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ABSTRACT
Objective Intrahepatic cholangiocarcinoma (iCCA) 
is the second most common primary liver cancer 
with limited therapeutic options. KRAS mutations are 
among the most abundant genetic alterations in iCCA 
associated with poor clinical outcome and treatment 
response. Recent findings indicate that Poly(ADP- ribose)
polymerase1 (PARP- 1) is implicated in KRAS- driven 
cancers, but its exact role in cholangiocarcinogenesis 
remains undefined.
Design PARP- 1 inhibition was performed in patient- 
derived and established iCCA cells using RNAi, CRISPR/
Cas9 and pharmacological inhibition in KRAS- mutant, 
non- mutant cells. In addition, Parp- 1 knockout mice 
were combined with iCCA induction by hydrodynamic 
tail vein injection to evaluate an impact on phenotypic 
and molecular features of Kras- driven and Kras- wildtype 
iCCA. Clinical implications were confirmed in authentic 
human iCCA.
Results PARP- 1 was significantly enhanced in KRAS- 
mutant human iCCA. PARP- 1- based interventions 
preferentially impaired cell viability and tumourigenicity 
in human KRAS- mutant cell lines. Consistently, loss 
of Parp- 1 provoked distinct phenotype in Kras/Tp53- 
induced versus Akt/Nicd- induced iCCA and abolished 
Kras- dependent cholangiocarcinogenesis. Transcriptome 
analyses confirmed preferential impairment of DNA 
damage response pathways and replicative stress 
response mediated by CHK1. Consistently, inhibition 
of CHK1 effectively reversed PARP- 1 mediated effects. 
Finally, Parp- 1 depletion induced molecular switch of 
KRAS- mutant iCCA recapitulating good prognostic 
human iCCA patients.
Conclusion Our findings identify the novel prognostic 
and therapeutic role of PARP- 1 in iCCA patients with 
activation of oncogenic KRAS signalling.

INTRODUCTION
Intrahepatic cholangiocarcinoma (iCCA) is the 
second most common primary liver cancer (PLC) 
with increasing incidence and rising mortality 

rates.1–3 A profound genetic heterogeneity and 
diverse spectra of prognostically distinct molec-
ular subgroups render iCCA a prototype for preci-
sion oncological approaches.4 5 Several druggable 
alterations in oncogenic signalling pathways (eg, 
fibroblast growth factor receptor 2 gene fusions, 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ PARP- 1 is involved in multiple oncogenic 
pathways and processes, including DNA repair, 
genomic stability, chromatin modification, 
energy metabolism and apoptosis. Evidence 
suggests an association between PARP- 1 
overexpression and KRAS mutations in various 
cancers, such as acute myeloid leukaemia and 
colorectal cancer. However, there is limited 
information available on the impact of PARP- 1 
expression on therapeutic response in KRAS- 
mutant intrahepatic cholangiocarcinoma (iCCA).

WHAT THIS STUDY ADDS
 ⇒ Our results demonstrate that KRAS- 
mutant iCCA cells become highly sensitive 
to PARP- 1 depletion and inhibition in 
vitro while Parp- 1 deficient mice show 
reduced cholangiocarcinogenesis in vivo. 
Mechanistically, PARP- 1 effects in KRAS- mutant 
iCCA are mediated through CHK1 activation, 
and this process can be reversed by chemical 
inhibition. Inhibiting PARP- 1 in KRAS- mutant 
tumours leads to a favourable change in 
prognostic outcome for human iCCA.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ These findings reveal a novel prognostic and 
therapeutic role of PARP- 1 in iCCA patients 
with activated oncogenic KRAS signaling and 
poor prognosis. This knowledge may open new 
avenues for targeted therapies in this particular 
subset of iCCA patients.
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isocitrate dehydrogenase 1 and 2 mutations) have been iden-
tified in iCCA. The application of specific inhibitors became 
a new mainstay of therapy and significantly improved the 
overall survival of patients. However, despite great progress 
in molecularly guided therapy, only 30%–40% of the iCCA 
patients present with the above- mentioned druggable alter-
ations.6 Thus, therapeutic options remain severely limited for 
the majority of patients. Among the most prominent alter-
ations identified in iCCA, KRAS mutations historically posed 
significant challenges for specific targeting.2 7 Activating KRAS 
mutations have been observed in around 10%–15% of iCCA 
patients. Importantly, KRAS alterations are characterised by 
poor response to commonly used chemotherapy and display 
a reduced overall survival.8 9 Besides direct protumourigenic 
properties and increased proliferative characteristics, activated 
RAS- signalling results in increased intracellular stress which 
renders RAS- driven tumours particularly dependent on non- 
oncogenic mechanisms that promote oxidative stress response, 
apoptosis, and, particularly, DNA damage response (DDR).10 11

Several lines of evidence suggest that inhibition of the DDR 
protein PARP- 1 might selectively affect the survival of KRAS- 
mutant tumour cells of different entities, including colorectal 
cancer (CRC) as well as acute myeloid leukaemia (AML).12–14 
PARP- 1 is the most prominent member of the PARP family, 
involved in several cellular processes such as DDR, genomic 
stability, chromatin modification, transcription regulation, 
energy metabolism and programmed cell death. It catalyses 
poly(ADP- ribosyl)ation (PARylation) on metabolic, oxidative 
or genotoxic stress and influences the cellular metabolic status 
by enhancing NAD+ and ATP consumption.15 16 Inhibition of 
PARP- 1 is closely linked to the concept of synthetic lethality, 
as pharmacologically inactivated PARP- 1 is trapped onto the 
DNA, causing stalling of the replication fork and thereby sensi-
tising DDR- deficient cells.17 Consequently, PARP- 1 inhibitors 
have emerged as a therapeutic option in BRCA1/2- mutant 
ovarian and breast cancers, as well as in prostate and pancre-
atic cancer that depend on functional DNA repair mecha-
nisms.18 19 Several clinical trials evaluate PARP- 1 inhibition in 
CCA, however, the mechanistic and therapeutic relevance of 
PARP- 1 and its inhibition in the context of KRAS- mutant iCCA 
is unknown.20 In the presented study, we aimed to dissect 
phenotypic and molecular characteristics of PARP- 1 in iCCA 
with a particular focus on KRAS- mutant subgroups known to 
have a high cellular turnover (thus, constitutively activated 
DNA repair mechanisms).10 11

RESULTS
PARP-1 expression is abundant in KRAS-mutant iCCA
Given the relevance of deregulated DNA repair mechanisms 
in cholangiocarcinogenesis (particularly homologous recom-
bination (HR) and non- homologous end- joining (NHEJ)), we 
sought to investigate the relationship between KRAS mutations 
and PARP- 1 expression (figure 1A).12 13 First, we aimed to inves-
tigate a putative association between both molecules in iCCA 
tissue and analysed the correlation between PARP- 1 and KRAS 
expression in the TCGA patient cohort.21 22 The median expres-
sion of PARP- 1 and KRAS was significantly upregulated in chol-
angiocarcinoma (CHOL) (p<0.01) (online supplemental figure 
S1A- C). Further, pairwise correlation analysis showed a posi-
tive correlation (r=0.6, p<0.0001) (online supplemental figure 
S1D,E) between both genes. Interestingly, while PARP- 1 expres-
sion was significantly upregulated in both iCCA and HCC, asso-
ciation with KRAS could only be confirmed in iCCA. To confirm 

these observations, we performed PARP- 1 staining using a tissue 
microarray (TMA) comprising 194 iCCA as well as 54 specimens 
from normal bile ducts. We confirmed that PARP- 1 levels were 
significantly increased in iCCA versus normal bile duct (online 
supplemental figure S1F, p<0.0001). In addition, we evalu-
ated the expression of PARP- 1 in an independent iCCA cohort 
including 151 iCCA, 143 surrounding liver and nine normal bile 
ducts. Consistently, a significant upregulation of the PARP- 1 on 
a transcriptome level was observed in iCCA in comparison with 
the surrounding liver and normal bile ducts (online supplemental 
figure S1G). In addition, expression of PARP- 1 was positively 
correlated with genes known to be associated with proliferative 
capacity (online supplemental figure S1H). Interestingly, expres-
sion of PARP- 1 also showed a significant association with overall 
survival and recurrence- free survival based on KRAS status in 
iCCA (online supplemental figure S1I).

Next, we examined PARP- 1 expression in a variety of different 
KRAS- mutant and KRAS- wildtype iCCA cell lines. Consistently, 
we found a significant overexpression of PARP- 1 in KRAS- 
mutant iCCA cell lines versus non- mutant cell lines (CCC33 
vs CCC16 p=0.0240; WITT vs HuCCT1 p=0.0142; WITT 
vs RBE p=0.0034; HuH28 vs HuCCT1 p=0.0113; HuH28 
vs RBE p=0.0023) (figure 1B). Significant increase of PARP- 1 
could further be confirmed on protein level (CCC33 vs CCC16 
p=0.0286; WITT vs HuCCT1 p=0.0105; WITT vs RBE 
p=0.0122; HuH28 vs HuCCT1 p=0.0162; HuH28 vs RBE 
p=0.0234) (figure 1C,D). Together, these investigations support 
the hypothesis that PARP- 1 is preferentially upregulated on RNA 
and protein level in KRAS- mutant, but not KRAS- wildtype iCCA.

KRAS-mutant iCCAs show preferential sensitivity towards 
PARP-1 inhibition in vitro
Given the potential association of KRAS mutations and PARP- 1 
overexpression in iCCA, we next employed selective RNAi knock-
down of PARP- 1 in the KRAS- mutant and non- mutant iCCA cell 
lines to further characterise the potential of PARP- 1 as a putative 
therapeutic target in this subgroup of patients. Successful knock-
down of PARP- 1 protein expression was confirmed by Western 
blotting overall achieving a 66.6%–83.8% reduction compared 
with control cells (CCC33 78.5%, p=0.0091; CCC16 71.0%, 
p=0.0040; WITT 66.6%, p=0.0358; HuCCT1 82.4%, 
p<0.0001; RBE 83.8%, p=0.0006) (figure 1E). Importantly, 
PARP- 2 protein levels were not affected by the PARP- 1 knock-
down. Notably, transfection of the KRAS- wildtype iCCA cell line 
HuH28 was not successful due to the low proliferation rate of 
this cell line. The impact of PARP- 1 knock- down on proliferation 
was subsequently demonstrated using CFU and SFU. A signifi-
cant reduction of colony (CCC16 40.5%, p=0.0043; HuCCT1 
38.8%, p=0.0243; RBE 40.4%, p=0.0002) and spheroid 
(CCC16 40.8%, p=0.0041; HuCCT1 41.5%, p<0.0001; RBE 
46.7%, p<0.0001) formation capacity ranging from 35.6% to 
45.8% was observed in KRAS- mutant versus control cells. In 
contrast, neither colony nor spheroid formation capacity was 
affected in KRAS- wildtype iCCA cell lines (figure 1F).

Next, we used the FDA- approved PARP- 1 inhibitor olaparib 
to confirm the association of PARP- 1 and KRAS in the context of 
chemical inhibition. In concordance with the finding from RNAi 
experiments, KRAS- mutant iCCA cell lines showed a significantly 
reduced viability in response to PARP- 1 inhibition compared 
with KRAS- wildtype cell lines (CCC33 vs CCC16 p=0.0068; 
WITT vs HuCCT1 p=0.0078; WITT vs RBE p=0.0026; 
HuH28 vs HuCCT1 p=0.0725; HuH28 vs RBE p=0.0114) 
(online supplemental figure S2A). Moreover, olaparib caused 
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Figure 1 PARP- 1 expression in KRAS- mutant and KRAS- wildtype iCCA and effect of siRNA- mediated knockdown of PARP- 1 on cell viability, 
colony and sphere formation capacity. (A) Graphical representation of the experimental design. (B) Relative PARP- 1 expression normalised to normal 
liver tissue in KRAS- mutant (CCC16, HuCCT1, RBE; red) and KRAS- wildtype iCCA cell lines (CCC33, WITT, HuH28; blue). Mean±SD, n=3, *p<0.05, 
**p<0.01. (C) Representative Western blot and (D) densitometry analysis of basal PARP- 1 protein expression in KRAS- mutant and KRAS- wildtype 
iCCA cell lines. Relative density of PARP- 1 expression normalised to β-actin is shown. Mean±SD, n=3, *p<0.05. (E) Representative Western blot and 
densitometric analysis of siRNA- mediated knockdown of PARP- 1 protein expression in KRAS- mutant (CCC16, HuCCT1, RBE; red) and KRAS- wildtype 
iCCA cell lines (CCC33, WITT; blue). Relative density of PARP- 1 expression normalised to β-actin is shown. Mean±SD, n=3, *p<0.05, **p<0.01, 
***p<0.001. (F) Representative images of colony and sphere formation assay as well as % of control after siRNA- mediated PARP- 1 knockdown in 
KRAS- mutant and KRAS- wildtype iCCA cell lines. Mean±SD, n=3, *p<0.05, **p<0.01, ***p<0.001. iCCA, intrahepatic cholangiocarcinoma.

 on S
eptem

ber 23, 2024 by guest. P
rotected by copyright.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2023-331237 on 10 June 2024. D
ow

nloaded from
 

http://gut.bmj.com/


4 Keggenhoff FL, et al. Gut 2024;0:1–13. doi:10.1136/gutjnl-2023-331237

GI cancer

a selective G1 cell cycle arrest in KRAS- mutated primary cells 
(online supplemental figure S2B).

In addition, PARP- 1 inhibition also led to a decrease in the 
number of CFU and SFU in KRAS- mutant iCCA cell lines (CFU: 
CCC16 50.3%, p=0.0003; HuCCT1 51.6%, p<0.0001; RBE 
49.6%, p<0.0001; SFU: CCC16 36.6%, p<0.0001; HuCCT1 
38.5%, p=0.0002; RBE 42.1%, p<0.0001). Although olaparib 
exerted slight effects on colony formation in KRAS- wildtype 
iCCA cell lines CCC33 (27.6%, p=0.0003) and WITT (8.4%, 
p=0.0171), the spheroid forming capacity of KRAS- wildtype 
iCCA cell lines remained unaffected in all cell lines on olaparib 
treatment (online supplemental figure S2C). Notably, reduction 
in CFU was considerably less pronounced in KRAS- wildtype 
versus KRAS- mutant cells, which is presumably due to unspecific 
toxic effects of olaparib unrelated to PARP- 1 inhibition.

To unveil potential synergistic effects between olaparib and 
cytotoxic compounds used for iCCA therapy, we treated KRAS- 
wildtype and mutated primary cell lines (CCC16 and CCC33) 
with olaparib in combination with cisplatin and gemcitabine. 
Combination therapy showed a significantly higher level of 
synergism for both tested drugs, gemcitabine and cisplatin, in 
the KRAS- mutated cell line (online supplemental figure S2D). To 
further address whether inhibition of other components of the 
DDR would induce a similar selective response in KRAS- mutated 
cancers, we tested the efficacy of an additional drug involved 
in DDR, namely the DNA- PKcs inhibitor KU57788, leading to 
inhibition of NHEJ. Consistent with a selective effect of PARP- 1 
inhibition in KRAS- mutated iCCA, effect of KU57788 was inde-
pendent of the mutational status and no significant differences 
between KRAS WT and KO cell lines were observed (online 
supplemental figure S2E). Taken together, these investigations 
confirm the preferential antitumourigenic effects of PARP- 1- 
based interventions in KRAS- mutant iCCA cell lines and validate 
the potential utility of combination therapy for the treatment of 
this subtype of iCCA.

Impact of PARP-1 depletion on transcriptomic profile, DDR 
and ROS in KRAS-mutant iCCA cell lines
Our functional analyses showed pronounced KRAS- dependent 
differences in iCCA cell lines on PARP- 1- based interventions. 
To further define molecular alterations influenced by PARP- 1 
inhibition, we generated stable PARP- 1 knockout (PARP- 1 KO) 
clones of the different iCCA cell lines HuCCT1, RBE, WITT 
and CCC33 using CRISPR/Cas9 followed by RNA sequencing 
(online supplemental figure S3A).

First, we explored whole transcriptome differences in PARP- 1 
KO in KRAS- mutant iCCA cell lines compared with their scram-
bled control clones using Wald’s statistics and revealed a total 
of 1171 (660 down, 511 up) differentially expressed genes 
(p<0.05; online supplemental table S1). Accordingly, unsuper-
vised hierarchical cluster analyses and principal component anal-
ysis plot confirmed that PARP- 1 KO clones of both KRAS- mutant 
iCCA cell lines display distinct molecular profiles (figure 2A).

We also evaluated functional signalling pathways related to 
the differential response to PARP- 1 deficiency and identified that 
gene sets related to cell cycle control, for example, G1/S check-
point regulation as well as BRCA1- mediated DNA damage, 
among others, were significantly dysregulated after PARP- 1 
KO (figure 2B). In addition, oxidative stress response (NRF- 2 
mediated oxidative stress response, HIF1α signalling) as well as 
apoptosis- related pathways (death receptor signalling, apoptosis 
signalling, Necroptosis signalling, and Myc- mediated apoptosis) 
were affected by selective depletion of PARP- 1 in KRAS- mutant 

iCCA cells (figure 2B). Further, the cell lines also showed disrup-
tion in known oncogenic signalling resembling ERK/MAPK, p53, 
HIF1α and NF-κB signalling after PARP- 1 depletion. Moreover, 
PARP- 1 KO enhanced adverse processes in KRAS- mutant iCCA 
cell lines (online supplemental figure S4A), known to promote 
hepatobiliary carcinogenesis. Consistently, gene sets related to 
DNA repair mechanisms, such as the G2/M DNA damage check-
point and BER, apoptosis and TGFβ signalling were significantly 
enriched in KRAS- mutant PARP1 KO cells (online supplemental 
figure S4B). Overall, transcriptomic analyses indicated a depen-
dency of KRAS- mutant iCCA cells on functional DNA repair 
mechanisms to compensate for increased oxidative stress, apop-
totic stimuli and replicative stress induced by a high cellular 
turnover and proliferative capacity of KRAS- mutant iCCA cell 
lines on PARP- 1 KO, which might confer the distinct effects in 
KRAS- mutant iCCAs.

We further evaluated the impact of irradiation and oxidative 
stress on KRAS- mutant and KRAS- wildtype iCCA cell lines on 
PARP- 1 KO. First, we investigated the impact of irradiation- 
induced DNA damage in PARP- 1 KO clones by measuring phos-
pho-γH2AX foci as a marker for DNA double- strand breaks. 
Irradiation led to a significantly increased number of DNA 
double- strand breaks in KRAS- mutant iCCA cell line RBE only 
in PARP- 1 KO clones compared with control conditions (online 
supplemental figure S5A). In contrast, KRAS- wildtype iCCA 
cell line CCC33 showed a significantly increased number of 
DNA double- strand breaks independent of PARP- 1 KO status. 
Assessment of ROS level showed that in KRAS- mutant iCCA 
cell line RBE the basal ROS levels were significantly higher in 
the PARP- 1 KO clones when compared with their respective 
scrambled control clones. In contrast, the basal status of ROS 
did not differ in PARP- 1 KO clone of KRAS- wildtype iCCA cell 
line CCC33. Consistently, H2O2 administration led to a signifi-
cant increase in oxidative stress in KRAS- mutant iCCA cell lines, 
whereas levels of oxidative stress in KRAS- wildtype iCCA cell 
line CCC33 remained unaffected (online supplemental figure 
S5B).

Mechanism of PARP- 1 regulation was further explored in 
authentic iCCA tumours harbouring KRAS mutation. KRAS- 
mutated iCCA showed upregulation of genes associated with 
DNA double- strand break repair mechanisms. In addition, genes 
associated with HR (eg, BARD1, EXO1, RAD54L, CHEK1, 
UIMC1, RAD51, BRCA2) and both canonical and alternative 
NHEJ (c- NHEJ; eg, XRCC4, DCLRE1C; alt- NHEJ; eg, POLQ, 
LIG1, FEN1, XRCC1) were activated (online supplemental figure 
S5C). We further tested enrichment of gene sets in KRAS- mutant 
tumours to test association with PARP- 1 and DNA damage 
control. Analyses revealed enrichment of BRCA1 and HR in the 
tumours carrying KRAS mutation (online supplemental figure 
S5D). To substantiate these observations, we performed RPPA 
analyses of two primary cell lines representing the mutational 
KRAS status and confirmed that proteins involved in HR are 
significantly increased in KRAS- mutated cells (CCC16) (CtIP, 
RAD50 and RAD51) (online supplemental figure S5E). Thus, 
these investigations underline that major mechanisms of DNA 
damage repair, including PARP- 1, are closely associated with 
KRAS mutation in iCCA.

In addition, we preformed single- cell analysis of tumours 
from 11 iCCA patients. These analyses confirmed differential 
expression of DDR genes in malignant cells from patients with 
KRAS mutations compared with those cells derived from patients 
without the mutations. This was not observed in non- malignant 
cells, suggesting that the phenomenon is tumour cell specific 
(online supplemental figure S6A- C).
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Hepatobiliary carcinogenesis is selectively impaired in Kras/
Tp53-driven tumours with genetic Parp-1 deficiency
To dissect the relevance of PARP- 1 in KRAS- driven and 

non- KRAS- mutant iCCA development, we employed HDTV- 
induced hepatobiliary carcinogenesis in genetically modified 
Parp- 1 proficient and deficient mice. Herein, Kras induction 

Figure 2 Differential gene expression in KRAS- mutant iCCA cell lines on PARP- 1 KO. (A) Unsupervised cluster and PCA of significant genes (p<0.05) 
of KRAS- mutant iCCA cell lines (HuCCT1, RBE) on PARP- 1 KO versus control. (B) Canonical pathways significantly regulated in KRAS- mutant iCCA cell 
lines on PARP- 1 KO versus control identified by IPA. The dashed line indicates the significance threshold of –log (p value >1.3). Shown are z- scores 
of respective canonical pathways (positive z- score=red/activated, negative z- score=blue/inhibited). iCCA, intrahepatic cholangiocarcinoma; IPA, 
ingenuity pathway analysis; PCA, principal component analysis.
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together with Tp53 knockdown (Kras/Tp53) led to preferen-
tial occurrence of distinct solid tumours within 10 weeks after 
injection in Parp- 1 proficient mice (online supplemental figure 
S7A). Histopathological analyses of an expert hepatopatholo-
gist revealed tumours with gland- like structures in accordance 
with the diagnosis of iCCA, most often well differentiated, in 
one example also with signs of dedifferentiation with sarcoma-
toid tumour cells including tumour giant cells (figure 3A, online 
supplemental figure S8A). No mucin production was observed, 
that is, the tumours resemble iCCA of small- duct type. In addi-
tion, Parp- 1 proficient mice also displayed multiple small- cell 
dysplastic foci and nodules with development of early hepato-
cellular carcinoma and focal tumourous vein invasion (online 
supplemental figure S8B).

In striking contrast, animals with Parp- 1 deficient genotype 
were characterised by a complete absence of CCA features. Histo-
pathological assessment revealed multiple, diffuse hepatocellular 
carcinomas as well as dysplastic nodules with focal tumourous 
vein invasion (figure 3A). Further, moderate macrovesicular 
steatosis (11%–50%) and disrupted architecture of liver paren-
chyma was also observed (online supplemental figure S8A,B). 
These investigations suggest that the Parp- 1 deficiency preferen-
tially inhibits cholangiocarcinogenesis.

Mice with tumours induced by Kras/Tp53 combination showed 
significant differences in their average body weight between 
Parp- 1+/+ and Parp- 1−/− animals with 27.8 g and 29.7 g, respec-
tively (p=0.0234). Further, the average liver weight signifi-
cantly differed depending on the Parp- 1 status with 2.75 g for 
Parp- 1+/+ and 6.10 g for Parp- 1−/− mice (p<0.0001), likely due 
to the presence of tumour nodules (online supplemental figure 
S7B). Consistently, we observed pronounced differences in liver 
to body weight (L/B)- ratio and scoring on Kras/Tp53 injection 
between Parp- 1+/+ and Parp- 1−/− experimental groups (L/B- ratio 
p<0.0001, tumour scoring p=0.003) (figure 3B- D).

Interestingly, classic biliary marker (Sox9) confirmed chol-
angiocarcinoma in tumour sections of Parp- 1+/+ mice injected 
with Kras/Tp53, whereas dysplastic nodules in surrounding 
liver sections of Parp- 1+/+ mice as well as of Parp- 1−/− mice 
were expectedly negative for Sox9 expression, confirming the 
hepatocellular lineage of these cells (figure 3A). Nuclear Parp- 1 
expression was detectable in all sections of Parp- 1+/+ mice, 
whereas no Parp- 1 expression was determined in Parp- 1 defi-
cient liver sections (Parp- 1+/+ tumour vs Parp- 1−/− dysplastic 
foci p<0.0001; Parp- 1+/+ dysplastic foci vs Parp- 1−/− dysplastic 
foci p<0.0001) (online supplemental figure S9A). As expected, 
significantly higher proliferation (Ki67) was detected in tumour 
tissue of Parp- 1 proficient mice compared with dysplastic nodules 
(Parp- 1+/+ tumour vs Parp- 1+/+ dysplastic foci p<0.0001; Parp- 
1+/+ tumour vs Parp- 1−/− dysplastic foci p<0.0001) (online 
supplemental figure S9A). Further, DNA damage sites repre-
sented by γH2ax positive foci were randomly distributed in both 
tumour and surrounding liver sections of Parp- 1+/+ mice and 
significantly more pronounced than in Parp- 1−/− mice (Parp- 
1+/+ tumour vs Parp- 1−/− dysplastic foci p<0.0001; Parp- 1+/+ 
dysplastic foci vs Parp- 1−/− dysplastic foci p=0.009) (online 
supplemental figure S9A). Taken together, the histopathological 
assessment of the Kras/Tp53- induced tumours showed differ-
ences in tumour entity from the evolution of cholangiocellular 
carcinoma instead of hepatocellular carcinoma, confirming that 
iCCA development in Kras- mutant cancers is highly dependent 
on proficient Parp- 1 signalling.

To confirm the relevance of activated Kras in a Parp- 1 deficient 
background, non- Kras- driven iCCAs were induced by myrAkt/
myc- tagged Nicd (combination referred to as Akt/Nicd). Average 

body and liver weight did not differ significantly dependent 
on the Parp- 1 genotype in the Akt/Nicd model (online supple-
mental figure S7B). Further, animals injected with Akt/Nicd 
developed tumours and cystic alterations 7 weeks after HDTV 
with pronounced hepatomegaly as well as steatohepatitis inde-
pendent of the Parp- 1 genotype (figure 3A, online supplemental 
figure S8A). An expert pathologist classified the tumours as 
iCCA with well to moderate differentiation grade (G1–2), severe 
macrovesicular steatosis (>50%) and disrupted architecture of 
liver parenchyma due to the occurrence of multiple tumour foci 
(online supplemental figure S8B). Sporadic or unspecific effects 
of HDTV were excluded in livers of mice injected with empty 
vector (EV) control (results not shown). In contrast to Kras/
Tp53- induced hepatobiliary tumour growth, EV- injected and 
Akt/Nicd- injected animals showed no differences in morphology, 
histological classification and quantification (L/B- ratio, tumour 
scoring) of tumours/livers (figure 3B–D, online supplemental 
figures S8A,B and S9B). Thus, a selective effect of Parp- 1 deple-
tion in Kras/Tp53- driven tumours was confirmed.

Impact of Parp-1 deficiency on the transcriptome of Kras/
Tp53-induced cholangiocarcinogenesis via HDTV
To further define the molecular features underlying distinct 
morphological and histopathological differences in the groups, 
we performed RNA sequencing of HDTV- induced tumours 
driven by Kras/Tp53 or Akt/Nicd.

We identified a total of 7661 differentially expressed genes 
(4577 downregulated, 3084 upregulated) between liver/tumour 
tissue samples of Kras/Tp53 Parp- 1+/+ and Parp- 1−/− animals 
(p<0.05) (figure 4A; online supplemental table S2). Pathways 
related to cell cycle control, like G1/S checkpoint regulation and 
G2/M DNA damage checkpoint regulation and ATM signal-
ling were among the prominent molecular changes associated 
with the phenotype (figure 4B, online supplemental figure S10). 
Further, the DNA double- strand break repair pathway associ-
ated with BRCA1 was predicted to be negatively regulated in 
Parp- 1 deficient animals versus Parp- 1 proficient animals. These 
findings suggest that DDR mechanisms are dysregulated in Kras/
Tp53- injected animals in a Parp- 1- dependent manner. Further 
functional networks involved inhibition of oxidative stress path-
ways (NRF- 2- mediated oxidative stress response, HIF1α signal-
ling), whereas apoptosis- related pathways were activated (death 
receptor signalling) in Parp- 1 deficient animals. Kras/Tp53 
induced tumours under Parp- 1 KO showed enrichment of LXR/
RXR, p53, PTEN and HIPPO signalling. Inhibition of pathways 
was shown in key oncogenic pathways like TGFβ, NF-κB, Notch 
and ERK/MAPK signalling (figure 4B). Interestingly, several 
DNA repair pathways were significantly enriched in Parp- 1+/+ 
mice injected with Kras/Tp53. Besides DNA single- strand break 
repair mechanisms, also double- strand break repair pathways 
(NHEJ, HR) were enriched suggesting that Parp- 1 proficiency 
is important for DDR and repair mechanisms in Kras- driven 
hepatobiliary tumourigenesis (online supplemental figure S11A). 
Activation of key pathways identified at the transcriptomic level 
was validated by IHC in Kras/Tp53 Parp- 1−/− animals (online 
supplemental figure S10C). These findings are in concordance 
with our in vitro findings (figure 2, online supplemental figure 
S4).

To confirm the selective effects of Kras in Parp- 1 deficient 
animals, we analysed transcriptomic profiles of Parp- 1 deficient 
and proficient mice injected with Akt/Nicd. The number of 
significantly altered genes was considerably less, comprising only 
158 (95 down, 63 up) differentially expressed genes (p<0.05) 
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Figure 3 Histology and immunohistochemistry (IHC) of liver sections injected with Kras/Tp53 via HDTV and Akt/Nicd via HDTV and quantification 
of in vivo tumour growth. (A) Representative images of livers with tumour induction via HDTV (Kras/Tp53; Akt/Nicd) in Parp- 1+/+ (n=5/6) and 
Parp- 1−/− mice (n=6). H&E and IHC staining of selected proteins (Sox9, Parp- 1, Ki67 and γH2ax) of representative paraffin- embedded tumour sections 
are shown (3.5 µm). Scale bars indicate 500 µm (×10, H&E) and 1000 µm (×5, IHC). (B) Liver weight/body weight ratio (%) of Parp- 1+/+ mice (blue) 
and Parp- 1−/− mice (red) after HDTV of empty vector (EV), Akt/Nicd or Kras/Tp53 plasmid combinations with HSB2. Mean±SD, n=5, **p<0.01, 
***p<0.001. (C) Quantification of tumour growth shown as scores: 0=no tumour, 1=small foci/nodules, 2=distinct solid tumour. EV n=5, Akt/Nicd 
n=5, Kras/Tp53 n=5/6, **p<0.01. (D) Percentage of different lesions in Parp- 1+/+ and Parp- 1−/− mice with Kras/Tp53 plasmid combination. HDTV, 
hydrodynamic tail vein.
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vs 7661 in Kras/Tp53 (online supplemental figures S12 and 
S13; online supplemental tables S2 and S3). These findings are 
in concordance with the equivalent tumour growth and histo-
pathological features of Akt/Nicd- induced cholangiocarcino-
genesis independent of the Parp- 1 genotype (figures 3 and 4, 
online supplemental figure S12). However, several components 
of DNA repair pathways of DSB repair (NHEJ, HR) showed 
upregulated expression in Parp- 1 proficient mice injected with 
Akt/Nicd confirming that the role of Parp- 1, although important 
for DNA damage control, is independent of cholangiocarcino-
genesis in Akt/Nicd experimental group.

Mechanisms of PARP-1 activation in KRAS-mutated iCCA
Transcriptome analyses confirmed preferential impairment 
of cell cycle regulation, DDR pathways and replicative stress 
response in human iCCA cells, mouse model, as well as patient 
samples harbouring KRAS mutation. To elucidate the molec-
ular mechanisms underlying the selective impairment of these 
pathways in KRAS- mutant iCCA, we first examined the expres-
sion of DDR genes in Kras- mutant and wild- type animals with 

functional Parp- 1. Genes associated with HR, c- NHEJ and alt- 
NHEJ were significantly upregulated. In addition, a dominant 
activation of Chk1 expression was observed. Interestingly, on 
Parp- 1 inhibition in Kras- mutant animals, the expression of Chk1 
was also downregulated, suggesting an important relevance for 
Chk1 kinase in Kras- mutated iCCA (figure 5A). We further 
used GSEA in our different datasets to investigate molecular 
differences in KRAS- mutated and wildtype iCCAs. Commonly 
enriched set of genes across iCCA models encompassed cell 
cycle regulation and activation of E2F targets, G2M and spindle 
checkpoint activation, as well as DNA- damage repair via HR. 
Importantly, we have consistently observed activation of gene 
sets associated with CHK1/CHK2, key regulators of the cell 
cycle and cell survival (figure 5B). We further recognised that 
CHK1 was highly expressed in iCCA but not normal liver tissue 
and showed a significant upregulation predominantly in KRAS- 
mutated cancers (figure 5C). Accordingly, public data also show 
a significant correlation of CHK1 and PARP- 1 suggesting a regu-
latory network in KRAS- mutated iCCA that might be induced 
by the high replicative stress in this subgroup of tumours. 

Figure 4 Differential expressed genes after HDTV with Kras/Tp53 in Parp- 1−/− versus Parp- 1+/+ mice. (A) Unsupervised cluster and PCA plot of 
significant genes (p<0.05) after HDTV with Kras/Tp53 in Parp- 1−/− versus Parp- 1+/+ mice. (B) Canonical pathways significantly regulated in tumours 
induced with Kras/Tp53 in Parp- 1−/− versus Parp- 1+/+ mice identified by IPA. Dashed line indicated significance threshold of –log (p value >1.3). 
Shown are z- scores of respective canonical pathways (positive z- score=red/activated, negative z- score=blue/inhibited). HDTV, hydrodynamic tail vein; 
IPA, ingenuity pathway analysis; PCA, principal component analysis.
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Figure 5 Molecular mechanisms of PARP- 1 regulation in KRAS- mutated iCCA. (A) Expression of DNA damage response genes including Chk1 in 
Parp- 1−/− and Parp- 1+/+ mice after Kras/Tp53 injection. Volcano plots are depicted with the log (fold change) of each gene and the –log (p adjusted) 
was calculated by performing Wald test. Selected genes associated with HR, c- NHEJ and alt- NHEJ are coloured and gene names are displayed. 
Expression of Chk1 is depicted with red ellipse (B) Gene set enrichment analysis (GSEA) in KRAS- mutated cell lines, Kras/Tp53 Parp- 1+/+ mouse model 
and patient samples. The selection of gene sets was based on statistical significance calculated by nominal p<0.05 and FDR<0.25. NES indicates 
the degree of overexpression for each group at the peak of the entire gene set. (C) CHK1 gene expression profiles (TCGA) in cholangiocarcinoma 
versus normal liver tissue (CHOL) presented in box plots and correlation between PARP-1 and CHK1. Values of *p<0.05 were considered as of 
significant difference. (D) Upper graphs depict gene expression level of CHK1 in KRAS- mutated cell lines and Kras/Tp53 Parp- 1+/+/wildtype mouse 
model, Lower graphs show expression of Chk1 in Kras/Tp53 and Akt/Nicd mouse model with Parp- 1+/+ and Parp- 1−/− genotype. (E) Shown are IC50 
concentrations of Rabusertib for KRAS- mutated and non- mutated primary iCCA cell lines. Mean±SD, n=3, *p<0.05. (F) Representative Western blot 
and densitometric analysis of CHK1 and PARP- 1 protein expression on treatment with IC25 concentration of Rabusertib in KRAS- mutant iCCA cell line. 
Relative density of PARP- 1 expression normalised to β-actin is shown. Mean±SD, n=3, *p<0.05, **p<0.01, ***p<0.001. (G) Evaluation of synergistic 
or antagonistic effects between Rabusertib/Olaparib in primary human cell line. Plots indicate level of synergism between investigated drugs, where 
red colour represents synergism and green colour antagonism. (H) Dose- response curves of Kras- mutant mouse cell lines with and without functional 
Parp- 1 treated with increasing concentrations of olaparib (left) and their respective IC50 values (middle). Right is shown total number of colonies with 
and without olaparib treatment. Mean±SD, n=3, *p<0.05. (I) Evaluation of synergistic or antagonistic effects between rabusertib/olaparib in mouse 
cell lines. Plots indicate level of synergism between investigated drugs, where red colour represents synergism and green colour antagonism. On the 
right, graph shows average synergy score (ZIP) for both cell lines. iCCA, intrahepatic cholangiocarcinoma; NHEJ, non- homologous end- joining.
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Significant upregulation of CHK1 was further demonstrated 
in our KRAS- mutated cell lines and Kras/Tp53 Parp- 1+/+ mouse 
model (figure 5D). As already demonstrated for PARP- 1 inhibi-
tion, KRAS- mutated iCCA cells were significantly more sensitive 
to specific inhibition of CHK1 by the selective CHK1 inhibitor 
Rabusertib (figure 5E). Inhibition of CHK1 also led to a signifi-
cant downregulation of PARP- 1 while combined treatment with 
olaparib did not induce synergistic effects (figure 5F,G). Gene 
expression analysis following CHK1 inhibition showed upregu-
lation of CDC25C and downregulation of RAD51 and XRCC2, 
which could be actors of PARP- 1 regulation in KRAS- mutated 
iCCAs. Interestingly, protein–protein interaction confirmed an 
association of these proteins with PARP- 1 (online supplemental 
figure S14). Lastly, we tested the effect of Olaparib alone and in 
combination with rabusertib using an ex vivo model of primary 
cell lines derived from Parp- 1−/− Kras/Tp53 and KrasG12D;Rbdel;T-
p53del. As expected, cell lines with Kras mutation and functional 
Parp- 1 showed significantly higher sensitivity to Parp- 1 inhibi-
tion while the observed synergistic effects in both cell lines were 
negative. Colony formation analysis in Kras/Tp53 Parp- 1−/− after 
exposure to the IC50 concentration of olaparib unveiled that 
the number of colonies in the treatment was not significantly 
different from the control (figure 5H,I). The observed findings 
confirm that CHK1 has a profound effect on PARP- 1 levels in 
this subtype of highly replicative cancers and contributes to 
the dependence of KRAS- mutated iCCA on functional PARP- 1 
signalling.

PARP-1 expression as prognostic factor in KRAS-mutant iCCA
To evaluate a potential prognostic impact of our molec-
ular profiles, we integrated our identified in vitro and in vivo 
transcriptomic profiles with different established prognostic 
subgroups of PLC (poor and good prognosis).8 Consistently, 
KRAS- mutant CRISPR/Cas9- mediated PARP- 1 KO clones 
grouped with good prognosis CCA patients, whereas KRAS- 
mutant control clones recapitulated transcriptomic features of 
poor prognosis CCA patients (figure 6A). Similarly, integration 
of in vivo data showed that Parp- 1 deficient mice with Kras/Tp53 
injection clustered with a good prognosis while Parp- 1 proficient 
mice grouped with poor prognosis (figure 6B). Importantly, mice 
injected with Akt/Nicd revealed no distinct clustering dependent 
on the Parp- 1 genotype (figure 6B). Overall, these results suggest 
that PARP- 1 depletion in iCCA with activated KRAS mutations 
leads to a shift from poor to good prognosis.

DISCUSSION
Recently, the PARP family has gained attention in cancer 
research due to its involvement in various oncogenic path-
ways and processes (DNA repair, genomic stability, chromatin 
modification, energy metabolism, apoptosis) mediated by the 
family members.23 Elevated PARP- 1 expression was consistently 
observed in a variety of solid tumours.24–28 Further, recent 
evidence suggests an association between PARP- 1 overexpression 
and KRAS mutations in different tumours, including in AML 
and CRC models.12 13 29 However, until now, only very limited 

Figure 6 Integration of in vitro and in vivo transcriptomic data with prognostic subgroups of CCA patients. (A) The graph shows the integration 
of KRAS- mutant CRISPR/Cas9 PARP- 1 KO clones (dark blue) and respective control clones (light blue) with a previously published dataset of 45 CCA 
patients with good (pink) and poor (yellow) prognosis. (B) Upper graph shows the integration of Parp- 1−/− mice (dark blue) and Parp- 1+/+ mice (light 
blue) with Kras/Tp53- induced carcinogenesis with a previously published dataset of 45 CCA patients with good (pink) and poor (yellow) prognosis. 
Lower graph shows integration of Parp- 1−/− mice (dark green) and Parp- 1+/+ mice (light green) with Akt/Nicd -induced carcinogenesis with a 
previously published dataset of 45 CCA patients with good (pink) and poor (yellow) prognosis. CCA, cholangiocarcinoma.
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information is available as to the role of PARP- 1 expression in the 
therapeutic response of KRAS- mutant iCCA. Here, we demon-
strated an upregulation of PARP- 1 expression in KRAS- mutant 
iCCA tissue and cancer- derived cell lines in comparison to 
normal intrahepatic bile duct tissue and KRAS- wildtype cell lines 
(figure 1). We were able to show that this patient subgroup has 
significant association with decreased overall and recurrence- free 
survival (online supplemental figure S1). In concordance with 
recent studies, a significantly higher expression, and positive 
correlation of KRAS and PARP- 1 in cholangiocarcinoma (CHOL) 
tumour samples in comparison to normal tissue samples (online 
supplemental figure S1).9 30 31

Our data confirm that knockdown of PARP- 1 by RNAi as well 
as treatment with Olaparib, an effective PARP- 1/2 inhibitor, 
exerted preferential effects in KRAS- mutant cell lines compared 
with KRAS- wildtype cell lines (figure 1, online supplemental 
figure S2). A comprehensive meta- analysis of Ku et al recently 
confirmed reduced proliferation on PARP inhibition in KRAS- 
mutant MCF10a cells (transfected with mutant KRAS constructs) 
compared with KRAS- wildtype. The study also implies that 
KRAS- mutant cells are highly dependent on DDR pathways 
confirming a synthetic lethality in KRAS- mutant cancers, which 
aligns with our hypothesis for KRAS- driven iCCA.14

Molecular analyses of iCCA cell lines on PARP- 1 KO 
confirmed that the lack of PARP- 1 results in dysregulation of 
several DNA repair pathways (BER, DSB repair) predominantly 
in KRAS- mutant iCCA cell lines (figure 1, online supplemental 
figure S4).12 14 32 This observation supports the hypothesis that 
KRAS- mutant tumours are more dependent on functioning DDR 
pathways in general and show preferential impairment of the 
PARP- 1- associated DNA repair pathway alt- NHEJ.13 14 However, 
stable PARP- 1 depletion lacks the effect of PARP- 1- DNA trap-
ping caused by PARP- 1 inhibition,33 which limits therapeutic 
predictions in this model. Nevertheless, dysregulation of DDR 
processes on PARP- 1 depletion was explained on the basis of 
multiple interactions of PARP- 1 and PARylation with other DDR 
factors.34 35 PARP- 1 activation was associated with enhanced 
activation of the error- prone alt- NHEJ pathway over c- NHEJ by 
competing with Ku70 protein on the site of DNA damage.36 37

In addition to changes in DDR pathways, our transcriptomic 
data indicate an involvement of apoptotic signalling, inflamma-
tory response and oxidative stress (figure 2, online supplemental 
figure S4). Further analyses are required to clarify the role of these 
pathways in the context of tumour initiation and progression 
and the proposed pro- apoptotic and anti- inflammatory effects 
of PARP- 1 deficiency and PARPi.13 32 38 Hähnel et al showed that 
KRAS- mutant AML cells are sensitised towards apoptosis on 
PARP- 1 inhibition in combination with the DNA damaging anti-
cancer drug daunorubicin.13 Further, PARP- 1 deficiency or PARPi 
was associated with decreased gene expression of proinflamma-
tory cytokines in previous studies.12 39 Other studies hypothesised 
that PARP- 1 activity might act as a double- edged sword during 
carcinogenesis, affecting apoptotic and oxidative processes and 
proinflammatory signalling, dependent on the cellular metabolic 
status and state of tumourigenesis.12 16 23 40 41 Overall, our in 
vitro experiments exploring diverse modes of PARP- 1 inhibi-
tion, including RNAi, and CRISPR/Cas9- mediated PARP- 1 KO 
confirmed that hypersensitivity of KRAS- mutant iCCA cell lines 
is related to altered tumourigenic properties. These findings 
propose a novel therapeutic strategy for a previously difficult- 
to- treat subgroup of progressed iCCA patients harbouring 
KRAS mutations. Of note, synergistic effects observed between 
Olaparib and commonly used chemotherapeutic compounds in 
KRAS- mutant cells indicate that a combination treatment might 

be of further therapeutic interest and could be pursued in future 
investigations (online supplemental figure S2D).

To further determine the role of PARP- 1 in tumour initiation 
and cancer development, we employed a model of KRAS- driven 
cholangiocarcinogenesis in Parp- 1 deficient animals.11 42–44 In 
consistence with previous reports, Parp- 1 proficient mice display 
predominant development of solid iCCA (80%) accompanied by 
dysplastic hepatocellular foci and nodules as well as early hepato-
cellular carcinoma in the surrounding liver tissue 10 weeks after 
HDTV with Kras/Tp53 (figure 3).11 In stark contrast, in Parp- 1- 
deficient mice, Kras- induced carcinogenesis was characterised by 
the absence of cholangiocarcinoma and the presence of multiple 
dysplastic foci and nodules as well as small HCC with tumou-
rous vein invasion. Importantly, transcriptomic analyses of our 
in vivo data suggest a pronounced inhibition of NOTCH signal-
ling (figure 4, online supplemental figures S8 and S12), a key 
oncogenic driver of iCCA and predicted factor for transdiffer-
entiation of hepatocytes towards biliary traits, is present in our 
PARP- 1- deficient lesions.45 46 Furthermore, Ikenoue et al demon-
strated that activated Kras in combination with active Pten results 
predominantly in HCC, whereas activated Kras in combination 
with homozygous inactive Pten leads to iCCA development in 
vivo.47 In line with this, Parp- 1 deficiency in our study confirms 
activation of Pten. Taken together, activation or inactivation of 
the above- mentioned pathways, although not being exclusively 
specific to cholangiocarcinogenesis, might explain the absence 
of iCCA and shift towards HCC development in our Kras/Tp53- 
induced tumour model under Parp- 1 deficiency. Further studies 
are clearly warranted to define the underling molecular mecha-
nisms responsible for the phenotypic shift.

Consistent with our in vitro data and previous studies with 
Parp- 1 deficient mice, our transcriptomic analyses of in vivo data 
showed enrichment of DNA repair pathways (alt- NHEJ, HR, 
BER) in all experimental groups of Parp- 1 proficient mice while 
in Parp- 1−/− mice DNA repair pathways were not enriched.32 48 
Decreased gene expression of proinflammatory cytokines was 
already observed in Parp- 1−/− mice and on PARPi and might 
explain the predicted inhibition of proinflammatory pathways 
(NF-κB, TGFβ) in our data (figure 4, online supplemental 
figures S10 and S12).12 39 Importantly, neither histopathological 
assessment nor quantification of tumour burden or molecular 
analyses revealed a dependency on the Parp- 1 genotype in a 
non- Kras- driven iCCA model (Akt/Nicd) (figures 3 and 4; online 
supplemental figures S12 and S13).45 The results clearly under-
score the selective relevance of oncogenic Kras in Parp- 1 defi-
cient background. Taken together, our in vivo studies confirm 
the association of Parp- 1 expression in Kras/Tp53- driven chol-
angiocarcinogenesis. Reduced cholangiocarcinoma development 
under Parp- 1 deficiency could be mechanistically explained by 
dysregulation of apoptotic and inflammatory processes as well 
as DDR.

It is well established that KRAS- mutated cancers exhibit 
enhanced replicative stress and constitutively activated stress 
response pathways.49 Here, CHK1- mediated cell cycle check-
points maintain genomic integrity and, thus, CHK1 activation 
might confer key protective mechanisms that protect KRAS- 
driven cancers from this therapeutic liability. Consistently, we 
could provide evidence that selective induction of PARP- 1 in 
iCCA could be induced by activation of CHK1 in KRAS- mutant 
iCCA (figure 5). We observed a significant upregulation of 
CHK1 in KRAS- mutated iCCA cell lines and Kras/Tp53 Parp- 
1+/+ mice while inhibiting Parp- 1 in Kras/Tp53 Parp- 1−/− mice 
resulted in Chk1 inhibition, as observed in human patients. 
Furthermore, KRAS- mutated iCCA cells were significantly more 
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sensitive to CHK1 inhibition by Rabusertib, a selective CHK1 
inhibitor, than KRAS- wildtype cells or mouse cells deficient in 
Parp- 1 (figure 5). Inhibition of CHK1 significantly influenced 
components of HR (online supplemental figure S14). Impor-
tantly, inhibition of CHK1 also led to a significant reduction of 
PARP- 1 levels in KRAS- mutant. When rabusertib was combined 
with Olaparib, there was no induction of synergistic effects, 
further implying a potential regulatory role of CHK1 (figure 5). 
These investigations are in line with several other recent investi-
gations that established a formal association between CHK1 and 
PARP- 1 in highly replicative cancers that rely on a functional 
DDR, particularly one mediated by HR.50 51 Studies have also 
described a direct interaction between CHK1 and PARP- 1 at the 
DNA damage site and subsequent promotion of HR.52

Thus, we propose a regulatory axis involving CHK1- mediated 
PARP- 1 activation induced by replicative stress in KRAS- mutant 
iCCA that maintains cellular survival in this subtype of iCCA.

To validate our findings in authentic human tumours, we inte-
grated our in vitro and in vivo findings with a publicly avail-
able dataset of well- characterised CCA patients.8 Consistently, 
transcriptome profiles of the PARP- 1- deficient cell lines as 
well as control cell lines with different established prognostic 
subgroups of PLC (poor and good prognosis) revealed a shift of 
KRAS- mutant iCCA cell lines from poor to good prognosis on 
PARP- 1 KO (figure 6). In concordance, Parp- 1 deficient samples 
from mice injected with Kras/Tp53 clustered with good prog-
nosis iCCA patient samples, whereas Parp- 1 proficient samples 
grouped with poor prognosis. Interestingly, this prognostic shift 
was not visible in Akt/Nicd- induced tumour samples, which clus-
tered randomly together with poor prognostic patients. Hence, 
the obtained data clearly confirm a clear synthetic vulnerability 
and provide a rational for therapeutic targeting of PARP- 1 in 
KRAS- mutant iCCA patients.

CONCLUSION
In conclusion, the study presented confirms upregulation of 
PARP- 1 and hypersensitivity towards PARP- 1- based intervention 
preferentially detectable in KRAS- mutant iCCA in vitro and in 
vivo. Mechanistically, our data revealed that PARP- 1 inhibition 
provoked downregulation of DSB repair pathways and inhibi-
tion of oxidative and inflammatory processes.13 Thus, our data 
open novel therapeutic options for this difficult- to- treat iCCA 
subgroup that warrant further clinical investigations (online 
supplemental visual abstract).
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