogous to understanding the proper-
ties of tumor cells themselves, characterizing the surrounding
tissue, including the types and activities of stromal cells and
extracellular signaling molecules, will be of great value.

Tumor microenvironment and

immunosurveillance

One major area of interest is the FLC microenvironment,
including its potentially exploitable interaction with the
immune system, as discussed by Amy Kim (Johns Hopkins,
Baltimore, MD, USA), Kevin Sullivan (University of Wash-
ington, Seattle, WA, USA), and Kevin Barry (University of
California San Francisco, San Francisco, CA, USA). There
is considerable enthusiasm in exploring immunotherapy,
specifically immune checkpoint blockade (PD-1/PD-L1
and others), based largely on the achievement of durable
responses in lung cancer and melanoma.?**' The finding
of similar levels of lymphocytes in FLC as in background
normal liver, and expression of markers of exhaustion, is
provocative, but it remains unknown to what extent FLC
is immunogenic. If infiltrating exhausted cytotoxic T cells
are commonly found in FLC, immune checkpoint blockade
could redirect a patient’s immune system to mount an effec-
tive immune response. Alternative strategies do not rely
on endogenous antitumor immune recognition, but instead
induce new immunity against a specific tumor antigen.? It is
unclear whether strategies aimed at activating phagocytosis
of FLC cells by macrophages,* or by modifying macrophage
polarization,? would be successful. Despite recent advances
in the immunotherapy field, the challenge remains to define
tumor-associated antigens in FLC patients which are not
expressed in healthy tissues.?

Disease models

Studies based on observation and correlation are useful in
hypothesis generation, yet controlled perturbation experi-
ments are required to prove that a given tumor property is
important for tumor development or a valuable therapeutic
target. Thus, experimental model systems are needed to push
the boundaries farther than what can be learned by the most
careful examination of human tumor samples. Ideally, a panel
of model systems with nonoverlapping strengths and caveats
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can be assembled to best predict which strategies will be most
beneficial to patients.

The first FLC model system that was generated was a
patient-derived xenograft (PDX) propagated in immunocom-
promised mice by Lola Reid (University of North Carolina,
Chapel Hill, NC, USA).? Consistent with the relatively indo-
lent growth rate and resistance to cytotoxic drugs of primary
FLCs, this xenograft has characteristics of biliary tree stem
cells. PDX models provide a unique and powerful opportu-
nity for perturbation experiments in vivo; a small number
of additional PDX lines exist yet are not widely distributed
or well characterized. For this reason, a central PDX reposi-
tory for FLC has been proposed to accelerate the search for
disease vulnerabilities. Harnessing such resources remains a
challenge, given the substantial drift and mouse-specific evo-
lution that has been observed over serial passage of PDXs.*

Independent studies by Francesco Niola (University of
Copenhagen, Denmark) and Scott Lowe (MSKCC, New York,
NY, USA) have functionally demonstrated that the DNAJBI-
PRKACA gene fusion is sufficient to drive FLC tumorigenesis,
using CRISPR-Cas9 to recreate the disease-associated deletion
in mice.** Spontaneous mouse models allow for the study of
the entire process of tumor initiation and progression in the
presence of an intact immune system, which may provide
insights into the origin of the disease. Since methods of somatic
genome editing are based on the use of wild-type inbred mouse
strains, large-scale isogenic cohorts can be reproducibly gen-
erated. One major challenge of these mouse models of FLC,
as described by Edward Kastenhuber (MSKCC, New York,
NY, USA), is the long latency and low penetrance of tumor
development driven by DNAJBI-PRKACA. He addressed
this by additional genetic and chemical perturbations and
found that the activation of Wnt signaling and the induction
of fibrosis and liver regenerative signaling by the hepatotoxin
3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) dramati-
cally increased penetrance and decreased latency of lethal
tumors, enabling future preclinical drug development.*

Julien Sage (Stanford University, Stanford, CA, USA)
described a new, inducible mouse model of FLC. Exercising
greater control over the cell type and timing in which the
oncogenic driver is induced allows greater understanding
of the origins and nature of the disease by lineage tracing.?’
The Sage laboratory found that the expression of the PKA
fusion protein during liver development leads to embryonic
lethality and differentiation defects in the hepatocytic lineage.
Metastasis is another significant challenge in the clinical
management of FLC, which has not yet been adequately

represented in existing in vivo models; novel or optimized
models will be needed to study this aspect of the disease.

Along with the possibility of advancing liver organoid
cultures,”® development of experimental systems in other
simpler model organisms provides a unique set of opportu-
nities. Sofia de Oliveira (University of Wisconsin, Madison,
WI, USA) and Yi Guo (Mayo Clinic, Rochester, MN, USA)
discussed that in zebrafish and fruit flies, respectively, one
could maximize scalability and latency, while potentially
maintaining some important aspects of the microenviron-
ment.?3° A high fecundity rate makes these models amenable
to large-scale small molecule screening.3*? Such platforms
may help bridge the gap between high throughput in vitro
assays and the most physiologically relevant in vivo experi-
ments. Moreover, live imaging noninvasive techniques can
be applied to intact zebrafish allowing the study of tumor
microenvironment composition and cell dynamics in vivo
at different stages of liver disease. Sofia de Oliveira is using
a transgenic stable zebrafish FLC line that overexpresses
the DNAJBI-PRKACA chimera specifically in the liver
to enlighten the immune cell role in the development and
progression of FLC. In her model, the overexpression of
DNAJBI1-PRKACA induces liver enlargement as well as
increased recruitment of neutrophils and macrophages to
liver area during early progression phase suggesting that
innate immune cells might be involved in the progression of
FLC. In the future, this transgenic model as well as zebrafish
PDXs* might be extremely useful tools to study not only FLC
progression but also metastasis and help in the development
of new targeted FLC therapies.

Biochemistry and cell biology
FLC-associated deletions result in the in-frame fusion of
DNAJB1, which encodes a subunit of the heat shock protein
chaperone HSP40, with PRKACA, which encodes for the
PKAco subunit of the cAMP-dependent protein kinase/
PKA. Both the first exon of DNAJB1 and the kinase domain
of PRKACA are required for tumorigenesis.* The active site
of the fusion protein retains similar structure and biochemical
properties as the native kinase and results in the hyperacti-
vation of kinase activity, at least in part by driving elevated
expression of the PKAco component. 434 Thus, expanding
our fundamental understanding of native PKA signaling
reinforces the chances of productively interfering with patho-
logical PKA signaling. Numerous context-specific substrates
are modified by PKA phosphorylation, and it is not yet clear
which of these PKA targets contribute to tumorigenesis.>
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John Scott and Kimberly Riehle (University of Wash-
ington, Seattle, WA, USA) presented several fundamental
aspects of the PKA pathway. Ligand-activated G-protein-
coupled receptors transduce extracellular signals via G
proteins such as Gs alpha (encoded by GNAS) and adenylyl
cyclase, modulating levels of the second messenger cAMP
and PKA activity.*® Although it was previously believed
that cAMP bound the regulatory subunits of PKA, releas-
ing and activating the catalytic subunits, Dr Scott presented
his recent discovery that PKAca can act in the context of
a PKA holoenzyme and that, surprisingly, dissociation is
not required for cAMP-mediated PKA activation.> PKA
is regulated by cellular localization through binding of the
AKAP family of anchoring proteins, whose experimental
manipulation could elucidate relevant downstream targets.’
Numerous ideas to perturb DNAJBI-PRKACA activity were
heard (Drs Scott, Riehle, Ramsey, and Stein). Disrupting
the regulation of AKAPs or PKA—AKAP interactions has been
proposed as a pharmaceutical strategy.’” Endogenous PK1 is
an extremely potent and specific inhibitor of PKA and could
guide rational drug design.* The DnalJ segment of the fusion
may lead to enhanced or novel phosphorylation targets of the
fusion kinase, through its properties as a molecular chaperone
or by altering subcellular localization or stability of the fusion
protein. Thus, interfering with the DnaJ segment could provide
specificity to the fusion over wild-type PKA.

John Gordon (UCSF, San Francisco, CA, USA) and
Nabeeel Bardeesy (Harvard Medical School, Charlestown,
MA, USA) posited that convergence in the biology of FLC
and alternative paths to pathogenic PKA signaling could
be enlightening. GNAS mutations, upstream of PKA, have
been found in pancreatic cancer,*® and hot spot PRKACA
mutations are found in adrenocortical tumors.** Although
the vast majority of FLCs are driven by the prototypical
fusion, a case series identified FLCs alternatively caused by
an inactivating germline mutation in PKA regulatory subunit
PRKARIA,* supporting the notion that understanding the
PKA pathway in other cancers could be applicable to FLC
pathogenesis. Beyond these relatively uncommon instances
of genetic alteration of the PK A pathway, nongenetic activa-
tion of PKA has been described to mediate drug resistance in
breast cancer.*! Dr Gordon has commenced a comprehensive
exploration of human tumor cell lines to discover alternative
genetic mechanisms of activating the PKA pathway in other
cancers. Dr Bardeesy elegantly demonstrated PKA depen-
dency in a model of GNAS-mutant pancreas cancer, with
further characterization of how this pathway impinges on the
metabolic rewiring of cancer cells.* Collectively, proteomics

was used to nominate candidate therapeutic targets, which
will next be evaluated in model systems.

Target identification and

pharmacology

Small molecule inhibitors of PKA are in preclinical develop-
ment by Blueprint Medicines and others (Stefanie Schalm,
Blueprint Medicines, Cambridge, MA, USA). The fact that
some PRKACA knockout mice are viable,* and multiple in vivo
studies of PKA inhibitors have been reported in the literature,
suggests that PK A inhibition could have a therapeutic potential
in the treatment of FLC, pending the availability of a suitable
drug.* Targeting fusion oncogenes has been effective in treating
other cancers. For example, inhibiting another fusion kinase,
BCR-ABL in chronic myeloid leukemia (CML), radically
improved the long-term prognosis for CML patients.* Like-
wise, targeting the gene fusion of PML (promyelocytic leuke-
mia) and RARA (retinoic acid receptor-alpha) for degradation
commonly cures acute promyelocytic leukemia,* and kinase
inhibition of ALK and ROS rearrangements has also induced
clinical responses in heavily pretreated lung cancers.*’” Drug
development targeting alternative kinases unrelated to PKA,
but that are aberrantly expressed in FLC, was discussed by Ken
Ren (Casi Pharmaceuticals, Rockville, MD, USA) and Richard
Cutler (Puma Biotechnologies, Los Angeles, CA, USA).

An iterative process to improve

outcomes

As the field progresses, maintaining collaborative ties between
clinicians and laboratory scientists will accelerate the iterative
development of effective therapies and maximize the infor-
mation gleaned from all clinical trials. John Craig called
for the development of real-time monitoring of noninvasive
biomarkers that could serve as early warning signs of disease
progression, which would greatly benefit adaptive treatment
decisions for individuals undergoing powerful cytotoxic or
other experimental therapies.* The utility of serum biomark-
ers including high serum vitamin B12 binding capacity,*>
des-y-carboxyprothrombin,> and neurotensin®? has been
reported. To best manage individual patient care, such mark-
ers could inform adjustments in dosing, treatment regimen,
and the frequency of follow-up imaging studies. Strategies to
improve imaging are also potentially valuable advances. By
computed tomography (CT) imaging, FLC typically appears
with a well-defined outline and heterogeneous contrast uptake
with a large central scar and sometimes contains calcifica-
tion.” FLCs reportedly exhibit uptake of '*F-flourodeoxy-
glucose in positron emission tomography imaging studies.>
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Although there is optimism that PKA inhibition could
yield substantial clinical benefit, it is appropriate to anticipate
the emergence of resistance. In response to single agents,
innate resistance, where release of feedback inhibition reacti-
vates a signaling pathway,>>*¢ and acquired resistance, where
genetic mutations interfere allow for the outgrowth of drug-
resistant subclones,’” have been recurrently encountered in
many cancer therapies. This issue can be anticipated in vitro
and ameliorated by rationally combining multiple drugs with
nonoverlapping mechanisms of resistance.**

Outlook

We are optimistic that a multidisciplinary and collaborative
approach to improving outcomes in FLC will be fueled by
new technologies, comprehensive characterization of patient
samples, advances in basic science and the opportunities
for clinical adaptation and partnership with industry. Wide
distribution of new insights and resources such as PDXs and
cell lines will help accelerate the discovery process. Many
challenges still lie ahead, but new technologies, strong patient
engagement, and a community of interested researchers are
actively investigating for a path forward.
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