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KABSTRACT

Purpose. Oncogenic mutations in the KRAS gene are a well-
known driver event, occurring in >95% of pancreatic cancers.
The objective of this study was to identify driver oncogene
aberrations in pancreatic cancers without the KRAS mutation.

Methods. \Whole-exome and transcriptome sequencing was per-
formed on four cases of KRAS mutation-negative pancreatic ductal
adenocarcinoma, which were identified in a cohort of 100 cases.
Results. One case harbored an oncogenic DCTNI-ALK fusion.
The fusion gene enabled interleukin-3-independent growth of
Ba/F3 cells and rendered them susceptible to the anaplastic

lymphoma kinase tyrosine kinase inhibitors crizotinib and alec-
tinib. The structure of the breakpoint junction indicated that
the fusion was generated by nonhomologous end joining
between a segment of DCTN1 exon DNA and a segment of ALK
intron DNA, resulting in the generation of a cryptic splicing site.
Another case harbored an oncogenic RRAS mutation that acti-
vated the GTPase of the RRAS protein.

Conclusion. Rare oncogenic aberrations, such as the ALK fusion
and RRAS mutation, may drive pancreatic carcinogenesis inde-
pendent of the KRAS mutation. The Oncologist 2017;22:158-164

Implications for Practice: The oncogenic DCTNI-ALK fusion and the RRAS mutation were associated with the development of
pancreatic ductal adenocarcinoma (PDAC) in the absence of the KRAS mutation. Constitutional activation of DCTN1-ALK fusion
protein was suppressed by the anaplastic lymphoma kinase tyrosine kinase inhibitors crizotinib and alectinib. Thus, a small subset of

PDAC patients might benefit from therapy using these inhibitors.

INTRODUCTION

Pancreatic adenocarcinoma is one of the deadliest malignancies;
indeed, it is the seventh leading cause of cancer-related death
worldwide [1]. Approximately 80% of patients are diagnosed
with unresectable disease [2]; therefore, efficient chemothera-
peutic methods, including molecular targeting, are being sought
on the basis of examination of pancreatic cancer genomes.
Oncogenic mutations in the KRAS gene are a well-known driver
event in >95% of pancreatic cancers [3]. Despite the low drugg-
ability of the KRAS protein, several studies indicate that onco-
genic KRAS mutants are a promising therapeutic target; thus,
treatments may include suppression of enzyme activity by
mutation-specific inhibitors [4], or targeting vulnerabilities in
cancer cells harboring a KRAS mutation [5]. In addition, several
genome-wide sequencing studies identified additional genetic
aberrations that occur alongside the KRAS mutation in pancre-
atic cancer genomes and proposed new therapeutic approaches
based on these data [6-11].

However, it is unclear whether oncogene aberrations drive
KRAS mutation-negative pancreatic cancer, which comprises
approximately 5% of all cases. Here, we performed whole-
exome and transcriptome sequencing on four cases of pancre-
atic ductal adenocarcinoma (PDAC) in which the absence of a
KRAS mutation was revealed by a targeted deep-sequencing
analysis approach with high depth coverage. The results indi-
cate that ALK fusion and RRAS mutation function as rare onco-
genic aberrations that possibly drive pancreatic carcinogenesis
independent of the KRAS mutation.

MATERIALS AND METHODS

Samples

One hundred pancreatic cancer patients who underwent pan-
createctomy with curative resection at the National Cancer Cen-
ter Hospital in Tokyo, Japan, between March 2005 and June
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2012 were enrolled. All the tumors were examined pathologi-
cally and classified as PDAC, but not as duodenal, biliary, or
ampullary carcinoma, by using the World Health Organization
classification [12] and the UICC TNM classification [13]. The
tumors included 98 conventional adenocarcinomas and two
adenosquamous carcinomas (supplemental online Table 1).
Fresh frozen cancer and noncancerous tissue samples from the
patients were obtained from the National Cancer Center Bio-
bank, which collected tissue samples after receiving written
informed consent. Pathologists then macroscopically confirmed
the presence of tumor cells in all tumor tissue samples. The
Ethics Committee of the National Cancer Center approved the
study protocol.

Selection of KRAS Mutation-Negative Cases

Genomic DNAs from cancer tissues taken from the 100 cases
were extracted by using the QlAamp DNA Mini kit (Qiagen,
Hilden, Germany, https://www.giagen.com). Ten nanograms of
genomic DNA was then subjected to targeted deep-sequencing
analysis by using an lon Ampliseq Cancer Hotspot Panel v2 sys-
tem (Thermo Fisher Scientific Life Sciences, Waltham, MA,
http://www.thermofisher.com), which examined 190 hot spots
in 50 cancer-related genes, and an lon Proton sequencer
(Thermo Fisher Scientific Life Sciences). KRAS and other muta-
tions were detected by using Torrent Suite software (Thermo
Fisher Scientific Life Sciences), and the lack of mutations in hot
spot regions of KRAS in four negative cases was further vali-
dated by viewing the sequencing reads using the Integrative
Genomics Viewer (IGV), a high-performance visualization tool for
next-generation sequencer datasets (Broad Institute, Cambridge,
MA, https://www.broadinstitute.org/igv/).

Whole-Exome Sequencing

Exome sequencing was conducted by using 2.5 pg of cancerous
and noncancerous DNA isolated from snap-frozen tissues taken
from the four KRAS mutation-negative patients. Exome capture
was performed by using the SureSelect Human All Exon V5
(Agilent Technologies, Santa Clara, CA, http://www.agilent.com),
according to the manufacturer’s instructions. Exome sequencing
was performed on the HiSeq 2000 platform by using 75 bp
paired-end reads (lllumina, San Diego, CA, http://www.illumina.
com/). Basic alignment and sequence quality control were
undertaken by using the Picard and Firehose pipelines. The reads
were aligned against the reference human genome from UCSC
human genome 19 (Hg19) using the Burrows-Wheeler Aligner
Multi-Vision software package (http://bio-bwa.sourceforge.net).
Because duplicate reads were generated during the polymerase
chain reaction (PCR) amplification process, paired-end reads that
aligned at the same genomic positions were removed by using
SAMtools (http://samtools.sourceforge.net/). Somatic single
nucleotide variants (SNVs) were called by the MuTect program
(Broad Institute), which applies a Bayesian classifier to allow the
detection of somatic mutations with a low allele frequency [14].
Somatic insertion/deletion (InDel) mutations were called by the
GATK Somatic IndelDetector (http://archive.broadinstitute.org/
cancer/cga/indelocator). SNV and InDel detection was sup-
ported by visual examination using IGV software.

Whole-Transcriptome Sequencing
The TruSeq RNA Sample Prep Kit (Illumina) was used to prepare
RNA sequencing libraries from 1 pg of total RNA. The resultant
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libraries were subjected to paired-end sequencing of 75-base
pair reads on a HiSeq 2000 system (lllumina). Fusion transcripts
were detected by using the TopHat-Fusion algorithm [15].
Expression of the DCTNI-ALK fusion transcripts in pancreatic
cancer cells was validated by reverse transcriptase PCR (RT-
PCR). Briefly, total RNA (500 ng) was reverse-transcribed into
cDNA by using Superscript Ill Reverse Transcriptase (Thermo
Fisher Scientific Life Sciences). cDNA (corresponding to 10 ng of
total RNA) was then subjected to PCR amplification using Kapa
Taq DNA Polymerase (Kapa Biosystems, Woburn, MA, https://
www.kapabiosystems.com). The reactions were carried out in a
thermal cycler under the following conditions: 30 cycles at 95°C
for 15 seconds, 60°C for 15 seconds, and 72°C for 1 minute,
with a final extension at 72°C for 1 minute. The gene encoding
glyceraldehyde-3-phosphate  dehydrogenase (GAPDH) was
amplified to estimate the efficiency of cDNA synthesis. PCR
products were directly sequenced in both directions by using an
ABI 3130xI DNA Sequencer (Thermo Fisher Scientific Life Scien-
ces) and the BigDye Terminator kit. The following PCR primers
were used for RT-PCR and Sanger sequencing: 5'-ATCGGGAA
CTGACAAACCAG-3’ and 5'-TGCCAGCAAAGCAGTAGTTG-3'.

Analysis of Breakpoint Junction for DCTN1-ALK Fusion
Genomic DNA (10 ng) was subjected to PCR amplification by
using Kapa Tag DNA Polymerase (Kapa Biosystems). The reac-
tions were performed in a thermal cycler under the following
conditions: 30 cycles at 95°C for 15 seconds, 60°C for 15 sec-
onds, and 72°C for 2 minutes, with a final extension at 72°C for
1 minute. The following PCR primers were used for RT-PCR and
Sanger sequencing: 5'-ATCGGGAACTGACAAACCAG-3’ and 5'-
TGCCAGCAAAGCAGTAGTTG-3'. The PCR primers used for genomic
PCR and Sanger sequencing were the same as those used for
RT-PCR.

Immunohistochemistry

Immunohistochemical staining was performed on formalin-
fixed, paraffin-embedded tissues using the avidin-biotin com-
plex method. Briefly, 4-pm-thick sections cut from representa-
tive blocks were deparaffinized and rehydrated in an alcohol
gradient. After blocking endogenous peroxidase with methanol
containing 0.3% H,0, and blocking biotin with a biotin-blocking
system (Agilent Technologies), the sections were autoclaved at
121°C for 10 minutes in citrate buffer (10 mM sodium citrate,
pH 6.0) for antigen retrieval. After blocking with normal goat
serum, the sections were reacted overnight at 4°C with an anti-
ALK antibody (5A4, 1:200; Santa Cruz Biotechnology, Dallas, TX,
https://www.scbt.com). The sections were then sequentially
reacted with biotin-conjugated anti-mouse IgG antibodies (Vec-
tor Laboratories, Burlingame, CA, https://vectorlabs.com) and
Vectastain Elite ABC reagent (Vector Laboratories). DAB
Enhancer (Agilent Technologies) was used as the chromogen,
and nuclei were counterstained with hematoxylin.

Cell Lines and Reagents

NCI-H1299 cells and Ba/F3 cells were provided by Dr. J. D.
Minna (UT Southwestern Medical Center) and Dr. Hiroyuki
Mano (University of Tokyo), respectively. 293FT cells and WEHI-
3B cells were obtained from Thermo Fisher Scientific Life Scien-
ces and RIKEN BioResource Center (lbaraki, Japan, http://en.
brc.riken.jp/), respectively. NCI-H1299 and WEHI-3B cells were
cultured in RPMI medium containing 10% fetal bovine serum
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Table 1. Characteristics of four pancreatic cancer cases without KRAS mutation

KRAS Mutation-Negative PDAC

Characteristic Case 1

Case 2

Case 3

Case 4

POS6T

Pancreatic ductal
adenocarcinoma

Sample
Histological type

PO30T

Pancreatic ductal
adenocarcinoma

PO13T

Pancreatic ductal
adenocarcinoma

POO3T

Pancreatic ductal
adenocarcinoma

Tumor differentiation Moderate Moderate Poor Moderate
Tumor location Head Head Head Head

Sex F M M M

Age (yr) 72 60 68 60
Prognosis Alive Alive Dead Alive
Pathological stage® 11B 1B 1B 1A
Oncogene fusion DNCTI1-ALK ND ND ND
Oncogene mutation ND RRAS (Q87L) ND ND
Mutation in GNAS (R201H) ND ND ND

other cancer-related TP53 (R432X)

genes CDKNZ2A (R80X)

Somatic mutations (n) 1,070 44 0 Not done

AUICC TNM Classification of Malignant Tumours, 7th edition [13].
Abbreviation: ND, not detected.

(FBS). Ba/F3 cells were cultured in RPMI medium containing
10% FBS and 10% WEHI-3B-conditioned medium (a source of
interleukin [IL]-3). 293FT cells were cultured in DMEM contain-
ing 10% FBS.

Alectinib and crizotinib were purchased from Selleck Chem-
icals (Houston, TX, http://www.selleckchem.com). Antibodies
against ALK (catalog no. 3633), phosphor-ALK pTyr1604 (catalog
no. 3341), and B-actin (catalog no. 3700) were purchased from
Cell Signaling Technology (Danvers, MA, https://www.cellsignal.
com).

Examination of Properties of ALK Fusion Products

To construct the lentiviral vectors used to express the DCTN1-
ALK fusion proteins, full-length cDNAs were PCR-amplified
from tumor cDNA and inserted into pLenti-6/V5-DEST plasmids
(Thermo Fisher Scientific Life Sciences). The procedure followed
the National Institutes of Health guidelines for recombinant
DNA research. The integrity of each cDNA insert was verified by
Sanger sequencing.

Suppression of phosphorylation of the ALK kinase domain
in the DCTN1-ALK fusion polypeptide was examined in NCI-
H1299 lung cancer cells, which do not express endogenous ALK
proteins. NCI-H1299 cells transiently transfected with the
DCTN1-ALK expression plasmid or with an empty (control) plas-
mid for 12 hours were treated with dimethyl sulfoxide (DMSO;
Sigma-Aldrich, St. Louis, MO, http://www.sigmaaldrich.com/)
or with the indicated inhibitor (dissolved in DMSO) for 24
hours. Whole-cell lysates were subjected to immunoblot analy-
sis. Briefly, cells were lysed in NETN (100 mM NaCl, 1 mM
EDTA, 20 mM Tris-HCl, and 0.5% NP-40) buffer containing Com-
plete Protease and PhosSTOP Phosphatase Inhibitor Cocktail
(Roche, Mannheim, Germany, http://www.roche.com). Proteins
were then subjected to SDS polyacrylamide gel electrophoresis,
followed by immunoblotting onto polyvinylidene difluoride
membranes. The membranes were blocked for 1 hour with Tris-
buffered saline (TBS) containing 0.1% Tween 20/1% bovine
serum albumin and then probed with primary antibodies. After
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washing with TBS containing 0.1% Tween 20, the membranes
were incubated with horseradish peroxidase-conjugated anti-
mouse or anti-rabbit secondary antibodies and visualized by
using an enhanced chemiluminescence reagent (PerkinElmer,
Waltham, MA, http://www.perkinelmer.com). Signal intensity
was measured by using an LAS3000 imaging system (Quansys
Biosciences, West Logan, UT, http://www.quansysbio.com).

Ba/F3 Cell Viability Assays
Lentiviruses were generated in 293FT cells (6 X 10° cells per
10-cm plate) transfected with ViraPower packaging mix
(Thermo Fisher Scientific Life Sciences) and a pLenti-6/V5-DEST
plasmid containing DCTNI-ALK or EML4-ALK cDNA using the
Lipofectamine 3000 reagent (Thermo Fisher Scientific Life
Sciences). Viral supernatants were collected 42 hours after
medium exchange and used to infect 4.0 X 10° Ba/F3 cells in
the presence of 10 pg/ml Polybrene (Sigma-Aldrich). After
overnight incubation at 37°C/5% CO,, the cells were distributed
into 24-well plates and selected for 1 week in medium contain-
ing IL-3 and 8 pg/ml blasticidin (Thermo Fisher Scientific Life
Sciences). Blasticidin-resistant cells were grown in IL-3-free
medium for 2 weeks, and expression of exogenous DCTN1-ALK
proteins was confirmed by immunoblot analysis coupled with
Sanger sequencing of RT-PCR products derived from the cells.
Twenty-four hours before inhibitor treatment, 2,000 Ba/F3
cells were plated in 96-well plates (in quadruplicate). Serially
diluted inhibitors were then added to the wells. Cell viability
was measured 72 hours after drug treatment using the CellTiter-
Glo luminescent cell viability reagent (Promega, Madison, WI,
https://www.promega.com) and EnVision (PerkinElmer). Cell
viability was calculated as the cell count in drug-treated sam-
ples relative to that in untreated samples. Data were displayed
graphically by using GraphPad Prism software, version 6.0
(GraphPad Software Inc., San Diego, CA, http://www.graphpad.
com).
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transcripts by RT-PCR. RT-PCR products for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) are shown (left). A tumor (PO96T) posi-
tive for gene fusion is shown alongside its corresponding noncancerous tissue (PO96N). Sanger sequencing of RT-PCR products derived
from the tumor reveals expression of DCTN1-ALK fusion transcripts, in which exon 12 of DCTN1 is joined to exon 20 of ALK. A “G” nucleo-
tide, which comes from ALK intron 19, is boxed (Fig. 1B). (B): Detection of a gene-fusion DNA by genomic-PCR. A tumor (P0O96T) positive
for the gene fusion is shown alongside its corresponding noncancerous tissue (PO96N). Sanger sequencing of a genomic-PCR product
showed that the fusion was generated by nonhomologous end joining between DCTN1 and ALK intron DNAs, resulting in the generation
of a cryptic splice donor site 3’ to breakpoint junction. A “G” nucleotide, which comes from ALK intron 19, was included in the transcripts
by splicing at the cryptic splicing site (boxed). (C): Schematic representations of the dynactin 1 (DCTN1)-anaplastic lymphoma kinase (ALK)
proteins in PDAC and other tumors. (D): Histologic image of the DCTN1-ALK fusion-positive PDAC (middle power view). Left, hematoxylin
and eosin staining. Moderately differentiated tubular adenocarcinoma cells with fusiform or cribriform features infiltrate the desmoplastic
stroma. Right, ALK staining. Granular cytoplasmic staining is visible in the adenocarcinoma component. Magnification x100.
Abbreviations: PCR, polymerase chain reaction; RT-PCR, reverse transcriptase polymerase chain reaction.

RESULTS AND DISCUSSION

Clinicopathological Characteristics of the Four KRAS
Mutation-Negative Patients

We examined a cohort of 100 pancreatic cancer cases (96
cases with a KRAS mutation and 4 without) who underwent
radical resection (supplemental online Table 1). In the origi-
nal cohort of 100, we detected mutations in three other
genes (TP53 [42%, 42/100], SMAD4 [13%, 13/100], and
CDKN2A [7%, 7/100], all of which are common in pancreatic
cancer) at frequencies similar to those reported previously
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[6-11]. The clinicopathological characteristics of the four
PDAC cases that did not harbor KRAS mutations are shown
in Table 1. All cases were primary tumors and were negative
for mutations in other druggable oncogenes, such as BRAF
and PIK3CA, mutations in which were detected recently in
KRAS mutation-negative PDACs [8]. Interestingly, three of
these cases did not recur after surgery (Table 1), whereas
74 (77%) of the other 96 cases, excluding 10 cases with met-
astatic lesions, did. Sufficient RNA and genomic DNA for
next-generation sequencing were available for 4 and 3 of
the four cases without KRAS mutations, respectively;
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Figure 2. Character of DCTN1-ALK protein linked to carcinogenesis and therapy. (A): Immunoblot analysis of full-length DCTN1-ALK pro-
teins. An expression vector encoding DCTN1-ALK cDNA was introduced into H1299 lung cancer cells, which do not express endogenous
ALK [28]. The transfectants were then exposed to crizotinib and alectinib. Levels of phosphorylation at tyrosine 1604 were determined 24
hours after treatment with 0, 0.2, 1.0, or 5.0 uM of each drug. (B): Interleukin (IL)-3-independent growth of Ba/F3 cells stably expressing
DCTNI1-ALK or EML4-ALK cDNAs. Parental cells and Ba/F3 cells transduced with lentiviral cDNA or empty vector were cultured in medium
with and without IL-3, and the number of cells was counted. (C and D): Viability of Ba/F3 cells stably expressing DCTN1-ALK or EML4-ALK
cDNAs after treatment with crizotinib (C) or alectinib (D). Ba/F3 cells transduced with lentiviral cDNA or empty vector were subjected to
the assay, and the number of cells was counted at 72 hours.
Abbreviations: ALK, anaplastic lymphoma kinase; DCTN1, dynactin 1; pALK, phosphorylated ALK.

therefore, these cases were subjected to whole RNA (n = 4) The targeted deep-sequencing method used to select KRAS
and exome (DNA) sequencing (n = 3). mutation-negative PDAC revealed that the PDAC case harbor-
ing the DCTN1-ALK fusion also carried a known activating GNAS

. L. mutation, R201H. Activating GNAS mutations drive the devel-
Detection of DCTN1-ALK Fusion in a Case of PDAC opment of intraductal papillary mucinous neoplasm (IPMN)
Analysis of RNA sequencing data and subsequent validation of [23], and the frequent co-occurrence of GNAS and KRAS muta-
RT-PCR products by Sanger sequencing revealed a DCTNI-ALK  yiqns in PDACs derived from IPMN suggests that both GNAS

oncogene-fusion transcript in one (P096T) of the four PDACs and KRAS mutations contribute to its genesis [8, 24, 25]. The
lacking the KRAS mutation (Fig. 1A). Sanger sequencing of

genomic-PCR products encompassing the breakpoint junction
validated the tumor-specific occurrence of this oncogene fusion
(Fig. 1B). The structure of the breakpoint junction indicated

that fusion was generatgd by nonhomologous end joining \as not diagnostic for this type of tumor (Fig. 1D). Therefore,
between DCTN1 and ALK intron DNAs, resulting in the genera- | diagnosed PDAC; however, the PDAC might have originated
tion of a cryptic splicing site 3’ to breakpoint junction. from IPMN.

The DCTNI-ALK fusion resulted in a polypeptide in which The PDAC case harboring the DCTNI-ALK fusion showed
the AL_K kinase domain was fus.ed to a coiled-coil domain of strong staining for the ALK protein, similar to ALK fusion-positive
dynactin 1 (DCTN1), as reported in several human tumors, such |,no cancer (Fig. 1D). Further immunostaining for the ALK pro-

as atypical Spitz tumor [16, 17], non-small cell lung carcinoma  tqip, in another 150 surgical and 90 biopsy specimens from pan-
(18], anq |nﬂamma‘Fory myofibroblastic tumor [19, 20] (Fig. 19' creatic cancers, including 70 cases with coexisting IPMN and 20
DCTN1 is a subunit of a macromolecular complex, dynactin,  ;cac of IPMN without invasive cancer, did not detect additional

which is involved in various aspects .Of |nterc?llular transport  cases showing ALK expression. This is consistent with the results
and organelle movement [21]. The fusion protein contained the of recent immune-histochemical and genome-wide screening

DCTN1 coiled-coil domain, which functions during protein dime- showing that pancreatic cancers lack ALK fusion [6, 9, 26]. Thus,
rization, and also retained the full ALK kinase domain. This indi- ALK fusion is likely a rare event in pancreatic carcinogenesis.

cated that the fusion protein is likely to form a homodimer via

the coiled-coil domain of DCTN1, causing constitutive activation ~ Characterization of DCTN1-ALK Fusion Protein

of the kinase function of ALK (a situation similar to that observed Despite recurrent observation of the DCTNI1-ALK fusion in
for the EML4-ALK fusion in non-small cell lung cancer) [22]. human tumors [16, 18, 20], to our knowledge functional

case harboring the DCTNI-ALK fusion had no features consist-
ent with IPMN; however, some were suggestive of IPMN rather
than conventional PDAC. Morphology did not rule out a possi-
ble diagnosis of invasive carcinoma derived from IPMN, although

The , .
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analysis of the fusion product has not been undertaken. There-
fore, we asked whether the DCTN1-ALK fusion protein is linked
to carcinogenesis and therapy, as observed for the EML4-ALK
fusion protein.

Phosphorylation (i.e., activation of ALK kinase) of the
DCTN1-ALK protein was suppressed by crizotinib and alectinib,
ALK tyrosine kinase inhibitors used to treat non-small cell lung
cancer harboring the ALK fusion (Fig. 2A). Exogenous expres-
sion of DCTN1-ALK fusion gene cDNA induced IL-3-independent
growth of Ba/F3 cells (as does the EML4-ALK fusion), support-
ing the constitutive activation of ALK kinase (Fig. 2B). This
growth was suppressed by crizotinib and alectinib when used
at similar concentrations (Fig. 2C): The concentrations of inhibi-
tor that cause 50% growth inhibition for crizotinib and alectinib
for the DCTN1-ALK and EML4-ALK fusions were 31.5 nM and
75.8 nM and 4.3 nM and 8.8 nM, respectively. These results
indicate that the DCTNI-ALK fusion acts as a driver oncogene
and can be used as a target for ALK tyrosine kinase inhibitors.
The result is also consistent with the finding that inflammatory
myofibroblastic tumors treated with crizotinib and a multiki-
nase vascular endothelial growth factor inhibitor, pazopanib,
showed partial regression [19].

Detection of the RRAS Mutation in a Case of PDAC
Analysis of exome sequencing data revealed somatic mutations
in two of the three KRAS-negative PDACs (supplemental online
Table 2). The PO96T tumor harboring a DCTN1-ALK fusion carried
990 somatic mutations, while the other tumor, PO30T, carried 41
somatic mutations. Notably, the latter carried a missense muta-
tion, Q87L, in the RRAS gene. The same RRAS mutation occurs
in lung cancer (http://cancer.sanger.ac.uk/cosmic) and juvenile
myelomonocytic leukemia [27]; therefore, it is a recurrent muta-
tion in human tumors. The amino acid residue, GIn87, in the
RRAS protein corresponds to the GIn61 residue in the HRAS and
KRAS proteins [27]: the oncogenic substitution, GIn6lLeu, is
observed in several human cancers. Therefore, it is likely that this
PDAC is driven by the RRAS mutation rather than by the KRAS
mutation. Histologically, the PO96T tumor was a tubular adeno-
carcinoma with a cribriform figure, the cells of which invaded
dense fibrous stroma but showed relatively weak vascular and
neural invasion.
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CONCLUSION

We found that development of a small subset of pancreatic
cancers is likely to be driven by oncogenic aberrations other
than the KRAS mutation. To our knowledge, DCTN1-ALK is the
first oncogenic ALK fusion identified in pancreatic cancer, and it
may be druggable. We examined only four cases of KRAS
mutation-negative pancreatic cancer; however, another study
analyzing six cases of KRAS mutation-negative pancreatic can-
cer identified PIK3CA and BRAF mutations in one and three
cases, respectively [8]. Analysis of a larger number of KRAS
mutation-negative pancreatic cancers might help identify more
genes involved in pancreatic carcinogenesis and improve exist-
ing therapies for advanced pancreatic cancer.
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