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 ABSTRACT  Intrahepatic cholangiocarcinoma (ICC) is an aggressive liver bile duct malignancy 
exhibiting frequent isocitrate dehydrogenase ( IDH1/IDH2 ) mutations. Through a 

high-throughput drug screen of a large panel of cancer cell lines, including 17 biliary tract cancers, we 
found that IDH mutant (IDHm) ICC cells demonstrate a striking response to the multikinase inhibitor 
dasatinib, with the highest sensitivity among 682 solid tumor cell lines. Using unbiased proteomics to 
capture the activated kinome and CRISPR/Cas9-based genome editing to introduce dasatinib-resistant 
�gatekeeper� mutant kinases, we identi� ed SRC as a critical dasatinib target in IDHm ICC. Importantly, 
dasatinib-treated IDHm xenografts exhibited pronounced apoptosis and tumor regression. Our results 
show that IDHm ICC cells have a unique dependency on SRC and suggest that dasatinib may have thera-
peutic bene� t against IDHm ICC. Moreover, these proteomic and genome-editing strategies provide 
a systematic and broadly applicable approach to de� ne targets of kinase inhibitors underlying drug 
responsiveness. 

  SIGNIFICANCE:   IDH  mutations de� ne a distinct subtype of ICC, a malignancy that is largely refractory 
to current therapies. Our work demonstrates that IDHm ICC cells are hypersensitive to dasatinib and 
critically dependent on SRC activity for survival and proliferation, pointing to new therapeutic strate-
gies against these cancers.  Cancer Discov; 6(7); 727�39. '2016 AACR.  
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  INTRODUCTION 
 Biliary tract cancers (BTC) include a spectrum of invasive 

adenocarcinomas encompassing both cholangiocarcinoma 
arising in the intrahepatic, perihilar, or distal biliary tree, and 
carcinoma arising from the gallbladder ( 1 ). As a subset of 
BTCs, intrahepatic cholangiocarcinoma (ICC) is the second 
most common type of primary liver tumor, and has been ris-
ing in incidence worldwide for the past three decades ( 2 ). The 
reported incidence of ICC in the United States has risen from 
0.44 per 100,000 in 1973 to 1.18 in 2012 ( 3 ), although the 
actual rate is likely signi� cantly higher, as recent molecular 
studies demonstrate that �carcinomas of unknown primary� 
are most commonly biliary in origin ( 4, 5 ). Despite the cur-
rent standard chemotherapy with gemcitabine/cisplatin com-
bination for patients with unresectable or metastatic BTCs, 
the median survival time remains less than 1 year ( 6 ), and 
there are no standard treatments for patients after progres-
sion on this regimen. 

 Recent work has provided a detailed view of the genetics of 
ICC ( 7�14 ), revealing that speci� c gain-of-function hotspot 
mutations in isocitrate dehydrogenase 1 and 2 ( IDH1/IDH2 ) 
are among the most common genetic lesions in ICC (present 
in �18%�37% of ICC cases in North America and Europe). 
These mutations occur within the isocitrate binding site of 
IDH1 (R132) or IDH2 (R172, R140) and cause altered enzy-
matic function, leading to the production of  R (�)-2-hydrox-
yglutarate (2-HG), a proposed �oncometabolite� ( 15 ). 2-HG 
inhibits members of the family of �-ketoglutarate�dependent 
dioxygenase enzymes, many of which function as epigenetic 
modi� ers, resulting in genome-wide changes in the landscape 
of DNA and histone methylation marks ( 16�18 ). Mutant 
IDH impairs differentiation of a number of cell lineages in 
a 2-HG�dependent manner. In the mouse liver, mutant IDH 
blocks adult liver progenitor cells from undergoing hepato-
cyte differentiation as an early event in ICC pathogenesis ( 19, 
20 ). Accordingly, the IDH mutant (IDHm) subset of ICC has 
a distinct transcriptional signature compared to IDH wild-
type (WT) tumors, characterized by enrichment of hepatic 
stem cell genes ( 19, 20 ). 

 There is a great deal of interest in the pharmacologic tar-
geting of the mutant IDH enzyme and evidence of highly 
signi� cant responses in patients with acute myeloid leukemia 
treated with an IDH2 inhibitor ( 21 ). In advanced ICC, the role 
for mutant IDH remains unclear. Recently reported results 
from the ongoing phase I study of AG-120, the � rst-in-class 
IDH1 inhibitor, have demonstrated the potential for IDH 
inhibition to promote transient stabilization of disease in 
a subset of patients with IDHm ICC ( 22 ); however, alterna-
tive or combinatorial strategies may be needed for durable 
remissions. Beyond inhibition of the mutant IDH enzyme, we 
hypothesized that the widespread changes in cell differentia-
tion state, cell metabolism, and epigenetic control provoked by 
 IDH  mutations ( 15 ) may confer additional vulnerabilities that 
can be targeted ( 23 ). We utilized a large-scale high-through-
put drug screen to uncover such synthetic lethal therapeutic 
interactions. Our results reveal that IDHm ICC represents a 
distinct subtype of ICC with a unique molecular signature 
and drug response pro� le. Most signi� cantly, this approach 
revealed that IDHm cells were highly responsive to dasatinib, 

exhibiting the greatest sensitivity to this drug among all 682 
solid tumor cell lines tested, which we demonstrated was due 
to a critical dependency on SRC signaling. Importantly, this 
potency corresponded to levels and duration of exposure that 
are readily attainable in the clinic, and, accordingly, dasatinib 
caused rapid and widespread cell death in IDHm patient-
derived xenografts (PDX). Thus, we have identi� ed a novel and 
dramatic therapeutic vulnerability conferred by mutant IDH 
in ICC that has immediate translational potential.  

  RESULTS 
 We assembled a collection of 17 BTC cell lines representing 

ICC, extrahepatic cholangiocarcinoma (ECC), and gallblad-
der cancer (GBC). Sequencing analysis identi� ed two ICC 
cell lines with  IDH1  mutations: RBE (R132S) and SNU-1079 
(R132C). Neither cell line demonstrated speci� c sensitivity 
to the mutant IDH1 inhibitor AGI-5027, compared with 
 IDH  WT ICC cell lines under normal  in vitro  growth condi-
tions, despite effective reduction in 2-HG levels (Supplemen-
tary Fig. S1A-B). In order to identify alternative therapeutic 
strategies in this ICC subset, we subjected our BTC cell line 
collection to a high-throughput drug screen with 122 FDA-
approved drugs or other clinically relevant compounds ( Fig. 
1A ; Supplementary Table S1). By quantifying the relative 
response to compounds targeting a wide range of pathways, 
this screen also allows us to generate a unique and function-
ally relevant drug-sensitivity pro� le for each BTC cell line.  

 A broad range of responses to the different agents was 
observed across the cell line collection, with speci� c activity 
pro� les for different BTC subtypes ( Fig. 1B ; Supplementary 
Table S1). Notably, the two IDHm ICC cell lines segregated 
together in unbiased clustering analysis and apart from all 
the other BTC cell lines in the screen ( Fig. 1B  and Sup-
plementary Fig. S2). Across the panel of drugs screened, 
the IDHm ICC lines were marked outliers in their response 
to the multi-tyrosine kinase inhibitor (TKI) dasatinib ( Fig. 
1C ). Most strikingly, when compared with a larger panel of 
684 solid tumor cell lines screened in parallel, the IDHm 
ICCs ranked � rst and second in sensitivity ( Fig. 1D ,  x -axis: 
compare red dots and gray dots; Supplementary Table S2). 
The sensitivity of IDHm ICC was also among the top 8th 
percentile when compared to 201 hematopoietic cancer cell 
lines, with the small set of more responsive lines enriched for 
chronic myelogenous leukemias (CML) harboring BCR�ABL 
translocations, in keeping with the inhibition of ABL activ-
ity by dasatinib and the highly effective clinical use of this 
drug in the treatment of translocation-positive CML ( Fig. 
1D ; Supplementary Table S2; refs.  24, 25 ). Both IDHm ICC 
lines also demonstrated outlier sensitivity to saracatinib, a 
structurally unrelated TKI with an overlapping target pro� le 
( 26, 27 ), suggesting a common mechanism of action ( Fig. 1D , 
 y -axis; Supplementary Table S2). Thus, IDHm ICC cells show 
exceptional responsiveness to these inhibitors at a dose range 
suggesting potential clinical relevance. 

 We validated these � ndings in scaled-up proliferation assays 
across our set of ICC cell lines and included the immortalized 
human cholangiocyte line MMNK-1 as an additional refer-
ence. These studies con� rmed that both RBE and SNU-1079 
cells were highly sensitive to dasatinib (IC 50  of 1 nmol/L and 
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  Figure 1.    �IDHm   ICC cells are hypersensitive to dasatinib.  A , schematic of the high-throughput drug screen protocol. 15 IDH WT BTC and two IDHm 
ICC cell lines were screened across 122 approved or advanced clinical compounds at nine different doses. Viability was quanti� ed at 72 hours and the 
IC 50  estimated for each compound and cell line.  B , heat map illustrating the median-centered Ln(IC 50 ) of 17 BTC cell lines screened across 122 clinically 
relevant compounds. Note that the two IDHm ICC lines segregate together in unbiased hierarchical clustering.  C , relative sensitivity [y-axis natural log 
scale, 0 = median Ln(IC 50 ) across all BTC tested] of two IDHm ICC lines to 122 individual drugs (ranked by average sensitivity of IDHm ICC, x-axis). Dasat-
inib demonstrates the greatest selective activity against IDHm ICC among drugs screened.  D , sensitivity of 885 cancer cell lines to dasatinib (x-axis) and 
saracatinib (y-axis), each represented by an individual dot. IDHm ICC lines RBE (IDH1 R132S) and SNU-1079 ( IDH1  R132C) are the two larger red dots. 
IDHm non-BTC cell lines HT1080 ( IDH1  R132C) and COR-L105 (IDH1 R132C) are represented by purple dots. Drug response is presented as the natural 
logarithm of the IC 50  in ∝mol/L .     
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