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Abstract

Pancreatic carcinomas with acinar differentiation, including acinar cell carcinoma,
pancreatoblastoma, and carcinomas with mixed differentiation, are distinct pancreatic neoplasms
with poor prognosis. Although recent whole exome sequencing analyses have defined the somatic
mutations that characterize the other major neoplasms of the pancreas, the molecular alterations
underlying pancreatic carcinomas with acinar differentiation remain largely unknown. In the
current study, we sequenced the exomes of 23 surgically resected pancreatic carcinomas with
acinar differentiation. These analyses revealed a relatively large number of genetic alterations at
both the individual base pair and chromosomal levels. There was an average of 119 somatic
mutations per carcinoma. When three outliers were excluded, there was an average of 64 somatic
mutations per tumor (range 12—189). The mean fractional allelic loss (FAL) was 0.27 (range 0-
0.89) and heterogeneity at the chromosome level was confirmed in selected cases using
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fluorescent in situ hybridization (FISH). No gene was mutated in >30% of the cancers. Genes
altered in other neoplasms of the pancreas were occasionally targeted in carcinomas with acinar
differentiation; SMAD4 was mutated in six tumors (26%), TP53 in three (13%), GNASIn two
(9%), RNF43 in one (4%) and MEN1 in one tumor (4%). Somatic mutations were identified in
genes in which constitutional alterations are associated with familial pancreatic ductal
adenocarcinoma, such as ATM, BRCAZ2, and PALB2 (one tumor each), as well as in genes altered
in extra-pancreatic neoplasms, such as JAK1 in four tumors (17%) BRAF in three (13%), RB1 in
three (13%), APC in two (9%), PTEN in two (9%), ARID1A in two (9%), MLL3 in two (9%), and
BAP1 in one (4%). Perhaps most importantly, we found that more than a third of these carcinomas
have potentially targetable genetic alterations including mutations in BRCA2, PALB2, ATM,
BAP1, BRAF and JAK1.
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Introduction

Acinar cell carcinoma is a form of pancreatic carcinoma that, like ductal adenocarcinoma,
confers a generally poor prognosis. The mean survival is 18-24 months and the 3-year
survival rate is only 25% [1, 2]. In contrast to ductal adenocarcinoma (which accounts for
more than 80% of pancreatic malignancies), acinar cell carcinoma is rare, accounting for
less than 2% of all pancreatic carcinomas. Acinar cell carcinomas are distinct from other
pancreatic neoplasms, with unique clinical, morphological and immunohistochemical
features [1, 2]. Clinically, 15% of patients with an acinar cell carcinoma develop
subcutaneous fat necrosis [3]. Morphologically, acinar cell carcinomas are characterized by
cells with significant acinar differentiation, as demonstrated histologically by acinar
architecture, cytoplasmic granules and single prominent nuclei, and immunohistochemically
by labeling for markers of exocrine enzymes [1]. Pancreatic carcinomas with mixed
differentiation (including mixed acinar-ductal carcinoma and mixed acinar-neuroendocrine
carcinoma) occur less frequently. Pancreatoblastoma, a rare pancreatic neoplasm that occurs
mostly in children, also displays significant acinar differentiation [4]. In addition to cells
with acinar differentiation (as determined by morphologic and immunohistochemical
features), pancreatoblastomas also contain nests of squamoid cells and may have
neuroendocrine, ductal, or primitive components [4].

In contrast to the other major neoplasms of the pancreas, little is known of the underlying
genetic alterations that drive the development of acinar cell carcinoma and other carcinomas
with acinar differentiation. In recent years, the exomes of all of the other major tumor types
that arise in the pancreas have been systematically analyzed by high-throughput sequencing
[5-8]. These analyses have demonstrated that each of these tumor types has its own pattern
of genetic alterations. This understanding of the genetic alterations in tumors of the pancreas
has not only provided insight into tumorigenesis in the pancreas, but novel targets for
diagnosis and therapy have also been identified.

J Pathol. Author manuscript; available in PMC 2014 June 06.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Jiao et al.

Page 3

There have only been a handful of studies of the genetics of acinar cell carcinoma of the
pancreas. Large gains and losses have been previously reported at the chromosome level,
although these alterations are too large to suggest specific genetic targets [9—-11]. In addition,
microsatellite instability has been identified in a small subset of acinar cell carcinomas [12].
At the individual gene level, alterations in genes coding for members of the APC/B (beta)-
catenin pathway have been identified in 20-25% of acinar cell carcinomas. These included
inactivating mutations in APC as well as activating mutations in CTNNBL1 [12]. Intriguingly,
acinar cell carcinomas lack frequent alterations in genes commonly mutated in pancreatic
ductal adenocarcinoma. Only rare mutations in KRASand TP53, and only rare loss of
Smad4 protein expression have been reported in acinar cell carcinomas [12-14]. Even less is
known about the molecular alterations underlying acinar neoplasms with mixed
differentiation and pancreatoblastoma. Like acinar cell carcinomas, pancreatoblastomas lack
frequent alterations in genes commonly mutated in ductal adenocarcinoma, including KRAS
TP53, P16/CDKN2A, and SMADA4, though rare loss of Smad4 expression has been reported
[15]. The majority of pancreatoblastomas have somatic alterations in the APC/B (beta)-
catenin pathway, including inactivating mutations in APC and activating mutations in
CTNNBL [15]. Loss of chromosome 11p also occurs frequently in pancreatoblastomas [15,
16].

We report here the results of the first whole exome sequencing analysis of pancreatic
carcinomas with acinar differentiation. These analyses revealed a relatively large number of
genetic alterations both at the chromosome and gene levels. Moreover, they defined the
unique genomic landscape for acinar cell carcinoma, confirming that this neoplasm is
genetically distinct from other pancreatic neoplasms and suggesting therapeutic targets.

Materials and Methods

Sample acquisition/preparation

This study was approved by the Institution Review Boards at Johns Hopkins University,
Memorial Sloan Kettering Cancer Center, and University Medical Center Utrecht. We
analyzed 23 well-characterized fresh-frozen surgically resected pancreatic neoplasms with
significant acinar differentiation (Supplementary Table 1). These included 21 acinar cell
carcinomas (17 pure acinar cell carcinomas, three mixed acinar-ductal carcinomas, and one
mixed acinar-neuroendocrine carcinoma) and two pancreatoblastomas. In addition to acinar
morphology on hematoxylin and eosin (H&E) sections, each carcinoma had
immunohistochemical evidence of acinar differentiation, as demonstrated by
immunolabeling for trypsin, chymotrypsin, lipase, and/or alpha-1-antitrypsin. Mixed acinar-
ductal carcinomas additionally contained a component of glandular differentiation
(adenocarcinoma). In addition to its morphologic evidence of acinar differentiation, the
mixed acinar-neuroendocrine carcinoma also exhibited evidence of neuroendocrine
differentiation with immunolabeling for chromogranin and synaptophysin. The
pancreatoblastomas both arose in adults and had squamoid nests. In addition to the
components with acinar differentiation, both tumors also had neuroendocrine components
with immunolabeling for chromogranin and synaptophysin. Each fresh-frozen sample was
macrodissected to achieve a neoplastic cellularity of >70%.
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Exome capture, sequencing, and somatic mutation identification

We sequenced the exons of approximately 21,000 protein coding genes (greater than
37,000,000bp of coding sequence) in matched tumor and normal DNA. The coding
sequences from individual libraries for each sample were captured using the Agilent
SureSelect paired end version 4.0 human exome Kit, and the captured libraries were then
sequenced using the lllumina HiSeq genome analyzer. Sequencing reads were analyzed and
aligned to human genome hg18 with the Eland algorithm in CASAVA 1.6 software
(Illumina). A mismatched base was identified as a mutation only when the following
occurred: (1) it was identified by 5 or more distinct pairs; (2) the number of distinct tags
containing a particular mismatched base was at least 15% of the total distinct tags; and (3) it
was not present in greater than 0.2% of the tags in the matched normal sample. See
Supplementary Methods for more details on library preparation and exome capture.

Microsatellite Instability (MSI) Testing

Microsatellite instability was detected using the MSI Analysis System (Promega, Madison,
WI1), which is composed of 5-mononucleotide repeats (BAT-25, BAT-26, NR-21, NR-24
and MONO-27) to detect MSI and 2-pentanucleotide repeat loci to confirm identity between
normal and tumor samples, following the manufacturer’s instructions. One sample
(ACINARZ28) was tested with additional mononucleotide repeat loci, including BAT-40,
NR-22, NR-27 and CAT-25 as previously reported [17-19]. After amplification, the
fluorescent PCR products were sized on an Applied Biosystems 3130 capillary
electrophoresis instrument (Invitrogen, Calsbad, CA). Tumor samples were designated as
MSI-high if two or more mononucleotide loci varied in length compared to the germline
DNA, MSI-low if only one locus varied, and microsatellite stable (MSS) if there was no
variation compared to the germline. Pentanucleotide loci confirmed identity in all cases.

Fluorescence in situ Hybridization

Fluorescence in situ hybridization (FISH) was performed on formalin-fixed, paraffin-
embedded (FFPE) sections using a combination of newly designed and commercially
available probes for chromosomes 11, 15, and 22. The newly designed probes consisted of
two closely mapped BAC or PAC clones. The resulting probes were labeled via nick
translation with either Orange-dUTP or Green-dUTP (Abbott Molecular, Abbott Park, IL).
Two differentially labeled probes covered each chromosome arm. The proximal probe was
always green, and the distal probe was always orange. For chromosome 11 the proximal
probe (band 11914.1) consisted of BACs RP11-7H7 and CTD-315917, and the distal probe
(band 11g22.3) was the commercial ATM probe (Abbott Molecular, Abbott Park, IL). The
proximal probes for chromosome 15 were BACs RP11-294011 and RP11-562A8 (band
15921.2), and the distal probes were CTD-2071N1 and RP11-285A1 (band 15g24.3-25.1).
The commercial BCR probe (proximal, band 22g11.2) and the RP3-508115 and RP3-327J16
PACs (distal, band 22g13.1) covered chromosome 22. The clones for libraries RP11 and
RP3 were obtained from BACPAC Resources Center, Oakland, CA, while clones for the
CTD library were purchased from Life Technologies.

Following deparaffinization, the slides were denatured at 80°C for eight minutes and
hybridized for 22 hours at 37°C in a humidified atmosphere. The slides were washed in 2X
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SSC/0.3% NP-40 for two min at 62°C and for two min at room temperature, with agitation.
Traces of detergent were removed with wash in 2X SSC at room temperature. The slides
were counterstained with DAPI. The probe pattern was evaluated in 100 nuclei. The
presence of two pairs of green and orange signals was recorded as the normal pattern. The
loss of an orange signal or the loss of an orange and a green signal were recorded as the
deletion of a chromosome arm of smaller or larger size, respectively. The presence of more
than two pairs of green and orange signals was recorded as a gain of copy number of that
chromosomal region.

Bisulfite Conversion and Quantitative Methylation-Specific PCR (QMSP)

Results

Genomic DNA (gDNA) was bisulfite treated with the EZ DNA methylation kit (Zymo
Research) for 16 cycles of 95°C for 10 minutes, 50°C for 60 minutes. qMSP was performed
on the iCycler iQ real-time PCR detection system (Bio-Rad) using bisulfite-converted
template with QuantiTect SYBR Green mix (Qiagen) reaction mix containing either the
unmethylated (U) or methylated (M) primer pairs. Primer sequences and annealing
temperatures are for BRCA1 unmethylated sense
ATTGGGTGGTTAATTTAGAGTTTTGAGAGATG, unmethylated antisense
AAATCTCAACAAACTCACACCACACAATCA, methylated sense
GGGTGGTTAATTTAGAGTTTCGAGAGACG, methylated antisense
AACGAACTCACGCCGCGCAATCG with an annealing temperature of 64°C and for
MLH1 unmethylated sense TTTTGATGTAGATGTTTTATTAGGGTT, unmethylated
antisense ACCACCTCATCATAACTACCCACA, methylated sense
ACGTAGACGTTTTATTAGGGTCGC, methylated antisense
CCTCATCGTAACTACCCGCG with an annealing temperature of 60°C. Standard curves
for the unmethylated (U) and methylated (M) gMSP reactions were generated from serial
dilutions using bisulfite treated template from normal peripheral lymphocyte gDNA (NL)
and in vitro CpG methylated (IVVD) Jurkat gDNA (N4002S, New England BioLabs). The
percent methylation of each sample was calculated from the percentage of the amount of the
M product over the sum quantity of the U and M products. Each sample was performed in
duplicate. Primers were designed using MSPPrimer [20].

We performed whole exome sequencing on 23 pancreatic carcinomas with significant acinar
differentiation, including 17 pure acinar cell carcinomas, three mixed acinar-ductal
carcinomas, one mixed acinar-neuroendocrine carcinoma and two pancreatoblastomas
(Supplementary Table 1). The sample set included tumors from 16 men (70%) and 7 women
(30%) and the average age at surgical resection was 61 years. The majority of patients were
stage 1 or 2 at the time of resection — only one patient was classified as stage 3.

Base-pair instability

A total of 37 MB of captured DNA was sequenced with an average depth of coverage of
131-fold in the targeted region, and 91% of targeted bases were represented by at least 10
reads (Supplementary Table 2). 2745 somatic mutations were identified in 2340 genes in the
23 carcinomas (Supplementary Table 3). These carcinomas had a mean of 119 non-
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synonymous somatic mutations. Two of the carcinomas (ACINARO1 and ACINARO03) were
microsatellite unstable as assessed by short tandem repeat length assay using five
mononucleotide markers (MSI Analysis System from Promega) — these two carcinomas
contained 701 and 404 non-synonymous somatic mutations, respectively. One additional
carcinoma had a strikingly large number of mutations: the carcinoma ACINAR28 had 362
total non-synonymous somatic mutations (compared to 189 mutations in the next most
mutated sample) but was not microsatellite unstable using the MSI Analysis System.
Because ACINAR28 tested microsatellite stable yet had a large number of mutations,
additional testing with mononucleotide repeat microsatellites was performed. This sample
tested stable with NR-22, NR-27 and CAT-25, but showed only a shift in BAT-40, and was
accordingly reclassified as MSI-Low. When these three outlier samples were eliminated, the
remaining carcinomas contained an average of 64 nonsynonymous somatic mutations per
tumor. This number is higher than the average number of mutations in pancreatic ductal
adenocarcinoma and other primary pancreatic neoplasms but not higher than the average
number of mutations in other solid tumors such as colorectal and breast cancers [5, 6, 8, 21,
22].

All of the carcinomas were enriched for C:G-to-T:A transitions (35% of mutations in
remaining 20 carcinomas after the 3 outliers were excluded), and this enrichment was even
more striking in the carcinomas with microsatellite instability, with C:G-to-T:A transitions
accounting for 63% and 54% mutations in these two samples (ACINARO1 and ACINARO03).
As expected, the carcinomas with microsatellite instability were also enriched for single
base deletions, accounting for 14% and 18% of mutations in these two samples (ACINARO1
and ACINARO3), compared to 4% of the remaining 20 samples.

Chromosome level alterations

The carcinomas with acinar differentiation had relatively high numbers of large
chromosomal changes, with fractional allelic losses (FAL) ranging from 0 — 0.89 (mean
0.27) (Supplementary Figure 1). This is higher than the FAL previously reported in
pancreatic ductal adenocarcinoma, which had a mean FAL of 0.15 and a range of 0.015-
0.32 in 82 analyzed tumors [23]. Loss of heterozygosity of chromosome 11p, which has
been previously reported to be targeted in acinar cell carcinoma and pancreatoblastoma, was
present in 12 of 23 tumors (52%), including both pancreatoblastomas [12, 15]. The 23
carcinomas also had frequent loss of heterozygosity at loci of known tumor suppressor
genes, including TP53 on 17p (lost in 9 of 23 or 39%) and SMAD4 on 18q (lost in 13 of 23
or 57%).

A subset of chromosomal changes was confirmed with fluorescence in situ hybridization
(FISH) on formalin-fixed paraffin embedded tumor sections from seven selected tumors. For
these studies, we focused on three chromosomal regions that frequently exhibited loss of
heterozygosity in the acinar cell carcinoma samples — chromosomes 11, 15 and 22. Both
losses and gains were identified in these regions in the seven tumor samples analyzed. As
might be expected, in the one assayed sample with microsatellite instability, no gains or
losses were identified in the FISH assays. The other tumor samples each contained at least
one area of gain or loss in the chromosomal regions analyzed. Chromosome 15 was
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analyzed in six of the carcinomas — two had the normal number of chromosome 15, two had
loss of one of the two signals at each locus, and two had polysomic signals (Figure 2).
Chromosome 11 was investigated in three tumor samples — one showed a normal FISH
signal, one showed loss of one of the two signals at each locus, and one showed multiple
FISH signals consistent with polysomy in this region. Chromosome 22 was assayed in five
tumors — two had the normal number of chromosome 22, one showed loss of one of the two
signals at each locus, and two were polysomic in this region (Figure 1). Remarkably, three
(ACINARO06, ACINARO07, and ACINAR15) of the seven carcinomas analyzed showed
dramatic intratumoral heterogeneity and polysomy in five of six regions assayed (Figure 1).
This finding suggests that heterogeneity at the chromosome level may represent a distinct
pattern of genetic alteration that occurs in a subset of acinar cell carcinomas, while other
acinar cell carcinomas that are microsatellite unstable (like ACINARO3) have few large
chromosomal alterations.

Mechanisms underlying genetic alterations

We next sought to identify possible mechanisms that could explain the relatively large and
heterogeneous number of alterations in these tumors. For this purpose, we reviewed our
whole exome sequencing data to identify somatic mutations in genes known to cause base
pair and chromosomal instability in other tumor types. One of the acinar cell carcinomas
with microsatellite instability (ACINAROQ1) contained a somatic mutation in MSH2, a gene
whose constitutional alteration causes Lynch syndrome (also known as hereditary non-
polyposis colon cancer or HNPCC), an inherited cancer predisposition syndrome caused by
mutations in DNA mismatch repair genes. As >90% of the total sequenced tags in the region
contained the mutation, we concluded that MSH2 was biallelically inactivated in this tumor.
Somatic mutations were also identified in MLH3, MSH3, and PMS2. The MSH3 mutation
also occurred in ACINARO1, which had microsatellite instability and somatic MSH2
mutation. However, because the other tumors with these mutations did not have particularly
high numbers of somatic mutations, the role of these mutations in base pair instability was
unclear. No mutations were identified in POLE or POLD21, DNA polymerase genes whose
constitutional alterations were recently associated with colorectal cancer predisposition [24].
We also reviewed our whole exome sequencing data for somatic mutations in genes
involved in the spindle checkpoint and DNA double-strand break repair, such as MAD1,
MAD2, MAD3, BUB1, BUB3, MPS, CDC20, MRE11, RAD50, NBSL, ROD, ZW10,
ZWILCH and FBXW?7, as mutations in these genes have been associated with chromosomal
instability in other tumor types [25, 26]. We found no somatic mutations in these genes in
our samples. However, because our analyses focused on exome sequencing, these studies
would not identify large deletions or other types of rearrangements.

Because genes governing DNA repair can also be epigenetically inactivated in tumors with
genomic instability, we analyzed the tumors for methylation of the MLH1 and BRCA1
genes, which have been reported to be methylated in tumors with microsatellite and
chromosomal instability, respectively [27]. Two different methylation-specific PCR assays
were performed for each gene. None of the 23 carcinomas were methylated at the BRCAL
locus. One carcinoma (ACINARO06) exhibited methylation of MLH1 in both PCR assays,
while another carcinoma (ACINAR18) had an equivocal result with methylation in only one
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of the assays. Methylation at MLH1 did not correlate with microsatellite instability or with
increased number of mutations in the whole exome sequencing data. Therefore, mechanisms
other than methylation at these loci are responsible for the acquisition of the microsatellite
instability phenotype in these carcinomas.

Mutated genes

The 23 pancreatic carcinomas with acinar differentiation harbored somatic mutations in a
variety of genes (Supplementary Table 4). No gene was mutated in >30% of the cancers.
Mutations were identified in genes altered in other pancreatic neoplasms, including SMAD4
in six tumors (26%), TP53 in three tumors (13%), GNAS in two tumors (9%, both at the
previously described oncogenic hotspot in codon 201), RNF43 in one tumor (4%) and
MENL1 in one tumor (4%) (Table 1). The MEN1 mutation occurred in a mixed acinar-ductal
carcinoma, but there were no features of neuroendocrine differentiation in this carcinoma.
Except for MEN1, mutations in genes altered in other pancreatic neoplasms did not occur in
the mixed acinar-ductal carcinomas, and no carcinoma in our study was associated with a
cystic lesion such as an intraductal papillary mucinous neoplasm or mucinous cystic
neoplasm, which have previously been reported to harbor GNASand RNF43 mutations [7,
8]. However, two of the six SMMAD4 mutations occurred in pancreatoblastomas. Acinar cell
carcinomas also contained somatic mutations in genes whose constitutional alterations are
associated with familial pancreatic ductal adenocarcinoma, including ATM, BRCA2 and
PALB?2 in one tumor each (4%) (Table 1). None of the patients with somatic alterations in
these genes had known constitutional disease-causing mutations.

The 23 carcinomas also harbored somatic mutations in genes altered in other extra-
pancreatic tumor types, including JAK1 in four tumors (17%), BRAF or RB1in three (13%),
APC, PTEN, MLL3 or ARID1A in two each (9%), and BAPL1 in one tumor (4%) (Table 1).
Importantly, the types of mutations in some of these genes concurred with their previously
described roles in tumorigenesis, such as mutations in the oncogenic hotspot (codon 600) in
BRAF and inactivating mutations in the tumor suppressor gene RBL1. In addition, many other
genes had somatic mutations at a frequency of 10-20% (Supplementary Table 4). However,
it is difficult to determine whether these genes are drivers or passengers based on mutational
data alone, and further studies will be needed to determine the role of these genes, if any, in
tumorigenesis in the pancreas. Importantly, more than a third of carcinomas with acinar
differentiation had potentially targetable genetic alterations, including BRCA2 (4%), PALB2
(4%), ATM (4%), BAP1 (4%), BRAF (13%) and JAK1 (17%).

In order to identify copy number alterations in known driver genes, we examined the ratio of
tumor to normal coverage in coding exons of individual genes from the exome sequencing
data. No amplifications were identified in previously described driver genes. However,
CDKN2A, which encodes the p16 cell cycle regulator and is frequently deleted in pancreatic
ductal adenocarcinoma, was homozygously deleted in four of the 23 carcinomas, including
two of the three that had a mixed acinar-ductal morphology.
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Comparison of different types of acinar neoplasms

Although the numbers of samples of pancreatoblastoma and mixed acinar-ductal carcinomas
are too small to make definitive conclusions, some intriguing observations were made. The
two pancreatoblastoma samples (ACINAR17 and ACINAR19) had fewer mutations than
almost all acinar cell carcinomas — these two tumors contained 18 and 17 somatic mutations,
compared to an average of 131 for the remaining acinar cell carcinomas. In addition, both
pancreatoblastomas contained somatic mutations in CTNNBZ, which was not mutated in any
of the other acinar neoplasms. The mixed acinar-ductal carcinomas were also unique. Two
of the three mixed acinar-ductal carcinomas harbored a CDKN2A homozygous deletion and
two of the three contained a BRAF mutation, compared to the acinar cell carcinomas without
ductal differentiation in which two of 18 harbored a CDKN2A homozygous deletion and one
harbored a BRAF mutation. The mixed acinar-ductal carcinomas did not contain mutations
in the other genes that are mutated in pancreatic ductal adenocarcinoma and intraductal
papillary mucinous neoplasms, including SMAD4, TP53, RNF43, and GNAS

Discussion

Pancreatic carcinomas with significant acinar differentiation are characterized by a relatively
large number of alterations at the chromosome level. There was also a striking degree of
intratumoral heterogeneity demonstrated by FISH. These data are consistent with the
hypothesis that these tumors are chromosomally unstable, though instability is a rate rather
than a state and cannot be measured through evaluation of tumors at a single point in time
[28]. Although the mechanism(s) underlying this presumptive chromosomal instability in
acinar cell carcinomas is unclear, it may, in part, explain the aggressive behavior and
resistance to therapy exhibited by most acinar cell carcinomas [2, 29].

We were able to identify a number of genes that are mutated in acinar cell carcinomas,
although at relatively low frequencies. Although there is some overlap with ductal
adenocarcinomas (SMAD4 in six tumors (26%), TP53 in three tumors (13%)), the genomic
landscape of acinar cell carcinomas differs significantly from the other neoplasms of the
pancreas. For example, in contrast to ductal adenocarcinomas which almost universally
harbor KRAS gene mutations, none of the acinar cell carcinomas in this series had a KRAS
mutation [12-14].

Now that all of the major tumor types of the pancreas have been sequenced, it is clear that
each tumor type has its own mutational profile. Acinar cell carcinomas harbor large numbers
of chromosomal changes, ductal adenocarcinomas are characterized by SVIAD4, TP53,
KRAS and CDKN2A mutations, pancreatic neuroendocrine tumors by MEN-1, DAXX, ATRX
and mTOR pathway gene mutations, solid-pseudopapillary neoplasms by CTNNB1
mutations, serous cystadenomas by VHL mutations, intraductal papillary mucinous
neoplasms by GNAS RNF43, TP53, SMAD4 and CDKN2A mutations, and mucinous cystic
neoplasms by RNF43, TP53, SMAD4 and CDKN2A mutations [5-8]. These findings have
diagnostic implications as they suggest that sequencing of difficult-to-classify pancreatic
neoplasms may help guide diagnoses.
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Through whole exome sequencing we also identified potentially therapeutically targetable
mutations, such as those in genes coding for members of the Fanconi anemia pathway, in
43% of the carcinomas. These included mutations in BRCA2 (4%), PALB2 (4%), BAP1
(4%), ATM (4%), BRAF (13%) and JAK1 (17%). Mutations in Fanconi anemia pathway
genes such as BRCA1 and BRCA2 have also been reported previously in acinar cell
carcinomas [30, 31]. We and others have previously shown that ductal adenocarcinomas of
the pancreas with inactivating mutations in genes coding for members of this pathway can
be exquisitely sensitive to DNA cross-linking agents and to Poly (ADP-ribose) polymerase
(PARP) inhibitors [32-34]. Similarly, it has been suggested that ATM mutant neoplasms
may be more sensitive to PARP inhibitors and inhibitors of protein kinase DNA-activated
catalytic polypeptide (DNA-PKcs) [35, 36]. In addition, targeted inhibitors for BRAF and
JAK1 are currently in human clinical trials with promising results, and a BRAF inhibitor
was recently approved by the United States Food and Drug Administration (FDA) for
treatment of melanoma with the BRAF V600E mutation [37, 38]. While the sensitivity of
acinar cell carcinomas with potentially targetable mutations has to first be established in the
clinic, we can speculate that acinar cell carcinomas will be good candidates for a
personalized approach to therapy based on the genetic changes in these patients’ cancers.
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Figure 1. Fluorescent in situ Hybridization of Acinar Cell Carcinomas
Reveals Chromosomal Losses, Gains, and Heterogeneity. A. FISH for Chr22913.1 (red) and

Chr22g11.2 (green) reveals frequent chromosomal losses. B. FISH for Chr15¢24.3-25.1
(red) and Chr15g21.2 (green) reveals areas of polysomy. C. FISH for Chr11g22.3 (red) and
Chrl1g14.1 (green) reveals heterogeneity in the tumor.
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Table 1

Genes with somatic mutations and known roles in tumorigenesis

Gene Symbol  Mutation Frequency

SMAD4 6/23 (26%)
JAKL 4/23 (17%)
BRAF 3123 (13%)
RB1 3/23 (13%)
TP53 3/23 (13%)
APC 2123 (9%)
ARID1A 2123 (9%)
GNAS 2123 (9%)
MLL3 2123 (9%)
PTEN 2123 (9%)
ATM 1/23 (4%)
BAP1L 1/23 (4%)
BRCA2 1/23 (4%)
PALB2 1/23 (4%)
MEN1 1/23 (4%)
RNF43 1/23 (4%)
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