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ABSTRA

Fibrolamellar hepatocellular carcinoma (FLC) is a rare liver
cancer that is driven by the fusion of DNAJBI and PRKACA, the
catalytic subunit of protein kinase A (PKA). PKA activity is
controlled through regulatory proteins that both inhibit catalytic
activity and control localization, and an excess of regulatory
subunits ensures PRKACA activity is inhibited. Here, we found
an increase in the ratio of catalytic to regulatory units in FLC
patient tumors driven by DNAJB1::PRKACA using mass spec-
trometry, biochemistry, and immunofluorescence, with increased
nuclear localization of the kinase. Overexpression of DNAJB1:
PRKACA, ATP1B1:PRKACA, or PRKACA, but not catalytically
inactive kinase, caused similar transcriptomic changes in primary
human hepatocytes, recapitulating the changes observed in FLC.

Introduction

Many cancers are driven by kinases that are mutated, overex-
pressed, or expressed as fusion proteins. For most of these, the
pathways of pathogenesis are unknown or conjectural. Fibrola-
mellar hepatocellular carcinoma (FLC), a primary cancer of the
liver, is driven by an oncokinase in the hepatocytes that is the
fusion of the first exon of DNAJBI, a heat shock protein, to
PRKACA, a catalytic subunit of protein kinase A (PKA; ref. 1).
DNAJB1:PRKACA is the oncogenic driver, and the expression of
catalytically active DNAJB1::PRKACA initiates FLC tumors in
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Consistently, tumors in patients missing a regulatory subunit or
harboring an ATP1B1::PRKACA fusion were indistinguishable
from FLC based on the histopathological, transcriptomic, and
drug-response profiles. Together, these findings indicate that the
DNAJBI domain of DNAJB1:PRKACA is not required for FLC.
Instead, changes in PKA activity and localization determine the
FLC phenotype.

Significance: Alterations leading to unconstrained protein ki-
nase A signaling, regardless of the presence or absence of
PRKACA fusions, drive the phenotypes of fibrolamellar hepato-
cellular carcinoma, reshaping understanding of the pathogenesis
of this rare liver cancer.

mice (2, 3), with tumors dying upon the elimination of DNAJB1::
PRKACA (4, 5). FLC affects adolescents and young adults (6-8),
and as a result, patients have a low mutational burden of 1.85 to
2.8 mutations/Mb (9, 10), with the deletion that creates DNAJB1::
PRKACA as the only recurrent mutation. These findings make
FLC a powerful system for studying the role of dysregulation of
kinase activity in tumorigenesis.

It is unresolved whether transformation is the result of increased
kinase expression or is instead the result of a structurally altered
PKA catalytic subunit with novel properties. The activity of PKA is
regulated by the formation of a holoenzyme consisting of two cat-
alytic subunits, C, and two regulatory subunits, R (11, 12). There are
four known isoforms of the R subunits, Rla, RIla, RIB, and RIIP,
with Rla and RIla being the most abundant in the mammalian liver
(13). The amino-terminus of R occludes the substrate binding site of
C, thereby inhibiting its activity—inhibition that is relieved by
cAMP-mediated dissociation of R from C (14, 15). In normal tis-
sues, catalytic activity is inhibited in the basal state because there is
an excess of R over C subunits (13, 16). Each R interacts with
different A kinase-associated proteins, which serve to localize the
holoenzyme (17). Free C that enters the nucleus is then bound by
protein kinase inhibitor peptide (PKI), with sub-nanomolar affinity
for the same substrate binding site as the regulatory subunits (18).
The PKI-catalytic subunit complex is exported back to the cytosol,
where C re-engages R (19-21).

In FLC, DNAJB1::PRKACA is expressed from one copy of
chromosome 19 and native PRKACA from the other copy. As
measured by Western blots, the expression of DNAJBI::
PRKACA is usually greater than that of PRKACA (1, 22), con-
sistent with the reads in the transcriptome (23). Additionally,
there are decreased reads for the R subunit RIIp transcript (23),
and an increase of RNA and protein of Rla has been reported
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(22). It is unknown whether there is a net change in the ratio of
expression level of the R to C subunits in FLC. Tumors with
histological features that are the same as those of FLC are seen
with alternative forms of dysregulation of PKA signaling, and
among these are the loss of a regulatory component of the ho-
loenzyme (24), fusions of the first exon of ATP1B1 to the PKA
catalytic subunits PRKACA or PRKACB (25), and deletions of
BAP1, with duplication of PRKACA (26).

Here, we analyze the dysregulation of PKA in FLC, using mass
spectrometry, biochemistry, quantitative immunofluorescence,
spatial transcriptional analysis and drug-response profiles. We
determine the levels and subcellular distribution of C and R of
PKA in FLC tumor and in adjacent nontransformed tissue. We
find an increase in the ratio of C to R, with some of the RI
sequestered into cytoplasmic condensates, most of which are
devoid of C. This leads both to an increase of basal uncon-
strained catalytic activity and increased localization of catalytic
subunit to the nucleus. In primary human hepatocytes, aug-
menting expression of active catalytic subunit with PRKACA,
DNAJBI1::PRKACA, or ATP1B1::PRKACA all produced the same
redistribution of C, as assessed by microscopy, and tran-
scriptomic changes as determined by bulk and single-cell spatial
transcriptional analysis, as observed in patient FLC tumor tissue.
We conclude that unconstrained kinase and its re-localization,
regardless of the presence or absence of a structural adduct to
PRKACA, drives the transformation phenotype of FLC.

Materials and Methods

Patient tissue processing

Under supervision of our Institutional Review Board approval
(Rockefeller IRB #SSI 0797, SSI 0798) written informed consent was
obtained from patients scheduled for tumor resection, and studies
were conducted in accordance with recognized ethical guidelines
(e.g., the Declaration of Helsinki, Council for International Orga-
nizations of Medical Sciences, Belmont Report, U.S. Common Rule).
Since this is a rare disease, we accepted samples from all patients,
without regard to age or sex. For each patient, the diagnosis of FLC
was confirmed both by the demonstration of the DNAJBI1::PRKACA
fusion transcript by using RT-PCR and DNAJB1:PRKACA fusion
protein by using Western blot (1). Tissue preparation protocols for
the study were modified from Mertin and colleagues (27). Liver
samples for proteome analysis were placed on dry ice immediately
after the resection and stored at —80°C. For tissue lysis, small pieces
(2-5 mm in diameter) were cut from the specimen and placed in
microfuge tubes. The tube was placed in a liquid-nitrogen-cooled
mini mortar and pestle set that accommodates microfuge tubes
(Bel-Art; catalog # H37260-0100). The tissue was pulverized over
liquid nitrogen. Ice-cold lysis buffer [8 mol/L urea, 75 mmol/L
NaCl, 50 mmol/L Tris (pH 8.0), 1 mmol/L EDTA] supplemented
with cOmplete EDTA-free protease inhibitor (Roche), and Phos-
STOP phosphatase inhibitor (Roche) tablets were added to the
pulverized tissue. The tube was then vortexed at maximum speed
for 15 seconds, incubated on ice for 15 minutes, and then vortexed
again at maximum speed for 15 seconds. The sample was then spun
at 30,000 x relative centrifugal field (RCF) for 30 minutes. To avoid
contamination by lipids, the microfuge tube was punctured near the
bottom (above the pellet) and the supernatant decanted into another
microfuge tube until the lipid layer reached the level of the punc-
ture. All spins were performed at 4°C. The lysate was assayed for
protein concentration using the BCA protein assay (Pierce).
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Protein digestion

Proteins were precipitated using a chloroform/water/methanol
method (28) to remove contaminant lipids. Pellets were dissolved in
8 mol/L urea (GE Healthcare), 50 mmol/L ammonium bicarbonate
(AMBIC, Fluka Chemicals), and 10 mmol/L dithiothreitol (EMD
Chemicals) in water. After dissolution in 8 mol/L urea, the samples
were vigorously shaken at room temperature for 1 hour to reduce
disulfide bonds. Iodoaceamide (Sigma) was added to 20 mmol/L
and alkylation proceeded for 1 hour at room temperature in the
dark. The samples were diluted with 50 mmol/L AMBIC and
digested with lysyl endopeptidase (Wako) overnight at room tem-
perature. The concentration of urea was adjusted to 1.5 mol/L using
50 mmol/L AMBIC, and the samples were further digested for
6 hours at room temperature, using Sequencing Grade Modified
Trypsin (Promega). Digestion was stopped by acidification using
either formic acid (Fluka) or trifluoroacetic acid (Thermo Fisher
Scientific), and peptides were purified using high-capacity 30 mg
Oasis HLB Cartridges (Waters), according to the manufacturer’s
specifications. The peptides were then tagged with tandem mass tags
from the TMTpro 16plex Label Reagent Set (Thermo Fisher Sci-
entific) following the manufacturer’s instructions.

LC-MS/MS-SPS-MS analysis

Peptides were fractionated using a Dionex 3000 UltiMate loading
pump equipped with a 2.1 x 150 mm, 3.5-pum Xbridge C18 column
(Waters). Solvent A consisted of 10 mmol/L ammonium hydroxide
(Sigma-Aldrich) in water at pH 10, and solvent B consisted of 10
mmol/L ammonium hydroxide, 90% acetonitrile in water at pH 10.
Peptides were separated across a 60-minute gradient, and 96 frac-
tions were collected and pooled for a total of 24 fractions. The
fractions were analyzed using a Fusion Lumos mass spectrometer
with synchronous precursor population (SPS)-MS3 acquisition.
Data were analyzed using Proteome Discoverer v.2.3. Spectra were
queried against the human proteome with a 1% false discovery rate.
An 80% SPS match was required for a result to be recorded.

Shotgun proteomics

In a previous study of this tumor, we performed Shotgun pro-
teomics (34). The raw data from this study was used here both to
quantify the relative levels of the catalytic and regulatory subunits
(Supplementary Table S1) and to help select peptides for absolute
quantification (AQUA). The mass spectrometry proteomics data have
been deposited to the ProteomeXchange Consortium via the PRIDE
(1) partner repository with the dataset identifier PXD046905.

Absolute quantification

The chosen peptides were synthesized (Thermo Fisher Scientific)
with lysine at the carboxyl terminus labeled with a stable isotope
("N and "C) and quantified by amino acid analysis to provide
accurate quantitation of the synthesized peptides. The mass differ-
ence between the heavy lysine peptide and the endogenous cleaved
peptide was 8 Da. Proteins were precipitated with ice-cold acetone.
Pellets were dissolved in 8 mol/L urea, 50 mmol/L triethylamonium
bicarbonate, and 10 mmol/L DTT. Reduction and alkylation with
iodoacetamide were carried out at room temperature for 1 hour for
each process. Alkylation was carried out in the dark. Proteins were
digested with Lys-C and spiked with isotopically labeled AQUA
peptides to a concentration of 11 fmol peptide/microgram of lysate.
Samples were purified by reverse-phase microcolumns and analyzed
by LC-MS/MS using a Q-Exactive HF mass spectrometer operating
in positive ion PRM mode (the PRM method designed from
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Figure 1.

Quantification of PKA subunits in FLC tumor and adjacent nontransformed tissues for three patients. A, AQUA of peptides resulting from the PKA catalytic and
regulatory subunits. p1 and p2 refer to two different peptides for the same protein (see Materials and Methods). B, Comparing sum of catalytic subunits (PRKACA,
DNAJBI:PRKACA, PRKACB, and PRKACG; gray) to sum of regulatory subunits (Rla, RIB, Rlla, and RIIB; black), as derived from the data presented in A (right log scale is
the ratio of C:R). C, Mean of three patients with SD. Multiple unpaired t test analysis on the ratio of catalytic subunits to regulatory subunits measured using AQUA
peptides in normal and tumor tissues. In A and B, the red bars are from tumor tissue and blue are from adjacent nontransformed tissue. **, P < 0.005.

injections of AQUA peptide without background). Peak area
quantitation was performed using the Skyline software platform.

The peptides that were used to quantify the proteins are REIF-
DRYGEEVK (DNAJBI:PRKACA junction), GNAAAAK (PRKACA),
ATEQYYAMK (PRKACB), GIVSLSDILQALVLTGGEK (PRKACG),
HNIQALLK and VSILESLDK (Rla), VSILESLEK (RIB), RNISH-
YEEQLVK and SLEVSERMK (RIIa), and TDDQRNRLQEACK (RIIp).
For Rla and Rlla, in which more than one peptide was used, the
average of two peptides was used for calculating the sum of subunits.

Data were analyzed using Proteome Discoverer v. 2.5. Spectra were
queried against the human proteome concatenated with the chimeric
fusion protein along with common contaminants. Peptides used for
quantitation were selected based on having no missed cleavages, oxi-
dized residues, or missing values throughout the dataset.

Protein kinase A activity assay

PKA activity was measured using a calorimetric PKA kinase ac-
tivity assay (Invitrogen, catalog #EIAPKA) based upon a solid-phase
ELISA method using an antibody against phosphorylated Kemptide.
The measurements were performed at dilution series of tissue
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extract lysed in Tris pH 7.4 with no detergent. The catalytic activity
was measured as the initial slope of absorbances at different dilu-
tions, and the slope for the standard in various dilutions was used to
determine units of activity. Total activity is reported as PKA activity
after stimulation with 20 pmol/L cAMP, while free PKA activity
represents basal activity in the absence of cAMP stimulation. PKI5 54
at a concentration of 5 pmol/L was used to assure all calculated
activity was specific to PKA. All activity measurements were nor-
malized for the concentration of protein extracted.

cAMP assay

The level of cAMP was measured using a calorimetric cAMP
assay kit ab290713 (Abcam, Cambridge, UK) based on a competitive
ELISA method. Measurements were performed following the kit’s
manual on cryo-ground issue.

Separation of regulatory and catalytic subunits on DEAE-
Sepharose columns

Flash frozen tissues were cryoground and lysed in room tem-
perature lysis buffer (25 mmol/L Tris pH 7.4 and 5 mmol/L
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B-mercaptoethanol) supplemented with cOmplete EDTA-free pro-
tease inhibitor (Roche), and PhosSTOP phosphatase inhibitor
(Roche). The samples were then spun at 20,000 x RCF for
10 minutes at 4°C, and the supernatant was collected without dis-
turbing the lipid solution layer. The clarified cell extract was assayed
for protein concentration using BCA. One milligram to 2 mg of
total protein was mixed with 400 uL of a 1:1 DEAE-Sepharose slurry
(GE Healthcare Life Sciences) in lysis buffer incubated with con-
tinuous rotation at 4°C for 2 hours. Subsequently, the lysate and
DEAE-Sepharose mix were packed into mini spin columns. The
flow-through was collected by centrifuging at 7,600 x RCF for
1 minute. After three washes with the lysis buffer, the catalytic
subunit was eluted with increasing concentrations of cAMP
(2 pmol/L, 20 pmol/L, and 200 umol/L) in the lysis buffer. A final
elution was performed using 1 mol/L NaCl. The PKA catalytic
subunits were visualized and quantified by Western blot probing
with an anti-PRKACA (D38C6) rabbit monoclonal antibody (Cell
Signaling Technology) at 1:3,000 dilution and a goat anti-rabbit IgG
A0545 (Sigma) antibody at 1:25,000 dilution.

Use of GST-PKIA to measure free catalytic subunit

Cleared lysate obtained from BL21 bacterial cells overexpressing
GST-PKIA was incubated with Cytiva Glutathione Sepharose beads
and purified as described above. Cleared supernatant from cryo-
ground tumor and adjacent normal tissue, lysed in tris buffer
(containing NP-40, 100 pmol/L ATP, and 1 mmol/L MgCl,, sup-
plemented with protease and phosphatase inhibitors), was divided
into halves. cAMP, 15 umol/L, was added to one half of the treated
supernatant and incubated with GST-PKIA-Gluseph beads for
30 minutes with rotation at 4°C. Flow-through was collected by
centrifuging at 500 x RCF at 4°C for 5 minutes. The beads were
washed four times with 50 mmol/L Tris pH 7.4, 100 umol/L ATP,
and 1 mmol/L MgCl,. Unbound PKA catalytic subunits were eluted
by heating the samples in 1.1 x lithium dodecyl sulfate sample
buffer at 75°C for 10 minutes. The catalytic subunits were visualized
and quantified using Western blot as described above.

Immunofluorescence and proximity ligation assay
Staining

Frozen, optimal cutting temperature—embedded tissue was
sectioned at —20°C to a thickness of 14 pm and mounted onto
glass microscope slides (Fisherbrand Superfrost Plus). The
mounted tissue was then fixed with 4% (wt/vol) paraformaldehyde
in PBS for 15 minutes at room temperature. After washing with
PBS three times each for 5 minutes, the tissue was permeabilized
and blocked for 1 hour in blocking buffer: 0.1% (vol/vol) Triton X-
100, 2.5% normal donkey serum, 2.5% normal goat serum, and 1%
BSA (all from Sigma). Primary antibodies were then added in
blocking buffer and incubated overnight at 4°C in a humid
chamber. The tissue was then washed three times each for 5 min-
utes in PBS and then incubated with a secondary antibody diluted
in blocking buffer for 1 hour at room temperature. The secondary
antibody was washed three times each for 5 minutes. For the
proximity ligation assay (PLA), Duolink In Situ Orange Kit
(Sigma, DUO92007) was used in accordance with the manufac-
turer’s instructions. Phalloidin Atto 488 (Sigma, 49409) was used
to define the cell boundaries when needed. After staining the
nuclei with either Hoechst (Thermo Fisher Scientific, H3569) or
DAPI (Sigma, DUO82040), the tissue was mounted with ProLong
Gold Antifade Mountant (Invitrogen).
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Antibodies used in this study are monoclonal rabbit anti-PKA
catalytic subunit as raised against the sequence surrounding Ser326
mapped to the C-terminus (PKA C-a, 1:200; #5842, Cell Signaling
Technology), monoclonal mouse anti PKA regulatory subunit II a
raised against amino acids 21 to 100 mapped near the N-terminus of
RII a [PKA IIa reg (H-12), 1:200, sc-137220; Santa Cruz Biotechnol-
ogy], monoclonal mouse anti-PKA regulatory subunit RI raised against
amino acids 225 to 381 (PKA RI, 1:200, 610165, BD Biosciences), Goat
anti-Rabbit IgG (H&L) secondary antibody, Alexa Fluor 568 (1:1,000,
Invitrogen), Goat anti-Mouse IgG (H&L) highly cross-adsorbed sec-
ondary antibody, Alexa Fluor 488 (1:1,000, Invitrogen).

Image quantification

DAPI and immunostained (catalytic and regulatory subunits) tissue
samples were imaged via confocal microscopy (Olympus FluoView
FV3000, UPLXAPO 60x oil immersion objective, numerical aperture:
1.42). From DAPI images, z-stack planes containing full-size nuclei
were identified, and the regions of interest (ROI) were drawn around
cell peripheries and the nuclei. Between 50 and 250 ROIs were iden-
tified in each patient’s normal and tumor tissue samples. The average
fluorescence intensity in each ROI was quantified in cellSens (Olympus
Life Science), by using pixel offset subtraction by measuring the average
pixel intensity in a dark region away from the tissue samples. For each
patient sample, the average fluorescence intensity of each ROI was
normalized by the ROI in the tumor sample with the maximum average
fluorescence. The tumor and normal samples for each patient were
stained and imaged on the same slide, with the same microscope illu-
mination and collection parameters.

Scatter plots comparing pixel-by-pixel catalytic and regulatory
subunit fluorescence intensity were generated in cellSens. A
threshold intensity of 600 was used to segment the scatter plot into
four different regions, with the upper right region representing
individual pixels with both catalytic and regulatory subunit fluo-
rescence above 600, the upper left with only catalytic subunit
fluorescence greater than 600, and the lower right with only regu-
latory subunit fluorescence greater than 600. Masked images were
generated from the pixels that satisfied the 600-threshold in each of
these three regions. The total fluorescence in each threshold region
was determined for both the catalytic and regulatory subunits by
summing the intensity of all the pixels in the region. During this
summation, the detector offset for each pixel was first removed. The
percentage of fluorescence in each region for either catalytic or
regulatory subunit was then determined by dividing the total fluo-
rescence for each region by the total fluorescence of all four regions.

Proximity of C and R was quantified from the PLA images by first
identifying spots with the segmentation function in cellSens. An auto-
matic threshold with the object size of two or more pixels was used for
segmentation. The total area of the identified PLA spots was then nor-
malized to the total area of the cells in which the spots were identified.

MERFISH

The design of the gene panel, tissue preparation, and imaging were
done according to manufacturer’ instructions (29). Frozen, optimal
cutting temperature—embedded tissue was sectioned using a cryostat set
to 10 pm thickness and mounted onto a functionalized 20-mm cov-
erslip (MERSCOPE Slide Box, Vizgen, 10500001). The tissue was then
fixed with 4% paraformaldehyde in PBS, washed with PBS, and stored
in 70% ethanol at 4°C for at least 1 day. The cell boundary was stained
using the MERSCOPE Cell Boundary Staining Kit (Vizgen, 10400009).
The designed gene panel was synthesized by Vizgen. The RNA integrity
values of the tissues were measured in the Agilent BioAnalyzer and
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Figure 2.

Free PKA catalytic subunit and activity level in tumor vs. normal liver. A, DEAE-Sepharose resin pulldown. Human FLC normal and tumor liver lysate were
incubated with DEAE resin. Unbound PKA C subunits (non-holoenzyme) flow through the column. Three washes were performed, followed by elution with
increasing concentrations of cAMP. The flowthroughs, first wash, and elution were visualized by immunoblotting using an antibody to the carboxyl terminus of
the C subunit, which recognizes both PRKACA (bottom band) and DNAJB1::PRKACA (top band). The same percent of  (Continued on the following page.)
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TapeStation to confirm RNA quality. The samples were processed for
spatial transcriptional analysis as previously described (29). The images
were collected using a 60x oil immersion objective from multiple
rounds of three-color imaging using 749, 638, and 546 nm from seven
focal planes.

Primary human hepatocytes transduction
Plasmid construction

Genes expressing PRKACA, DNAJBI1::PRKACA, DNAJBI:
PRKACAX'?H and ATP1BI1-PRKACA were amplified using
Q5 high-fidelity DNA polymerase (New England Biolabs, NEB) and
cloned into SCRPSY vector (accession KT368137) using HiFi DNA
Assembly (NEB). The plasmids were grown in NEB Stable Com-
petent E. coli under ampicillin (100 pg/mL). DNA was isolated using
Plasmid Miniprep Kit (Zymo Research) or NucleoBond Xtra Midi
EF (Takara Bio). Oligonucleotide primers were chemically synthe-
sized by Integrated DNA Technologies. DNA sequences were con-
firmed using Genewiz.

Lentiviral production

HEK293 cells were seeded in a 150-mm dish in DMEM supple-
mented with 1% nonessential amino acids (Gibco) and 3% FBS
(Sigma). Virus-containing media was collected at 24 hours (and at 48
and 72 hours, as needed) post transfection, filtered through a 0.45-um
filter (Millipore) and concentrated 50- to 100-fold overnight at 4°C
using Lenti-X concentrator (Takara, cat. #631232) following the man-
ufacturer’s instructions. Aliquots were stored at —80°C.

Lentiviral transduction of primary human hepatocytes (PHH; ref.
30) was done in hepatocyte culture medium (Lonza, CC-3199)
supplemented with HCM SingleQuot (CC-4182) and 4 to 10 pug/mL
polybrene for 6 to 16 hours, after which, the media was changed to
fresh HCM. For the titration of lentiviruses, the PHHs were plated
in 96-well plates at 50 thousand cells/well. The following morning,
serial dilutions of lentivirus stocks were made in HCM, and 50 pL of
each dilution was used to infect individual wells. The media was
changed the following day. At 72 hours post infection, the media
was changed to HCM with 4 mg/mL puromycin. After 3 days of
puromycin selection, cell viability was measured using CellTiter-Glo
(Promega). For the transcriptome studies, PHHs were plated and
transduced in 6-well plates at a density of 1.5 million cells/well. Per
construct, we used three wells as three replicates. We extracted the
RNA 9 days after transduction. For the mouse studies, the trans-
duced PHHs were implanted back into FNRG mice, as previously
described (30). All mouse studies were performed with the approval
of the Institutional Animal Care and Use Committee at the Rock-
efeller University.

RNA isolation, RNA sequencing, and bioinformatics
Total RNA from PHHs was extracted using the RNeasy Mini
Kit (Qiagen). RNA concentration levels were measured using a

PKA Activity Drives Fibrolamellar Carcinoma

NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific) in
the 260/280 nm absorbance ratio. RNA integrity values were mea-
sured using an Agilent BioAnalyzer and TapeStation. Paired-end 2 x
150 nt RNA sequencing libraries were prepared using the TruSeq
Stranded Total RNA sample preparation kit with the Ribo-Zero Gold
Kit for rRNA and mt-rRNA depletion (Illumina). These libraries were
sequenced in an Illumina NovaSeq SP instrument at 60 million reads
per sample. Quality assessment and trimming were performed using
FastQC v0.11.9, MultiQC v1.11 (31) and BBDuk (included in BBMap
v38.95). Reads per transcript were quantified using Salmon (32) with
the human reference genome hg38 and the EMSEMBL GRCh38.103
gene annotations as the template. Differential gene expression analysis
was conducted in R v4.2.0 and RStudio 2022.07.1+554 using DESeq2
v1.36.0, excluding genes corresponding to rRNAs and mt-rRNAs. The
results were analyzed in detail through PCA, tSNE, and UMAP plots,
as well as heat maps, and box-scatter plots.

The expression level of each kinase was measured as the ratio of the
expression of PRKACA in each condition over the expression of
PRKACA in cells expressing the red fluorescent protein (RFP), that is,
cells that were not transduced with additional C. If we normalize the
level of expression of each kinase fusion to the level of PRKACA in the
cells transduced with RFP, then the expression of ATP1B1:PRKACA
was 315, DNAJBL:PRKACA was 46, DNAJB1:PRKACAK'**" was 271,
and PRKACA was 166.

Methods for drug response
The tissue samples obtained fresh from surgical resections on
patients were processed as previously described (33).

Data availability

The mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium via the PRIDE partner reposi-
tory with the dataset identifier PXD043816, and the full tran-
scriptomics is available via GEO accession number: GSE237697. All
other raw data generated in this study are available upon request
from the corresponding author.

Results

Catalytic subunit is increased relative to regulatory subunit in
FLC

To quantify PKA subunits, we analyzed Tandem Mass Tag-based
shotgun proteomics from eight pairs of FLC tumor and the adjacent
normal tissue (34) and found increased C, Rla, and RIP proteins in
the FLC tumor and decreased Rlla and RIIp subunits (Supplemen-
tary Table S1). AQUA (35) allows calibrated quantification of pro-
teins in a complex mix. Peptides chosen for calibration were those
detected in shotgun experiments, unique to the protein of interest
and composed of Lys-C peptides (i.e., a lysine at the C terminus, but
no internal lysines). The unique fusion junction peptide of DNAJB1::
PRKACA proved detectable when digested with Lys-C in AQUA

(Continued.) each fraction was loaded on the gel. B, Quantification of PRKACA and DNAJB1::PRKACA bands from the Western blot in A. Blue, normal; red,
tumor. C, GST-PKla pulldown. Lysate from tumor and normal tissue was incubated with GST-PKI immobilized on glutathione Sepharose beads. Flowthrough was
collected, and after three washes, catalytic subunits captured by GST-PKI were eluted with excess arginine. The percent of each fraction loaded on the gel is
shown on the top of each well. D, Quantification of both PRKACA and DNAJB1::PRKACA from the Western blot on C. The loading percent in each well was
counted for the quantification. Blue, normal; red, tumor. E, Free PKA (cAMP-independent, basal) activity is higher in tumor (T) tissue lysate than in normal (N)
liver. FLC tumor has higher total PKA activity (in the presence of cAMP) than normal liver tissue. Results of paired tumor and normal tissue from four different
patients. The first three are flash frozen and lysed by cryogrinding; the sample on the right is fresh and homogenized tissue. F, The ratio of free-to-total PKA
(cAMP-dependent) in the flash-frozen tissue in tumor (red) compared to normal liver (blue). G and H, cAMP levels in tissue samples from three different patients
(G) and the average of the three patients (H). t test was done using PRISM. *, P < 0.05; **, P < 0.005. Note the log scale in vertical axes of B, D, and E.
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experiments. We used multiple peptides when possible, but due to
homology, some proteins had a single unique identifying peptide.
Calibration peptides were chosen for the PRKACA, PRKACB,
PRKACG, DNAJB1:PRKACA, Rla, RIf, Rlla, and RIIP proteins.
They bore isotopic labels and were synthesized with lysine at the
carboxyl terminus and quantified by amino acid analysis.

For the AQUA experiment, three FLC tumors and their matched
normal liver samples were analyzed. The chimeric fusion peptide was not
detected in normal liver and was detected in all FLC tumor samples. Rla
was detected and increased in some patients, whereas RIp was not de-
tected, implying low abundance. Consistent with previous work (13), Rla
and Rlla were more abundant than RIp and RIIP in liver tissue (Fig. 1A).

To assess the absolute and relative amounts of global R and C,
total PKA C subunit quantities were compared to total quantities of
R subunits. The ratio of R:C subunits shifted from R > C in normal
tissue to C > R in FLC tissue (Fig. 1B and C).

Unbound catalytic subunit is increased in FLC

The MS data led us to hypothesize that the increased ratio of
catalytic to regulatory subunits leads to a higher amount of un-
bound C subunit. We tested this with two different biochemical
assays, comparing FLC tumor and adjacent normal tissue.

The first assay utilized DEAE-Sepharose to selectively bind ho-
loenzyme R, thus capturing C bound to R (36). Unbound C is not
captured; free C is quantified by the flowthrough of the column (37,
38). From normal tissue, most of the C was in the elution and was
barely detectable in the flowthrough (Fig. 2A, lane 1). By contrast,
in FLC tissue, there was much more C in the flowthrough relative to
C eluted with cAMP (lane 6). This indicates that there is little free C
in the normal tissue relative to free C in the FLC tissue (Fig. 2B).
The addition of cAMP eluted additional C from the column in
normal tissue (lanes 3-5), but barely detectable amounts of C were
eluted by cAMP from the tumor tissue sample (lanes 8-10). This
demonstrates a 24-fold greater free catalytic subunit in the tumor
tissue than in the normal tissue (Fig. 2B).

The second assay relied on the binding of the endogenous PKI to
unbound PKA C subunits. PKI shares a binding site on C with R but
cannot competitively displace R (39). Thus, free C is determined by
the amount retained on a PKI-resin. In the normal sample, ~60% of
the C subunit flowed through the PKI resin (Fig. 2C, lane 3, and D)
relative to the input (lane 1), whereas for the FLC sample, ~50% of
C flowed through the resin (lane 4) relative to the input (lane 2).
The addition of arginine, which competes for binding of C to PKI,
did not elute additional C in the normal sample (lanes 5 and 6), but
it did elute C in the FLC sample (lanes 7 and 8). These two assays
demonstrate a substantial pool of free C in tumor that is much
lower, or not detectable, in normal tissue.

Basal PKA activity is increased in FLC

To test if the increased ratio of C:R protein also increases basal PKA
catalytic activity, we assessed samples from four FLC tumors and ad-
jacent normal tissue. Baseline PKA activity without cAMP stimulation
was ~50-fold higher in FLC tumor tissue, regardless of the tissue lysis

PKA Activity Drives Fibrolamellar Carcinoma

method or preservation state (Fig. 2E). Additionally, the ratio of free:
total PKA activity was 10 times higher in the tumor tissue, indicating an
elevated basal PKA activity in the FLC tumor (Fig. 2F). We quantified
the levels of cCAMP in the normal and tumor tissues. The levels of
cAMP were lower in the tumor sample of each patient (Fig. 2G), and
its average level in the tumors was significantly lower (Fig. 2H). Thus,
the increased level of basal activity and the increased levels of free
catalytic subunit in the tumor were not the result of an increase in basal
cAMP in the tumor-driving kinase activity.

Catalytic subunit increases more than holoenzyme by
proximity ligation assay

The previous measurements have demonstrated an increase of C
relative to R, as well as an increase in the amount of free C that is
not bound in the holoenzyme, in the total tumor tissue relative to
the adjacent tissue. To test for potential heterogeneous distribution
of R and C within the tissue or within individual cells that could
impact kinase activity, we used confocal immunofluorescence.

Microscopy, as a complement to biochemistry and mass spec-
trometry, has a few advantages. First, measurements are made in
intact cells rather than in lysates. Second, it allows measurements at
the single-cell level and to selectively distinguish FLC tumor cells
from normal hepatocytes, stromal cells, or immune infiltrates while
making the measurements. Third, it provides data on subcellular
localization. The degree to which C activity is constrained by R
depends not only on their amounts but also on their proximity; R
cannot regulate C if it is not colocalized. We studied R and C
localization by confocal immunofluorescence and the holoenzyme
by Proximity Ligation Assay (PLA), which measures the proximity
of R and C antibodies in intact cells (40, 41).

The PLA association of regulatory and catalytic subunits was ob-
served as discrete fluorescence puncta with RI isoforms and Rlla
(Fig. 3A and B). We did not assess the RIIp isoform at the RNA and
protein levels due to its low abundance in normal liver and tumor
tissues, according to transcriptome (23), mass spectrometry (Fig. 1),
and previous studies (13). The interaction of C with either RI and Rlla
was restricted to the cytoplasm, and no intranuclear PLA was observed.
PLA signals for RI were increased near the cytoplasmic membrane
(Fig. 3A and B). The quantification of PLA signals showed comparable
or greater intensity in tumor tissues than in the normal tissue for C:RI
interactions (Fig. 3C). However, the increase in C:RI PLA was not as
large as the increase of C in the tumor tissue (Fig. 3D). The number of
PLA events per area between C and Rlla did not increase in the tumor
tissue (Fig. 3C). These results are consistent with the upregulation of
Rla observed by mass spectrometry and are validated using immu-
nofluorescence. These results demonstrate that in FLC tumor tissue,
there is a greater increase of C than of holoenzyme.

Catalytic subunit in the nucleus and regulatory subunit in
cytosolic condensates in FLC

The results from MS and biochemistry have demonstrated an
increase in C relative to R and an increase of free catalytic activity.
Confocal immunofluorescence was used to examine the spatial

Figure 3.

Proximity ligation assay to detect binding of PKA catalytic and regulatory subunits. A and B, PLA using antibody against catalytic subunit and antibody against
regulatory subunit RI (A) and Rlla (B). C, Analysis of PLA signals per cell reported as the total area of dots per area of cells for tumor and adjacent normal tissues
from three different patients. Statistics were done using two-way ANOVA in PRISM. **** P < 0.0001. D, Ratio of PKA catalytic subunit signal, PLA of C:RI, and
PLA of C:Rlla in tumor over normal tissue in three different patients. Scale bars, 20 um, except for the right column, which is 5 um. In the merged images, DAPI is
in cyan, PLA in maroon, and phalloidin (actin) in yellow. Note the use of log scale in D.
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Distribution of RI(a/p), Rlla, and C. A-C, Representative immunofluorescence images of FLC tumor and adjacent normal liver incubated with DAPI
and antibody against Rl (a/) subunits (A), antibody against Rlla subunit (B),

distribution of R and C in FLC and the adjacent normal tissue. In
FLC tumor tissue, the distribution pattern of RI subunits showed
distinct clusters throughout the cytosol, whereas normal tissue
showed a more diffuse pattern (Fig. 4A). The distribution of RIla
did not differ between tumor and normal tissue (Fig. 4B).

In the normal tissue, C was only cytosolic, whereas in FLC tumor
tissue, it was both cytosolic and nuclear (Fig. 4C and D). When we
previously examined the localization of C in the nuclei of FLC tu-
mor cells, the results were not as distinct (1). The duration between

2634 Cancer Res; 84(16) August 15, 2024

(Continued on the following page.)

the resection of tumor and its freezing may account for the varia-
tion. For the experiments in this work, all the samples were frozen
while in the operating room.

The distribution of R and C in the FLC tumor tissue was further
analyzed by costaining C and RI (Fig. 5A). The intensity of C in
each pixel of the field was plotted as a function of the intensity of R
for both tumor and normal tissue (Fig. 5B and C). Scatter plot
analysis revealed distinct quadrants representing diffuse R and C in
the cytoplasm, predominantly C in the nucleus, R and C with
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(Continued.) antibody against PRKACA/DNAJB::PRKACA (C). Scale bar in the left and middle column, 20 um; right column, 5 um. D, Quantification of
PRKACA/DNAJBT::PRKACA signal in the nuclei of FLC cells (red) and adjacent normal liver tissue (blue) from three different patients. Statistics were done

using two-way ANOVA in PRISM. **** P < 0.0001.

similar amounts near the plasma membrane, and puncta consisting
mainly of R dispersed in the cytosol. These results demonstrate that
in FLC tumor, much of the R subunit is in cytosolic condensates
with minimal C (lower right quadrant), with the excess of C in the
nucleus (upper left quadrant).

Overexpression of chimeric or wild-type kinase similarly
engenders an FLC-like transcriptome

These observations demonstrate that in the FLC tumor, there is
an increase of C relative to R, an increase of free C, an increase of
basal catalytic activity, a segregation of R into condensates, and an
increase of C in the nucleus. We next tested whether these robust
observations are just correlations or are causal of the distinct
transcriptome of FLC compared to normal liver (23). We trans-
duced PHHs, isolated from the human liver and propagated in
mice (30), with RFP (as the negative control for transduction ef-
fects), with native PRKACA, DNAJB1:PRKACA, or a kinase-
inactive version of DNAJB1:PRKACA (made catalytically inactive
by a K128H mutation) or with ATP1B1::PRKACA. The last of
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these was reported in a few patients with intraductal oncocytic
papillary neoplasms (25, 42). Transcriptome analysis revealed that
cells expressing active kinases clustered near each other, whereas
cells expressing an inactive kinase (DNAJBI:PRKACAK'*H)
clustered near the RFP control group, as assessed by tSNE (Fig. 6A).
The |log,| fold change of genes in PHHs expressing DNAJBI:
PRKACA had a strong correlation, R?> = 0.95, with PHHs over-
expressing PRKACA (Fig. 6B) and for PHHs expressing ATP1B1::
PRKACA, and a correlation of R> = 0.88 with PHHs expressing
PRKACA (Fig. 6C). The only comparison that showed a weak cor-
relation was that of the active to inactive kinase. PHHs expressing
DNAJB1:PRKACAX'?" had a correlation of R* = 0.23 with PHHs
expressing active DNAJB1::PRKACA (Fig. 6D). Some of the inactive
DNAJB1:PRKACA®'**" may be displacing active catalytic subunit
from the holoenzyme, which could explain why there is any corre-
lation at all.

We examined eight transcripts that we most frequently find
increased in FLC: TRIM31, MUCI3, Cl00rf90, ARG2, OAT,
AKAPI2, AURKA, and Coll1A1 (23). All of these, except for
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Figure 5.
Distribution and colocalization of Rl and C. A, Immunofluorescent image of FLC tumor, showing the localization of RI (top), C (middle), and the merged (bottom)
images. Scale bars, left, 200 um; middle, 50 um; right, 20 um. B and C, Colocalization analysis of PRKACA/DNAJBI:: (Continued on the following page.)
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Coll11Al, increased in expression in PHHs transduced with any of
the active kinases. Importantly, they increased to an extent similar
to their increase in patient FLC (Fig. 6E). None of them increased
with the inactive kinase or a control RFP. By contrast, the ex-
pression of ColIIAI was decreased in FLC. We then expanded
our set to 40 transcripts that are highly overexpressed (log, > 3)
in FLC tumor. Most of these increased in PHHs expressing
DNAJB1::PRKACA to a similar extent as their increase in FLC
tumor tissue (Fig. 6E). But again, there were four striking ex-
ceptions, one of which was ColIIAl. A test of 700 transcripts
assessed whether they increased or decreased in PHHs with active
kinase relative to whether they increase or decrease in FLC tumor
and found a correlation of 0.69. When we examined the points
that deviated the most in the analysis, these, besides CollIAI,
included KCNJ6 that is known to be expressed only in stellate
cells of the liver, CDCA?7 that is expressed only in blood cells in
the liver (B cells, T cells, plasma cells), and LSAMB that expresses
in plasma cells but not in hepatocytes (Fig. 6F, outliers marked
by red dots).

The subcellular localization of DNAJB1::PRKACA observed in
FLC patients (Fig. 4) could be the consequence of novel struc-
tural properties of a chimeric fusion protein or, alternatively,
simply the result of kinase overexpression. To test these con-
jectures, we expressed DNAJB1:PRKACA, wild-type PRKACA
,or the alternative oncogenic fusion ATP1B1::PRKACA in PHHs
(Fig. 6G). The distribution of the kinase for each of the three
kinases tested emulated what was observed in FLC, a marked
nuclear localization. By contrast, a negative control, red fluo-
rescent protein expression, preserved the diffuse distribution of
the kinase characteristic of PHHs. These results further confirm
the validity of transduced PHHs as a model of FLC. They also
confirm that the localization of C in the nucleus of tumor cells
can be effected just by overexpression and does not require fu-
sion adducts to PRKACA.

Spatial transcriptional analysis reveals variability of cell types
in tumor tissue

FLC tumor is a mixture of tumor cells, benign hepatocytes, be-
nign cholangiocytes, stromal cells, and reticular endothelial and
immune cells (43). To determine the expression pattern of tran-
scripts in individual cells of the FLC tumor tissue, we used single-
cell spatial transcriptional analysis. Normal, tumor, and stromal
cells can be easily distinguished based on cell morphology: stromal
cells are elongated, and FLC tumor cells are larger than normal cells
(Fig. 7). As expected, Cyp3A (blue) showed higher expression in
normal hepatocytes than in tumor cells, and Muc13 (red) was much
higher in the tumor cells (Fig. 7; Supplementary Data S3). While the
expression of CollIAl (green) was increased in the FLC tumor
tissue, the expression in the FLC tumor cells was decreased relative
to the adjacent nontransformed hepatocytes (Fig. 7; Supplemen-
tary Data S3). However, the expression of Coll1A1 was greatly in-
creased in the stromal cells. Imaging revealed not only the diversity
of cells in the tumor tissue but also the variability of the relative
populations of different cell types in different sections, even within
the same tumor tissue. Tissue inhomogeneity and sampling varia-
tion could contribute to the variability in the measurements of, for

PKA Activity Drives Fibrolamellar Carcinoma

example, the relative amounts of DNAJB1::PRKACA to PRKACA or
ratios of free to total PKA activity.

Tumors engendered by DNAJB1::PRKACA and ATP1BI:
PRKACA are similar

Each of the fusion kinases, ATP1B1::PRKACA, PRKACA, or
DNAJBI::PRKACA, if active, produce a similar transcriptome
when expressed in PHHs. It has previously been reported that
tumors in ductal cells of the liver (cholangiocytes) and pancreas
that express these fusion kinases have tumors that are similar to
FLC based on histology (abundant eosinophil cytoplasm and a
prominent nucleus) and transcriptome (25). To further explore
the extent to which these tumors are similar, we obtained a
freshly resected tumor from a patient expressing ATP1BI::
PRKACA in the ductal cells of the liver. With a high-throughput
assay, we assessed the drug-response properties of dissociated
tumor cells in the first 72 hours after the resection (Fig. 8;
Supplementary Table S2; ref. 33). Shown in the figure are the
dose-response relationship for what we previously reported were
four of the most efficacious agents (33). More globally, the ECs,
values for the cells from the cholangiocarcinoma expressing
ATP1B1:PRKACA strongly correlated (R> = 0.84) with the
freshly resected samples from FLC patients with DNAJBI:
PRKACA, but clearly distinct from PHHs and other liver cancers
(Fig. 8B). These results demonstrate that human liver tumors
that express ATP1B1:PRKACA and DNAJB1:PRKACA not only
have a similar histopathology and transcriptome but also a
similar drug-response profile.

Discussion

The Precision Medicine Initiative was launched with the goal of
precisely defining disease not by organ or histopathology but by
molecular etiology (44, 45). Here, we show that three cancers, that
are FLC or FLC-like, have different somatic mutations but a com-
mon disruption in the ecology of PKA signaling. There is an in-
creased amount of the catalytic subunit (C) of PKA relative to the
amount of inhibitory regulatory subunit (R) in the tumor. Conse-
quently, these tumors share histopathology, transcriptome, and
drug-response profiles. Whether they are called three separate
cancers, or three subvariants of the same cancer, they all respond the
same to therapeutics, and this should be paramount when consid-
ering patient care.

PKA signaling is regulated by the inhibition of the catalytic
subunit PRKACA, C, when in a holoenzyme with one of the reg-
ulatory subunits, R. In tumors considered here, there is the loss of
the dominant R of the liver, Rla (24), or fusions to the catalytic
subunit C: DNAJB1:PRKACA, ATP1B1:PRKACA, or ATP1Bl:
PRKACB (25, 42). In the most common form of FLC, that is driven
by DNAJBI1::PRKACA, changes were observed at the levels of both
C and R in patient tumors. First, there was an increase of C protein,
likely due to increased transcription (22, 23). Second, we found an
increase of Rla and a decrease of RIIf proteins. RIIp is decreased in
the transcriptome of both FLC (23) and PHHs overexpressing C
(Supplementary Table S1). RIa was not altered in the transcriptome.
The increase in RIa may be influenced by increased expression of C,

(Continued.) PRKACA and RI in nontransformed (B) and adjacent FLC tumor (C) from (A). Scatterplot and quantification of PRKACA/ DNAJB1::PRKACA
(red) and RI (green) pixel intensities of the FLC cells (right) and adjacent normal (left). A representative field from the tumor was selected where the
intensity of C and RI were plotted for each pixel in each of the three quadrants (cellSens software, Olympus). Scale bars, left images, 100 pum; right enlarged

image, 10 um.
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Figure 6.

Transcriptome in PHHs overexpressing PKA catalytic subunits. A, tSNE plot from whole transcriptomes of PHHs expressing PRKACA, DNAJBT::PRKACA, ATP1B1-

PRKACA, DNAJBI:PRKACAK™?H(inactive kinase), and RFP. B, Scatter plot comparing the |log,| fold change of the
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(Continued.) transcripts in PHHs expressing PRKACA (y-axis) to cells expressing DNAJB1::PRKACA (x-axis); transcripts = 7,406. C, Scatter plot comparing
the |log,| fold change of the transcripts in PHHs expressing ATPIBT::PRKACA (y-axis) to cells expressing PRKACA (x-axis); transcripts = 7,986. D, Scatter plot
comparing the |log,| fold change of the transcripts in PHHs expressing DNAJB1:PRKACAK™?8H (inactive kinase; y-axis) to cells expressing DNAJBI:PRKACA
(x-axis); transcripts = 2,513; the number of transcripts are lower because there are fewer significant changes with the DNAJB1:PRKACAX?8H The R%in B, €, and
D was calculated by using the Pearson method using PRISM. E, Comparison of some of the known overexpressed transcripts in FLC with PHHs overexpressing
DNAJB1:PRKACA, PRKACA, ATPIB1:PRKACA, and DNAJB1:PRKACAK'?8H_F, Scatter plot comparing the [log,| fold change of the transcripts in PHHs expressing
DNAJBT::PRKACA with the |log,| fold change of the same transcripts in FLC for some of the most overexpressed transcripts in FLC tumors. G, Immunofluo-
rescence on PHH implanted into mouse liver. The PHHs were transduced with top row, DNAJBI::PRKACA; second row, PRKACA; third row, ATPIB1::PRKACA;
bottom row, RFP. All samples were probed with DAPI (left column); antibody to human nuclear mitotic apparatus (NUMA; second column); and antibody to the
carboxyl terminus of PRKACA (third column). Merged image, fourth column. Each image is 210 um by 210 pum.

which can stabilize R protein by promoting its greater inclusion in  may also contribute to the increased Rla level. These condensates
the R,C, holoenzyme (46, 47). In the tumors, much of the R pool is  are qualitatively similar to findings in brain neurons (48, 49). These
sequestered in the cytosolic puncta, potential condensates, which  condensates, primarily positioned more centrally in the cytoplasm,
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Figure 7.

Spatial transcriptional analysis of an FLC tumor tissue. Three transcripts are shown: Cyp3A (blue) that is high in normal tissue and downregulated in FLC, Mucl3
(red) that is high in FLC and low in normal tissue, and Col/lTIA7 (green) that is high in stromal cells. The distinction between the tumor and stromal (stellate) cells
can be seen in the inset where the nuclei are also labeled with DAPI (dark blue) and the Vizgen Cell Boundary Staining Kit (white). Inset:, the Col/7IAT was only
seen above the wispy stellate cells and not above the FLC cells. Scale bar, large image, T mm; inset, 100 um.

show neither robust PLA nor detectable immunofluorescence of C.
This suggests a decreased accessibility of RI for C binding within
them. RI may be in the interior of these condensates, leaving only RI
on the surface available to bind C. Therefore, the increase in RI does
not mean increased R available for binding to C. By contrast, the
puncta of Rl in the periphery of the cytoplasm had robust PLA
between C and RI. Recent reports have shown that the expression of
DNAJB1::PRKACA in HEK293 cells disassembled Rla condensates
(50), although the overexpression of PRKACA has been associated
with the absence of R puncta (51, 52). By contrast, FLC cells
expressing DNAJB1::PRKACA exhibit numerous Rla puncta
throughout the cytosol with none observed in adjacent normal cells.
The difference may be attributable to different levels of R and C
expressions in the HEK293 experiment and the FLC cells of patients.

2640 Cancer Res; 84(16) August 15, 2024

Multiple techniques have confirmed that the ratio of C to R in-
creases in FLC tumors compared to the adjacent normal tissue. This
increased C:R ratio contributes to increasing the amount of free
uninhibited C outside the holoenzyme. The increase of free C was
seen by two different biochemical assays, as well as by confocal
microscopy and proximity ligation. Consistent with this observa-
tion, the PKA activity and the fraction of active C were higher in
FLC tumor extracts than in normal tissue, indicating an increase in
free C and its active state. A previous study on PKA activity in FLC
showed increased free catalytic activity in one patient sample but
not in three others (22). The reasons for the difference in these
results could be attributed to variations in tissue sample composi-
tion (the ratio of tumor:normal:stromal cells), tissue processing, or
other factors. In the present data, the consistent finding across
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Figure 8.

Drug-response profile of cells freshly resected from patient tumors. A, Dose-response curve of four effective drugs against FLC against cells dissociated directly from
patients’ tumors with DNAJB1:PRKACA (gray), HCC (blue), ATPIB1:PRKACA (red), or PHH (black). Each patient sample was tested in triplicate. Error bars, SD. Drugs
were tested at 10 uM to 10 nM with twofold serial dilution. The y-axis shows normalized percent survival calculated as 100 — [(positive control — drug response)/(positive
control — negative control) x 100]. Cells were treated for 72 hours, and normalized percent survival was quantified using CellTiter-Glo. B, Comparison of the ECs in cells
dissociated from patient tumors with DNAJBIT::PRKACA mutation vs. cells dissociated from patient tumors with ATPIB1::PRKACA mutation.

multiple different experimental techniques using tissue that was
freshly frozen upon resection gives confidence in the conclusion that
there is an increase in free C.

With the increase of free C in FLC tumor cells, there was a shift in
its subcellular localization into the nucleus. This is likely a conse-
quence of both the increased ratio of C:R and the extranuclear
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abundance of RI in puncta devoid of C. Myristoylation of PRKACA,
but not of DNAJB1:PRKACA, may also affect its localization and
movement (53). The increased basal PKA activity, particularly in the
nucleus, can have many physiological effects, including transcrip-
tional and splicing perturbations (54). Overexpressing active C, either
native or fusion, in PHHs resulted in nuclear localization of PKA and
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transcriptomic changes similar to those observed in FLC (see
Fig. 6G; Supplementary Table S1). These changes include most
transcripts that are consistently dysregulated in FLC (Fig 6E and F;
ref. 23). The changes are attributable to the kinase activity of the
proteins; the expression of inactive kinase did not result in compa-
rable changes. These results demonstrate that an increase in the
amount of C, of any enzymatically active sort, is sufficient to produce
a substantial fraction of the transcriptomic changes observed in FLC.

There are a few genes consistently upregulated in FLC tumor that
instead show decreased expression in PHHs expressing an active ki-
nase. A key example is collagen Coll11A1 (23). Collagen is known to
be expressed in stromal cells, often in response to inflammation of the
liver (55). Stromal cells are absent in the PHH model. Indeed, an
examination of gene expression by spatial transcriptional analysis of
FLC tumors showed that expression of ColIIAI was decreased in
tumor cells relative to the adjacent normal cells but was greatly in-
creased in stromal cells. Thus, the population transcriptomics that
report an increased collagen expression in FLC tumor reflects the
presence of stromal cells within the tumor and is not due to ex-
pression changes in tumor hepatocytes themselves. Another example
is VCAN, which also did not increase in the PHH model. An ex-
amination of each of these exceptions helps resolve whether they are
the result of expression in non-hepatocytes or whether these changes
in FLC are observed only in the context of cells growing as a three-
dimensional tumor and not in cells grown in culture in two dimen-
sions. Thus, variations of transcriptomics or proteomics from patient
to patient and even variations within a patient between different
metastases, or even different samples within a tumor, may reflect
different ratios of the populations of different cells (tumor, normal,
stromal, immune), and not necessarily variations in the tumor cells.

These results reshape our understanding of the pathogenesis of
FLC. More PRKACA, regardless of its specific structural form, native
or fusion, creates the FLC phenotype. In FLC, increased catalytic
subunit, increased basal PKA activity, and changes in its subcellular
localization with a large increase of catalytic subunit in the nucleus all
affect the accessibility of kinase to its substrates. Such a change is
consistent with the generation of FLC tumors that are associated with
the loss of Rla expression, without structural changes to the catalytic
subunit (24). This conclusion is also consistent with the existence of
tumors in cholangiocytes that have an alternate oncogenic kinase, one
with the first exon of ATP1B1 fused to the catalytic subunit. These
liver tumors show a histology and transcriptome similar to that of
DNAJB1:PRKACA (25). Here, we show that they also have a re-
sponse profile to therapeutics similar to that of tumors driven by
DNAJB1:PRKACA in the hepatocytes (Fig. 8). These rare but in-
formative cases show that FLC transformation does not require a
specific role for the DNAJBI moiety. As shown here, transcriptional
changes associated with FLC are similarly caused by increased ex-
pression of PRKACA, DNAJB1:PRKACA, or ATP1B1:PRKACA in
primary human hepatocytes. This implies that a key hallmark of the
disease, its invariant transcriptome, is similarly generated by these
diverse kinases. Increased catalytic activity can be responsible for
changes observed in hepatocyte histology when PRKACA is overex-
pressed using a Sleeping Beauty transposon (2) in the livers of mice.
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