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BACKGROUND AND AIMS: Fibrolamellar carcinoma (FLC) is a
rare, difficult-to-treat liver cancer primarily affecting pediatric
and adolescent patients, and for which precision medicine ap-
proaches have historically not been possible. The DNAJB1-
PRKACA gene fusion was identified as a driver of FLC patho-
genesis. We aimed to assess whether FLC tumors maintain
dependency on this gene fusion and determine if PRKACA is a
viable therapeutic target. METHODS: FLC patient-derived
xenograft (PDX) shRNA cell lines were implanted subcutane-
ously into female NOD-SCID mice and tumors were allowed to
develop prior to randomization to doxycycline (to induce
knockdown) or control groups. Tumor development was
assessed every 2 days. To assess the effect of treatment with
novel selective PRKACA small molecule kinase inhibitors,
BLU0588 and BLU2864, FLC PDX tumor cells were implanted
subcutaneously into NOD-SCID mice and tumors allowed to
develop. Mice were randomized to treatment (BLU0588 and
BLU2864, orally, once daily) or control groups and tumor size
determined as previously. RESULTS: Knockdown of DNAJB1-
PRKACA reversed a FLC-specific gene signature and reduced
PDX tumor growth in mice compared to the control group.
Furthermore, FLC PDX tumor growth was significantly reduced
with BLU0588 and BLU2864 treatment vs control (P ¼ .003
and P ¼ .0005, respectively). CONCLUSION: We demonstrated,
using an inducible knockdown and small molecule approaches,
that FLC PDX tumors were dependent upon DNAJB1-PRKACA
fusion activity. In addition, this study serves as a proof-of-
concept that PRKACA is a viable therapeutic target for FLC
and warrants further investigation.
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Introduction

Fibrolamellar carcinoma (FLC) represents < 1% of all
liver cancers in the United States.1,2 FLC primarily

affects pediatric or adolescent patients, with the majority of
patients being aged less than 40 years.2 Surgery is the
mainstay treatment for FLC; there has been no clear benefit
demonstrated with any chemotherapy or multikinase in-
hibitors, including sorafenib, which is the standard treat-
ment for hepatocellular carcinoma (HCC).3 FLC is often not
diagnosed until the disease has metastasized, which com-
plicates surgical resection.4,5 Most patients experience dis-
ease recurrence within 5 years,6,7 and the 5-year survival
rate is approximately 75%–85% for resected patients.7,8

New therapies are needed; however, until recently, preci-
sion medicine approaches have not been possible due to a
lack of an identified driver of FLC pathogenesis.

FLC is clinically, histologically, and molecularly distinct
from the most common forms of liver cancer, including HCC
and cholangiocellular carcinoma. FLC is identified histolog-
ically by large tumor cells arranged in a cord-like network
surrounded by lamellated collagen fibers and is not typically
associated with elevated a-fetoprotein.9 FLC can be char-
acterized by positive immunohistochemical staining for
markers of both hepatocyte and biliary differentiation
including cytokeratin-710 and CD68,11 yet is often negative
for the HCC marker glypican 3.12 An FLC-specific gene
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expression signature has been identified that can further
distinguish it from healthy liver, HCC, and cholangiocellular
carcinoma.13,14

In 2014, an analysis of 15 FLC tumor samples yielded the
discovery of an aberrant fusion between protein kinase A
(PKA) alpha catalytic subunit (PRKACA) and heat shock
protein 40 (DNAJB1) genes that were hypothesized to be a
critical molecular event in FLC pathogenesis.15 The DNAJB1-
PRKACA fusion is not expressed by normal surrounding liver
tissue or other liver cancer types but has been identified in
79%–100% of FLC tumor samples15,16 and is functionally
capable of driving FLC tumorigenesis when expressed in
mice,17–20 making its presence a distinguishing hallmark of
FLC and a likely driver of FLC tumorigenesis.15,21

The 30 50-cyclic adenosine monophosphate (cAMP)–
regulated PKA tetramer is comprised of 2 catalytic subunits
and 2 regulatory subunits. In the presence of cAMP, the cat-
alytic subunits disassociate from regulatory subunits and
become active. PKA regulates a broad array of cellular func-
tions throughout the body.22 Through its regulation of tran-
scriptional elements, the PKA signaling pathway is involved in
liver metabolism.23 The chimeric kinase resulting from the
DNAJB1-PRKACA fusion retains the kinase activity of
PRKACA.15,24 The DNAJB1-PRKACA fusion protein is
expressed at a higher level than wild-type (WT) PRKACA15,25

and it has been postulated that these higher levels lead to
increased cAMP-independent PKA signaling.26 Themolecular
mechanismof how theDNAJB1-PRKACA fusion contributes to
FLC pathogenesis remains incompletely understood and it is
still not fully clear whether FLC tumorsmaintain dependency
on DNAJB1-PRKACA expression for their continued growth
and whether PRKACA is a viable therapeutic target.
e
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Figure 1. Characterization of an FLC PDX mouse model. (A) Expr
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CD68 and negative expression of glypican 3 (20� magnificatio
In this study, we demonstrate that 2 different modes of
PRKACA inhibition result in FLC tumor growth inhibition
and reversal of an FLC gene expression signature, using a
patient-derived xenograft (PDX) FLC mouse model.27 This
study serves as a proof-of-concept for PRKACA as a viable
target for FLC.

Results
Characterization of FLC Patient-Derived Xenograft
Mouse Model

The FLC PDX tumor model LI5132 expressed high levels
of DNAJB1-PRKACA fusion protein and, to a lesser extent,
the smaller WT PRKACA protein, distinguishable by their
size difference via gel electrophoresis (Figure 1A). By
contrast, Hep3B cell line–derived xenograft (CDX) tumors
expressed only WT PRKACA protein (Figure 1A). The high
expression of PRKACA in FLC PDX tumor tissue is likely due
to the replacement of exon 1 of PRKACA with exon 1 of
DNAJB1 containing the more active DNAJB1 promoter15 and
upregulating PRKACA protein expression (Figure A1A and
B).28 Phosphorylation of the PRKACA downstream targets,
cAMP-responsive binding protein (CREB), and vasodilator-
stimulated phosphoprotein (VASP) were measured to
assess the cellular activity of DNAJB1-PRKACA fusion pro-
tein. Both CREB (Ser133) and VASP (Ser157) phosphoryla-
tion were increased in FLC PDX tumor tissue compared with
Hep3B CDX tumor tissue, supporting enhanced activation of
PRKACA signaling from DNAJB1-PRKACA fusion expression
(Figure 1A). Importantly, PDX tumors recapitulated the
fibrolamellar histology that is observed in FLC, character-
ized by large cells with abundant cytoplasm, positive
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expression of cytokeratin 7,10 and CD6811 and negative
expression of glypican 312 (Figure 1B).
Cellular Effects of the DNAJB1-PRKACA Fusion
Protein in FLC PDX Spheroid Cultures

Western blot analysis of in vitro cultured engineered cell
lines (Figure 2A) confirmed that doxycycline induction of
the 3 PRKACA short hairpin ribonucleic acid (shRNA) con-
structs, but not the nontargeting (NT) shRNA construct, led
to a reduction in both DNAJB1-PRKACA and WT PRKACA
protein (Figure 2B). Doxycycline induction of the PRKACA
shRNAs, but not the NT shRNA, also strongly reduced VASP
phosphorylation, indicative of reduced PRKACA down-
stream signaling (Figure 2B). Cell proliferation was not
appreciably different in PRKACA shRNA cell lines before and
after induction (Figure 2C). Treatment with forskolin did
not further enhance CREB and VASP phosphorylation in the
FLC PDX tumor extracts (Figure 2D), suggesting PRKACA
signaling is already fully activated by DNAJB1-PRKACA. By
contrast, forskolin produced a strong effect on PRKACA
signaling in Huh7 HCC cell extracts, which have a low basal
level of unstimulated PRKACA activity (Figure 2D).
Knockdown of DNAJB1-PRKACA Fusion Protein
Inhibits Tumor Growth In Vivo

In mice harboring 1 of the 3 different PRKACA shRNA-
expressing cell line xenografts (shRNAs #1, #2, and #4)
treated with doxycycline, tumor growth was reduced over
time compared with mice that were untreated
(Figure 3A–C). Importantly, tumor growth was unaffected
by doxycycline treatment in mice harboring xenografts with
NT shRNA (Figure 3D). Western blot analysis of tumor tis-
sue from mice implanted with the shRNA #1 cell line indi-
cated that expression of DNAJB1-PRKACA fusion protein,
but not WT PRKACA, was reduced at 10 and 20 days of
doxycycline treatment (Figure 3E), consistent with the
observed reduction in tumor growth (Figure 3A). Induction
of NT shRNA did not affect the expression levels of DNAJB1-
PRKACA or WT PRKACA (Figure 3E). WT PRKACA expres-
sion appeared stable in the presence of doxycycline in the
shRNA #1 cell line (Figure 3E), potentially due to endoge-
nous expression of PRKACA from nontransfected mouse
stromal cells.

Western blot analysis of shRNA #2 tumors indicated
DNAJB1-PRKACA expression was also reduced 10 days after
doxycycline treatment but recovered over time, with
DNAJB1-PRKACA expression reaching baseline levels by
approximately 28 days after doxycycline treatment
(Figure 3F). Similar to the DNAJB1-PRKACA fusion expres-
sion levels, a slight recovery in the growth rate of xenograft
tumors in mice treated with doxycycline is evident over
time and could be due to the recovery of DNAJB1-PRKACA
fusion protein levels via an outgrowth of clonal pop-
ulations with weaker DNAJB1-PRKACA knockdown
(Figure 3B). In further support of the growth-suppressive
role of DNAJB1-PRKACA knockdown, the percentage of
cells positive for the cellular proliferation marker Ki67 was
reduced 10 days after doxycycline treatment in PDX tumors
expressing PRKACA shRNA #2 (Figure 3G and H). In line
with DNAJB1-PRKACA fusion protein expression recovering
approximately 28 days following doxycycline treatment,
Ki67 expression also recovered to near-baseline levels by 28
days postinduction (Figure 3G and H).
The PRKACA-Selective Inhibitors BLU0588 and
BLU2864 Inhibit PRKACA Signaling In Vitro and
Reduce FLC Tumor Growth In Vivo

A library of more than 10,000 chemically diverse kinase
inhibitors annotated against the human kinome was inter-
rogated to identify compounds with an inhibitory activity
against PRKACA. Iterative medicinal chemistry optimization
was performed from these initial compounds to improve
PRKACA potency, selectivity against related AGC-family ki-
nases, and pharmaceutical properties, leading to the gener-
ation of 2 structurally distinct inhibitors, BLU0588 and
BLU2864 (Figure 4A). Kinome-wide selectivity was assessed
by testing BLU0588 and BLU2864 at 3 mM concentration
across a panel of 400 human kinases using the KINOMEscan
methodology.29 This profiling revealed that BLU0588 and
BLU2864 have good to moderate selectivity against closely
related AGC kinase family members and excellent overall
kinome selectivity profiles, with [S(10)] selectivity scores29 of
0.047 and 0.057, respectively (Table A1). As follow-up, the
dissociation constant (Kd) was determined for all nonmutant
kinases that were bound by either BLU0588 or BLU2864
with > 90% occupancy at the 3-mM screening concentration.
Measurement of the Kd demonstrated that both molecules
had the most potent binding affinity to PRKACA, 4 nM, and
3.3 nM, respectively. BLU0588 and BLU2864 exhibited a Kd

value < 100 nM for only 9 or 10 of the nonmutant kinases
identified in the kinome screening assay (Table A2).

BLU0588 and BLU2864 inhibited PRKACA catalytic activity
with a half-maximal inhibitory concentration (IC50) of 1 nM
and 0.3 nM, respectively, compared to an IC50 of 83.1 nM (83-
fold) and 12.7 nM (42-fold) for the closely related AGC kinase
ROCK2 (Table A1). For BLU0588, AKT1, AKT2, and AKT3 (AGC
kinases that are also closely related to PRKACA), IC50 values
were 1540 nM, 3780 nM, and 397 nM, respectively; corre-
sponding values for BLU2864 were 2120 nM, 4910 nM, and
475 nM (Table A1). PRKACA cellular IC50 values were 25.0 nM
and 36.6 nM with BLU0588 and BLU2864, respectively, which
were determined from inhibition of VASP Ser157 phosphory-
lation in forskolin-stimulated Huh7 cells (Table A1; Figure 4B).
These results show BLU0588 and BLU2864 exhibited a strong
degree of selectivity for PRKACA.

BLU0588 treatment led to a dose-dependent reduction
in phosphorylated VASP in FLC PDX spheroid cultures,
indicative of inhibited PRKACA signaling in the disease
model (Figure 4B and Figure A2). Similar to the effect of
DNAJB1-PRKACA knockdown, proliferation was not sub-
stantially inhibited in by BLU0588 treatment in the FLC PDX
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Figure 2. Effect of DNAJB1-PRKACA knockdown on FLC PDX spheroid cultures in vitro. (A) Spheroid cultures were generated
from FLC PDX tumors (10� magnification shown). (B) Doxycycline treatment leads to DNAJB1-PRKACA and WT PRKACA
knockdown in 3 clones expressing doxycycline-inducible shRNA but does not affect DNAJB1-PRKACA levels in cells
expressing a nontargeting shRNA (3 independent biological experiments). (C) Doxycycline treatment does not affect prolif-
eration of PRKACA shRNA-expressing clones or of cells expressing a nontargeting shRNA. Graph bars and error bars
represent the mean � SD (7 technical replicates and 2 biological replicates). (D) Addition of forskolin (10 mM) increases pCREB
and pVASP in extracts from Huh7 HCC cells and has no effect on pCREB or pVASP in extracts from FLC PDX tumors (2
independent biological replicates conducted on different days).
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spheroid model (Figure 4C). Furthermore, in a second FLC-
PDX model using Tu-2010 human spheroid cultures char-
acterized by Oikawa et al,30 a dose-dependent reduction in
phosphorylated VASP was also observed following BLU9058
treatment, another selective PRKACA inhibitor structurally
similar to BLU0588 (Figure A3).

For in vivo studies, mice were given either BLU0588 at
30 mg/kg and 75 mg/kg once daily (QD) or BLU2864 at 30
mg/kg and 45 mg/kg QD and monitored for 24 hours.
Plasma concentrations peaked within 2–4 hours of QD
dosing (Figure 4D). For BLU0588-treated mice, phosphor-
ylated VASP was reduced to 19% and 4% of baseline
phosphorylation levels with 30 mg/kg QD and 75 mg/kg
QD, respectively, 4 hours after dosing; phosphorylated VASP
levels fully recovered by 24 hours postadministration of 30
mg/kg QD. BLU2684 at 30 mg/kg QD reduced phosphory-
lated VASP levels to 27% of baseline 2 hours after dosing,
which recovered by 24 hours postadministration of
BLU2864 30 mg/kg and 45 mg/kg QD. These data indicate a
single oral dose of BLU0588 and BLU2864 can inhibit
PRKACA in vivo (Figure 4D). In a 28-day rat tolerability
study dose levels up to 15 mg/kg/d were well tolerated
with no clinical signs noted. Animals in the top dose group
(30 mg/kg) however showed reduced activity after a few
days, followed by death after 6–7 days. The cause of death in
these animals was not identified. The highest tolerated dose
of BLU0588 and of BLU2864 for more than 3 weeks of
continuous dosing was established as 30 mg/kg QD in mice
(Figure 4E). When mice harboring FLC PDX tumors were
treated with BLU0588 or BLU2864 both given orally at 30
mg/kg QD, by day 34 tumor growth was inhibited by 48.5%
(P ¼ .003) and by 45.3% (P ¼ .0005), respectively
(Figure 4F). These data suggest FLC PDX tumor growth is
dependent on PRKACA catalytic activity.
BLU0588 and PRKACA shRNA Define a Gene
Signature of PRKACA Inhibition in FLC

To determine an FLC gene signature that depends on
PRKACA expression, we performed RNA sequencing of 3
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FLC PDX cell lines expressing PRKACA shRNA (shRNA #1,
#2, and #3) and the NT shRNA control. Less than approxi-
mately 1% of the total reads per sample aligned to the
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expression quantification using Salmon.31 The majority (81%–
97%) of PRKACA reads per sample was identified as the
DNAJB1-PRKACA fusion and were not PRKACAWT (Table A3),
further supporting that the DNAJB1-PRKACA fusion is over-
expressed and driving the FLC phenotype (Figure A1B). A
significant reduction in PRKACA transcript level (Wilcoxon
Signed-Rank test, P ¼ .022) was observed with shRNA
knockdown (Figure A4). We detected 572 protein-coding
genes that are differentially expressed in all 3 PRKACA
shRNA PDX cell lines vs the NT control line (242 negative fold
change, Table A4A; 330 positive fold change, Table A4B and
Figure A5). Of those, 90 genes are shared between our
experiment and FLC tissue vs normal adjacent tissue as
described in Simon et al14 (Figure A5 and Table A4A and B).

We detected 817 protein-coding genes that were
differentially expressed in BLU0588 vs dimethyl sulfoxide
(DMSO)–treated FLC PDX cells (323 negative fold changes
and 494 positive fold changes; Table A4A and B, respec-
tively). By matching the inverse log2 fold change across the
list of BLU0588-modulated genes and the list of FLC-related
genes previously reported by Simon et al,14 we identified a
significant overlap between these 2 gene sets (n ¼ 175;
Fisher’s exact test, P ¼ .0005; Table A5A and B). Impor-
tantly, the list of BLU0588-modulated genes and the list of
PRKACA shRNA-modulated genes showed a significant
overlap of differentially expressed genes, defining a signa-
ture of PRKACA inhibition (N ¼ 206; Fisher’s exact test P <

2.2 � 10�16), and suggests that the kinase activity of the
DNAJB1-PRKACA fusion protein drives FLC-specific gene
expression (Figure 5A; Figure A6A and B). Next, we
compared the list of genes affected by PRKACA inhibition
identified above to the FLC gene signature identified by
Simon et al14 to determine those that can be reversed by
PRKACA inhibition. By matching the inverse log2-fold
change across both gene lists, we identified a core set of 39
FLC genes that are modulated by both BLU0588 treatment
and shRNA knockdown and have an inverse modulation in
FLC (Figure 5B and Figure A6B, Table A6A and B). These
genes include FLC markers such as carbamoyl phosphate
synthetase 1 (CPS1), KRT86, and sonic hedgehog (SHH).

To identify FLC pathways that are modulated in our
signature of PRKACA inhibition and overlap with the Simon
=

Figure 3. Effect of DNAJB1-PRKACA knockdown on PDX tumor g
expressing doxycycline-inducible PRKACA shRNA was evident in
not. Dots and error bars represent the mean � SEM ([A] 6 animals
with comparable results; and [C] 6 animals in control group and 7 a
PDX tumors expressing doxycycline-inducible nontargeting shRN
those that were not. Dots and error bars represent the mean� SEM
results). (E) Expression of DNAJB1-PRKACA fusion protein, but not
days. Nontargeting shRNA had no effect on fusion protein or WT p
animals per condition). (F) Measurement of DNAJB1-PRKACA an
expressing clone #2 indicated DNAJB1-PRKACA expression reco
per condition for shRNA induction; 3 independent western blots o
cation shown) shows the reduction in Ki67-positive nuclei in FLC
recovery to baseline levels approximately 28 days after doxycyclin
stained for Ki67. (H) Ki67 percentage positive. Bar graphs and err
et al14 gene set, we searched the canonical pathway
collection available through the Molecular Signatures Data-
base.32,33 We observed enrichment of pathways associated
with liver and hepatocyte functions, including detoxification
(drug metabolism of cytochrome P450 and biological oxi-
dations), metabolism (retinol metabolism), and synthesis
(steroid hormonal biosynthesis) with PRKACA inhibition,
suggesting a reversal in FLC-affected pathways.

Although PRKACA is known to directly phosphorylate
and modulate transcription factors,34 we searched for
enrichment of transcription factor binding motifs from
genes modulated by BLU0588, PRKACA shRNA knockdown,
and the combined signature of PRKACA inhibition. Using the
Hypergeometric Optimization of Motif Enrichment33 motif
finding tool, we identified previously described and novel
transcription factor binding motifs (Figure A7A). Hepatocyte
nuclear factor 4 alpha (HNF4a) and JUN motifs are modu-
lated in FLC,35 HNF4a is critical for liver-specific gene
expression,36 and PKA directly phosphorylates and inhibits
HNF4a function.37 When using the Clarivate Metacore
analysis, we discovered that transcription factor estrogen-
related receptor alpha appears to be the central direct
target downstream of PRKACA, through which many other
affected genes and transcription factors are connected. This
interaction has previously been documented38 and
estrogen-related receptor alpha is known to be central in
hepatic metabolic dysfunction and diseases39 (Figure A7B).

To validate that PRKACA knockdown by shRNA or in-
hibition by BLU0588 treatment can reverse FLC-specific
gene alterations, 4 genes were selected that are transcrip-
tionally altered in FLC based on our RNA sequencing data: 2
upregulated genes, CPS1 and glucose-6-phosphatase cata-
lytic subunit (G6PC) and 2 downregulated genes, glycogen
phosphorylase, liver form (PYGL) and SHH.14 In 3 PRKACA
shRNA-expressing cell lines, quantitative polymerase chain
reaction assessment showed that upon doxycycline induc-
tion, CPS1 and G6PC expression decreased, while PYGL and
SHH increased in the 3 cell lines tested (Figure 6A).
Expression of G6PC and SHH was unaffected by doxycycline
in cells expressing nontargeting shRNA; however, expres-
sion of CPS1 was moderately decreased and PYGL was
moderately increased following doxycycline induction in
rowth in vivo. (A–C) Reduction in the growth rate of PDX tumors
mice treated with doxycycline compared with those that were
per group; [B] 8 animals per group and the study was run twice
nimals in doxycycline group). (D) No change in the growth rate of
A was evident in mice treated with doxycycline compared with
(6 animals per group and study was run twice with comparable
WT PRKACA, was reduced in vivo using shRNA #1 at 10 and 20
rotein expression (western blot of cell lysate n ¼ 1; lysate from 3
d WT PRKACA expression in extracts from FLC PDX tumors
vers by 28 days after doxycycline treatment of mice (3 animals
f tumor lysate). (G) Immunohistochemical staining (4� magnifi-
PDX tumors within 10 days following doxycycline induction and
e induction. Tumors from 3 mice per group were processed and
or represent mean � SEM (3 xenograft tumors per group).
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cells expressing nontargeting shRNA. Similarly, in cells
treated with BLU0588, expression of CPS1 and G6PC were
dose-dependently downregulated by BLU0588 treatment;
this effect was observed within 24 hours of treatment, likely
due to direct regulation. Expression of PYGL and SHH were
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dose-dependently upregulated by BLU0588 treatment, but
this effect was observed after 14 days, suggesting this
regulation is more indirect (Figure 6B; and Figure A8A and
B). The IC50 values of these effects were between 55 nM and
180 nM, further suggesting gene expression can be
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modulated by directly inhibiting PRKACA kinase activity
with BLU0588 (Figure A8).
Discussion/Conclusion
This study is the first to evaluate the therapeutic po-

tential for PRKACA inhibition in FLC. We characterized and
validated an FLC PDX mouse model27 and showed that
PRKACA signaling and FLC-specific gene expression are
dependent on DNAJB1-PRKACA fusion protein expression.
Importantly, we demonstrated with 2 different modes of
PRKACA inhibition that FLC PDX in vivo tumor growth was
dependent on DNAJB1-PRKACA expression, supporting the
notion that DNAJB1-PRKACA drives FLC tumor growth, and
validating PRKACA as a therapeutic target for FLC. The se-
lective PRKACA inhibitors developed in this study can also
be used to validate PRKACA as a target for other diseases
and to further study the molecular function of PRKACA.

We showed that DNAJB1-PRKACA fusion protein is
overexpressed relative to WT PRKACA in an FLC PDX mouse
model, consistent with reports of DNAJB1-PRKACA expres-
sion in FLC patient tumor samples.15,25 Moreover, down-
stream signaling of PRKACA was increased in FLC PDX
tumors relative to Hep3B xenograft tumors that lack the
DNAJB1-PRKACA fusion protein. Using this validated model
of FLC PDX tumors, we showed that decreasing DNAJB1-
PRKACA fusion protein levels both reduced downstream
activity of the PRKACA pathway and reversed an FLC-
specific gene signature. In PDX tumors, induction of
PRKACA knockdown with doxycycline significantly reduced
tumor growth and the timing of this decrease in growth rate
corresponded to the timing of DNAJB1-PRKACA knockdown
and recovery after doxycycline treatment. No anti-
proliferative effect was observed in vitro, potentially
because of the slower in vitro proliferation rate, or because
PRKACA might affect differentiation of more stem-like cells.

To our knowledge, BLU0588 and BLU2864 are the first
selective small molecule PRKACA enzyme inhibitors. Using
these structurally similar molecules, we demonstrate the
potential therapeutic value for FLC of inhibiting DNAJB1-
PRKACA. In FLC PDX spheroid cultures, BLU0588 recapit-
ulated the effects of DNAJB1-PRKACA knockdown.
BLU9058, an additional PRKACA inhibitor which is
=

Figure 4. Effect of BLU0588 and BLU2864 on FLC PDX cells in v
and BLU2864. (B) Treatment of FLC PDX cells with BLU0588 re
independently repeated 3 times. (C) BLU0588 did not affect FLC P
treatment. Squares/dots and error bars represent mean � SEM (1
concentration of BLU0588 and BLU2864 (right axis, dots) is show
mg/kg QD and 45 mg/kg QD (BLU2864) or 75 mg/kg QD (BLU058
(PKPD analysis was conducted once with 3 animals per group [BL
body weight over time after treatment with 30 mg/kg QD BLU05
(study was conducted once with 9 animals per group [BLU0588] a
PDX tumors was reduced in mice treated with 30 mg/kg QD BLU
Dots and error bars represent mean � (study was conducted onc
per group [BLU2864]).
structurally similar to BLU0588, also inhibited phosphory-
lated VASP in Tu-2010 FLC spheroids derived from a second
FLC PDX model. This suggests that the on-target pharma-
cology described for BLU0588 and BLU2864 applies in
general for DNAJB1-PRKACA–driven FLC tumors. In vivo,
treatment with BLU0588 and BLU2864 reduced tumor
growth by approximately one-half relative to treatment with
vehicle 34 days following the start of treatment. This finding
was consistent with 3 different shRNA cell line xenografts.
The pharmacokinetics of BLU0588 and BLU2864 show that
while 30 mg/kg QD did effectively inhibit downstream
signaling of PRKACA, phosphorylated VASP levels returned
to baseline levels by 24 hours. BLU0588 and BLU2864 are
adenosine-50-triphosphate (ATP)–competitive inhibitors
that inhibit WT PRKACA in addition to the DNAJB1-PRKACA
fusion protein. PRKACA is expressed in virtually all tissues
and plays a critical role in cardiac function, making a strategy
to selectively inhibit DNAJB1-PRKACA while sparing WT
PRKACA desirable. The alternative conformation of the ho-
loenzyme containing the DNAJB1-PRKACA fusion protein and
the PKA regulatory subunit may constitute a strategy for
selectively targeting the activity of the DNAJB1-PRKACA
fusion protein.40 In addition, primary and metastatic FLC
were shown to be sensitive to clinically available inhibitors of
topoisomerase 1 and histone deacetylases and to napabuca-
sin,41 suggesting these agents as potential therapeutic stra-
tegies for FLC. The authors observed a variable response to
PKA inhibitors, which may be due to the lack of sensitivity of
the in vitro culture system.41

Our findings have identified a gene signature dependent
on PRKACA expression, and as such our gene set may
contain potentially druggable targets for FLC. Some genes
may be directly regulated by PRKACA through phosphory-
lation of transcription factors, such as HNFa,27 whereas
other genes may be regulated in a more indirect manner.
PRKACA regulation of these genes may potentially impact
numerous cellular pathways which promote transformation
and development of FLC. We observed only a partial overlap
in gene expression changes between our findings and the
analysis by Simon et al,14 likely due to using a single in vitro
cultured PDX cell line for most assays, whereas the analysis
by Simon et al was executed in a larger set of primary tu-
mors and compared to adjacent normal tissue.
itro and on FLC PDX growth in vitro. (A) Structure of BLU0588
duced pVASP in a dose-dependent manner. Experiment was
DX cell proliferation after 14 days compared with staurosporine
biological replicate and 6 technical replicates). (D) The plasma

n with the level of pVASP (left axis, bars) after treatment with 30
8) orally. Graph bars/dots and error bars represent mean� SEM
U0588] and twice with 3 animals per group [BLU864]). (E) Mouse
88 and BLU2864. Dots and error bars represent mean � SEM
nd once with 8 animals per group [BLU2864]). (F) Growth of FLC
0588 and BLU2864 compared with those treated with vehicle.
e with 9 animals per group [BLU0588] and once with 8 animals
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Although PRKACA is not a classical oncogene, constitutive
activity of PRKACA and PKA signaling is known to play a
pathogenic role in human disease and cancer. Activating mu-
tations in PRKACA have been found to underly Cushing’s
syndrome in patients with adrenal tumors42–47 and
constitutively active PKA signaling has also been shown to
drive Carney Complex syndrome.48,49 In addition, PRKACA has
been shown to mediate chemotherapy resistance.50 Recent
data suggest DNAJB1-PRKACA fusions are not unique to FLC
and may also occur in pancreatobiliary neoplasms.51
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In conclusion, this study supports the hypothesis that
FLC tumor growth is dependent upon DNAJB1-PRKACA fu-
sions and serves as an in vivo proof-of-concept that tar-
geting hyperactive PRKACA signaling is a viable therapeutic
strategy for patients with FLC. The development of selective
PRKACA inhibitors also enables the validation of PRKACA as
a therapeutic target for other diseases and for the study of
the cellular function of PRKACA.

Materials and Methods
Generation of Inducible shRNA Cell Lines

FLC PDX tumors (Crown Biosciences) were dissociated with
2.5 mg/mL collagenase B (Sigma-Aldrich, #11088807001) in
Roswell Park Memorial Institute 1640 medium (Thermo Fisher
Scientific, #12633012). Mouse cells were depleted using a
Mouse Cell Depletion Kit as per the manufacturer’s protocol
(Miltenyi Biotech, #130-104-694). Dissociated FLC PDX cells
were cultured as spheroids in Dulbecco’s Modified Eagle Me-
dium (DMEM)/Nutrient Mixture F-12 (Thermo Fisher Scientific,
#11330032) containing 20 ng/mL epidermal growth factor
(StemCell Technologies, #02633), 10 ng/mL fibroblast growth
factor (R&D Systems #233-FB-025), 2% B27 (Thermo Fisher
Scientific, #12587010), and 1% N2 (Thermo Fisher Scientific,
#17502048) on low-attachment plates. Cells were plated at
100,000 cells/well of 6 well plates (Corning) in culture medium
and transduced with 106 viral particles containing PRKACA-
targeting or NT shRNA (Horizon Discovery, SMARTvector
Inducible Human PRKACA shRNA and SMARTvector Inducible
Nontargeting Control; PRKACA shRNA V3SH7670–V3IHSHEG-
8406259 [#1], V3ISHEG-6603667 [#2], V3ISHEG-5476684
[#3], V3IHSHEG_8059495 [#4], and NT snRNA VSC6586) in
culture medium containing 8 mg/mL polybrene. Clones
expressing shRNA constructs were selected for and maintained
in 2 mg/mL puromycin.

Western Blot Analysis
Frozen tumor sections of FLC PDX tumor tissue were ho-

mogenized in PhosphoSafe Extraction Reagent with added Halt
protease inhibitor cocktail. Analysis of FLC PDX spheroids
expressing inducible PRKACA shRNA, spheroids were treated
with 0.5 mg/ml doxycycline or DMSO vehicle for 10 days, or
with BLU0588, BLU2864, or DMSO vehicle for 4 hours. Cells
were lysed in PhosphoSafe Extraction Reagent (EMD Millipore,
#71296) with added Halt protease inhibitor cocktail (Thermo
Fisher Scientific, #78430). Protein concentration was quanti-
fied using the Pierce BCA Protein Assay (Thermo Fisher Sci-
entific, #23227). Proteins were resolved using SDS-PAGE on
20% gradient gels (BioRad, #5671095) and electrotransferred
onto nitrocellulose microporous membranes (BioRad,
#1704159). Immunodetection was performed using a standard
procedure and the following primary antibodies (all from Cell
Signaling Technology): PRKACA #4782, pVASP #3114, and
pCREB (#9198, ROCK #4563, and b-actin loading control
#3700). Goat antirabbit secondary antibodies were purchased
from Invitrogen (#A-21057) and Licor Biosciences
(#926–32211) and chemiluminescent signals were detected
using the LI-COR Biosciences Odyssey Imaging System.

As an additional model, BLU9058, a compound structurally
similar to BLU0588, was tested in FLC spheroids (PhoenixSongs
Biologicals, Donor Lot Tu-2010) previously characterized
elsewhere.30 Spheroids were cultured in Kubota’s FL-HCC
Spheroid Growth Medium (PhoenixSongs Biologicals, Bran-
ford, CT, #35002-101) in low attachment flasks. For treatment
with BLU9058, FLC spheroids were dissociated with Papain
Dissociation System (Worthington Biochemical Corp., Lake-
wood, New Jersey, #LK003150) following the manufacturer’s
instructions. Cells were treated with BLU9058 for 4 hours and
immunodetection of pVASP and b-actin loading control was
performed as described previously.

Quantitative Polymerase Chain Reaction
Lysates were prepared as described for western blotting.

Total RNA was extracted using an RNeasy Plus Mini Kit
(Qiagen, #74136) reagent/kit and reverse transcribed to
complementary DNA (cDNA) using a High Capacity cDNA
Reverse Transcription Kit (ThermoFisher Scientific,
#4368813). The expression of PYGL (assay ID,
Hs00958087_m1), SHH (assay ID, Hs01123832_m1), CPS1
(assay ID, Hs00919483_m1), and G6PC (assay ID,
Hs02560787_s1) was detected using TaqMan (FAM) Gene
Expression Assays (ThermoFisher Scientific, #4331182) and
the TaqMan Gene Expression Master Mix (ThermoFisher Sci-
entific, #4369016), using the ViiA 7 Real-Time PCR System
(ThermoFisher Scientific, #4453536). The relative quantifi-
cation of gene expression was calculated using the 2-DDCt

method and gene expression levels were normalized to a
housekeeping control (assay ID, Hs00609296_g1) using ViiA 7
software.

Transcriptome Sequencing
To evaluate whether FLC gene expression signature de-

pends on pathway activation by DNAJB1-PRKACA expression,
we assessed gene expression by transcriptome sequencing
(RNA sequencing) in the engineered shRNA cell lines. With
DESeq252 we assessed differential gene expression in
PRKACA shRNA cell lines before and after doxycycline in-
duction. Using a false discovery rate threshold of 0.01 and
absolute log2 fold change of 1, we detected differentially
expressed genes associated with each shPRKACA. A
consensus of the differentially expressed genes was defined
by overlapping (matching by the log2-fold change direction)
significant DESeq2 results for the 3 PRKACA shRNA con-
structs used.

Cell Proliferation Analyses
Dissociated FLC PDX cells were cultured as spheroids,

transduced, and selected for expression of shRNA constructs as
described above. Cells were plated in 96-well collagen-coated
plates. PRKACA shRNA–expressing clones and cells expressing
an NT shRNA were treated with 0.5 mg/mL doxycycline (for
induction of shRNA) or DMSO vehicle and allowed to grow for
21 days. Proliferation was measured using a CellTiter-Glo
Luminescent Cell Viability Assay (Promega, #G7570) as per
the manufacturer’s instructions.

For determination of the effect of BLU0588 on cell prolif-
eration in vitro, FLC PDX spheroids were cultured as above and
were treated with BLU0588 at a range of concentrations,
staurosporine, or DMSO vehicle. Proliferation was measured
after 14 days as described previously.
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Characterization of FLC PDX Tumors In Vivo
The PDX mouse model of FLC, LI513227 (Crown Bioscience)

was used, and a control CDX model generated in-house using a
Hep3B HCC cell line as a control (Cat #HB-8064, American Type
Culture Collection). An FLC PDX model was developed using
inducible knockdown shRNA cell lines, which were generated
as previously described.

To humanely co-house animals, experiments were only
performed in 6-week-old to 8-week-old female NOD-SCID mice
(Jackson Laboratory, Bar Harbor, Maine). No differences in
pharmacodynamics were anticipated between male and female
mice. FLC PDX shRNA cell lines or Hep3B cells were implanted
(500,000 cells) subcutaneously into the rear flank. Tumors
were allowed to grow to an average size of 150–250 mm3. For
shRNA knockdown experiments, mice were randomized into
doxycycline treatment or control groups using the multitask
method in StudyLog software (South San Francisco, California).
ShRNA expression was induced using 2 mg/mL doxycycline
and 5% sucrose added to drinking water; control mice received
5% sucrose in drinking water. Tumors were measured with
calipers and mice were weighed twice weekly. Tumor volume
was calculated using the formula volume ¼ (length � width2)/2.

For immunohistochemical staining in formalin-fixed,
paraffin-embedded FLC PDX tumors, staining was conducted
on a Leica Bond RXm (Leica Biosystems) using standard
chromogenic methods. For heat-induced epitope retrieval,
slides were heated in either a pH6 citrate-based buffer for 20
minutes at 96 �C (glypican 3, cytokeratin 7, Ki67) or a pH9
ethylenediaminetetraacetic acid–based buffer for 20 minutes at
96 �C (CD68), followed by a 15-minute antibody incubation.
Antibody binding for Ki67 (Abcam, #ab16667), CD68 (Abcam,
#ab955), cytokeratin 7 (Abcam, #ab181598), and glypican 3
(Cell Marque, #261M) was detected using BOND Polymer
Refine Detection (Leica Biosystems, #DS9800), including a he-
matoxylin counterstain to visualize nuclei.

Characterization of BLU0588 and BLU2864
BLU0588 and BLU2864 were developed from screening hits

identified from a proprietary library of compounds. PRKACA
inhibiting activity was screened using the EZ Reader 2 elec-
trophoretic mobility shift platform (PerkinElmer). PRKACA
enzyme (0.007 ng/mL; Millipore, #539482) or ROCK2 enzyme
(0.006 ng/mL; SignalChem, #R11-11H-10) was added to each
well of a 384-well plate containing 1-mM Kemptide peptide
substrate (5-FAM-LRRASLG; AnaSpec 2933), Km concentra-
tions of ATP (5 mM ATP), and a concentration series of test
compounds (1% final DMSO) in (100 mM HEPES buffer pH 7.5,
0.015% Brij-35, 10 mM MgCl2, 1 mM DTT) and incubated for 90
minutes at 25 �C. The reaction was stopped with addition of
Stop buffer (100 mM HEPES pH 7.5, 0.015% Brij-35, 35 mM
ethylenediaminetetraacetic acid, and 0.2% Coating Reagent 3
[PerkinElmer]). Results were read with the EZ Reader 2 and the
IC50 was calculated using a 4-parameter fit. For the AKT1-3
Nanosyn enzyme assay, test compounds were diluted in
100% DMSO using 3-fold dilution steps. The final compound
concentration in the assay ranged from 10 mM to 0.056 nM and
compounds were tested in a single well for each dilution, with
the final concentration of DMSO in all assays kept at 1%. The
reference compound, staurosporine, was tested in an identical
manner.
Phosphorylation of VASP on Serine 157 was used as
readout of PRKACA cellular activity. Phosphorylation was
detected with a homogeneous time-resolved fluorescence
assay, following the manufacturer’s protocol (Cisbio,
#63ADK066PEH). PKA was activated by the addition of for-
skolin (Sigma-Aldrich, #F3917) and the dose response to
PRKACA inhibitors was measured in forskolin-stimulated hu-
man Huh7 cells as follows. Briefly, Huh7 cells were plated at a
density of 2 � 104 cells per well in a 384-well optiwell cell
culture plate in 15 ml of serum-free and phenol-free DMEM
(Gibco, #21063-029) and incubated overnight at 37 �C, 5% CO2.
The next day, 3 mL of a dosed concentration series of test
compound (0.24% DMSO final concentration) was added to the
wells and the cells were incubated for an additional 4 hours at
37 �C, 5% CO2. Two mL of forskolin was added at a final con-
centration of 5 mM and the plates were incubated for 30 mi-
nutes at 37 �C, 5% CO2. Five mL of lysis buffer containing 1%
Halt protease cocktail inhibitors (ThermoFisher, #78430) was
added to the cells and the mixture was incubated under gentle
shaking for 30 minutes at room temperature. Ten mL of this
lysate was transferred to a 384-well proxi plate and 2.5 mL of
the premixed antibody solution was added. An antibody solu-
tion was prepared by combining phospho-VASP cryptate anti-
body and phospho-VASP d2 antibody, at 20-fold dilution into a
buffer solution following the manufacturer’s protocol. The
lysate and antibody mixture was incubated for either 3 hours at
room temperature or overnight at 4 �C. The fluorescence
emission at 2 different wavelengths (665 nm and 620 nm) was
read on an EnVision instrument.

For in vivo studies of BLU0588 or BLU2864, FLC PDX
tumor cells were implanted subcutaneously into the rear
flank of 6-week-old to 8-week-old female NOD-SCID mice
(Jackson Laboratory, Bar Harbor, Maine) and allowed to
grow to 150 mm3 for efficacy studies or 500 mm3 for phar-
macokinetic/pharmacodynamic studies. Mice were random-
ized into control or treatment groups using the multitask
method in Study Log software. BLU0588 was dissolved in
20% Solutol in 0.5% methylcellulose and BLU2864 was
dissolved in 10% DMSO, 10% Solutol HS15, 20%
hydroxypropyl-cyclodextrin, and administered orally, once
daily. Tumor size and mouse body weight were determined
as above. For pharmacokinetic/pharmacodynamic studies,
plasma and tumors were collected at prespecified time
points, and BLU0588 and BLU2864 were detected using
Liquid Chromatography Triple Quadrupole Mass Spectrom-
etry. Phospho-VASP was measured using western blotting as
described previously.
Supplementary Materials
Material associated with this article can be found in the

online version at https://doi.org/10.1016/j.gastha.2022.11.
004.
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