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Abstract Pancreatic acinar cell carcinomas (PACs) are
rare but are distinct aggressive neoplasms that phenotyp-
ically differ from pancreatic ductal adenocarcinomas
(PDACs) and pancreatic neuroendocrine neoplasms
(PNENSs). Despite recent work on the genetic changes of
PACs, their molecular pathogenesis is still poorly under-
stood. In this study, we focus on a comparative genomic
hybridization analysis. Based on frequent chromosomal
imbalances, the involvement of DCC and ¢-MYC in the
pathogenesis of PACs is further investigated. Moreover,
we examine markers harboring potential therapeutic rele-
vance (K-RAS, BRAF, EGFR, MGMT, HSP90, LICAM,
Her2). PACs revealed a microsatellite stable, chromosom-
al unstable genotype, defined by recurrent chromosomal
losses of 1p, 3p, 4q, 5q, 69, 8p, Ip, 11q, 13q, 16q, and 18,
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as well as gains of 1q, 7, 8q, 12, 17q, and 20q. Subsets of
PAC displayed reduction/loss of DCC (79 %) and c-MYC-
amplification (17 %). Significant EGFR expression oc-
curred in 42 %, HSP90 expression in 98 %, LICAM
expression in 72 %, and loss of MGMT in 26 %. Two
cases carried a K-RAS mutation. Mutations of EGFR or
BRAF were not detected. All cases were Her2/neu-nega-
tive. PACs display characteristic chromosomal imbalances
which are distinctly different from those in pancreatic
ductal adenocarcinomas and pancreatic neuroendocrine
neoplasms. Our findings suggest that DCC and c-MYC
alterations may play an important role in the pathogenesis
of PACs. Furthermore, EGFR, MGMT, HSP90, and
L1CAM may be useful as therapeutic markers and pre-
dictors of response to therapy in a subset of PACs.
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Introduction

Pancreatic acinar cell carcinomas (PACs) are rare pancreatic
exocrine tumors which most commonly occur in adults in the
sixth and seventh decades of life but show a wide age range
and may affect children as well [1-5]. At the time of diagnosis,
approximately 50 % of PACs have metastasized, most fre-
quently involving regional lymph nodes and/ or the liver [4,
6]. The prognosis of these neoplasms, even if they are resect-
able, is therefore poor. Local, and especially metastatic, re-
lapse occurs in up to 42 % of patients [1—4, 6]. Radiotherapy
and chemotherapy are only effective in a limited number of
patients [6]. Five-year survival rates range between 25 and
50 %, depending on stage [7], and survival times between 3
and 123 months have been reported [1-3].

PACs are usually solid tumors, composed of cells express-
ing trypsin and other pancreatic enzymes [4, 8]. Rare cystic
variants are acinar cell cystadenocarcinomas [9] and acinar
cell carcinomas containing substantial (>30 %) proportions of
cells showing neuroendocrine and/or ductal differentiation [8,
10, 11].

The molecular mechanisms leading to the initiation and
progression of PACs are not known. Few published, mostly
small, series have shown that mutations that are common in
pancreatic ductal adenocarcinoms (PDACs), i.e., K-RAS, p16,
and SMAD4/DPC4, are rare in PACs [12—19]. Alterations of
the 3-catenin/adenomatous polyposis coli (APC) pathway
have been reported in a subset of PACs [8, 12, 19, 20],
paralleling findings in pancreatoblastoma [21]. An involve-
ment of the (3-catenin/APC pathway in a significant subset of
PACs was supported by a more recent study, in which APC
loss and hypermethylation were found in up to 56 % of PACs,
by far outnumbering 4PC mutations [20]. Moreover, using
whole exome sequencing analyses, mutations of single genes
were shown to generally occur in less than 30 % of PACs,
repeatedly affecting, among others, GNAS, JAK1, BRAF, and
RBI[19]. In a few PACs, microsatellite instability was detect-
ed [12, 18], including five cases in which an epigenetic
analysis revealed CpG island promoter methylation of
MSHS6 [18]. Chromosomal imbalances were investigated in
only eight cases [22, 23].

In the present study, we aimed to characterize a
comprehensive series of PACs, using comparative geno-
mic hybridization (CGH). Detected chromosomal imbal-
ances were compared with CGH findings in salivary
gland acinar cell carcinomas (shown in Supplement),
as well as with earlier reported findings in PDACs
and pancreatic neuroendocrine neoplasms (PNENs) to
see whether they have a common cytogenetic
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background. Furthermore, loci of recurrent chromosomal
imbalances were used to further evaluate candidate
genes possibly involved in the pathogenesis of PACs.
This included DCC on 18q and ¢-MYC on 8q. Finally,
molecular and immunohistochemical analyses were per-
formed to investigate putative therapeutic markers and
targets in PACs. For these analyses, K-RAS, EGFR,
Her2/neu, BRAF, MGMT, LICAM, and HSP90 were
included as they were reported to harbor therapeutic
significance in clinical and preclinical studies in other,
more frequent tumor entities.

Materials and methods
Pancreatic acinar cell carcinomas

Formalin-fixed, paraffin-embedded tissues samples from 57
PACs were retrieved from the archives of the Institute of
Pathology, University of Heidelberg, Germany, and the files
of the Consultation Center for Pancreatic and Endocrine
Tumors of the Department of Pathology, Technical
University Munich, Germany. The 57 tumor samples were
obtained from 17 women and 40 men, with a median age of
61 years (range 7 to 79 years). Primary tumors were located in
the pancreatic head (n=14), body (n=7), tail (n=28), body and
tail (n=2), or the entire gland (n=2). One tumor was found in
heterotopic pancreatic tissue in the wall of the stomach. In the
remaining cases, the location within the pancreas could not be
clearly defined. The tumor size ranged from 2 to 21.5 cm
(mean 8.5 cm). Mitotic count revealed between 0 and 47
mitoses per 10 high-power fields (mean 12.3). Metastatic
tissues were obtained from the liver (n=>5), peritoneum (n=
2), and lymph nodes (n=3). The corresponding primary tu-
mors were available in six metastatic cases. Forty-six patients
had a solid PAC, following the diagnostic criteria recommend-
ed by the World Health Organization [7]. Two patients had an
acinar cell cystadenocarcinoma, and nine patients had mixed
acinar neuroendocrine carcinoma (MACNEC). The study was
approved by the ethics committee of the University of
Heidelberg (no. 207/2005).

Comparative genomic hybridization

CGH analyses were performed as previously described [24].
Furthermore, in a Medline search, CGH findings in PDACs
and PNENSs (including neuroendocrine tumors and neuroen-
docrine carcinomas) were identified. Only those cases were
included in the analysis whose CGH could be assigned to
specific tumor cases. Series in which the chromosomal imbal-
ances were collectively presented were not considered.
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Fluorescence in situ hybridization

For fluorescence in situ hybridization, dewaxed slides were
incubated in 1 M NaSCN, 80 °C for 30 min, digested using
proteinase K (100 pug/ml, 15 min) and dehydrated. After co-
denaturation with a spectrum-orange-labeled c-MYC DNA
probe (RCPI-753J1555) at 85 °C for 5 min, slides were
hybridized in a humid chamber at 37 °C for 16-24 h. Post-
hybridization washes were done in 50 % formamid/2x SSC,
pH 7, 42 °C for 3% 5 min and 2x SSC, pH 7, 42 °C for 3x
5 min after which slides were coverslipped using Vectashield
mounting medium containing 4,6-diamidino-2-phenylindole
and visualized on an epifluorescence microscope. For analy-
sis, at least 50 cells in two representative areas of the tumors
were counted. Low-level amplifications of c-MYC were as-
sumed in cases exceeding four signals per nucleus, and am-
plifications were assumed in cases exceeding seven signals
per nucleus.

Immunohistochemistry

Immunohistochemical analyses, using the avidin-biotin com-
plex method, were performed with primary antibodies direct-
ed against EGFR (clone 31G7; 1:25; Zymed Laboratories, San
Francisco, CA, USA), HSP90 (anti-Hsp90; 1:70; Millipore,
Billerica, MA, USA), MGMT (1:30; clone MT3.1, Thermo
Scientific, Fremont, USA), the mismatch repair gene products
MLH1 (1:100; clone G168-15; BD Transduction
Laboratories), MSH2 (1:100; AB2; Oncogene Research,
Cambridge, MA, USA), and MSH6 (1:200; clone 44; BD
Transduction Laboratories), PMS2 (1.50; clone A16-4, BD
Pharmingen, San Diego, CA, USA), LICAM (1:100; L1-
14.10; [25]), Her2/neu (polyclonal rabbit, 1:500; clone
A0485; DAKO), DCC (1:100; G97-449; BD Pharmingen),
and BRAF V600E (1:5; VE1; Spring Bioscience, Pleasanton,
CA, USA). If necessary, antigen retrieval was achieved by
microwave pretreatment in citrate buffer (HSP90, p53,
MSH6) or by microwave pretreatment in 1 mM EDTA
(MGMT, MLH1, MSH2). Immunohistochemical stains were
considered as positive in few cells if less than 10 % of the
tumor cells showed immunoreactivity, as focally positive if 10
to 70 % of the tumor cells showed immunoreactivity, and as
positive if more than 70 % of the tumor cells showed
immunoreactivity.

Mutational analyses

Mutational analyses of K-RAS (exons 1 and 2) and
EGFR (exons 18-21) were performed as previously
described [26, 27]. Primer sequences are listed in
Supplemental Table 1.

Microsatellite instability analysis

Microsatellite instability analyses were conducted as previ-
ously described [28], using the marker panels CAT25, BAT25,
and BAT26. High-level microsatellite instability (MSI) was
diagnosed if at least two of three markers showed MSIL.

Statistical analyses

For statistical analyses, the Wilcoxon rank sum test and the
Pearson’s chi-squared test were used to test continuous and
countable data, respectively. Hierarchical clustering was per-
formed as described in a previous study [29]. Furthermore,
oncogenetic tree models were used to assess dependencies
between chromosomal imbalances occurring in the course of
tumor development and progression, as previously reported
[30, 31].

Results
CGH findings

CGH analyses of 32 primary tumors and 9 metastases re-
vealed chromosomal imbalances in 39 samples (Table 1;
Fig. 1). Chromosomal losses were slightly more prevalent
than gains (average 7.5 versus 5.6 changes per case). Losses
affected most frequently the chromosomes 1p (n=23), 18q
(n=21), 4q (n=17), 11q (n=17), 9p (n=16), 5q (n=13), 6q
(n=13), 8p (n=11), 18p (n=11), 3p (n=10), 13q (»=10), and
16q (n=10). Gains were most frequently found at chromo-
somes 1q (n=23), 20q (n=18), 12p (n=14), 12q (n=14), 8q
(n=10), 17q (n=10), 7p (n=9), and 7q (n=9).

In PACs with a size less than 4 cm, gains of 3q22-29
occurred more frequently (22 %; p=0.049) than in larger
tumors. Loss of 18pll and 18ql1 accumulated in tumors
larger than 4 cm (44 and 38 %, respectively) but was not
found in smaller tumors (p=0.019 and 0.035, respectively).
Imbalances that occurred significantly more frequent in highly
proliferative tumors (cutoff ten mitoses per ten high-power
fields) included gain of 8q (0 versus 38 %; p=0.004), loss of
6922 (6 versus 46 %, p=0.008), 6q23-26 (6 versus 54 %; p=
0.002), and 6927 (6 versus 46 %; p=0.008). On the other
hand, gain of 7pl15 and 7p21-22 was restricted to tumors of
lower proliferative activity (28 and 33 versus 0 %; p=0.038
and p=0.020, respectively). Several chromosomal imbalances
were significantly more frequent in the 10 metastases than in
the 31 primary tumors. Among others, this included gains of
12p11-13, 12q12-14, 12q23-24, and 22q11-13, as well as
loss of 4q28 (p<0.001). Furthermore, gains of 8q24 and
20q11-12 were more frequent in metastases (p=0.030 and
p=0.002, respectively). Moreover, the direct comparison of
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Table 1 Chromosomal imbalances in 41 PACs detected by CGH

Case Diagnosis Gains Losses
Ip PAC 1p34-36, 18
2p PAC 1p31-36, 1q, 4p15-16, 8p21-23, 8q24, 9p, 93234, 10p12-15,
10q24-26, 11q13-25, 15q, 16, 17, 18pl1, 20, 21, 22
3p PAC 1p31,2,3,4q,6,7,8,9, 11, 14q, 15q, 16, 17, 18, 21q22,
22q
4p PAC Sp, 20q 1p36, 8p22-23
S5p PAC 1q22-44, 4p 1p34-36, 6, 15, 16, 21, 22
6p PAC 4q22-27, 8q22-23
7p PAC 1g21-44, 2q31-36, 7p15-22, 20q13 1p13-34, 4q31-35, 5q15-23, 8p, 8q11-21, 13q, 14q22-32,
15q, 18
8p PAC
9p PAC 1q 1p, 18
09m PAC 1q, 4p, 8q, 18p 1p, 2p, 3p, 4921-35, 64, 8p, 9, 10, 11, 16, 18q
10p PAC 3pl2
11p PAC 1q31-44, 3p21-23, 4p, 5q34-35, 8p, 8q24, 4q24-31, 5q14-21, 13q21-31, 18
11q12-14, 12p, 15q24-26, 17q, 20q13
12p PAC 1q, 3q22-29, 6q25-26, 7p15-22, 12p, 1p, 4q13-27, 6p22-25, 7q22-32, 9q22-31, 11pl14-15, 11q14-21,
17q21-25 12q24, 13, 14q21-24, 15q11-21, 18q21-23, 22q
13p PAC
14p PAC 1q, 4p15-16, 8, 10, 12, 20 1p21-31, 18, 21
15p PAC 1p, 3p, 5p, 6, 7q21-36, 8p, 8q11-13, 9, 10, 11, 14, 16q, 17p,
18q, 21q
16p PAC 5,7 11
17p PAC 1q, 6p11-21 1p21-34, 8q12-23, 13q, 15q, 18q21-23
18p PAC 1q, 7, 9q, 10p, 10q11-23, 12q23-25, 16p, 1p22-31, 4, 5q13-34, 6q15-16, 11p11-15, 11q11-25, 18
17p, 17q11-21, 22
19p PAC 1q32-42, 3q22-29, 17q21-25, 20q 1p21-31, 2q13-33, 4q22-35, 5q14, 5q33-34, 6q16-26, 8p12-23,
9p13-24, 10p13-15, 11q23-25, 18q12-23
19m? PAC 1q, 3p21, 3q21-29, 6p21-24, 8q21-24, 12p, 1p21-31, 2q13-21, 4q22-28, 5q14, 5q32-34, 6q21-25, 8p21-23,
12q11-13, 12q23-24, 16p11-13, 17q, 20q 9p13-24, 10p13-15, 11q14-25, 18q12-23
19m® PAC 1q41-44, 3p21, 3q21-29, 6p21, 8q, 9q, 10q11-26, 1p21-31, 2q13-23, 4q21-35, 5q14, 8p21-23, 9p13-24, 10p14-15,
12p, 12q11-14, 12q22-24, 16p, 17, 20q, 22 11q23-25, 18q12-23
20p PAC Ipl12, 16pll
21p PAC 1q, 4p, 7q 18922
21m PAC 1q, 2q12, 2937, 4p, 4q12, 6p21, 7p11-13, 3pl1-13, 3p26, 3q11-13, 4q23-35, 6q16-22, 9p, 9q11-21, 11q22,
7q, 10925-26, 12924, 17p, 19p, 20q 13q14-34, 18q22-23, 21g21
22m PAC 1q, 5,7,9q34, 12, 14, 15, 17, 20, 22 1p22-31, 4, 9p, 13q
23p PAC 1q32-44, 2p15-23, 8q, 12p, 13q32-34, 20 5q15-22, 6q22-27
23m?* PAC 1q32-44, 2p16-23, 8q13-24, 12p, 13q32-34, 1p21-31, 2q14-32, 3p23-26, 4q26-35, 5q12-31, 6q, 7p11-15,
18p, 20 9p22-24, 11p13-14, 14q
23mP° PAC 1q32-44, 8q, 11q23-25, 12p, 12q12-14, 1p21-22, 2q22-32, 4q28-35, 5q13-23, 6, 9p21-24
12q23-24, 16q, 20, 22
24p PAC 1q 1p, 3p, 6, 11, 16q
25p PAC 1q, 2q31-33, 4p15-16, 8p21-23 1p, 2q11-22, 3q28-29, 5p15.3, 5q13-22, 6p24-25, 7q31-36,
9p21-24, 13q11-22, 14q21-32, 15q14-26, 16p13.3, 16q12-24,
18q21-23, 22q12-13
26p PAC 1q, 2p11-14, 2q, 3p11-24, 3q, 5p11-14, 5q11-35, 1p22, 1p31-32, 1p34-36, 4q11-23, 4q27-28, 4q33-35, 8pl2,
6q25-26, 7,9, 10, 12, 13q31-34, 20 11q21-23, 14q13-24, 15q15-25, 16q11-21, 18p, 18q11-21
27p PAC 12 3pl2-14, 4q13-28, 9p21-24, 13q14-22
27m PAC 12 3pl2-21, 4q13-28, 9p13-24, 13q13-22, 18, 20p, 22q11-13
28p Cystic PAC 1, 3p13-26, 3q21-23, 5q12-13, 5q31-35, 6p, 6q23-27, 10q22-26,
11q13-25, 16, 18, 21, 22
29 Cystic PAC 7q32-36, 11q25
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Table 1 (continued)

Case Diagnosis Gains

Losses

722, 8p11-22, 8q11-24, 10p11-13, 12, 16p,
17p, 17q11-21, 18p11, 20q, 22

1q, 7q21-22, 8p11-22, 8q11-24, 10p11-14,
10q11-24, 12, 16p, 17, 18p11, 20q, 22

4pl16, 7p21-22, 17q, 20q

5,7,13,16

12q11-13, 12923-24, 20

1q, 5p, 5935, 12924, 16p, 16q11-13, 20

29m Cystic PAC

30p  MACNEC
3lp  MACNEC
32p  MACNEC
33p  MACNEC

7q34-36, 1121-25

1p22-31, 5q14-21, 9p21-24, 13q21-32

1p21-31, 9p, 21
1p, 5q14-21, 8p, 11q13, 11q23-25, 1692224, 18q12-23

In two cases, different metastases were obtained for CGH, comprising two liver metastases (19m® and 19m®), as well as one peritoneal metastasis

(23m*) and one lymph node metastasis (23m®), respectively

p primary tumor, m metastasis PAC pancreatic acinar cell carcinoma, MACNEC mixed acinar neuroendocrine carcinoma

six primary tumors and their corresponding metastases as
expected revealed a significantly higher average number of
chromosomal imbalances in metastases (18.625; range 10-25)
than in their corresponding primaries (8.5; range 4-15) (p=
0.001).

Hierarchical clustering revealed two main groups, which
could be further subdivided (Fig. 2). In general, primary
tumors and corresponding metastases were located within
the same clusters. Clinical and pathological parameters such
as sex, age, tumor size, spread at the time of diagnosis, mitotic
count, or necrosis did not significantly correspond to the
described clusters. Furthermore, of note, no specific pattern
could be attributed to solid PACs versus cystic PACs or
MACNECsS.

As shown by the oncogenetic tree model and a heat map
(Fig. 3), loss of 1p depicted as an early change, followed by
and frequently associated with loss of 18q. Further early
changes included gain of 1q, showing frequent association
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with gains of 20q and 12q. In a third branch of the tree model,
loss of 11q frequently concurred with loss of 6q and 16q.

Comparison with reported chromosomal imbalances
in pancreatic ductal adenocarcinomas and pancreatic
neuroendocrine neoplasms

For PDACs (none of which was reported to be associated with
IPMN), the reviewed CGH analyses showed chromosomal
imbalances in 94 of 111 tumors [32-36]. Most frequent find-
ings were gains on chromosomes 20q (38 %), 8q (37 %), 1q
(31 %), 5p (28 %), Tp (27 %), 12p (26 %), 3q (23 %), 7q
(23 %), 20p (23 %), and 13q (21 %), Frequent losses affected
chromosomes 18q (62 %), 17p (41 %), 8p (38 %), 6q (33 %),
9p (33 %), 3p (27 %), 4q (25 %), and 12q (20 %) [32-36]. The
tree model analysis and the heat map analysis revealed that in
PDAC:sS, one cluster was characterized by losses of 18q and
4q, associated with gain of 1q, losses of 9p and 6q, as well as
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Fig.1 Chromosomal imbalances in 41 PACs (32 primary tumors and 9 metastases). Lines to the lefi of ideogram represent chromosomal losses, lines to
the right, chromosomal gains, #hin lines, primary tumors, and fat lines, metastases
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Fig. 2 Hierarchical cluster analyses of 41 PACs. MACNEC:s are depicted in red

loss of 8q and gain of 20q. A second cluster displayed loss of
17p, followed by gains of 5p, 7p, and 8q (Fig. 3).

In PNENSs, chromosomal imbalances were reported in 104
of 124 cases, comprising 98 functionally active and 26 inac-
tive PNENs [37—41]. Chromosomal gains were most fre-
quently found on 7q (40 %), 17q (36 %), 14q (34 %), 7p
(32 %), 9q (32 %), 5q (31 %), 20q (29 %), 12q (28 %), 17p
(28 %), and 5p (25 %). Chromosomal losses most frequently
affected 6q (31 %), 11q (30 %), 11p (25 %), and 3q (21 %)
[37—41]. The tree model analysis revealed one cluster charac-
terized by gains of 20q, 17, 12q, 14q, 5, and 7 and a second
cluster characterized by losses of 6q and 11q, as well as gain of

9q (Fig. 3).

Comparing the CGH findings in PACs (present and previ-
ous data [22, 23]) with those in PDACs showed that both
entities share some chromosomal imbalances in similar fre-
quency, including gains of 7, 8q, 12p, and 20 and losses of 3p,
4q, 6q, 8p, 9p, and 18q. For others, however, significantly
higher frequencies in PACs were found for gains of 1q, 9q,
12q, and 22p, as well as losses of 1p, 5q, 11, 16q, and 21p (p<
0.001). In contrast, loss of 17p was far more common in
PDAC:s (p<0.001).

Comparison of PACs with PNENs revealed comparable
frequencies for gains of 5q, 7, 12q, 17q, and 20q and losses
of 6q and 11, but significantly higher frequencies were seen in
PAC:s for gains of 1q, 3, 8q, 10, and 22p, as well as losses of
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Fig.3 Oncogenetic tree models (A—C) and heat maps (a—c) show different clusters in the progression of PACs (A, a), PDACs (B, b), and PNENs (C, ¢)
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1p, 4q, 5q, 9, 14q, 16q, 17q, and 18. Gain of 14q occurred
more frequent in PNENs (p<0.001).

Molecular and immunohistochemical results

A total of 57 tumor tissues were available for additional
molecular and immunohistochemical tests (Supplementary
Tables 2 and 3), depending on the DNA quality and the size
of the tumor samples. Fluorescence in situ hybridization
(FISH) revealed amplification of ¢-MYC (up to ten signals
per nucleus) in one case, low-level amplifications (between
five and seven signals per nucleus) in 6 cases and a normal c-
MYC copy number in 34 tumor samples.
Immunohistochemical stains showed diffuse expression of
DCC in non-neoplastic tissues. In contrast to this, 17 of 56
available tumors (30.4 %) showed complete loss of DCC
expression, and 27 tumors (48.2 %) revealed significant re-
duction of DCC expression, displaying only very faint stain-
ing intensities. Only 12 tumors (21.4 %) showed regularly
maintained DCC immunoreactivity, comparable to that in
non-neoplastic tissues. Microsatellite instability was detected
in 2 of 42 informative tumor tissues, revealing MSI in at least
2 of 3 markers. No tumor revealed MSI of only one marker.
Aberrant expression of the mismatch repair gene products
MLHI1, MSH2, and MSH6 was not observed. In one of the
microsatellite unstable tumors, MSH6 staining was consid-
ered not informative because of the complete absence of
staining in tumor and control tissue. Additional PMS?2 staining
in the two microsatellite unstable tumors revealed lack of
nuclear PMS2 expression in case 40, suggesting a PMS2
deficiency as cause of the MSI phenotype, and a reduction
of PMS2 staining compared to surrounding non-tumorous
cells in case 10. Mutational analyses of K-RAS comprising
exons | and 2 revealed mutations in 2 of 41 tumor tissues
tested (2 %), affecting codon 12 (GGT 12 GAT) and codon 13
(GGC 13 GACQ) (Fig. 4). Membranous immunohistochemi-
cal expression of EGFR was observed in 19/45 tumors
(42 %), with positive tumor cells ranging between 80 and
100 % in 14 cases, 40 % in 1 case, and 5 % in 4 cases.
There were no EGFR mutations found in exon 18 (41
informative cases), exon 19 (n=40), exon 20 (n=31), and
exon 21 (n=26). Immunostaining with the BRAF mutation
specific antibody V600E or with Her2/neu was negative
in 42 tumors. Loss of nuclear MGMT expression was lost
in 13/51 tumors (26 %) (Fig. 5). High immunohistochem-
ical expression of LICAM was recognized in 39/54 tu-
mors (72 %), with diffuse staining in 29 cases and focal
staining in 10 cases. Finally, cytoplasmic HSP90 expres-
sion was observed in 47/48 cases (98 %). Seven cases,
including one cytoplasmic-negative tumor, showed nucle-
ar HSP90 immunoreactivity. There were no significant
differences between PACs and MACNECs. None of the

above molecular findings correlated with the cytogenetic
clusters.

Discussion

PAC is a phenotypically well-characterized neoplasm of the
pancreas, but its carcinogenesis is not yet well understood. By
analyzing a comprehensive series of PACs with various mo-
lecular tests, we show that these tumors, including cystic
PACs and MACNECS, have a microsatellite stable, but chro-
mosomal highly unstable (CIN) genotype, defined by a num-
ber of recurrent chromosomal imbalances, including losses of
1p, 3p, 4q, 5q, 64, 8p, 9p, 11q, 13q, 164, 18p, and 18q, as well
as gains of 1q, 7p, 7q, 8q, 12p, 12q, 17q, and 20q. Hierarchical
clustering of the CGH findings revealed subgroups which,
however, showed no correlations with clinical or pathological
features such as sex, age, tumor size, spread at the time of
diagnosis, mitotic count, or necrosis. In particular, no differ-
ences were detected between pure solid PACs, cystic PACs,
and MACNEG s, indicating that these subtypes have the same
cytogenetic background.

As PACs may not only display a mixed acinar and neuro-
endocrine differentiation but rarely may also contain ductal
elements [4, 8, 11], we compared the CGH findings in PACs
with those previously reported in PDACs and PNENSs. This
revealed some cytogenetic overlap between PACs, PDACs,
and PNEN:Ss, including, among others, gains of 7 and 20q, as
well as loss of 6q. However, the cytogenetic differences
outnumbered the similarities. Imbalances highly characteristic
for PACs included gains of 1q and 22p, as well as losses of 1p,
5q, and 16q. In contrast, loss of 17p was highly characteristic
of PDACs, as was gain of 14q for PNENs. Our findings
therefore confirm the notion, as mentioned above, that PACs
are genetically clearly distinct from PDACs and PNENs. As
shown in the Supplement, PACs furthermore differ cytogenet-
ically from salivary gland acinar cell carcinomas, which only
infrequently display few chromosomal imbalances.

In the present series of PACs, several chromosomal imbal-
ances were associated with tumor size exceeding 4 cm and
with metastatic tumor, indicating a possible role during tumor
progression. Thus, chromosomal aberrations found more fre-
quently in metastases than in primaries included gains of
12p11-13, 12q12-14, 12q23-24, 20q11-12, and 22q11-13,
as well as loss of 4¢q28. Gain of 20q12 was also observed to
occur significantly more frequent in nodal metastases than in
primary tumors in gastric carcinomas [42]. A possible candi-
date gene in this region is TNFRSF6B, which is located at
20q12.3 and was found to be overexpressed in gastric carci-
nomas with nodal metastases [43]. Whether TNFRSF6B, a
member of the tumor necrosis factor superfamily binding
FasL and inhibiting apoptosis [44], plays a role in PACS
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Fig. 4 Molecular and immunohistochemical characteristics of PACs: a
FISH analysis showing ¢-MYC amplifications; b immunohistochemical
loss of DCC expression in liver metastasis (regular DCC expression in
adjacent liver tissue, depicting red); ¢ PAC (case 40) with loss of PMS2

remains to be analyzed. In breast carcinomas, gain of 12q24
correlated with distant metastases and poor clinical outcome
[45], and in stomach [42, 46, 47] and lung carcinomas [48,
49], loss of 4q was associated with metastases. However,
candidate genes in these areas remain to be identified.
Guided by the frequently affected chromosomal regions
identified in our CGH analyses, we examined a number of
Fig. 5 Putative therapeutic £ B o
targets and predictors in PACs: a OB SN, i
membrane-bound expression of g 3
EGFR; b loss of nuclear MGMT . 20,7 04
in one tumor (regular MGMT S Gnd
expression in another tumor . o> o8
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expression in tumor cells, while intratumoral lymphocytes show regular
nuclear PMS2 positivity (depicting red); d, e k-ras mutations in two cases
(indicated by arrows)

putative candidate genes. Loss of 18q was one of the most
frequent findings in our series (51 % of cases) and in previous
studies (five of eight cases) [22, 23]. PDACs, in which mono-
somy 18 is the most common cytogenetic aberration, frequent-
ly harbor mutations of the SMAD4 gene on chromosome
18q21.1, resulting in loss or reduced function of the Smad4
protein [34, 50]. As previously shown, deregulation of Smad4
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plays no significant role in PACs, since loss of Smad4 was
found in only 1 of 41 cases [12, 13, 17, 18], and SMAD4
mutations were detected in only few tumors [19]. However,
79 % of the tumors of the present series showed complete loss
or significant reduction of the deleted in colorectal carcinoma
(DCC) protein. The DCC gene is located at 18q21.3 and
encodes for a transmembrane protein functioning as receptor
for the axonal chemoattractant netrin-1 [51-53]. As loss of
DCC occurs independently from loss of Smad4 in a subset of
PDAC:s, this genetic change was thought to be a late carcino-
genic event in these tumors, being associated with distant
metastases [52]. Our data suggest that, in contrast to PDAC,
dysregulation of DCC may be an early step in the develop-
ment of PACs and thus may play a crucial role in their
pathogenesis.

Gains of 8q were another frequent finding, accumulating in
metastatic PACs. Using FISH, we show that c-MYC located at
8924 is amplified (high or low) in 17 % of the tumors. The c-
MYC oncogene is involved in the control of cell proliferation
and differentiation and is commonly deregulated in PDACs
[54]. In PDACS, overexpression of the MYC protein could be
correlated with the histomorphological grade of the tumors,
whereas no correlations have been detected between c-MYC
expression and tumor stage or metastatic lesions [54].

PACs have frequently metastasized at the time of diagnosis
or develop metastases during follow-up [1-4, 6]. When com-
pared with PDACs, higher resectability rates can be achieved
for PACs [1-3]. Moreover, some PAC patients seem to benefit
from radiotherapy and chemotherapy [2, 1, 6]. However,
tumor relapse is common [6] and, in general, therapeutic
response rates are disappointing, urging the need for addition-
al therapeutic targets in PACs [55]. Due to the rarity of PACs,
prospective therapeutic trials are difficult to perform. We
tested molecular markers that displayed promising clinical or
preclinical results in other, more frequent tumors. Expression
of EGFR was detected by immunohistochemistry in 42 % of
the PACs. This suggests that some PACs and MACNECs
might be eligible for an anti-EGFR-directed therapy [56]. It
is known that patients may not benefit from this therapy, if
their tumors bear K-RAS mutations [56]. However, as K-RAS
mutations were detected in only two cases of our series of
PAC:s (both in EGFR-positive tumors), this adverse effect may
not play a significant role in PACs. Mutations of EGFR were
not detected; therefore, a therapy with EGFR kinase inhibitors
is unlikely to show any response [57].

Loss of nuclear MGMT expression was seen in 26 % of the
PACs. In PNENS, loss of expression of MGMT by immuno-
histochemistry was shown to be a good indicator of MGMT
deficiency, the latter being associated with a better response to
chemotherapy with alkylating substances [58]. Further analy-
ses, including evaluation of MGMT methylation, should be
performed in PACs and MACNECsS, to investigate whether
the loss of MGMT immunoreactivity, which has been

observed in a relatively high percentage of these tumors,
might be indicative of MGMT deficiency which would open
options for therapy.

HSP90 expression was observed in 98 % of PACs. In a
previous study, we demonstrated HSP90 expression in 95 %
of PNENs and provided functional evidence that HSP90
targeting shows significant therapeutic effects in vitro [59].
Thus, treatment of PNEN cell lines with HSP90 inhibitors, 17-
AAG and 17 DMAG, resulted in reduction of cell viability,
cell cycle arrest, and increased apoptosis [59]. Furthermore,
HSP90 inhibition led to degradation and inactivation of sev-
eral oncogenic client proteins and an increased therapeutic
efficacy of the conventional chemotherapeutic agents 5-FU
and doxorubicin [59]. HSP90 expression has also been shown
in various other neoplasms, including PDACs [60]. In non-
neoplastic pancreatic tissue, including acinar cells, HSP90 is
expressed at a lower level [59]. Data from preclinical trials
with HSP90 inhibitors are promising [61-63], and phase III
clinical trials have been initiated [62].

Finally, we detected LICAM expression in 72 % of the
tumors of the present series. The adhesion molecule L1ICAM
(CD171) is expressed in a variety of neoplasms, including
among others PDAC [64], anaplastic pancreatic cancer [65],
PNEN [66], ovarian cancer [67], and colon cancer [68].
L1CAM expression has been associated with poor prognosis
[69, 66, 70, 71]. In PDAC, it was shown to account for
chemoresistance and to contribute to a more migratory phe-
notype [72, 73]. In a preclinical in vivo setting, targeted
therapy with an antibody directed against LICAM achieved
promising therapeutic effects in ovarian cancer, resulting in
effective inhibition of intraperitoneal tumor growth and tumor
dissemination [74].

Using a BRAF V600E mutation-specific antibody, no tu-
mor showed immunoreactivity, and there was no expression
of Her2/neu. Although BRAF mutations were previously re-
ported in three PACs [19], it seems unlikely that therapies
directed against activated BRAF or Her2/neu, as established
for other tumors like malignant melanoma or breast carcinoma
[75, 76] will play a significant therapeutic role in PAC.

In summary, we show that PACs (including MACNECS)
display a microsatellite stable, chromosomal unstable geno-
type, characterized by recurrent chromosomal imbalances,
which, despite some overlap, allows clear discrimination of
PACs from PDACs and PNENs. We show that PACs are
frequently affected by alterations of DCC and, in a smaller
number, also harbor c-MYC amplifications. We provide mo-
lecular evidence that PACs might be amenable for well-
established therapies using EGFR antagonists or alkylating
substances, as well as for innovative therapies directed against
L1CAM or HSP90, whereas therapeutic strategies aiming at
EGFR kinases, BRAF, or Her2/neu are unlikely to play a
significant role in these tumors. Finally, our CGH data on
salivary gland acinar cell tumors (shown in Supplement)
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demonstrate that these tumors are genetically distinct from
PACs, suggesting profound differences in the cytogenetic
background and molecular pathogenesis of these two acinar
cell neoplasms.
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