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Kinome profiling of cholangiocarcinoma sl

organoids reveals potential druggable targets
that hold promise for treatment stratification
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Abstract

Background: Cholangiocarcinoma is a rare but lethal cancer of the biliary tract. Its first-line treatment is currently
restricted to chemotherapy, which provides limited clinical benefit. Kinase inhibitors targeting oncogenic intracel-
lular signaling have changed the treatment paradigm of cancer over the last decades. However, they are yet to be
widely applied in cholangiocarcinoma therapy. Cholangiocarcinoma has marked molecular heterogeneity, which
complicates the discovery of new treatments and requires patient stratification. Therefore, we investigated whether a
commercial kinome profiling platform could predict druggable targets in cholangiocarcinoma.

Methods: Kinase activity in patient-derived cholangiocarcinoma organoids, non-tumorous adjacent tissue-derived
and healthy donor-derived intrahepatic cholangiocyte organoids was determined using the PamChip® phosphoty-
rosine kinase microarray platform. Kinome profiles were compared and correlated with RNA sequencing and (multi-)
kinase inhibitor screening of the cholangiocarcinoma organoids.

Results: Kinase activity profiles of individual cholangiocarcinoma organoids are different and do not cluster together.
However, growth factor signaling (EGFR, PDGFRB) and downstream effectors (MAPK pathway) are more active in chol-
angiocarcinoma organoids and could provide potential druggable targets. Screening of 31 kinase inhibitors revealed
several promising pan-effective inhibitors and compounds that show patient-specific efficacy. Kinase inhibitor
sensitivity correlated to the activity of its target kinases for several inhibitors, signifying them as potential predictors
of response. Moreover, we identified correlations between drug response and kinases not directly targeted by those
drugs.

Conclusions: In conclusion, kinome profiling is a feasible method to identify druggable targets for cholangiocarci-
noma. Future studies should confirm the potential of kinase activity profiles as biomarkers for patient stratification
and precision medicine.
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Introduction

Peptide arrays are a cost-effective, high-throughput
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systems (Peppelenbosch et al. 2016). An advantage of
this approach in cancer is that kinome profiling incor-
porates the complex additive effect of mutations, epige-
netics, transcriptional regulation and posttranscriptional
modification, resulting in a kinase activity profile that
describes the downstream effect of these changes. Inves-
tigation of the global up- or downregulation of kinase
activity in cancerous tissues may reveal which existing
kinase inhibitors are potentially effective in patient treat-
ment and could identify new potential druggable targets.
In pediatric brain tumors, kinome profiling by peptide
array confirmed previously reported signaling pathway
activity in Epidermal growth factor receptor (EGFR or
ERBBI1), Hepatocyte growth factor receptor (c-MET) and
Vascular endothelial growth factor receptor (VEGFR),
associated these tumors with highly active Proto-onco-
gene tyrosine-protein kinase (Src) family kinases and
demonstrated corresponding treatment responses to
Src kinase inhibitors (Sikkema et al. 2009), showing the
applicability of this technique to identify potential thera-
peutic targets. However, to date, kinome profiling for
cholangiocarcinoma (CCA) has only been performed on
2D cell lines (Saha et al. 2016), but not primary-cancer-
derived 3D organoid lines.

CCA is a relatively rare but lethal cancer originating in
the biliary tract. It is the second most common form of
liver cancer after hepatocellular carcinoma, represent-
ing~15% of cases (Banales et al. 2020). The prognosis
for CCA patients is dismal, with 5 year survival rates
of 7-20% (Banales et al. 2020). CCA often goes unde-
tected for an extended period of time, being discovered
at an advanced stage when curative treatment by surgi-
cal removal has become impossible. The only systemic
treatment for CCA is palliative and consists primarily of
chemotherapeutics that provide limited benefit. There-
fore, it is essential to identify more effective treatment
modalities.

Treatments that have gained traction in recent years
are the arsenal of (tyrosine) kinase inhibitors directed
at molecular oncogenic intracellular signaling (Uitde-
haag et al. 2019). All cellular processes depend on kinase
activity, and constitutive activation of these pathways
in cancerous tissues has shown to be a promising tar-
get for treatment in many cancers (Yau et al. 2015; Khan
et al. 2022; Friedlaender et al. 2022). For CCA, several
clinical trials were performed where such targeted ther-
apeutics were added to palliative treatment regimens.
However, results of these clinical trials with kinase inhib-
itors targeting Human epidermal growth factor recep-
tor (HER), c¢-MET, KRAS-BRAF-MEK-ERK (Serine/
threonine-protein kinase B-raf (BRAF)- Dual specific-
ity mitogen-activated protein kinase kinase (MAP2K or
MEK)-Extracellular signal-regulated kinase (ERK)), and
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PIBK-AKT-mTOR [Phosphoinositide 3-kinase (PI3K)-
Protein kinase B (AKT)- Serine/threonine-protein kinase
mTOR (mTOR)] were disappointing, as addition of the
kinase inhibitors did not prove more effective than cur-
rent treatment protocols (Lamarca et al. 2020). A prob-
able explanation for the failure of these trials is that there
was no accurate biological stratification of patients.

Large scale studies focused on the genetic charac-
terization of CCA have elucidated the complex and het-
erogeneous mutational landscape of this tumor. These
studies have found druggable mutations, amplifications
or fusions of genes in about 40% of CCA patients, dem-
onstrating notable opportunity for targeted therapies
(Nakamura et al. 2015). Recently, Fibroblast growth fac-
tor receptor (FGFR) inhibitor pemigatinib was approved
for treatment of CCA patients with Fibroblast growth
factor receptor 2 (FGFR2) fusions or mutations, after
demonstrating an objective response rate of 35.5% and a
durable response of > 12 months in 37% of the respond-
ers in a phase 2 clinical trial (Abou-Alfa et al. 2020).
This is one example of how genetic characterization
can improve treatment stratification. However, even
after selection by genetic aberration, only subgroups
of included patients benefit from targeted treatment.
Moreover, treatment response to signaling inhibitors is
not always directly linked to mutations in the targeted
pathways, as multiple mutations may accumulate in a
tumor, allowing it to bypass inhibitor effects (Uitdehaag
et al. 2019, 2014; Tatli and Dinler 2021). Therefore, there
is a pressing need for an alternative, more accurate strati-
fication for targeted therapeutics. For CCA, correlating
kinase activity to kinase inhibitor treatment response
may improve personalized patient care.

As clinical trials for targeted therapies are expen-
sive and time-consuming, a representative and scalable
in vitro CCA model for drug screening could speed up
the identification of personalized effective treatment
approaches. With recent developments in organoid tech-
nology this has now become feasible for CCA. Patient-
derived cholangiocarcinoma organoids (CCAOs) are
3-dimensional, self-organizing cell cultures that grow and
recapitulate the genomic aberrations and gene expression
patterns of the parental tumor to a large extent (Broutier
et al. 2017; Saito et al. 2019; Maier et al. 2021; Nuciforo
et al. 2018). These CCAOs can be established from both
resected tumors and core needle biopsies, and are ame-
nable to high-throughput drug screening (Broutier et al.
2017; Saito et al. 2019; Nuciforo et al. 2018).

Here, we investigated whether assessment of kinome
profiles generated through a commercial platform
could predict potential druggable targets in CCA. To
this end, we performed phosphotyrosine kinome profil-
ing in patient-derived CCAOs, (paired) patient-derived
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non-tumorous  adjacent  cholangiocyte  organoids
(HAOs), and healthy donor-derived intrahepatic chol-
angiocyte organoids (ICOs) to identify the differentially
active kinases in CCA cells. Moreover, we screened a
library of (multi-)kinase inhibitors in these CCAOs to
determine if kinase activity could predict treatment
response in CCA cells.

Materials and methods

Organoid culture

Organoids were initiated from three CCA tissue samples,
two matched adjacent non-tumorous tissue samples and
three healthy donor liver tissue samples. All tissue sam-
ples were collected at the Erasmus Medical Center Rotter-
dam after surgical resection or liver transplantation. The
use of these tissue samples was approved by the medical
ethics committee of Erasmus Medical Center Rotterdam
(MEC-2013-143 & MEC-2014-060). All patients con-
sented to the use of resected or transplant materials for
research purposes. CCAOs and organoids from non-
tumorous tissues were cultured as described previously by
Broutier et al. (Broutier et al. 2017) and Huch et al. (Huch
et al. 2015) CCAO1 was derived from a perihilar CCA,
while CCAO2 and CCAQO3 were initiated from intrahe-
patic CCAs. Tumorigenicity of CCAOs was confirmed
by tumor formation after subcutaneous xenografting in
female NOD.Cg-Prkdc5“™® 112rg™™Wi/SzJ (NSG) mice
(Charles River) and detection of cancer-related mutations
by targeted next generation sequencing for a gene panel of
63 solid cancer-related genes (Lieshout et al. 2022, under
revision). Mutations identified related to kinase signaling
were ARID1A mutation (CCAO1) and deletion (CCAQO2,
CCAO3), DDR2 amplification (CCAQO2), ERBB2 ampli-
fication (CCAQ3), FGFRI deletion (CCAQ?2), IGFIR
mutation (CCAO1) and amplification (CCAO2, CCAO3),
KRAS mutation (CCAO1, CCAQO2), MTOR deletion
(CCAO3), NRAS deletion (CCAQO3), PIK3R1 deletion
(CCAQ2), ROSI deletion (CCAQO2).

Global phosphotyrosine kinase assay

Sample preparation

Prior to kinome profile analysis, organoids were cul-
tured for 12 h in Advanced DMEM/F-12 (Thermo
Scientific, USA) without supplements described for
organoid culture, to allow full endogenous kinomic
activity. After 12 h, organoids were collected and
washed with NaCl 0.9% (ice cold) to remove the
Matrigel. After that, the organoids were lysed using
M-PER™ Mammalian Protein Extraction Reagent
(Thermo Scientific, USA) with Halt Protease Inhibitor
Cocktail (Thermo Scientific, USA) and Halt Protease
Inhibitor Cocktail (Thermo Scientific, USA)—orga-
noids were incubated for 10 min on ice followed by
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centrifugation (14,000 rpm, 10 min, 4 °C). The super-
natant was collected, and protein concentration was
measured using Lowry method (DC protein assay, Bio-
Rad, USA). Supernatants were stored at — 80 °C until
use.

Kinase assay

Organoid lysates (1 pg/uL protein for all samples) were
loaded on a PamChip tyrosine-kinase microarray (Pam-
Gene International BV, The Netherlands) as described
previously (Baroncelli et al. 2019). Phosphorylation of the
144 kinase substrates on the array was detected by using
FITC-labelled secondary antibody. Signal intensities of
the three technical replicates for each substrate were
quantified using Bionavigator software (version 6.1.42.1;
PamGene International BV). The internal positive con-
trol peptide ART_003_EAI(pY)AAPFAKKKXC was not
considered for further analysis and the kinase activ-
ity was normalized by the CD79A_181_193 peptide. V
max values below zero were artificially set to zero. Only
V max values with average above zero were considered
for further analysis. A dotplot graphic was built (Lux vs
time 640 s to 1840s), and the area under the curve (AUC)
calculated using GraphPad software (version 5.0, Graph-
Pad Inc., USA) as a measure of peptide phosphoryla-
tion, and AUC values of zero were replaced by the lowest
AUC value determined for that organoid line to allow for
comparative analysis and correlation of all peptides. For
upstream kinase analysis, kinases known to phosphoryl-
ate the specific peptides (target peptides) were identified
by Uniprot (The 2020) and Ensembl (Howe et al. 2021)
databases. The matched peptides and upstream kinases
can be found in Additional file 1: Table S1.

Descriptive statistics and exploratory data analysis

All exploratory data analysis were performed by R soft-
ware version 4.2.1. From AUC calculated by GraphPad,
data analysis was done using R 4.2.1 (Team RC 2020) and
RStudio (Team R 2020) software, applying the packages
tidyverse 1.3.0 (Wickham et al. 2019) for data manipu-
lation, ggplot2 (Wickham 2016) for data visualization,
factoextra 1.0.7 (Kassambara and Mundt, 2017) for Prin-
ciple component analysis (PCA) analysis and graphics,
complex heatmap for heatmap visualization and clus-
tering (Gu et al. 2016), and correlation 0.7.1 (Makowski
et al. 2020) for correlation calculation. Upstream kinase
activity and mRNA expression heatmap (Fig. 1C) is based
on calculated z-scores from AUC (kinome profiling) and
Trimmed Mean of the M-values (TMM) normalized
counts data (RNAseq). Clustering (Fig. 2D) is based on
the distance matrix calculation (Pearson method) and
followed by columns clustering.
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RNAseq: overall expression
Fig. 1T mRNA expression of kinases does not correlate to kinase activity. A Schematic representation of the workflow. Kinome profiles were
established, and RNA sequencing data were acquired for patient-derived CCA organoids (CCAOs). Upstream kinases were identified from the
Uniprot and Ensemble databases for the peptides included in the kinome profiling array. Correlation analysis was performed to investigate the
relationship between mRNA expression levels and kinase activity. Schematic created with BioRender.com. B Violin plots with box plots of the RNA
expression levels show a similar overall distribution of genes in the three CCAQ lines. C Heatmap of the activity (AUC of the activity plots) and
mMRNA expression (normalized counts) of the 37 upstream kinases included in the kinome profiling array in the three CCAO lines. Data is shown by
calculated z-score. D Scatter plots demonstrate there is no correlation between the kinase activity and RNA expression level of the upstream kinases
in the three CCAOs.

Inferential statistics 4.3.0). For correlation analysis, Spearman and Pearson
All statistical analyses were performed by R software ver-  methods were applied and p-values were adjusted by
sion 4.2.1. Statistical comparisons were performed by FDR correction. Differences were determined to be sta-
Kruskal-Wallis rank sum test (Stats R package, version tistically significant when p <0.05.
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Fig. 2 Exploratory kinome analysis demonstrates individual kinase activity profiles of CCAOs. A Schematic representation of the experimental
setup. Kinase activity profiles were established for three CCAO lines with two matched non-tumorous adjacent tissue-derived organoid lines
(CCAOT, CCAO2 with matched HAO2, and CCAO3 matched with HAO3) and three healthy donor-derived intrahepatic cholangiocyte organoid
lines (ICO1, 1CO2 and ICO3). Comparison of these profiles leads to the identification of potential druggable targets. CCAOs were also subjected to a
screening of targeted therapeutics to identify pan-effective and selective compounds. Correlation between drug response and kinase activity leads
to the discovery of potential biomarkers for treatment stratification. Schematic created with BioRender.com. B Violin plots with box plots showing
that the overall kinase activity data density distribution is similar for all samples. Colors represent sample types (CCAQ in yellow, HAO in green, ICO
in blue). There was a significant difference in values among samples (p-value = 1.488e—03). C PCA plot of kinase activity of all peptides included

in the kinome profiling array based on principle component 1 and 2. Each sample is represented by one dot (CCAQ in yellow, HAO in green, ICO

in blue). CCAO3 is the most distinct sample in the dataset. CCAOs are positioned far apart. D Heatmap of all kinase target peptides on the array
analyzed by unsupervised clustering for samples and for kinase target peptides. Data is shown by log10(AUC target peptide). Three peptide clusters
are emphasized: (i) peptides highly phosphorylated in all samples, (i) peptides with heterogeneous phosphorylation patterns between samples,
and (i) peptides lowly/not phosphorylated in all samples
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RNA sequencing

Descriptive statistics and exploratory data analysis

GEO Dataset Record number GSE179601 based on the
GeneChip Human Genome U133 Plus 2.0 Array (Affym-
etrix) was used to acquire RNA sequencing data of the
three CCAO lines. All exploratory data analysis were per-
formed by R software version 4.2.1. From TMM normali-
zation data, data analysis was done using R 4.2.1 (Team
RC 2020) and RStudio (Team R 2020) software, apply-
ing the packages tidyverse 1.3.0 (Wickham et al. 2019)
for data manipulation, ggplot2 (Wickham 2016) for data
visualization, complex heatmap for heatmap visualiza-
tion and clustering (Gu et al. 2016), and correlation 0.7.1
(Makowski et al. 2020) for correlation calculation. Clus-
tering is based on the distance matrix calculation (Pear-
son method) and followed by columns clustering.

Inferential statistics

All statistical analyses were performed by R software ver-
sion 4.2.1. Statistics were made by Student’s t-test and
p-values were adjusted by FDR correction. For correla-
tion analysis, Pearson method was applied and p-values
were adjusted by FDR correction. Differences were deter-
mined to be statistically significant when p <0.05.

FDA-approved oncology drug screening

Organoid treatment

Organoids were collected and washed using ice-cold
Advanced DMEM, followed by mechanical disrup-
tion into fragments. Those fragments were dissociated
into single cells and small cell clumps by three cycles of
three minutes incubation with Trypsin—-EDTA in a 37 °C
water bath with mechanical disruption in between. Then,
the cell suspension was filtered through a 100 pm filter,
cells were plated in 5 pL droplets in white walled 96 well
plates and covered with expansion medium. The Food
and Drug Administration (FDA)-approved oncology
drugs library version 8 used, was kindly provided by the
Developmental Therapeutics Program of the Division of
Cancer Treatment and Diagnosis of the National Cancer
Institute (http://dtp.cancer.gov). This compound library
contains 37 targeted therapeutics, of which 31 are kinase
inhibitors (Additional file 1: Table S2). Compounds were
added after two days of organoid culture in 1 uM and
10 uM concentrations. After four days of exposure, orga-
noid viability was determined.

Viability measurement

Organoid viability was determined by quantification
of ATP content using the CellTiterGlo® 3D Cell Via-
bility Assay (Promega) according to manufacturer’s
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instructions. An ATP standard curve was included for
every organoid line, using a 4 x dilution series ranging
from 20 uM to 4.9 nM of ATP disodium salt (Promega).
Drugs were considered to effectively inhibit the organoid
culture if their viability value was below the mean minus
three times the standard deviation of the vehicle control
treated organoids of the same organoid line.

Results

Enzymatic kinase activities are not correlated to their
transcriptional expression levels

RNA expression levels are known to correlate imper-
fectly to protein expression, let alone protein enzymatic
activity. Therefore, we first investigated to what extent
RNA transcription patterns in CCAOs are reflected in
their kinomic activity (Schwanhdusser et al. 2011; Liu
et al. 2016). To this end, we generated kinome profiles of
three patient-derived CCAO lines to compare to estab-
lished RNAseq profiles of these CCAOs (Fig. 1A). The
peptide targets present on the kinome profiling array
were matched to upstream kinases responsible for the
phosphorylation of the target as is reported in the Uni-
prot and Ensemble database (Additional file 1: Table S1).
Overall, similar gene expression levels were found in the
three CCAO lines (CCAO1 to CCAO3) (Fig. 1B). How-
ever, as shown in Fig. 1C, mRNA expression patterns of
the individual upstream kinases included in the kinome
profiling array did not always correspond to activity of
these enzymes. For instance, for kinases like Tyrosine-
protein kinase Fes/Fps (FES) and Tyrosine-protein kinase
HCK (HCK) clear activity was detected but no clear gene
expression. Correlation analyses, which were performed
using linear regression (Pearson method, unsupervised),
confirmed that kinome profiles and RNAseq data poorly
correlate in each CCAO line, as shown by R (Peppelen-
bosch et al. 2016) values below 0.01 (Fig. 1D). These data
highlight that there is a poorly correlation between RNA
expression profiles in cancer cells and the actual kinase
enzymatic activity. Thus, kinome activity profiling may
arguably provide a better proxy to predict kinase inhibi-
tor response in cancer than transcriptional profiles.

Kinome profiles are heterogeneous

We further explored the kinome profiles of the three
CCAO s, and included two patient-matched non-tumor-
ous adjacent tissue-derived cholangiocyte organoid lines
(CCAO1, CCAO2 with matched HAO2, and CCAQO3
matched with HAO3) and three healthy donor-derived
intrahepatic cholangiocyte organoid lines (ICO1, ICO2
and ICO3) (Fig. 2A) (Marsee et al. 2021). Violin plots
of the overall kinase activity levels show that activi-
ties were distributed similarly in all organoid cultures
(Fig. 2B). Unsupervised cluster analysis of kinase activity
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in organoid samples as visualised in a principle compo-
nent analysis (PCA) plot (Fig. 2C) and heatmap (Fig. 2D)
demonstrated that CCAO3 expressed the most distinct
kinome profile. The kinome profile of CCAO2 shows
the highest similarity to its adjacent tissue counterpart
HAQ2, suggesting a patient-specific kinome profile for
this donor (Fig. 2C, D). However, this was not observed
for CCAO3 and HAO3. The healthy donor-derived ICO1
and ICO2 showed the highest similarity to each other,
secondary to ICO3, demonstrating that while these lines
have a diverse kinomic profile, they share more features
with each other as compared to the other organoid lines
tested (Fig. 2D). Aside from clustering based on samples,
kinome profiles were also clustered based on peptides
(Fig. 2D, Additional file 1: Table S3). Three peptide clus-
ters were identified that embodied highly phosphoryl-
ated peptides in all samples (Fig. 2D, cluster i), lowly/not
phosphorylated peptides in all samples (Fig. 2D, cluster
iii), and peptides that demonstrated heterogeneous activ-
ity of kinases (Fig. 2D, cluster ii). Cluster iii peptides
were excluded from further analyses as it is unlikely that
kinases with very low activity could provide meaningful
druggable targets. Cluster ii contains the highest num-
ber of target peptides and is likely to contain the most
patient-specific information for development of CCAO-
specific therapeutic targets. These findings demonstrate
that there is no common kinome profile signature for
CCAGO s, suggesting that personalized kinase activity pro-
filing is indeed beneficial to assess individual responses
to treatment.

Identification of shared and patient-specific therapeutic
targets in CCAO

We next investigated whether the CCA-derived orga-
noids are marked by selective activity of individual
kinases. To this end, we compared phosphorylation
of individual peptides with known upstream kinases
between the samples. Due to the low power (most com-
parisons are between technical triplicates of two sam-
ples to identify sample-specific patterns), no statistical
analyses could be performed. Therefore, Fig. 3 displays
upstream kinases responsible for phosphorylation of
the array peptides with an average fold change>2 (full
dataset in Additional file 1: Table S4). The comparison
between all healthy donor-derived organoids (ICO1,
ICO2, ICO3) and patient-derived cholangiocarcinoma
organoids CCAOs (CCAO1, CCAO2 and CCAQO3)
revealed 10 kinases with a fold change>2 in CCAOs,
while 2 kinases were more active in ICOs (Fig. 3A).
Mitogen-activated protein kinase pathway (MAPK)
family kinases (mitogen-activated protein kinase 11
(MAPK11 or p38a/SAPK2), 4.2-fold higher; and dual
specificity mitogen-activated protein kinase kinase 6
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(MAP2K6), 11.0-fold higher) demonstrated the high-
est fold change, indicating that they were more active in
CCAOs (Fig. 3A). The comparison of kinase activity of
matched patient samples CCAO2 and HAO?2 disclosed
similar findings (Fig. 3B). Eleven kinases showed at least
twofold higher activity in CCAO2, while one kinase was
more active in HAO2. MAPK family kinases demon-
strated the largest difference in activity (MAP2K6 70.3-
fold higher in CCAO2; mitogen-activated protein kinase
1 (MAPK1) and dual specificity mitogen-activated pro-
tein kinase kinase 1 (MAP2K1 or MEKI1) both 4.7-fold
higher in CCAQO?2), followed by macrophage stimulat-
ing 1 receptor (RON) (13.3-fold) and proto-oncogene
tyrosine-protein kinase receptor Ret (RET) (13.2-fold)
(Fig. 3B). The kinome profile of CCAO3 was very differ-
ent from its adjacent counterpart, displaying 29 upstream
kinases with a fold change over 2 (Fig. 3C). Janus kinase
family (JAK)—(Janus kinase 1 (JAK1) 67.9-; Janus kinase
2 (JAK2) 3.2-; and Janus kinase (JAK3) 4.7-fold higher),
growth factor signaling (Platelet-derived growth factor
receptor beta (PDGFRp) 23.1-fold; Fibroblast growth fac-
tor receptor 3 (FGFR3) 17.4-fold; Receptor tyrosine-pro-
tein kinase ErbB-2 (ERBB2) 25.8-fold; and EGFR 8.9-fold)
and MAPK (MAP2K1 19.5-; dual specificity mitogen-
activated protein kinase kinase 2 (MAP2K2 or MEK2)
3.2-; MAPK11 3.9-; and Mitogen-activated protein kinase
3 (MAPKS3) 3.2-fold) kinases displayed higher activity in
the cancer organoids of this patient (Fig. 3C). Compari-
son of the individual CCAO lines showed that the dif-
ferent CCAO pairs have 19, 15, and 24 upstream kinases
with differential activity (fold change>2) (Fig. 3D-F).
This demonstrates that each of these CCAO lines modu-
lates distinct kinomic pathways leading to marked diver-
sity in kinase activity, confirming the notion that a ‘one
treatment for all’ approach is not likely to be successful.

Screening of targeted therapeutics in CCAOs reveals
promising pan-effective and selective inhibitors

We investigated the sensitivity of the three CCAO
lines to 37 FDA-approved targeted therapies, of which
31 are kinase inhibitors (Additional file 1: Table S2).
These include multi-tyrosine kinase inhibitors (e.g.
Axitinib, Sorafenib) as well as specific cytosolic kinase
inhibitors (e.g. mMTOR — Temsirolimus, MEK1/MEK2 —
Trametinib). Organoids were subjected to treatments for
four days, after which viability was determined by ATP
quantification. CCAOs proved resistant to most targeted
therapeutics at 1 uM (Fig. 4). Therefore, further analy-
ses were performed with data derived from organoids
treated with 10 uM of these compounds. At this con-
centration, eight drugs were pan-effective in CCAOs:
multi-tyrosine kinase inhibitors Crizotinib, Sorafenib,
Vandetanib, and Ponatinib, MEK1/MEK2 inhibitors
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Cobimetinib and Trametinib, EGFR inhibitor Osimer-
tinib and Anaplastic lymphoma kinase (ALK) inhibitor
Ceritinib effectively reduced viability in all three orga-
noid lines (Fig. 4). Of these, Ponatinib and Trametinib
were also effective at the lower dose of 1 pM. These pan-
effective compounds could provide interesting leads for

CCA treatment. In contrast, thirteen compounds dem-
onstrated more selective drug responsiveness in one
or two CCAO lines (Fig. 4). Of these, multi-tyrosine
kinase inhibitor Sunitinib and B-cell lymphoma 2 (BCL-
2) inhibitor Venetoclax had a selective effect for cancer
organoids, inhibiting two of the CCAO lines, but leaving
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the third CCAO line unharmed. For these more selective ~ was higher compared to HAO3 (Fig. 3C). Interestingly,
inhibitors, it is important to identify stratification criteria  this was reflected in EGFR inhibitor sensitivity, with 5
to predict drug sensitivity. In CCAO3, activity of EGFR  out of 5 ErbB family of receptor tyrosine kinases (ERBB)
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inhibitors (Afatinib, Erlotinib, Gefitinib, Lapatinib, Osi-
mertinib) effectively inhibiting CCAO3, while only 2/5
(CCAOQ1) or 1/5 (CCAO2) were effective in the other
CCAO lines (Fig. 4). This promising finding encouraged a
more thorough examination of the correlations between
kinase activity and drug sensitivity.

Exploring kinase activity as a drug sensitivity predictor

To investigate if kinase activity could potentially provide
stratification criteria for response to targeted therapeu-
tics, we applied Spearman correlation analysis to the
kinome profiling array targets and drug sensitivity data.
Significantly correlated target peptides were selected
for each drug, and their R? values were determined by
linear regression (Additional file 1: Table S5). From the
compounds that showed selective effects, efficiently
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inhibiting some organoid lines, but not others (Fig. 4),
we selected Afatinib, Dasatinib and Sunitinib to include
in Fig. 5. They were chosen based on their drug target or
drug response pattern (Fig. 4). Afatinib targets EGFR and
serves as an example of a kinase inhibitor with a more
specific target, while Dasatinib serves as an example of
a multi-kinase inhibitor. Sunitinib was included because
it is the drug that specifically affected tumor organoids
(CCAOs) and not the non-tumorous HAOs.

Afatinib is a selective inhibitor of all members of the
ERBB receptor family: EGFR, ERBB2, Receptor tyrosine-
protein kinase ErbB-3 (ERBB3) and Receptor tyrosine-
protein kinase ErbB-4 (ERBB4). It was effective in 2/3
CCAO lines (Fig. 4), and spearman correlation identi-
fied 5 target peptides of which phosphorylation was
significantly correlated to Afatinib sensitivity (Fig. 5A).

A Afatinib
GAB1_622_632 PLCG1_777_789 VGFR3_1061_1073 ERBB4_1277_1289 MK14_177_187
2 R?=0.69 210 Re=099 ¥10° Re=061 %7  Re=o0s4 &1 | Re=082
2 2x10 2x10° * 4x10% 410
® ° 1%104
3 1x10 1x103 2103 *Nl*  2x10°%
£ .
x 0 e 1 0 T T T T 1 0 —— T 1 0 T T T T 1 0 e 1
00 02 04 06 08 1.0 0.0 02 04 06 08 1.0 0.0 02 04 06 08 1.0 0.0 0.2 04 06 08 1.0 00 02 04 06 08 1.0
Drug response
B Dasatinib
GAB1_622_632 PLCG1_777_789 VGFR3_1061_1073 ERBB4_1277_1289 MK14_177_187
3x10° 2x10 3x10° 6x10° 6x10°
> R2=0.75 * Re=079 R2=0.91 Re=048 . R2=046
2 2x10 . . s 2x10% * 4x10% 4x10
s ° 1%104 °
9 1x10% 1x10 2103 L o 2x10%
£ .
! 0 T ° 0 T 0 T - T = 0 T T T T T 1 0 T I. -I -
00 02 04 06 08 1.0 00 02 04 06 08 1.0 0.0 02 04 06 08 1.0 0.0 02 04 06 08 1.0 00 02 04 06 08 1.0
Drug response
C Sunitinib
CD28_185_197 PTN11_541_5651 CD3E_182_194 DYR1A_312_324 EGFR_1190_1202
1x10°2+ 2%102 4%102 1102+ 2x10°
) R2=099 R?=099 R2=074 RP=095 R2=0.82
8x10° 3x10°2 8x10-3-]
6x103- / 6x103-] o
1%10-2+ 2x10-2- 1%x10°3;
4%1079 « 4x10 . .
2 2x10 1x1027 2x10°-
> « .
.'3 0 T T T T 1 0 T T T T 1 0 T T T T 1 0 T T T T 1 0 T T T T T 1
© 00 02 04 06 08 1.0 00 02 04 06 08 1.0 0.0 0.2 04 06 08 1.0 0.0 02 04 06 08 1.0 00 02 04 06 08 1.0
[
@ IRS1_890_902 LCK_387_399 MBP_259_271 TYK2_1048_1060
c B3 2 2, 2
g v1° Re=072 "*1° Re=093 Re=098 177 . R2=0.72
8x10-3- 8x10-3- 8x10-3+
¢ 6103+ 6107+ 6x10
21079 . .
4%10- 4%10- 4x10+
2x10- 2x10°- \ 2x1073-
0 T T T T 1 0 T T T — 0 T T T T 1 0 T T T T 1
00 02 04 06 08 1.0 00 02 04 06 08 1.0 0.0 02 04 06 08 1.0 0.0 02 04 06 08 1.0
Drug response
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Three of these peptides displayed a positive correlation
in linear regression: GAB1_622_632 (GRB2-associated-
binding protein 1, GAB1), VGFR3_1061_1073 (VEGEFR),
and PLCG1_777_789 (1-phosphatidylinositol 4,5-bis-
phosphate phosphodiesterase gamma-1, PLC-yl), and
two displayed a negative correlation: ERBB4_1277_1289
(ERBB4) and MKI14_177_187 (p38a/SAPK2). PLC-yl
(Tyr 783) showed the strongest correlation with an R* of
0.99. This peptide is phosphorylated by several kinases,
including EGFR (Roskoski 2014), one of the receptors
that is specifically inhibited by Afatinib, which could
explain the correlation between Afatinib sensitivity and
PLC-yl (Tyr 783) phosphorylation. Counter-intuitively,
ERBB4 (Tyr1284) is inversely correlated to Afatinib sensi-
tivity (Fig. 5A). The ERBB receptor family members form
homo- and heterodimers that are capable of autocatalytic
phosphorylation (Roskoski 2014; Kaushansky et al. 2008).
Therefore, one might expect that activity of ERBB family
kinases would correlate to Afatinib response, but this was
not detected in this study.

Dasatinib is a multi-tyrosine kinase inhibitor known
to inhibit the mutant BCR-ABL tyrosine kinase (BCR-
ABL, a product from the genetic abnormality known
as the Philadelphia chromosome (Ren 2005)) as its pri-
mary target, with Src family kinases (Tyrosine-protein
kinase Lck (Lck), Tyrosine-protein kinase Yes (Yes),
Tyrosine-protein kinase Fyn (Fyn), Src), ¢-KIT, and
PDGFRP as secondary targets. BCR-ABL fusions have
not been described in CCA, so efficacy of Dasatinib is
likely through inhibition of endogenously expressed
ABL (Wang et al. 2020) or secondary target inhibition.
Src family kinases were strongly inhibited in intrahe-
patic CCA cell lines treated with Dasatinib, indicating
they are a critical target of Dasatinib in CCA (Saha et al.
2016). Drug screening in CCAOs showed that it effec-
tively inhibits 2/3 CCAO lines (Fig. 4) and drug response
correlates to the same peptides as Afatinib (Fig. 5A, B).
Of these, PLCG1_777_789 (PLC-yl) phosphorylation
displayed a strong positive correlation to Dasatinib sen-
sitivity (R?=0.79). The PLC-y1 (Tyr 783) peptide is also
a downstream target of several Src family kinases (Src,
HCK, Lyn), which could provide the link between Dasat-
inib sensitivity and PLC-yl phosphorylation. The Vas-
cular endothelial growth factor receptor 3 (VEGFR3),
(Tyr1063, 1068) peptide also showed a strong positive
correlation to Dasatinib (R?=0.91). This peptide is phos-
phorylated by VEGFR3 autocatalysis (Salameh et al.
2005). A potential relationship between Dasatinib and
VEGERS activity could be further explored.

For Sunitinib, the only kinase inhibitor that selec-
tively inhibits cell viability of 2/3 CCAOs without
affecting HAOs, 9 peptides displayed significant corre-
lations with drug sensitivity (Fig. 5C): CD28_185_197,
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CD3E_182_194, DYR1A_312_324, EGFR_1190_1202,
IRS1_890_902, LCK _387_399, MBP_259 271,
PTN11_541_551, TYK2_1048_1060, of which
CD28 185 197 [T-cell-specific surface glycoprotein
CD28 (CD28)] and PTN11_541_551 [Tyrosine-protein
phosphatase non-receptor type 11 (SHP2)] showed a
strong positive correlation (R*=0.99 and 1.00 respec-
tively) (Fig. 5C). While the upstream kinase responsi-
ble for phosphorylation of CD28 (Tyr188) is unknown,
making its relationship to Sunitinib sensitivity difficult
to determine, the SHP2 (Tyr546/551) peptide is a tar-
get of the kinase Platelet-derived growth factor recep-
tor alpha (PDGFRa). Sunitinib has a broad spectrum of
molecular targets, including growth factor receptors
PDGFRa, Platelet-derived growth factor receptor beta
(PDGFRp), Vascular endothelial growth factor receptor
1 (VEGEFR1), Vascular endothelial growth factor recep-
tor 2 (VEGFR2) and VEGFR3, tyrosine-protein kinase
KIT (c-KIT), Receptor-type tyrosine-protein kinase FLT3
(FLT3), Colony stimulating factor 1 receptor (CSF1R),
and proto-oncogene RET (Faivre et al. 2007). The cor-
relation to PDGFRa-mediated phosphorylation of SHP2
(Tyr546/551) could indicate that Platelet-derived growth
factor receptor (PDGEFR) inhibition is potentially the
most relevant mechanism through which Sunitinib
affects CCAO viability. These examples demonstrate that
kinase activity of both expected and unexpected kinases
can correlate to drug sensitivity, which warrants further
investigation as stratification markers for kinase inhibitor
therapy.

Discussion

In this study, we explored whether kinome profiles
obtained through commercial platforms can predict
druggable targets in CCA. First, we found that tumor-
derived organoids have individual kinase activity pro-
files, highlighting the need for personalized treatment
approaches. Second, we demonstrated that CCAO kinase
activity profiles do not correlate with the RNA expression
patterns of those kinases, suggesting that RNA profiles
do not reflect overall kinomic outcomes. Furthermore,
despite the individual patterns, CCAOs showed com-
mon increased activity of several kinases compared to
their healthy counterparts, indicating these as potential
druggable targets in CCAO. These include EGFR, MAPK,
and Src, well-known to coordinate proliferation and
progression in several cancers (Kim et al. 2009; Wagner
and Nebreda 2009) Drug screening of targeted therapies
revealed several pan-active compounds that show prom-
ise as CCA therapeutics. In addition, a number of kinase
inhibitors showed more selective efficacy. Correlation
analysis between kinase activity and drug response to
these selective inhibitors demonstrated that correlations
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could be identified between drug sensitivity and their
known drug targets for some drugs, but not all, while
correlations were also found with unexpected kinases.

Kinome profiles of CCAOs were specific to the indi-
vidual patients, not clustering together when compared
to healthy organoid profiles. This indicates that kinase
activity is highly variable between patients and high-
lights the need for stratification. CCA is characterized
by extensive genomic heterogeneity, so it is not unex-
pected that this heterogeneity is also reflected in kinase
activity profiles (Banales et al. 2020). Of the differentially
activated kinases, MAPK kinases have been intensively
studies for their role in cell proliferation, differentiation,
apoptosis and migration in cancer (Wagner and Nebreda
2009). They are activated by growth factor receptor sign-
aling (e.g. EGFR, PDGEFR), cytokines, and environmen-
tal stress signals, through, amongst others, activation
of the GTPase Ras. Interestingly, we found that MEK1/
MEK?2 inhibitors Cobimetinib and Trametinib effec-
tively reduced organoid viability in all CCAO lines, cor-
respondent with the overactive MAPK kinases. These
findings agree with earlier preclinical studies where MEK
inhibitors reduced growth and induced cell death in CCA
cell lines, with KRAS mutations as a sensitizing factor
(Dong et al. 2018; Wang et al. 2019). However, in both
KRAS mutant and KRAS wild type CCA mouse mod-
els, MEK inhibitors were able to repress tumor growth,
again suggesting that upstream activating mutations do
not always predict treatment outcomes (Dong et al. 2018;
Wang et al. 2019).

In line with enhanced MEK1/MEK2 signaling, EGFR
and PDGER activity were also higher in CCAOs com-
pared to HAOs. While EGFR mutations are uncommon,
occurring in ~ 5% of CCA patients, EGFR overexpression
is reported regularly and has been associated with poor
prognostic factors (Pellat et al. 2018). Based on our EGFR
data, we have demonstrated that unbalanced EGFR sign-
aling was an individual trait. High EGFR activity was
mainly identified in CCAO3 organoids compared to its
adjacent tissue counterparts. Correspondingly, CCAO3
organoids were more susceptible to ERBB (EGFR,
ERBB2, ERBB3, ERBB4) family inhibitors than the other
CCAGOs.

A subset of targeted therapeutics displayed CCAO
line-specific efficacy. An exploratory correlation analy-
sis between kinase activity and kinase inhibitor efficacy
was applied to identify potential stratification biomark-
ers. This led to both expected and unexpected cor-
relations. For Afatinib, an ERBB family inhibitor, and
Dasatinib, a multi-tyrosine kinase inhibitor, we found a
positive correlation with PLC-y1 (Tyr783) and VEGFR3
(Tyr1063,1068) peptides. While the upstream kinases of
PLC-y1 (Tyr783) were direct targets of these inhibitors,
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the relationship with VEGFR3 phosphorylation is more
difficult to explain. Not every inhibitor was correlated to
one of their target kinases. For example, MEK1/MEK2
inhibitor Trametinib did not correlate to MEK/ERK path-
way kinase activity, and multi-kinase inhibitor Pazopanib
did not correlate with its main targets c-KIT, FGEFR,
PDGER, and VEGER. There are several factors that could
explain this discrepancy. First, there are several peptides
on the kinome profiling array for which the upstream
kinase remains unidentified, or which are phosphoryl-
ated by more than one kinase, complicating the analysis
of the kinome profiles. Second, most kinase inhibitors are
multi-kinase inhibitors with a broad spectrum of targets
with different affinity and different efficacy per target. It
is difficult to determine the impact of the activity of each
kinase substrate related to an inhibitor on the kinase
inhibitor sensitivity. Moreover, kinase signaling is a com-
plex system with crosstalk between pathways and shared
downstream effectors. Negative effects of inhibition of a
specific kinase could be circumvented by the cancer cell
via other pathways. However, every inhibitor correlated
to at least one peptide. The correlations to unexpected
array peptides could be identified by chance, or could
potentially indicate new targets of the (multi-)kinase
inhibitors, downstream effectors of the drug targets,
activity of upstream kinases not yet associated with the
peptide, or kinases involved via more intricate pathways.
Nevertheless, mechanistic understanding of the correla-
tion is not an absolute requirement for a kinome profil-
ing target to become a potentially valuable biomarker for
treatment stratification.

We acknowledge several limitations in our study. First,
we were able to include a limited number of organoid
cultures, limiting the statistical power of our analyses.
Thus, we tried to avoid over-interpretation of our data
by reporting fold changes rather than statistical signifi-
cance levels. Second, while we included HAO2 for our
drug screening analysis, normal adjacent tissue may have
already been influenced by its cancerous environment.
Indeed, HAO2 showed a high overlap with CCAO2 in
terms of kinomic profile, suggesting that its phenotype
is already affected. Drug screening further revealed that
the HAOs were efficiently killed by many of the targeted
therapeutics. This is perhaps unsurprising, as HAOs do
not possess the genetic alterations that CCAOs do, which
provides the CCAOs with resistance to certain inhibitors,
but may also reflect a somewhat transformed nature of
‘normal’ cholangiocytes in cancer patients. Nevertheless,
although one might worry about side effects due to dam-
age to healthy cholangiocytes in patients treated with
these inhibitors, clinical studies describe skin disease,
gastrointestinal complaints and hematological disorders
as common side effects, rather than biliary tree toxicity
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(Dungo and Keating 2013; Aparicio-Gallego et al. 2011;
Wright and McCormack 2013; Wells et al. 2012). Thus,
HAO death likely does not reflect patient risk.

Future studies in larger patient/control organoid
cohorts which are subjected to kinome profiling and
kinase inhibitor screening are needed to confirm the cor-
relations we identified, and determine their predictive
value. Some of these targets could turn out to be new
biomarkers to allocate patients to specific kinase inhibi-
tors. Furthermore, once these correlations are confirmed,
future studies could attempt to discover how these
kinases relate to the kinase inhibitors investigated. One
approach could be to apply kinome profiling before and
after treatment, to identify which kinases are affected by
the compound.

In conclusion, kinome profiling demonstrated indi-
vidual kinase activity patterns for each organoid culture,
confirming CCA heterogeneity on a kinase activity level.
EGFR, PDGFRpB, and MAPK are potential druggable
targets for CCA, as they seem more active in CCAOs
compared to their healthy counterparts. Drug screen-
ing identified several promising pan-effective drugs, and
inhibitors that portrayed a more selective effect for spe-
cific CCAOs. Explorative correlation analysis between
these compounds and kinase activity identified correla-
tions to expected and unexpected kinase targets, which
could be further investigated as potential stratification
biomarkers for kinase inhibitor sensitivity.
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