
Abstract The K-ras, p53, p16 and DPC4 genes are
among those most frequently altered in pancreatic ductal
carcinoma. We analyzed 22 cell lines for alterations in
these genes by direct sequence analysis and methylation-
specific polymerase chain reaction. These cell lines
showed mutations in K-ras and p53 at frequencies of
91% and 95%, respectively. Alterations in p16INK4a were
found in all cases and included nine homozygous dele-
tions, seven mutations and promoter methylation in six
cases. Eight cell lines (36%) had an alteration of DPC4,
including one mutation and seven homozygous dele-
tions. The most typical mutational profile involved 
K-ras, p53, and p16INK4a, concurrently aberrated in 20
cases (91%). Eight cell lines had alterations in all four
genes. Inactivation of DPC4 was always accompanied
by alteration of all of the other three genes. This compre-
hensive data regarding the cumulative genetic alterations

in pancreatic carcinoma cell lines will be of great value
for studies involving drug sensitivity or resistance that
may be associated with inactivation of a particular gene
or molecular pathway.
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Introduction

Information regarding the mutational status of multiple
genes in cancer will aid not only in a greater understand-
ing of the molecular processes involved in tumorigenesis
but may also be valuable in the design of molecular diag-
nosis strategies, in studies in which certain genetic alter-
ations may be related to drug resistance and in the mo-
lecular epidemiology of pancreatic cancer. This would
therefore have dramatic implications for therapeutic in-
tervention. One such example is the recent demonstra-
tion that the low efficacy of 5-fluorouracil is causally 
related to the inactivation of the p53 gene by mutation
[4, 22].

Pancreatic ductal adenocarcinoma represents a unique
opportunity to study multigenic mutational status, as it is
characterized by a relatively unique molecular finger-
print comprising activating point mutations at codon 12
of the K-ras oncogene in 80% of cases and inactivation
of the tumor suppressor genes p16INK4a/(CDKN2/MTS1) and
p53 in 90% and 60% of cases, respectively [1, 5, 19, 25,
32, 35, 36, 37, 41]. More recently, the DPC4/Smad4
gene has been reported to be altered in about 50% of
xenografted cancers [11].

Molecular studies in primary ductal carcinoma of the
pancreas are problematic because of the tumor’s conspic-
uous desmoplastic stroma, which makes the isolation of
cells difficult. Such studies are therefore much easier to
perform in tumor cell lines and xenografts [42]. While
the former are easily handled, the latter are not readily
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available to all researchers, as they require special and
costly facilities. The use of both cell lines and xenografts
is limited by the potential acquisition of additional muta-
tions by tumor cells during their manipulation [33]. Cell
lines nonetheless represent a commonly used source of
material, and some of these have been characterized for a
number of different chromosomal and gene anomalies.
While data regarding the cumulative genetic alterations
in pancreatic carcinoma xenografts have been reported
[34], a comprehensive analysis of commonly used pan-
creatic ductal carcinoma cell lines has not been per-
formed. In this report, we present the results of the anal-
ysis of 22 pancreatic cancer cell lines for alterations in
the K-ras, p53, p16 and DPC4 genes.

Materials and methods

Cell lines

A total of 24 human pancreatic ductal carcinoma cell lines were
originally analyzed in this study (Table 1). Two cell lines, SW850
and SW979, were excluded, because a recent analysis revealed
that these cell lines most likely are derived from cervix carcino-
mas. In particular, testing of the original cell lines received from
Memorial Sloan-Kettering Cancer Center in the mid 1980s re-
vealed that SW850 and SW979 contain the same HPV16 sequenc-
es as the cervix carcinoma cell lines C4–1 and C4–2 (H. Kalthoff,
personal communication). Because of these findings – the fact that
they lack any K-ras, p53, p16 and DPC4 mutations and the uncer-
tain documentation of their origin – these cell lines should not be
regarded as pancreatic carcinoma cell lines. All cell lines were
cultured in RPMI 1640 medium supplemented with 10% heat-
inactivated fetal calf serum (Gibco BRL, Life Technologies) and
were Mycoplasma free.

Analysis of K-ras, p16, p53 and DPC4

All samples were analyzed for mutations in exon 1 of the K-ras
gene, exons 1 and 2 of p16, exons 5–9 of p53 and exons 8–11 of
DPC4 by direct sequencing of polymerase chain reaction (PCR)-
amplified DNA fragments. Primers for amplification of the p53
[36], p16 [49], K-ras [37] and DPC4 genes [12] were as de-
scribed. Methylation-specific PCR for the 5′ CpG island of the
p16 gene was carried out as described [13].

H. Kalthoff, personal communication

Testing of the original cell lines 1983, received from Dr. Jørgen
Fogh, Sloan-Kettering Institute for Cancer Research, revealed that
SW850 and SW979 contain the same HPV18 sequences as the
cervix carcinoma cell line C4-I (E. Schwarz, DKFZ, Heidelberg;
J. Schwarte-Waldhoff, IML, Bochum). Because of these findings,
the fact that they lack any K-ras, p53, p16 and DPC4 mutations
and the uncertain documentation of their origin, these cell lines
should not be regarded as pancreatic carcinoma cell lines.

Results and discussion

The 22 cell lines were analyzed for mutations in exon 1
of K-ras, exons 5–9 of p53 and in highly conserved ex-
ons 8–11 of DPC4. The p16 gene was examined for al-
terations in exons 1 and 2 as well as for methylation of
its 5′ CpG island by methylation-specific PCR. The re-
sults are summarized in Table 2. Activating mutations in
K-ras at codon 12 were found in 20 samples (91%);
twelve of these were G to A transitions. Inactivating mu-
tations of p53 were found in 21 of 22 (95%) cases, with
G to A transitions being the most common type of nucle-
otide change (6 of 21, 28.5%). The p16 gene was altered

Table 1 Origin of pancreatic ductal carcinoma cell lines

Cell line Synonym (misnomer) Established by Source of tumor cells Provided by

A818–4 H. Kalthoff (Germany) Ascites H. Kalthoff
ASPC-1 Chen and M.H Tan (USA) [6] Ascites American Type Culture Collection
BI A. Andren-Sandberg (Sweden)a A. Andren-Sandberg 
BJ A. Andren-Sandberg (Sweden)a A. Andren-Sandberg 
CFPAC1 R.A. Schoumacher (USA) [38] Liver metastasis N. Lemoine
FA6 N. Nagata (Japan) [29] N. Lemoine
Ger A.G. Grant (Great Britain) [9] Primary tumor N. Lemoine
HPAF-II R.S. Metzgar (Germany) [28] Ascites N. Lemoine
IMIM-PC2 M. R. Vila (Spain) [44] Primary tumor F.X. Real 
MDAPanc3 M. Frazier (USA) [8] Liver metastasis N. Lemoine
MiaPaCa-2 A. Yunis (USA) [48] Primary tumor American Type Culture Collection
Paca3 Pc3 M. v Bülow (Germany)b Primary tumor M. v Bülow
Paca44 Patu8902 M. v Bülow (Germany)b M. v Bülow
Panc1 M. Lieber (USA) [26] Primary tumor American Type Culture Collection
PancTuI PaCa2 (originally by M. v Bülow (Germany)b Primary tumor M. v Bülow

M. Bülow) PancTuII 
PaTu-I Panc2, Pc2

PC A. Andren-Sandberg (Sweden)a A. Andren-Sandberg 
PSN1 H. Yamada (Japan) [47] Primary tumor N. Lemoine
PT45P1 H. Kalthoff (Germany) Primary tumor H. Kalthoff
RWP1 D.L. Dexter, P. Calabresi (USA) [7] Liver metastasis N. Lemoine
SK-PC1 M. R. Vila (Spain) [44] Primary tumor F.X. Real 
SUIT-2 T. Iwamura (Japan) [17] Liver metastasis T. Iwamura 
T3M4 Panc89 T. Okabe (Japan) [31] Lymph node metastasis N. Lemoine

a A. Andren-Sandberg, personal communication
b G. Klöppel, personal communication
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in all of the cell lines; homozygous deletions were seen
in nine (41%) tumors, seven (32%) contained mutations
or small deletions, while six other cell lines (27%) had
methylation of the 5′ CpG island. For the cases that
showed methylation, transcriptional inactivation of the
p16 gene was verified by reverse-transcription (RT)-PCR
(data not shown). Homozygous deletion of the DPC4
gene was observed in seven cell lines (32%), while only
one mutation was found (4.5%). Thus, 36% of cases had
alterations of DPC4. All eight cell lines showing abnor-
malities in DPC4 had concurrent alteration of all the oth-
er three genes analyzed.

Pancreatic ductal adenocarcinomas share the high rate
of K-ras, p53 and p16 alterations with a number of can-
cers from other organs [2, 3, 11, 12, 16, 20, 21, 23, 24,
27, 30, 34, 39]. DPC4 changes, however, are rarely seen
in extrapancreatic cancers (except for colorectal carcino-
mas) at the same high frequency as in pancreatic ductal
carcinoma [34, 43]. The reported frequency of homozy-
gous deletion of DPC4 in cell lines and xenografts from
ductal adenocarcinoma ranges from 20% to 53% [11,
45]. DPC4 mutations, in contrast, were either not found
[3] or were detected at a much lower frequency (16%)
[34]. These data compare well with our results. Since on-
ly one study found that DPC4 mutations (4 of 12 short-
term cultured pancreatic carcinoma cell lines) were more
frequent than homozygous deletions (1 of 12) [18], it

seems that homozygous deletion is the preferred inacti-
vation mechanism for DPC4 in pancreatic carcinoma.
Compared with other genetic changes in pancreatic duc-
tal carcinoma, loss of heterozygosity on chromosome
18q is one of the most frequent genetic events [40]. 
Given the fact that these deletions are usually very large
and may involve the entire chromosome [10], there may
be additional deletional targets in addition to DPC4. This
possibility has been explored in more detail in recent re-
ports [14, 15].

The frequencies of genetic alteration for each individ-
ual gene are those largely expected from existing data.
Multigenic analysis showed that 20 of the 22 cell lines
(91%) had concurrent alterations in K-ras, p53 and p16.
These patterns of accumulated gene inactivation are de-
tailed in Table 3. A previous multigenic analysis of 41
xenografts observed mutation of K-ras in all samples
[34]. A trend was also seen between mutation of DPC4
and p16 in that alteration of the former was always ac-
companied by alteration of the latter [34]. In this panel
of cell lines, alteration of DPC4 was only seen in those
cases having alterations in all three of the other genes.
This might indicate that alteration of DPC4 is a late
pathogenetic event, a possibility further suggested by a
recent study [46].

In summary, the molecular alterations present in this
series of cell lines represent the variety of alterations

Table 2 Molecular alterations of K-ras, p53, p16 and DPC4 in pancreatic ductal carcinoma cell lines. HD homozygous deletion, Wt
wild type

K-ras p53 p16 DPC4 No. of
genes

Alteration Predicted Alteration Predicted Alteration Predicted Alteration Predicted mutated
product product product product

A818.4 12 GGT-CGT Gly to arg Mutated in Shorter HD Absent None Wt 3
tetramerization protein
domain *

AsPc1** 12 GGT-GAT Gly to asp 135 TGC-GC Frameshift 77 ACT-A Frameshift None Wt 3
BI 12 GGT-GAT Gly to asp 197 GTG-TTG Val to leu Methylated Absent HD Absent 4
BJ 12 GGT-GAT Gly to asp 275 TGT-TAT Cys to tyr 44 TAC-TAAC Tyr to stop HD Absent 4
CFPAC1 12 GGT-GTT Gly to val 242 TGC-CGC Cys to arg Methylated Absent HD Absent 4
FA6*** 12 GGT-GAT Gly to asp 149, 840bp del Truncated 58 CGA-TGA Arg to stop HD Absent 4
Ger 12 GGT-GAT Gly to asp 272 GTG-TTG Val to leu HD Absent HD Absent 4
HPAF II 12 GGT-GAT Gly to asp 151 CCC-TCC Pro to ser 29–34 del In-frame None Wt 3

deletion
IMIM-PC2 12 GGT-GAT Gly to asp 306 CGA-TGA Arg to stop HD Absent None Wt 3
MDAPanc3 12 GGT-GCT Gly to ala 273 CGT-TGT Arg to cys –36 to (+5)-C Absent None Wt 3
MiaPaCa2 12 GGT-TGT Gly to cys 248 CGG-TGG Arg to trp HD Absent None Wt 3
PaCa3 None Wt None Wt Methylated Absent None Wt 1
PaCa44 12 GGT-GTT Gly to val 176 TGC-AGC Cys to ser Methylated Absent None Wt 3
PANC1 12 GGT-GAT Gly to asp 273 CGT-CAT Arg to his HD Absent None Wt 3
PancTu-I 12 GGT-GTT Gly to val 176 TGC-AGC Cys to ser Methylated Absent None Wt 3
PC 12 GGT-GTT Gly to val 175 CGC-CAC Arg to his HD Absent 355 Asp to gly 4

GAC-GGC
PSN1 12 GGT-CGT Gly to arg 132 AAG-CAG Lys to gln HD Absent HD Absent 4
PT45P1 13 GGC-GAC Gly to asp 280 AGA-AAA Arg to lys HD Absent None Wt 3
RWP1 12 GGT-GAT Gly to asp 175 CGC-CAC Arg to his 58 CGA-TGA Arg to stop None Wt 3
SK-PC 1 12 GGT-GAT Gly to asp 282 CGG-CTG Arg to leu HD Absent HD Absent 4
Suit-2 12 GGT-GAT Gly to asp 273 CGT-CAT Arg to his 69 GAG-TAG Glu to stop None Wt 3
T3M4 None Wt 220 TAT-TGT Tyr to cys methylated Absent None Wt 2

* Personal communication from H. Kalthoff
** AsPc1 is reported to have a mutation in exon 2 of DPC4 (24)

*** FA6 also has the A148T polymorphism in p16
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present in primary pancreatic carcinomas. The compre-
hensive data regarding the multigenic alterations in this
large series of cell lines should prove valuable for stud-
ies involving drug sensitivity or resistance that may be
associated with inactivation of a particular gene or mo-
lecular pathway.

Acknowledgements This study was supported by grants from 
the Associazione Italiana Ricerca Cancro (AIRC) to A.S., Milan,
Italy; Consorzio Studi Universitari di Verona, Italy; Ministero
Università e Ricerca Scientifica e Tecnologica (MURST, Cofin
MM06158571–9906195987), Rome, Italy; and European Commu-
nity grant BIOMED 2 CA-Contract no. BMH4-CT98–3805.

References

1. Almoguera C, Shibata D, Forrester K, Martin J, Arnheim N,
Perucho M (1988) Most human carcinomas of the exocrine
pancreas contain mutant c-K-ras genes. Cell 53:549–554

2. Barrett MT, Schutte M, Kern SE, Reid BJ (1996) Allelic loss
and mutational analysis of the DPC4 gene in esophageal ade-
nocarcinoma. Cancer Res 56:4351–4353

3. Bartsch D, Barth P, Bastian D, Ramaswamy A, Gerdes B,
Chaloupka B, Deiss Y, Simon B, Schudy A (1999) Higher fre-
quency of DPC4/Smad4 alterations in pancreatic cancer cell
lines than in primary pancreatic adenocarcinomas. Cancer Lett
139:43–49

4. Bunz F, Hwang PM, Torrance C, Waldman T, Zhang Y, 
Dillehay L, Williams J, Lengauer C, Kinzler KW, Vogelstein B
(1999) Disruption of p53 in human cancer cells alters the re-
sponses to therapeutic agents. J Clin Invest 104:263–269

5. Caldas C, Hahn SA, da Costa L, Redston MS, Schutte M, 
Seymour AB, Weinstein CL, Hruban RH, Yeo CJ, Kern SE
(1994) Frequent somatic mutations and homozygous deletions
of the p16 (MTS1) gene in pancreatic adenocarcinoma. Nat
Genet 8:27–32

6. Chen WH, Horoszewicz JS, Leong SS, Shimano T, Penetrante
R, Sanders WH, Berjian R, Douglass HO, Martin EW, Chu
TM (1982) Human pancreatic adenocarcinoma: in vitro and in
vivo morphology of a new tumor line established from ascites.
In Vitro 18:24–34

7. Dexter DL, Matook GM, Meitner PA, Bogaars HA, Jolly GA,
Turner MD, Calabresi P (1982) Establishment and character-
ization of two human pancreatic cancer cell lines tumorigenic
in athymic mice. Cancer Res 42:2705–2714

8. Frazier ML, Pathak S, Wang ZW, Cleary K, Singletary SE, 
Olive M, Mackay B, Steck PA, Levin B (1990) Establishment
of a new human pancreatic adenocarcinoma cell line, MDA-
Panc-3. Pancreas 5:8–16

9. Grant AG, Duke D, Hermon-Taylor J (1979) Establishment
and characterization of primary human pancreatic carcinoma
in continuous cell culture and in nude mice. Br J Cancer
39:143–151

10. Hahn SA, Seymour AB, Hoque AT, Schutte M, da Costa LT,
Redston MS, Caldas C, Weinstein CL, Fischer A, Yeo CJ
(1995) Allelotype of pancreatic adenocarcinoma using xeno-
graft enrichment. Cancer Res 55:4670–4675

11. Hahn SA, Schutte M, Hoque AT, Moskaluk CA, da Costa LT,
Rozenblum E, Weinstein CL, Fischer A, Yeo CJ, Hruban RH,
Kern SE (1996) DPC4, a candidate tumor suppressor gene at
human chromosome 18q21.1. Science 271:350–353

12. Hahn SA, Bartsch D, Schroers A, Galehdari H, Becker M, 
Ramaswamy A, Schwarte-Waldhoff I, Maschek H, Schmiegel
W (1998) Mutations of the DPC4/Smad4 gene in biliary tract
carcinoma. Cancer Res 58:1124–1126

13. Herman JG, Graff JR, Myohanen S, Nelkin BD, Baylin SB
(1996) Methylation-specific PCR: a novel PCR assay for
methylation status of CpG island. Proc Natl Acad Sci USA
93:9821–9826

14. Hilgers W, Su GH, Groot Koerkamp B, Tang DJ, Shekher MC,
Sugar AY, Yeo CJ, Hruban RH, Kern SE (1999) Novel homo-
zygous deletions of chromosomal band 18q22 in pancreatic
adenocarcinoma identified by STS marker scanning. Genes
Chromosomes Cancer 25:370–375

15. Hilgers W, Song JJ, Haye M, Hruban RR, Kern SE, Fearon ER
(2000) Homozygous deletions inactivate DCC, but not
MADH4/DPC4/SMAD4, in a subset of pancreatic and biliary
cancers. Genes Chromosomes Cancer 27:353–357

16. Hoque AT, Hahn SA, Schutte M, Kern SE (1997) DPC4 gene
mutation in colitis associated neoplasia. Gut 40:120–122

17. Iwamura T, Katsuki T, Ide K (1987) Establishment and charac-
terization of a human pancreatic cancer cell line (SUIT-2) pro-
ducing carcinoembryonic antigen and carbohydrate antigen
19–9. Jpn J Cancer Res 78:54–62

18. Jonson T, Gorunova L, Dawiskiba S, Andren-Sandberg A,
Stenman G, ten Dijke P, Johansson B, Hoglund M (1999) Mo-
lecular analyses of the 15q and 18q SMAD genes in pancreatic
cancer. Genes Chromosomes Cancer 24:62–71

19. Kalthoff H, Schmiegel W, Roeder C, Kasche D, Schmidt A,
Lauer G, Thiele HG, Honold G, Pantel K, Riethmüller G,
Scherer E, Maurer J, Maacke H, Deppert W (1993) p53 and 
K-RAS alterations in pancreatic epithelial cell lesions. Onco-
gene 8:289–298

20. Kaneko H, Horiike S, Sasai Y, Iwai T, Nakao M, Yokota S,
Taniwaki M, Kashima K, Misawa S (1998) Rare alteration of
genomic structure or expression of the DPC4 gene in myelog-
enous leukemias. Acta Haematol 99:187–190

21. Kim SK, Fan Y, Papadimitrakopoulou V, Clayman G, Hittel-
man WN, Hong WK, Lotan R, Mao L (1996) DPC4, a candi-
date tumor suppressor gene, is altered infrequently in head and
neck squamous cell carcinoma. Cancer Res 56:2519–2521

22. Komarov PG, Komarova EA, Kondratov RV, Christov-
Tselkov K, Coon JS, Chernov MV, Gudkov AV (1999) A
chemical inhibitor of p53 that protects mice from the side ef-
fects of cancer therapy. Science 285:1733–1737

23. Kong XT, Choi SH, Inoue A, Xu F, Chen T, Takita J, Yokota J,
Bessho F, Yanagisawa M, Hanada R, Yamamoto K, Hayashi Y
(1997) Expression and mutational analysis of the DCC, DPC4,
and MADR2/JV18–1 genes in neuroblastoma. Cancer Res
57:3772–3778

24. Lei J, Zou TT, Shi YQ, Zhou X, Smolinski KN, Yin J, Souza
RF, Appel R, Wang S, Cymes K, Chan O, Abraham JM, 
Harpaz N, Meltzer SJ (1996) Infrequent DPC4 gene mutation
in esophageal cancer, gastric cancer and ulcerative colitis-as-
sociated neoplasms. Oncogene 13:2459–2462

25. Lemoine NR, Jain S, Hughes CM, Staddon SL, Maillet B, Hall
PA, Klöppel G (1992) Ki-ras oncogene activation in preinva-
sive pancreatic cancer. Gastroenterology 102:230–236

26. Lieber M, Mazzetta J, Nelson-Rees W, Kaplan M, Todaro G
(1975) Establishment of a continuous tumor-cell line (panc-1)
from a human carcinoma of the exocrine pancreas. Int 
J Cancer 15:741–747

27. MacGrogan D, Pegram M, Slamon D, Bookstein R (1997)
Comparative mutational analysis of DPC4 (Smad4) in prosta-
tic and colorectal carcinomas. Oncogene 15:1111–1114

28. Metzgar RS, Gaillard MT, Levine SJ, Tuck FL, Bossen EH,
Borowitz MJ (1982) Antigens of human pancreatic adenocar-
cinoma cells defined by murine monoclonal antibodies. 
Cancer Res 42:601–608

Table 3 Accumulation of genetic alterations in pancreatic ductal
carcinoma cell lines

Altered genes Number of affected cell lines

K-ras, p53, p16, DPC4 8
K-ras, p53, p16 12
p53, p16 1
p16 1



802

29. Nagata N, Akatsu T, Kugai N, Yasutomo Y, Kinoshita T, 
Kosano H, Shimauchi T, Takatani O, Ueyama Y (1989) The
tumor cells (FA-6) established from a pancreatic cancer asso-
ciated with humoral hypercalcemia of malignancy: a simulta-
neous production of parathyroid hormone-like activity and
transforming growth factor activity. Endocrinol Jpn 36:75–
85

30. Nagatake M, Takagi Y, Osada H, Uchida K, Mitsudomi T, Saji
S, Shimokata K, Takahashi T (1996) Somatic in vivo altera-
tions of the DPC4 gene at 18q21 in human lung cancers. 
Cancer Res 56:2718–2720

31. Okabe T, Yamaguchi N, Ohsawa N (1983) Establishment and
characterization of a carcinoembryonic antigen (CEA)-produc-
ing cell line from a human carcinoma of the exocrine pan-
creas. Cancer 51:662–668

32. Redston MS, Caldas C, Seymour AB, Hruban RH, da Costa L,
Yeo CJ, Kern SE (1994) p53 mutations in pancreatic carcino-
ma and evidence of common involvement of homocopolymer
tracts in DNA microdeletions. Cancer Res 54:3025–3033

33. Reyes G, Villanueva A, Garcia C, Sancho FJ, Piulats J, Lluis
F, Capella G (1996) Orthotopic xenografts of human pancrea-
tic carcinomas acquire genetic aberrations during dissemina-
tion in nude mice. Cancer Res 56:5713–5719

34. Rozenblum E, Schutte M, Goggins M, Hahn SA, Panzer S,
Zuhurak M, Goodman SN, Sohn TA, Hruban RH, Yeo CJ,
Kern SE (1997) Tumor-suppressive pathways in pancreatic
carcinoma. Cancer Res 57:1731–1734

35. Ruggeri B, Zhang SY, Caamano J, DiRado M, Flynn SD,
Klein-Szanto AJ (1992) Human pancreatic carcinomas and
cell lines reveal frequent and multiple alterations in the p53
and Rb-1 tumor-suppressor genes. Oncogene 7:1503–1511

36. Scarpa A, Capelli P, Mukai K, Zamboni G, Oda T, Iacono C,
Hirohashi S (1993) Pancreatic adenocarcinomas frequently
show p53 gene mutations. Am J Pathol 142:1534–1543

37. Scarpa A, Capelli P, Villaneuva A, Zamboni G, Lluis F, 
Accolla R, Mariuzzi G, Capella G (1994) Pancreatic cancer in
Europe: Ki-ras gene mutation pattern shows geographical dif-
ferences. Int J Cancer 57:167–171

38. Schoumacher RA, Ram J, Iannuzzi MC, Bradbury NA, 
Wallace RW, Hon CT, Kelly DR, Schmid SM, Gelder FB,
Rado TA (1990) A cystic fibrosis pancreatic adenocarcinoma
cell line. Proc Natl Acad Sci USA 87:4012–4016

39. Schutte M, Hruban RH, Hedrick L, Cho KR, Nadasdy GM,
Weinstein CL, Bova GS, Isaacs WB, Cairns P, Nawroz H, 
Sidransky D, Casero RA, Meltzer PS, Hahn SA, Kern SE

(1996) DPC4 gene in various tumor types. Cancer Res 56:
2527–2530

40. Seymour AB, Hruban RH, Redston M, Caldas C, Powell SM,
Kinzler KW, Yeo CJ, Kern SE (1994) Allelotype of pancreatic
adenocarcinoma. Cancer Res 54:2761–2764

41. Smit VTBH, Boot AJM, Smits AMM, Focuren GJ, Cornelasse
CJ, Bos JL (1988) K-ras codon 12 mutations occur very 
frequently in pancreatic adenocarcinoma. Nucleic Acids Res
16:7773-7782

42. Sorio C, Bonora A, Orlandini S, Moore PS, Capelli P, 
Cristofori P, Dal Negro G, Marchiori P, Gaviraghi G, Falconi
M, Pederzoli P, Zamboni G, Scarpa A (2001) Successful 
xenografting of cryopreserved primary pancreatic cancers.
Virchows Arch 438:154–158

43. Thiagalingam S, Lengauer C, Leach FS, Schutte M, Hahn SA,
Overhauser J, Willson JK, Markowitz S, Hamilton SR, Kern
SE, Kinzler KW, Vogelstein B (1996) Evaluation of candidate
tumour suppressor genes on chromosome 18 in colorectal can-
cers. Nat Genet 13:343–346

44. Vila MR, Lloreta J, Schussler MH, Berrozpe G, Welt S, Real
FX (1995) New pancreas cancers cell lines that represent dis-
tinct stages of ductal differentiation. Lab Invest 72:395–404

45. Villanueva A, Garcia C, Paules AB, Vicente M, Megias M,
Reyes G, de Villalonga P, Agell N, Lluis F, Bachs O, Capella
G (1998) Disruption of the antiproliferative TGF-beta signal-
ing pathways in human pancreatic cancer cells. Oncogene
17:1969–1978

46. Wilentz RE, Iacobuzio-Donahue CA, Argani P, McCarthy
DM, Parsons JL, Yeo CJ, Kern SE, Hruban RH (2000) Loss of
expression of Dpc4 in pancreatic intraepithelial neoplasia: evi-
dence that DPC4 inactivation occurs late in neoplastic pro-
gression. Cancer Res 60:2002–2006

47. Yamada H, Yoshida T, Sakamoto H, Terada M, Sugimura T
(1986) Establishment of a human pancreatic adenocarcinoma
cell line (PSN-1) with amplifications of both c-myc and acti-
vated c-Ki-ras by a point mutation. Biochem Biophys Res
Commun 140:167–173

48. Yunis AA, Arimura GK, Russin DJ (1977) Human pancreatic
carcinoma (MIA PaCa-2) in continuous culture: sensitivity to
asparaginase. Int J Cancer 19:218–235

49. Zhang SY, Klein-Szanto AJ, Sauter ER, Shafarenko M, 
Mitsunaga S, Nobori T, Carson DA, Ridge JA, Goodrow TL
(1994) Higher frequency of alterations in the p16/CDKN2
gene in squamous cell carcinoma cell lines than in primary tu-
mors of the head and neck. Cancer Res 54:5050–5053


