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Key findings:

Highlights:

e Minimal growth factor-derived PDTOs mimic histology and

1. Minimal growth
factor-derived tumor
organoids mimic
histology & genetic
heterogeneity of HCC

genetic heterogeneity of HCC.

e The majority of tested FDA-approved drugs were not

associated with HCC driver mutations.

e CTNNB1mut was found to be sensitive to ceritinib via pol-

ypharmacological targeting of RPS6KAS.

e The PDTO case study showed clear benefit to patient sur-

vival by aiding clinical management.
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2. Pharmacogenomic
analysis reveal
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mutations & Ceritinib

Impact and implications:

3. Proof-of-concept

case studies

demonstrated clear

benefit to patient
survival

Patient-derived tumor organoids are a reliable model for pre-
clinical and translational studies. Despite positive retrospective
correlations with patient response data, challenges such as
culture success, cost, standardization, and time constraints
hinder their clinical utility in guiding precision medicine. This
study underscores the utility of patient-derived organoids
established from growth factor-reduced media in many facets
of precision oncology, showing for the first time in hepatocel-
lular carcinoma, clear benefit to patient survival in a proof-of-

concept case study.
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Background & Aims: Patient-derived tumor organoids (PDTOs) are a reliable model for preclinical and translational studies.
Despite positive retrospective correlations with patient response, challenges such as culture success, cost, standardization, and
time constraints hinder their clinical utility in precision medicine. Here, we optimize PDTO establishment using growth factor-
reduced media (GF-) to mitigate these challenges and (1) identify somatic variant indicators that can improve the therapeutic
index of existing FDA-approved drugs against hepatocellular carcinoma (HCC), (2) elucidate synthetic lethal candidates against
undruggable HCC driver mutations, and (3) assess the feasibility of PDTOs in personalized therapy.

Methods: We successfully established a panel of 23 PDTOs from patients with HCC undergoing curative hepatectomy using a
protocol primarily based on growth factor-reduced medium. PDTOs were subjected to comprehensive analyses, including the
identification of hallmark mutations, assessment of genomic heterogeneity, transcriptomic profiling, and histological character-
ization. A 100-drug repurposing screen was conducted on the PDTOs and organoids derived from adjacent non-tumoral and
normal livers to explore tumor-specific drug responses. Pharmacogenomic analysis using elastic net was performed (cut-off p
<0.05) and synthetic lethality links were subject to experimental validation. The clinical relevance of PDTOs in personalized therapy
were investigated through two case studies.

Results: Our results reveal that GF-derived PDTOs mimic histology and genetic heterogeneity of HCC. Pharmacogenomic
analysis showed that the majority of tested FDA-approved drugs were not associated with HCC driver mutations (<5%). In
addition, non-canonical signaling from CTNNB1 mutations were associated with ceritinib sensitivity (p <0.0001) via poly-
pharmacological targeting of RPS6KA3. The PDTO case study showed clear benefit to patient survival by aiding clin-
ical management.

Conclusions: Our findings underscore the utility of PDTOs established from minimal GF media in many facets of precision
oncology advancements.

© 2025 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction Recent 3D culture for patient-derived tumor organoids
(PDTOs) has led to the development of more physiologically
relevant human cancer models for studies on tumor biology
and new therapeutic uses of existing and investigational
drugs."'™"® Despite recent positive retrospective correlations
with response data from patients with HCC,"* methodological
challenges such as culture success, cost, standardization, and
time constraints hinder their clinical utility in guiding preci-
sion medicine.

In this study, we present a culture method that enabled HCC
PDTOs to be established using minimal growth factors or
conditioned media commonly used in organoid establish-

Hepatocellular carcinoma (HCC) is among the leading causes
of cancer mortality worldwide." Despite a steady increase in
incidence in recent years,? only a fraction of patients benefits
from current treatments. This is largely attributed to limited
actionable clinical variant indicators (CVIs)** in the HCC
genome (Fig. S1A). At best, these alteration-drug matches are
suspected to improve outcome based on clinical trials in other
tumor types with similar molecular alteration, the status of
which is unknown in HCC.*° Dominant HCC mutational drivers,
such aGSSTP53 and CTNNB1 (B-catenin), also remain undrug-
gable.”" Repurposing of existing drugs with known safety o iasia’i on’effort to minimize confounding factors during
profiles for cancer and non-cancer indications to target syn-

. . 13,19,20
thetic lethal avenues underlying these somatic mutations could drug screen and environmental niche d ependenpy. The
be a possible solution to improve therapeutic outcome.® ™ reduced reliance on such components is also an important step

towards standardization and cost reduction — a major challenge
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in making PDTOs accessible and scalable for clinical imple-
mentation in the future. We evaluated the efficacy of this
approach in establishing HCC PDTOs representing a broad
spectrum of histological and genetic profiles, mirroring the
somatic mutation frequencies observed in diverse groups of
patients with HCC. In parallel, patient-derived tumor cell lines
(PDTCLs) from the same parental HCC tumor were also
established, and compared head-to-head with the corre-
sponding PDTO for their drug responses in a high-throughput
screen. A 100-drug repurposing screen (85 FDA-approved
and 15 pipeline drugs) with bioinformatic analysis for somatic
variant-drug association was performed to reveal indicators
that can improve the therapeutic index of existing HCC treat-
ments, and pharmacogenomic vulnerabilities for undruggable
driver mutations, such as CTNNB1 exon 3 hotspot mutations.
Corroboration of tumor specificity and implications on hep-
atoxicity was performed in matching patient-derived adjacent
nontumor (PDNT) and patient-derived normal liver (PDNL)
organoids. Finally, we present a proof-of-concept study on
PDTO-guided off-label drug use in two patients with advanced
inoperable HCC. The positive outcome highlights the predictive
value and clinical relevance of PDTO findings in supporting
patient management.

Materials and methods

Clinical specimens

Human HCC tumor and adjacent nontumor liver tissues were
collected from patients who underwent curative hepatectomy
at the Prince of Wales Hospital (PWH), Hong Kong. All cases
have been histologically reviewed and confirmed by experi-
enced liver pathologists (Table S1). Informed consent was
obtained from all recruited patients and the study procedure
was approved by The Joint Chinese University of Hong Kong-
New Territories East Cluster Clinical (CUHK-NTEC) Clinical
Research Ethics Committee (CREC Ref. No. 2020.420).

Patient-derived organoids establishment

HCC tumor and adjacent nontumoral liver organoids were
established from fresh tissues excised from patients with HCC.
The detailed protocol is given in the Supplementary Materials &
methods section. In brief, tissues were immersed in transport
medium upon collection. Tissues were mechanically minced
and enzymatically digested with 225 U/ml collagenase type I
(Worthington Biochemical Corporation, USA) at 37 °C for
15-30 min.?"?? Cell clusters were then filtered through a 100-
pum cell strainer and seeded in reduced growth factor Matrigel
(Corning, USA). Matrigel was solidified in an incubator at 37 °C
for 10 min before adding their respective culture media. Tumor
organoids were cultured in either growth factor-reduced (GF-)
media or growth factor-supplemented (GF+) media (Table S2).
Adjacent nontumor liver organoids were cultured in growth
factor-rich (GF++) media, as previously reported®’ (Table S2).
Organoids were incubated at 37 °C in a humidified incubator
with 5% CO,. Culture medium was changed one to two times a
week. Despite the use of GF-, retaining half of the media before
passaging along with Y-27632 Rho-associated protein kinase
(ROCK) inhibitor (Sigma Aldrich, USA) facilitated self-
organization and promote growth after passage. Organoids
were passaged by TrypLE (Thermofisher Scientific, USA).

Incubation time with TrypLE varies and depend on when small
clusters could be observed. Digestion as single cells, particu-
larly at early passage will adversely affect success rate. Frozen
stocks were prepared with Recovery™ Cell Culture Freezing
Medium (Thermofisher Scientific, USA). Details of reagents are
listed in Table S2 and the CTAT table.

Statistical analysis

Correlation matrices, volcano plots, growth inhibition curves,
ICso and AUC values were generated by GraphPad Prism
Software v8 (GraphPad Software, San Diego, CA, USA). Stu-
dent’s t tests were used to compare the AUC values of drug
response between different groups. The Benjamini-Hochberg
method was used to correct for multiple hypotheses testing.
The elastic net regression model was created using the R
package glmnet to acquire the regression coefficients for all
input data in order to analyse drug response associated
genomic features.?® All statistical analyses were performed
using R (version 4.0.2, www.r-project.org, R Foundation for
Statistical Computing, Vienna, Austria). Clustvis was used to
generate PCA, hierarchical cluster and heatmaps.>* The CTAT
table lists all the software and algorithms used for statisti-
cal analysis.

Animal and preclinical studies adhere to the ARRIVE (Animal
Research: Reporting of in vivo Experiments) guidelines. Addi-
tional information is listed under the Supplementary data sec-
tion. All authors had access to the study data and reviewed and
approved the final manuscript.

Results

Generation of patient-derived HCC organoids and
liver cultures

Resected liver tissues were obtained from 100 Chinese patients
who underwent curative surgery for liver cancer at the Prince of
Wales Hospital (PWH), Hong Kong. Tumorous tissues were
cultured according to method described herein. Bona fide HCC
pathology could be confirmed in 77 cases, which also shared
somatic mutation of the originating tumor in either TP53 (e.g.
R249W, G245V, E326Vfs*18), CTNNB1 (e.g. S45P, T41A), or
TERT promoter (e.g. -124C>T, -146C>T) (Table S1). Successful
short-term culture (>8 weeks, less than passage 20) could be
achieved for 73/77 cases (94.8%). Although short-term cultures
maintained the driver mutations of the matching tumor tissue
as well as self-organize through cell-cell and cell-matrix in-
teractions within the initial one to two passages as per organoid
definition consensus,”® the small initial tissue or lower tumor
purity results in the presence of fibroblast outgrowth (Table S1).
These overtake the tumor organoids soon after three passages
and make it difficult to maintain a stable biobank. Regardless,
the value of short-term/3D primary culture lies in the clinical
application. Drug testing can be achieved within a short turn-
around time to inform potentially efficacious and non-
efficacious drug treatment options for patient as recently
demonstrated in refractory pediatric cancers.® However, long-
term PDTO culture at more than passage 20'® was achieved in
23/77 cases (80%). These PDTOs can be expanded, frozen,
and thawed for subsequent culture to establish a biobank
(Fig. 1A and B, Fig. S1B and C). Cryopreserved PDTOs could
be revived from >4 years of storage. The incidence of driver
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Fig. 1. Patient-derived tumor organoids (PDTOs) recapitulate genomic, transcriptomic, and histological features of their originating parental tumor. (A)
Summary of PDTO successes, their clinicopathological information, culture media used, and driver mutation status. (B) Plot of individual patient-derived organoids
(PDOs) in culture by days. Each datapoint represents a passage. (C) Contour plot of variant allelic frequency (VAF >0.2) in matching parental tumor and derived
organoid (D) Copy number profile highlighting concordant amplification and loss between parental tumor and matching organoid. Examples on chromosomes 7, 11,

JHEP Reports, mmm 2025. vol. 7 | 101426 3



PDTOs reveal pharmacogenomic vulnerabilities in HCC

mutations among our long-term PDTO cultures are similar to
larger HBV-prevalent HCC cohorts, and mutual exclusivity re-
ported between TP53 and CTNNB1 were also maintained (p =
0.0331) (Fig. 1A).?>?7?® A total of 21/23 PDTOs (91.3%) were
successfully cultured and expanded in GF- basal medium,
whereas the remaining 2/23 (8.7%) required growth factor-
supplemented medium (GF+) (Fig. 1A).

In addition to HCC PDTOs, we also generated 10 patient-
derived organoids from nontumor (seven PDNT) and normal
livers (three PDNL) in GF++ medium as previously reported
(Tables S1 and S2). Their non-malignant feature was affirmed
by the absence of cosmic mutations and a balanced genome
from whole exome sequencing (WES), and the liver origin by
positive staining of hepatic differentiation (HNF4a*) and human
liver stem/progenitor markers (EpCAM™*, CK19*) (Tables S4 and
S5, Fig. S2A and B). In parallel to PDTOs, the same parental
tumor was also subjected to conventional 2D-monolayer cul-
ture for cell line using a protocol previously developed by our
group.?®2° In later drug sensitivity testing, we compared 3D
PDTOs with their corresponding 2D patient-derived tumor cell
lines (PDTCLs), as well as HCC cell lines from the American
Type Culture Collection (ATCC), for drug-response profile.

PDTOs retain histopathology and molecular characteristics
of parental tumor

With the goal of generating HCC models that would reflect the
biology of a patient’s tumor, we performed detailed analysis on
10 PDTO lines that represent different tumor histopathology
and harboring major HCC-associated genetic anomalies
(Fig. 1A, Fig. S3A). Of note, three patients have paired tumor
and adjacent nontumor organoids developed (PD-775, PD-794,
PD-877) (Fig. S3B). WES showed pathogenic mutations to be
preserved in PDTOs, and tumor heterogeneity based on
mutational variant allele frequency (VAF) was also maintained
(Fig. 1C). Major clonal fraction in parental tumors was found to
be conserved in their corresponding PDTO, for example PDTO-
794 and PDTO-886, and this extended to also subclonal frac-
tions, for example those found in PDTO-670 and PDTO-720
(Fig. 1C). In addition to mutations, frequently reported copy
number variants (CNVs) such as amplification of chr.11q13.3
(harboring FGF19, CCND1) and chr.7g31.2 (harboring MET,
EGFR), and loss of regional chr.8p21.1 (harboring DLC1, FZD3)
in parental tumor were retained in PDTO (Fig. 1D, Fig. S3C,
Tables S4 and S5). Unsupervised principal component analysis
(PCA) of transcriptome datasets readily illustrated a high
concordance and clear similarity between parental tumor and
derived organoid (Fig. 1E, Table S6). We also noted that while
non-malignant liver organoids (PDNT and PDNL) have a finite
life span varying between 40 and 150 days (four to 10 pas-
sages) before senescing, PDTOs can stably grow beyond 400
days (>40 passages) (Fig. 1B).

Similar to other studies, histological examination of PDTOs
also showed that they can recapitulate the original tissue

architecture (Fig. 1F). A strong resemblance in several
morphological features could be observed such as solid
(PDTO-744, PDTO-813), pseudoacinar (PDTO-720), trabeculae
(PDTO-794, PDTO-670), steatohepatitic (PDTO-955) and
well-differentiated (PDTO-886) tumor patterns (Fig. 1F).
PDNT and PDNL organoids, however, consistently displayed a
cystic morphology of monolayer epithelium (Fig. S2A). Immu-
nofluorescence (IF) staining of HCC-associated marker GPC3,
CK19, and HNF4a showed varying degrees of expression
among PDTOs, whereas EpCAM positivity was mainly found in
PDNT and PDNL organoids (Fig. 1F, Fig. S2A). In vitro doubling
time of PDTO cell growth correlated with tumor histopathology
grade, where well to moderately differentiated cases have
longer doubling times than those of poorly differentiated
PDTOs (Fig. 1G). Tumorigenicity of PDTOs could also be
confirmed by successful engraftment in an immunocompro-
mised NSG (NOD-Prkdc® [/2rg®™"/Smoc) mouse model,
either subcutaneously (9/10 PDTOs) or orthotopically (8/10
PDTOs) (Fig. 1H, Fig. S4A). Of note, the engraftment time for
orthotopically injected PDTOs also concur well with tumor
histopathology, where poorly differentiated PDTOs could be
successfully engrafted orthotopically faster than those of well
or moderately differentiated PDTOs (Fig. 1G, Fig. S4A). For
PDT-955, steatosis featuring large intracytoplasmic vacuoles
and compressed eccentric nuclei, and cells with clear cyto-
plasm positive for adipophilin were maintained not only in
organoids, but also in xenografts (Fig. S4B).°"° Overall evi-
dence leads us to believe that our PDTOs established faithfully
recapitulate their parental HCC tumor.

Pharmacogenomic indicators for improved
therapeutic index

A 100-drug panel consisting of 85 FDA-approved and 15
pipeline drugs targeting pathways that are frequently deregu-
lated in HCC were tested in 28 patient-derived models (10
PDTO, eight PDTCL, seven PDNTO [patient-derived nontumor
organoid], and three PDNLO [patient-derived normal liver
organoid]) and five HCC cell lines from the ATCC (Table S3). A
total of eight PDTCLs (PDTCL-670, -688, -720, -744, -775,
-813, -877 and -886) was established from the same originating
tissue as the PDTOs. In assessing drug response, the S:B and
Z' factor (>0.5) of minimum and maximum controls were used
as internal quality control measures. Normalized percentage
inhibition was used to generate AUC and ICsq (Table S7). Two
independent screens were conducted on each organoid or cell
line, and a high concordance between runs was demonstrated
(r>0.7, p <0.0001) (Fig. S4C). Of note, drug screen profiles from
the same PDTO obtained from early (mean p8) vs. late (mean
p11) passage showed high concordance and no significant
change in drug response (Fig. S4D and E). Among the 100
drugs tested, PDNT and PDNL organoids showed therapeutic
resistance to the majority, suggesting many drugs are in fact
tumor specific (Fig. 2A). Correlation matrix of mean AUCs

and 8 shown. (E) Unsupervised 3D principal component analysis (PCA) of transcriptome TPM in parental tumor and matching patient-derived (PD) organoid. Colors
indicate individual cases of matching parental tumor and organoid. (F) Representative phase contrast, H&E, and immunofluorescence staining of PD-tumor organoids
and parental tumor established from well (WD), moderately (MD) to poorly differentiated (PD) HCCs. (G) Spearman correlation plots of PD-tumor organoids doubling
time by histopathology grade and rate of in vivo engraftment. (H) Representative photos and H&E staining of xenografts from subcutaneous or orthotopic PDTO

inoculations. TPM, transcript per million; VAF, variant allele frequency.
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indicated that response profiles of PDTO were more heterog-
enous compared with the combined PDNT and PDNL orga-
noids (Fig. 2B). Contrary to PDTO, a more homogeneous
response was shown for matching PDTCL cultures (Fig. 2A),
suggesting the state of the monolayer has an influence on drug
response. Indeed, we found common HCC cell lines from the
ATCC showed highest sensitivity to most drugs (Fig. 2C). A
clear discrimination between PDTOs and PDTCLs lies in tar-
geted therapies and drugs with CVIs,® for example rapamycin
and pipeline drug AZD8055 (Fig. 2C, Fig. S5A-D). No significant
difference was found for chemotherapies (Fig. 2C).

Major strides have been achieved in identifying actionable
clinical variants in many human cancers,**3* but few have
been reported for HCC (Fig. S1A). We investigated the phar-
macogenomic landscape by integrating common somatic
nucleotide variants (SNVs), recurring CNVs, and drug response
data from 100 compounds tested (Fig. S5E). We identified
PDTO-specific variant-drug associations, for instance FDA-
approved sonidegib (SMO inhibitor) (Fig. 2E), where the drug
efficacy was more profound in tumor organoids. This can be
clearly demonstrated when matching cases of PDTO, cell line,
and nontumor organoid were compared (Fig. 2F). The effect of
sonidegib is likely attributable to the significant upregulation of
its direct binding target SMO in PDTOs,*® which is consistent
with The Cancer Genome Atlas (TCGA) Liver Hepatocellular
Carcinoma (LIHC) data (Fig. 2G). Of interest, a first interven-
tional study of sonidegib (LDE225) in patients with HCC has
just completed and is awaiting results to determine if there is
any improved clinical outcome (clinical trial no. NCT02151864).

Using elastic net (EN) regression, we identified 1,619
variant-drug predictive pairs (p <0.05) (Table S8). Unfortunately,
the majority of variants associated with sensitivity and resis-
tance to existing FDA-approved drugs sorafenib, lenvatinib,
regorafenib, and cabozantinib are often passenger mutations or
pathogenic mutations reported in <5% of HCCs, which limit
their clinical utility (Fig. 2H, Fig. S5F).®?>28 For instance,
cabozantinib sensitivity towards PDTOs harboring MET ampli-
fication (MET®™P) is consistent with its mechanism of action®®
(Figs. 1C, 2H, and Fig. S5G). Although pathogenic, the low
incidence of MET®™ in both our inhouse panel of PDTO (pre-
sent in PDTO-688 only) and the LIHC TCGA cohort (<3%) may
account for the low response rate (Figs. S3A and S5F and G).
The only response to lenvatinib were associated with the
frequently mutated driver gene TP53, whereby missense mu-
tations affect 25% of HCCs (Fig. 2H).22%7?83" EN results
revealed that lenvatinib sensitivity correlated with TP53
missense mutations (Fig. 2H and J).

To substantiate the clinical relevance of these findings, we
retrospectively determined the TP53 mutation status in a
cohort of 10 patients with HCC with follow-up information on
lenvatinib treatment within our hospital as previously described

(Fig. 2J).°® We adapted an analysis approach similar to that
described by Wheler et al.>® in evaluating TP53 status and
response to lenvatinib in our cohort. Patient outcome was
assessed and determined by managing oncologist. Among the
10 HCC patients, seven harbored mutant TP53 (Fig. 2J). Of
which, six were missense (five at the DNA-binding domain/DBD
and one at the terminal-transactivating domain 1/TAD), and one
truncating frameshift (Fig. 2J). The higher incidence of
missense over truncating mutations is consistent with previ-
ously reported HCC genome studies by us and others.??%857
Although there was no difference in overall patient outcome
with only one patient harboring TP53 DBD missense mutation
showing stable disease, there was significant improvement in
progression-free survival for patients carrying TP53 missense
mutations (median = 262.5 days) compared with truncating
(median = 30 days) and wildtype status (median = 62 days)
who received lenvatinib (Fig. 2K). This warrants further inves-
tigation in a larger patient cohort to draw firm conclusions
between TP53 missense mutation association with lenvati-
nib response.

CTNNB1™! sensitivity towards ceritinib is via noncanonical
Whnt signal independent of ALK

Pharmacogenomic vulnerabilities associated with major so-
matic mutations of CTNNB? remain elusive in HCC.®> CTNNB1
gain-of-function mutations is a top driver in HCC tumorigenesis
occurring in 11-37% of cases.?>?®3” EN analysis in our panel
of PDTOs indicate CTNNB1mut sensitivity to ceritinib (Fig. 3A).
In the extended cohort, CTNNB1 mutated PDTOs (n = 4) were
sensitive to ceritinib compared with wildtype (n = 19) as evi-
denced by significantly lower IC5q in CTNNB1 mutated (mean +
SD = 5.33 + 2.74 pM) than CTNNB1 wildtype PDTOs (mean +
SD = 27.28 + 19.58 uM) (Fig. 3A-B). Ceritinib also showed low
cytotoxic effect in nontumor and normal liver organoids (mean
ICs0 of 45.398 + 25.136 uM) (Fig. 3B, Table S7), suggestive of
its favorable therapeutic index in addition to mutant-bias. Our
data showed ceritinib could lead to both CTNNB1™-specific
in vitro cell death (Fig. 3C and D) and reduction of tumor burden
in a CTNNB1™ orthotopic in vivo model (Fig. 3E).

Ceritinib is FDA-approved for treating ALK-positive meta-
static non-small cell lung cancer and sensitivity is associated
with ALK rearrangement/fusion and upregulations.’®*! Inter-
estingly, no ALK fusion and upregulation could be found in
CTNNB1™" PDTOs or HCC in general (Fig. S6A-C). Overall,
findings led us to believe that ceritinib-mediated CTNNB71™t
growth inhibition is independent of canonical ALK. Notably, the
study by Kuenzi et al.*" also found ceritinib sensitivity in ALK-
negative lung cancer cell lines and uncovered a poly-
pharmacology mechanism involving non-canonical targets,
including RPS6KA3 (Ribosomal Protein S6 Kinase AS3),

showing tumor specificity among chemotherapy drugs, targeted therapy, and drugs with clinical variant indicators (CVls). (E) Sonidegib mean AUC boxplot grouped by
PD-cell line, PDT-organoid, PDNT-organoid, and PDNL-organoid. Unpaired t test deemed significant if “p <0.05. (F) Sonidegib growth inhibition curves from individual
patients with successfully established: PDT-organoid, PDT-monolayer, PDNT-organoid. (G) Sonidegib target SMO mRNA expression (TPM) in PDT and NT organoids
and TCGA LIHC HCC cohort. (H) Elastic net results for FDA approved sorafenib, lenvatinib, regorafenib and cabozantinib against HCC. Line length is proportional to the
p value. (l) Lenvatinib AUC boxplot grouped by TP53 missense status. Unpaired Student t test *p <0.05, *p <0.01, **p <0.001. (J) Summary table for TP53 mutation
status of 10 HCC patients with known lenvatinib treatment outcome (Prince of Wales Hospital, PWH n = 10). (K) Progression-free survival analysis of patients who
received lenvatinib grouped by their TP53 mutation status was performed by the Kaplan-Meier method and compared by the log-rank test. ATCC, American Type
Culture Collection; AUC, Area under curve; HCC, hepatocellular carcinoma; LIHC, Liver Hepatocellular Carcinoma; NT, nontumor; PD, patient-derived; PDCL, patient-
derived cell line; PDNL, patient-derived normal liver; PDNT, patient-derived adjacent nontumor; PDT, patient-derived tumor; PDTO, patient-derived tumor organoid;

TCGA, The Cancer Genome Atlas; TPM, transcript per million.
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Fig. 3. CTNNB1™" sensitivity towards ceritinib is independent of ALK. (A) Elastic net analysis for CTNNB7mut-specific sensitive drugs (o <0.05). (B) Scatterplot of
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unpaired Student t test was deemed significant if “o <0.05. (F) High-content imaging quantification of RPS6KAS3 in PDTOs grouped by CTNNB1 mutation status. (G)
Representative immunofluorescence high-content images of RPS6KAS3. ALK, Anaplastic lymphoma kinase; CTNNB1, Catenin Beta-1 or Beta-catenin; Mut, Mutant;
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Fig. 4. A synthetic lethal link between CTNNB1mut and noncanonical NKD1-RPS6KAS3 axis creates a therapeutic window for ceritinib. (A) Correlation matrix of
ceritinib response (AUC) and polypharmacological targets at the protein and transcript levels. Spearman positive correlation, *p <0.05. (B) Correlation plot of RPS6KA3
(TPM) and ceritinib response (AUC). Colors indicate CTNNB1mut status and PDO. (C) High-content imaging quantification of RPS6KA3 protein levels with (8 M) or
without (0 pM) ceritinib treatment (n = 2-3). (D) RPS6KA3 expression in expanded LIHC TCGA cohort grouped by CTNNB17 mutation status. (E) High-content imaging
and quantification of RPS6KA3 protein levels by cell scoring analysis in two PDTOs stably overexpressing (OE) either WT, T41A, or S45P mutant CTNNB7. Mutations
verified by Sanger sequencing. (F) Representative growth inhibition curve (left) and statistical analysis of ceritinib ICsq (right) (n = 2-3). (G) shRNA-mediated knockdown
(KD) of RPS6KA3 in CTNNB1mut PDTOs (PDTO-670 and PDTO-720) was validated by gPCR. Expression relative to 18s. (H) Representative growth inhibition curve
(left) and statistical analysis of ceritinib ICs (right) of CTNNB1mut PDTO-670 (j) and PDTO-720 (ji) after shRNA-mediated KD RPS6KA3 (n = 3). (I) Overexpression (OE)
of RPS6KA3 in CTNNB1wt PDTOs (PDTO-688 and PDTO-877) was validated by gPCR. Expression relative to 18s. (J) Representative growth inhibition curve (left) and
statistical analysis of ceritinib I1Cs, (right) of CTNNB1wt PDTO-688 (i) and PDTO-877 (ji) after OE of RPS6KA3 (n = 3). CTNNB1, Catenin Beta-1 or Beta-catenin; PDO,
patient-derived organoid; PDTO, patient-derived tumor organoid; RPS6KA3, Ribosomal Protein S6 Kinase A3; TPM, transcript per million.

CAMKK2 and YBX1. Indeed, we found a significantly elevated
RPS6KA3 levels in all CTNNB1™ PDTOs compared with the
wildtype (Fig. 3F).

RPS6KAS3 correlated with ceritinib response (AUC) at both
the transcript and protein levels (Fig. 4A and B). PDTOs treated
with ceritinib also led to inhibition of RPS6KA3 (Fig. 4C), which
suggested the likelihood of RPS6KA3 as a downstream
actionable target of ceritinib in the context of CTNNB1™!. The

CTNNB1mut-specific upregulation of RPS6KA3 mRNA was
also observed in an extended cohort of HCC (LIHC cohort)
(Fig. 4D). We next tested the plausible synthetic lethality be-
tween mutant B-catenin and RPS6KA3. To demonstrate a
direct link between CTNNB71 mutation and RPS6KA3, we
generated two isogenic PDTO models with wildtype CTNNB1
(PDTO-688 and PDTO-877) that stably overexpress (OE) either
CTNNB1 wildtype, S45P, or T41A. These two mutations were
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selected based on their highest occurring frequency in
HCC.?>?%42 We observed a spontaneous upregulation of
RPS6KAS3 in CTNNB1 (S45P) and CTNNB1 (T41A) compared
with CTNNB1 (wildtype) in both OE PDTO models (Fig. 4E). This
also concurred with increased ceritinib sensitivity marked by
the significantly lower ICso in CTNNB1 (S45P) and CTNNB1
(T41A) compared with CTNNB1 (wildtype) OE counterparts
(Fig. 4E and F). Functionally, shRNA-mediated knockdown of
RPS6KA3 in CTNNB1™!' PDTOs (PDTO-670 and PDTO-720)

Research article

caused spontaneous resistance to ceritinib (Fig. 4G and H).
Conversely, stably overexpressing RPS6KA3 in CTNNB1™
PDTOs (PDTO-688 and PDTO-877) was able to sensitize
CTNNB1** PDTOs to ceritinib (Fig. 41 and J).

To elucidate the potential underlying mechanism connecting
mutant CTNNB1 and RPS6KA3 further, we defined genes that
positively correlated with RPS6KA3 in both PDTOs and a larger
number of LIHC HCC tumors (p <0.05). Molecular Signatures
Database (MSigDB) geneset enrichment analysis (GSEA) of 251
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overlapping genes revealed that RPS6KA3 strongly correlated
with pathways associated with the non-canonical Wnt signaling
(Fig. 5A). More specifically, the noncanonical arm involving
planar cell polarity, where NKD1 is an upstream regulator
(Fig. S6D). We confirmed mutant B-catenin, but not wildtype,
could directly bind to the NKD71 promoter from chromatin
immunoprecipitation-gPCR  (Fig. 5B). Hotspot CTNNB71™"
S45P or T41A were able to activate promoter activity of
CTNNB1™'-bound NKD1 region significantly, compared with
the wildtype and vector (Fig. 5C). CTNNB1™-specific upre-
gulation of NKD1 was also observed in two PDTOs stably OE
CTNNB1 S45P and T41A mutations (Fig. 5D), and in endoge-
nous PDTOs grouped by CTNNB1mut status (Fig. 5E). NKD1
was also upregulated in an extended group of matching tumor
and nontumor HCC tissues (Fig. 5E). A positive correlation
between NKD7 and RPS6KAS3 could also be established and

150

showed concordance in the inhouse PDTOs, primary tissues
and TCGA LIHC cohort (Fig. 5F and G). We hypothesize a
synthetically lethal link between CTNNB1™" and RPS6KA3/
RSK2, whereby NKD7-mediated activation of noncanonical
Wnt signaling leads to upregulation of ceritinib poly-
pharmacological target RPS6KA3 (Fig. 5H).

PDTO guided patient management

Despite significant medical advances, treatment of HCC remains
a formidable challenge. We undertook a proof-of-concept study
in using combined next-generation sequencing, PDTO culture,
and testing of drugs selected based on genome-guided CVis in
the patient PDTO to create a personalized approach of systemic
therapy in two patients with HCC. Both patients had reached late
stage HCC with no further treatment options.
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Fig. 6. A proof-of-concept study on PDTO-guided patient management. (A) Case 1 summary table of WES genome-guided clinical variant indication (CVI). (B)
Growth inhibition curve for erlotinib, crizotinib, sorafenib, and regorafenib. (C) Serum AFP levels before and during course of erlotinib treatment. (D) CT scans of Case 1
before and after erlotinib treatment. (E) Case 2 summary table of WES genome-guided CVI. (F) Growth inhibition curve for everolimus, erdafitinib and carboplatin. (G)
Serum AFP levels before and during the course of everolimus treatment. AFP, alpha-fetoprotein; PDTO, patient-derived tumor organoid; WES, whole-

exome sequencing.
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The first patient was a 70-year-old male with postoperative
recurrent HCC failed transcatheter arterial chemoembolization,
who underwent radiofrequency ablation, with first-line sor-
afenib and pembrolizumab immunotherapy. Progressive dis-
ease was shown with peri-pancreatic lymph node and high
serum alpha-fetoprotein (AFP) level (62 pg/L) at the time of
receiving PDTO-guided drug choice. Whole-genome
sequencing showed a number of non-actionable missense
mutations but we were able to identify potential actionable
targets EGFR (erlotinib) and MET (crizotinib) from broad chr.7
amplification (Fig. 6A). PDTOs were subjected to single-agent
drug testing against erlotinib (EGFR inhibitor),*® crizotinib
(MET inhibitor),***° regorafenib (second-line treatment of HCC)
and sorafenib for comparison because of known history of
resistance. Growth inhibition curves suggested PDTO to be
most sensitive to erlotinib at a mean IC5o of 2.144 + 0.59 UM
(Fig. 6A and B). Based on the predicted sensitivity, the patient
started on daily TARCEVA® (erlotinib) in January 2020. Reas-
sessment CT scan imaging showed no viable tumor after 5
months on TARCEVA® and treatment response persisted over
a period of 48 months. The serum AFP level also returned to
baseline and loss of peri-pancreatic lymph node involvement
was also apparent at 5 months post-treatment (Fig. 6C and D).
The patient is still in clinical complete remission
in January 2024.

For the second case study, a 61-year-old male with
advanced stage HCC received first and second treatments of
immunotherapy and chemotherapy for his progressive disease.
At the time of receiving PDTO-guided drug treatment he had
also pulmonary metastases. SNV and CNV findings from WES
were suggestive of potential actionable targets such as ever-
olimus against TSC2 p.E1583* (VAF 64.67%) and erdafitinib
against FGFR1 copy number gain (Fig. 6E). Carboplatin was
also selected because of a germline single nucleotide poly-
morphism suggestive of platinum-based chemo-sensitivity to
GSTP1 p.l105V as reported in colorectal and lung cancers
(Fig. 6E).***" Growth inhibition curves suggested that ever-
olimus was the most sensitive drug against PDTOs with a mean
ICs0 of 0.071 = 0.008 pM (Fig. 6F). Subsequently, the patient
was treated with everolimus and began to show partial
response in 5 months based on his serum AFP levels returning
to reference level (Fig. 6G). The patient continues to be well at
20 months, with stable disease and AFP below reference range
in January 2025 (Fig. 6G).

Discussion

PDTOs are a reliable model for preclinical and translational
studies. Despite positive retrospective correlations with patient
response data, challenges such as culture success, cost,
standardization, and time constraints hinder their clinical utility
in guiding precision medicine. We have established a protocol
using baseline culture media without growth factors or condi-
tioned media commonly used in organoid establishment in an
effort to minimize confounding factors during drug screen and
environmental niche dependency.'®'%?° It is also worth noting
that although other studies have failed to grow grade I/l HCCs
as organoids,'® our protocol enabled a relatively higher effi-
ciency of low-grade cultures. We observed that the use of
growth factor-rich GF++ medium could lead to outgrowth of
non-malignant organoids or fibroblasts that outcompeted the
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initially slow growing tumor clusters. Nevertheless, the use of
growth factors has been beneficial in culturing cases with low
cell viability in the starting material. For our proposed growth
factor-low GF- medium, it is plausible that genomic factors of
most HCC tumors could suffice the need to support cell growth
through autocrine and/or paracrine signaling, thus negating the
requirement for extra growth factors. Similar to our findings,
prior work in colon and rectal cancer also suggested PDTOs
could be cultured in the absence of key growth factors*®*° (e.g.
R-spondin, Wnt-3a and Noggin), whereas organoids derived
from normal rectal mucosa remained growth factor depen-
dent.®® Overall, the reduced reliance on such components is
also an important step towards standardization, and cost
reduction — a major challenge in making PDTOs accessible and
scalable for clinical implementation in the future.

Growing evidence suggests that genomically defined tar-
gets have an increased success rate in clinical develop-
ment.®’ % Indeed, the added value of PDTO screening to
designing precision medicine approaches remain unclear for
HCC. Recent genomic-driven strategy from Limousin et al.,’
demonstrated clinical benefit of targeted treatment in three of
19 patients.® Genetic alterations in this study were classified
according to the ESMO scale for clinical actionability for mo-
lecular targets (ESCAT).* However, it is worth noting that there
are no indications above ESCAT Il (hypothetical target) for
HCC.*° At best, these alteration-drug matches are suspected
to improve outcome based on clinical trial in other tumor types
with similar molecular alteration, the status of which is unknown
in HCC.* In such context, PDTO drug screening may prove
useful in evaluating response ex vivo. More importantly, the
patient genomic profile may present with more than one
potentially actionable target with similar ESCAT ranking at llla/
b, as was also observed in the Limousin et al.® study. In which
case, pre-screening in ex vivo models such as PDTOs can also
aid in candidate prioritization. We have encountered this first-
hand and presented two case studies as proof-of-concept
that genomic-driven strategy supported by PDTO screen-
guided management results in clear patient benefit. Our study
presents two exemplary cases that not only substantiate the
feasibility of utilizihg PDTOs to predict patient response, but
also underscore their potential in guiding treatment decisions
for patients with HCC. In our hands, the expedited process
from receiving the biopsy, WES, to delivering the PDTO drug
test results was completed within 20 days without sacrificing
the quality of results. This provides a proof of principle of the
shortest feasible time frame that can be achieved for
pharmacogenomic-guided PDTO testing and how it may fit
within the clinical setting. Clinical trials expanding the cohort of
HCC patients as well as development of assays that include
immunotherapeutic drugs are warranted and within reach.>*°°
Future development of drug testing systems that recapitulate
the tumor-microenvironment interplay such as whether the
presence of fibroblasts/endothelial cells would also affect
angiogenesis inhibitor efficacy ex vivo, would also address a
key limitation of our existing platform.

In spite of the constraints imposed by the limited sample
size, our study successfully achieved a proportionate repre-
sentation and resolution concerning both loss and gain of
function properties associated with HCC driver mutations. This
enabled the identification of potential actionable strategies for
previously deemed undruggable mutations, expanding the
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horizons for therapeutic interventions in HCC. We showed in
our cohort of PD-tumor, nontumor, and normal liver-derived
organoids that there are indeed many FDA-approved drugs,
including those approved for HCC showing lack of tumor
specificity. Therapeutic index of these drugs such as lenvatinib
could be improved via pharmacogenomic based stratification
(.e. by TP53 missense mutation status). However, this is not
always possible as many CVIs are associated with passenger
events instead of driver mutations of high incidence. Out of the
100 drugs tested, only 19 showed tumor specificity in PDTOs.
Interestingly, several of them are targeted therapies with well-
known CVIs, such as ceritinib. However, their linked genetic
variants are generally not found in HCC, which may explain in
part the lack of clinical trial information on ceritinib in HCC. For
instance, ALK fusion or upregulation indicative of ceritinib
sensitivity are not found in HCC. Instead, EN regression linked
ceritinib to mutant CTNNB1. ROC analysis supports the pos-
sibility of using CTNNB1 mutation status (VAF >0.2) or RSK2
protein level as biomarkers for stratifying patients who may
benefit from ceritinib treatment (Fig. S6E). Although we used
high-content systems to quantify RSK2 protein levels, the
detection method can in theory also be adapted for immuno-
histochemistry, which is more accessible in the clinical setting.
However, the use of somatic mutation (VAF) is more robust as a
biomarker because of its higher tumor specificity. Existing FDA-
approved genomic profiling panels such as FoundationOne
CDx already test for CTNNB1 so clinical implementation is
indeed within reach. In line with the role of RSK2 in MAPK
signaling, it is also worth noting that CTNNB7mut PDTOs also
responded to MAPK inhibitor cobimetinib, albeit at a less
CTNNB1mut-specific manner compared to ceritinib (Fig. 3A,
Fig. S6F, Table S8). Overall, stratifying patient subpopulation
for tumor presence of CTNNB1 mutations may offer, for the first
time, an outlook on a treatment and allow assignment into new
clinical trials on repurposing an FDA-approved drug to HCC.

Disproportionate representation of CTNNB1 mutations in
existing HCC cell lines (1/22, 4.5% based on the latest Cancer
Cell Line Encyclopedia [CCLE])*® and patient-derived tumor
organoid cohorts (1/40, 2.5% based on Ji et al.;'” 2/32, 6.25%
based on Yang et al.'¥) has restricted efforts on studying the
synthetic lethal component linked therapy for this undruggable
driver event of HCC.%"° Our pharmacogenomic analysis on
CTNNB1™! PDTOs and functional investigations revealed that
CTNNB1™/NKD1-associated activation of noncanonical Wnt
signaling can lead to ceritinib sensitivity via upregulation of the
polypharmacological target RPS6KAS. Like other pharmaco-
genomic CVIs, the mutation status of the downstream targets
themselves (such as RPS6KA3) within the synthetic lethal
network governed by a driver mutation (such as CTNNB1) need
to be taken into consideration. Of note, RPS6KA3 somatic al-
terations significantly co-occurred with AXINT (p <0.0001)
instead of CTNNB1 mutations (p = 0.564) (Fig. S7A and B),
which also echoed the findings of Schaeffer et al.®° In addition
to significant mutual exclusivity between AXINT and CTNNB1
mutations (Fig. S7B), the underlying transcriptomic signature
for these two mutations also differ suggesting that -catenin
activation via AXIN7 loss may not lead to the same events as
CTNNB1 mutations.®” Indeed, we observed significant
RPS6KAS3 upregulation in CTNNB71 mutant vs. wildtype
HCC, but not when grouped by AXINT mutation status
(Fig. S7C). Given that RPS6KA3 also has tumor suppressive
properties,®® further investigation is needed to fully understand
the underlying synthetic lethality between CTNNB1™" and
ceritinib.

In sum, our study poised to provide an optimized protocol
aimed at enhancing the success rate of HCC organoid estab-
lishment. Our results open up new avenues of clinical trial in-
vestigations to elucidate the link between variant-drug pairs
and the wider utilization of PDTOs in precision medicine,
thereby advancing the field towards more effective and
personalized therapeutic approaches.
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