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ABSTRACT T 
Purpose:Purpose: SMAD4 (also called Dpc4) is a tumor suppres-

sorr  in the TGF-P signaling' pathway that is genetically 
inactivatedd in —55% of all pancreatic adenocarcinomas. 
Wee investigated whether  prognosis after  surgical resection 
forr  invasive pancreatic adenocarcinoma is influenced by 
SMAD44 status. 

ExperimentalExperimental Design: Using immunohistochemistry, we 
characterizedd the SMAD4 protein status of 249 pancreatic 
adenocarcinomass resected from patients who underwent 
pancreaticoduodenectomypancreaticoduodenectomy (Whipple resection) at The Johns 
Hopkinss Hospital, Baltimore, MD, between 1990 and 1997. 
Thee SMAD4 gene status of 56 of 249 (22%) pancreatic 
carcinomass was also determined. A multivariat e Cox pro-
portionall  hazards model assessed the relative risk of mor-
talit yy associated with SMAD4 status, adjusting for  known 
prognosticc variables. 

Results:Results: Patients with pancreatic adenocarcinomas with 
SMAD44 protein expression had significantly longer  survival 
(unadjustedd median survival was 19.2 months as compared 
withh 14.7 months in patients with pancreatic cancers lacking 
SMAD44 protein expression; P = 0.03). This SMAD4 survival 
benefitt  persisted after  adjustment for  prognostic factors in-
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Medicall  Institutions. Baltimore. MD 21205. Phone: (410)955-3511: 
Fax:: (410)614-0671; Email: mgogginsfajhmi.edu. 
:: The abbreviations used are: TGF-P, transforming growth factor p; IPMN. 
intraductall  papillary mucinous neoplasm: CI, confidence interval 

eludingg tumor size, margins, lymph node status, pathological 
stage,, blood loss, and use of adjuvant chemoradiotherapy. The 
relativee hazard of mortalit y for  cancers lacking SMAD4 after 
adjustingg for  other  prognostic factors was 1.36 (95% confi-
dencee interval, 1.01nl.83; P = 0.04). 

Conclusion:Conclusion: Patients undergoing Whipple resection for 
pancreaticc adenocarcinoma survive longer  if their  cancers 
expresss SMAD4. 

INTRODUCTIO N N 
Pancreaticc carcinoma is a deadly disease with a 5-year 

survivall  of 3-5% (1). Currently, long-term survival from pan-
creaticc cancer is best achieved through surgical resection, which 
iss associated with 5-year survival rates of 15-20% (range, 
7-24%;; Refs. 2, 3). Survival is best among resected patients 
withh small carcinomas (<3 cm), negative lymph nodes, and 
negativee resection margins; this subgroup of patients has a 
5-yearr survival rate approaching 40% (1. 4). Adjuvant chemo-
radiotherapyy seems to further improve survival, although the 
optimall  regimens are still under investigation (2, 5-10). Despite 
recentt improvements in survival, most patients who undergo 
surgicall  resection ultimately die of their disease. Current prog-
nosticc indicators such as tumor size, margin status, and lymph 
nodee involvement do not accurately predict response to treat-
mentt (1, 4. 5. 11). Apart from DNA index (12, 13), molecular 
alterationss common to pancreatic carcinoma have not yet been 
shownn to independently predict prognosis after surgical resec-
tionn once established prognostic markers are taken into account 
(14-18).. In addition to improving prognostication, new molec-
ularr prognostic markers would help to more accurately estimate 
responsess to investigative treatments and may identify the bio-
logicall  factors within pancreatic carcinomas that most influence 
survival. . 

Pancreaticc carcinoma is a genetic disease characterized by 
somaticc mutations of multiple genes, including the K-ras onco-
genee and the tumor suppressor genes pló, p53, and SMAD4 
(19).. SMAD4 is a tumor suppressor gene that is inactivated in 
—— 55% of pancreatic adenocarcinomas, either by the intragenic 
mutationn of one allele in combination with the loss of the other 
allelee or by homozygous deletion of both alleles (20). In the 
cytoplasm.. SMAD4 protein mediates signals from a family of 
TGF-PP ligands and their transmembrane receptors through 
phosphorylationn of SMAD proteins, which heterodimerize with 
SMAD4.. This SMAD4/SMAD complex transmits upstream sig-
nalss by translocating to the nucleus, binding to specific DNA 
sequences,, and activating gene transcription (see Fig. 1). Many 
off  the functions of TGF-fl and its related ligands, such as growth 
suppressionn and apoptosis, are abrogated by inactivation of 
SMAD4SMAD4 (21). 

Wee hypothesized that pancreatic adenocarcinomas with 
inactivationn of SMAD4 would behave more aggressively than 
thosee with intact SMAD4. To evaluate the clinical significance 
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Fig.Fig. I The TGF-3/SMAD4 (Dpc4) signal transduction pathway. 

off  SMAD4 inactivation in pancreatic adenocarcinoma, we eval-
uatedd the SMAD4 status of pancreatic adenocarcinomas in 249 
patientss who underwent potentially curative Whipple resection 
betweenn 1990 and 1997. 

PATIENTSS AND METHODS 
Patientss and Tumor Specimens. Two hundred and fif-

ty-threee formalin-fixed, paraffin-embedded pancreatic adeno-
carcinomass from patients who underwent Whipple resection 
weree obtained from the archival tumor banks of The Johns 
Hopkinss Hospital, Baltimore, MD, from 1990 to 1997. The 
clinicall  and pathological data from this patient population were 
readilyy available from pathology reports and a regularly updated 
clinicall  database. Patients are monitored by reviewing the pa-
tients'' records and contacting the patients, or by their physicians 
annually,, with 94% follow-up until July 15, 2000. 

Patientss with mucinous cystic and medullary adenocarci-
nomass and IPMNs were not included in this series because 
IPMNss with adenocarcinoma have a better prognosis and much 
lowerr rates of SMAD4 loss than ductal adenocarcinomas, and 
initiall  reports of medullary carcinoma suggested an improved 
prognosiss and a lower rate of SMAD4 inactivation (22, 23). 
Threee of 253 cancers were not " usual" adenocarcinomas (two 
weree mucinous cystic adenocarcinomas, and one was an IPMN). 
Onee patient died within a few days of surgery. Four of 253 
patientss were therefore excluded from the survival analysis 
(theirr removal did not significantly alter the prognostic signifi-
cancee of SMAD4 expression). 

Immunohistochemicall  Analysis. SMAD4 immunolabel-
ingg was performed as reported previously (24). H&E-stained 
slidess from each case were screened by light microscopy for 
blockss containing adenocarcinoma and adjacent normal pan-
creas.. Antigen retrieval was achieved by steaming at 80°C for 
200 min, after which the slides were allowed to cool for 5 min. 
AA 1:100 dilution of monoclonal antibody to SMAD4 protein 
(clonee B8; Santa Cruz Biotechnology, Santa Cruz, CA) was 
thenn applied using the Bio Tek-Mate 1000 automated stainer 
(Ventanaa Bio Tek Solutions). The anti-SMAD4 antibody was 
detectedd by adding biotinylated secondary antibodies, avidin-
biotinn complex and 3,3'-diaminobenzidine chromagens. 
Hematoxylinn was used to counterstain the nuclei. A pancre-
aticc ductal adenocarcinoma with a known homozygous dele-

tionn of SMAD4 served as a negative control. Normal pancreas 
inn the selected tissue specimens served as an internal positive 
control.. The SMAD4 immunolabeling concurs with >90% 
concordancee with the genetic status of SMAD4 (24). 

Immunohistochemicall  Evaluation. Immunohistochem-
icall  labeling of SMAD4 was simultaneously evaluated by four 
off  the authors (M. T., R. H. H., G. J. O., and R. W.) with agree-
mentt in all cases examined. The labeling in each case was 
scoredd as "negative" when absolutely no cytoplasmic nor nu-
clearr staining in the neoplastic cells was visible; as "trace 
positive""  when neoplastic cells showed a very weak, barely 
perceptiblee labeling that at low-power magnification appeared 
negative,, and only on very close inspection at high power was 
faintt labeling seen; as "positive" when neoplastic cells were 
clearlyy positive with a staining intensity comparable with the 
surroundingg normal pancreas; and as " focally positive" when 
thee tumor contained two distinct populations of cells, those that 
labeledd with the antibody to SMAD4 and those that did not. 

Wee interpreted a barely detectable level of immuno-
rcactivityy (trace positive) for SMAD4 when compared with 
surroundingg normal pancreas to indicate a virtual lack of 
SMAD44 protein expression. The absolute level of other 
SMADD proteins has a bearing on the transcription of down-
streamm genes (25); hence, these adenocarcinomas were 
groupedd together as negative with those that showed an 
absencee of SMAD4 immunolabeling. The few pancreatic 
adenocarcinomass with focally positive SMAD4 expression 
weree also categorized as negative for prognostic purposes, 
becausee we hypothesized that its more abnormal clone (the 
onee lacking SMAD4 expression) would dictate the prognosis 
off  such cancers. 

Geneticc Analysis of SMAD4. The SMAD4 gene status 
wass characterized in 56 of 249 pancreatic adenocarcinomas by 
homozygouss deletion analysis and cycle sequencing of PCR 
productss on pancreatic cancer xenograft DNA generated by 
implantationn of primary adenocarcinoma into athymic nude 
micee as reported previously (20). The enrichment for neoplastic 
cellss achieved with xenografting allows one to detect homo-
zygouss deletions which account for —30% of the genetic alter-
ationss of SMAD4. Homozygous deletions are usually not detect-
ablee in the primary adenocarcinoma because cancer cells are 
typicallyy intimately intermixed with nonneoplastic stroma. The 
566 cancers characterized for SMAD4 alterations included all 
casess for which xenograft DNA was available. The results of 
SMAD4SMAD4 gene status on 23 of these 56 pancreatic adenocarcino-
mass have been reported previously (20). Genetic and immuno-
labelingg assays of SMAD4 were performed independently of 
eachh other with investigators blinded to the results of the com-
plementaryy test. 

Statisticall  Analysis. The main end point for this study 
wass overall survival from the date of surgery to the time of the 
lastt follow-up or death. Data on survival were censored if the 
patientt was still alive at the time of the last follow-up. Kaplan-
Meierr survival curves compared cumulative probability of sur-
vivall  on the basis of SMAD4 status and a log-rank test provided 
thee P. A Cox proportional hazards logistic regression model (13) 
assessedd the simultaneous contribution of the following baseline 
covariatess to the relative risk of mortality: (a) tumor size (>3.0 
cmm versus <3.0 cm); (b) resection margin status (positive mar-
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TableTable I Characteristics of 249 pancreatic adenocarcinoma patients whose tumors were evaluated for Dpc4 expression" 

Characteristic c 

Sex—nn (%) 
Female e 
Male e 

Agee (yr) 
Race—nn <%) 

White e 
Black k 
Other r 

Tumorr >3.0 cm—n (%) 
No o 
Yes s 

Marginss positive—n Co) 
No o 
Yes s 

TNMM stage- -n (%) 
II  and IÏ 
HII  and IV 

Nodess positive—n (%) 
00 or 1 
>l l 

Vila!!  status—n ('u) 
Aliv e e 
Dead d 

''' :̂ values arc means — SD. 
''' Nate the DPC4 positive'negative group applies to pancreatic adenocarcinomas with, without uniform Dpc4 protein expression. Dpc4 protein 

expressionn equates to wild-type DPC4 gene status (see text) 
'' P was computed using Fischer" s exact test. 
''' P was computed using Wilcoxon's rank-sum test. 

Total l 
(;ii  = 249) 

110 0 
139 9 

65.44  10.5 

228 8 
14 4 
7 7 

108 8 
141 1 

168 8 
80 0 

59 9 
190 0 

93 3 
156 6 

43 3 
206 6 

DPC44 positive'' 
(n=(n= 111) 

50(45) ) 
61(55) ) 

65.88  10.4 

98(88) ) 
9(8) ) 
4(4) ) 

511 (46) 
60(54) ) 

79(71) ) 
32(29) ) 

26(23) ) 
85(77) ) 

40(36) ) 
71(64) ) 

24(22) ) 
87(78) ) 

DPC44 negative'' 
(itt = 138) 

60(43) ) 
78(57) ) 

65.11  10.6 

130(94) ) 
5(4) ) 
3(2) ) 

57(41) ) 
81(58) ) 

89(65) ) 
48(35) ) 

33(24) ) 
105(76) ) 

533 (38) 
85(62) ) 

19(14) ) 
119(86) ) 

P P 

0.898' ' 

0.449'' ' 

0.233' ' 

0.520' ' 

0.340' ' 

1.000' ' 

0.792' ' 

0.129' ' 

ginss versus negative); (c) resected lymph node status: {d) the 
degreee of differentiation of the tumor (poorly differentiated 
versusversus well or moderately well differentiated); (e) any use of 
radiationn or chemotherapy; (ƒ) the Tumor-Node-Metastasis 
stage;; (,(?) the year of surgery: (h) patient age; (/) the amount of 
intraoperativee blood loss (per liter of blood); and (j) SMAD4 
status.. Stratification of the estimate SMAD4-associated mortal-
ityy by other baseline covariates assessed confounding and inter-
action.. Furthermore, baseline demographic and clinicopatholog-
icall  factors were compared by SMAD4 status. Student 's; test 
wass used to compare continuous values, and Fisher's exact test 
wass used to compare discrete values. Al l tests were two-tailed. 
Statisticall  analyses were carried out using STATA version 7 
(Statacorp.. College Station. TX). 

R E S U L T S S 
Characteristicss of the Patients. Table 1 lists the clinical 

characteristicss of the 249 patients whose pancreatic adenocar-
cinomass were analyzed immunohistochemically. Demographic 
factorss and tumor factors were not different by SMAD4 expres-
sionn status (Table 1). The median duration of follow-up was 17 
months.. One or more of the clinical characteristics used in the 
Coxx proportional hazards model (see below) to identify prog-
nosticc markers were not available for 29 of 249 patients. Hence, 
thee multivariate regression results are based on complete data 
fromm 220 of the 249 patients in the series. 

Immunohistochemicall  Labeling. One hundred and nine 
(43%)) of pancreatic adenocarcinomas completely lacked SMAD4 
proteinn expression by immunohistochemistry, 25 (10%) were 

gradedd trace positive. 4 (2%) were graded focal positive. 111 (45%) 
weree graded positive (see Fig. 2). Twenty-five pancreatic adeno-
carcinomass were immunolabeled in duplicate with 100% concord-
ancee between results. Thus, a total of 138 (55%) of the adenocar-
cinomass were categorized as negative and 111 (45%) as positive. 

Geneticc Analysis of SMAD4 and Correlatio n wit h 
Immunohistochemistry.. Fifty-six of 249 pancreatic adeno-
carcinomass were sequenced for mutations and homozygous 
deletionss in the SMAD4 gene. A detailed description of the 
mutationss is not presented here.' The results of immunolabeling 
andd genetic analysis were concordant (SMAD4 expression in-
dicatedd a wild-type SMAD4 gene, and lack of expression was 
associatedd with genetic inactivalion of SMAD4) in 54 (97%) of 
566 cases. One pancreatic adenocarcinoma that had wild-type 
SMAD4SMAD4 coding sequence lacked SMAD4 expression, and one 
pancreaticc adenocarcinoma that was mutated (a missense muta-
tionn at the very 3' end of SMAD4) expressed SMAD4 protein. In 
addition,, two cases that were focal ly positive by immunohisto-
chemistryy were wild-type for SMAD4. This latter finding may 
havee arisen as a result of sampling the wild-type portion of the 
cancerr for xenograft propagation. Overall, these data confirm 
ourr previous findings of the close correlation that exists between 
SMAD4SMAD4 mutant genotype and the lack of immunohistochemical 

"'' Song. J.. Murphy. K... Hruban, R. H., and Kern. S. E. Structural 
mappingg of the missense cancer mutations of DPC4/MADH4/SMAD4. 
manuscriptt in preparation. 
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fe fe 
J J M M 

f'' value = 0.04 

^^ SMAD4 posilivi 

- H . . 

SMAD44 negative 

Timee Following Surgery (months) 

Fig.Fig. 3 Survival after Whipple resection stratified for the DPC4 status 
off  the pancreatic carcinoma. Kaplan-Meier survival curves compare the 
cumulativee probability of survival after Whipple resection among tu-
morss expressing Dpc4 {SMAD4 positive) to those not expressing Dpc4 
(SMAD4(SMAD4 negative). The P was computed using a log-rank test. 

atat *  '-. ) f f i ; v 'r.-f 
Fin.Fin. 2 Dpc4 immunohistochemistry in pancreatic adenocarcinoma. A 
pancreaticc adenocarcinoma expressing Dpc4 (A) compared with a pan-
creaticc adenocarcinoma that does not express Dpe4 (Ö), Dpc4 expres-
sionn is present in the surrounding normal pancreas. 

detectionn of SMAD4 (24) by observing that SMAD4 is lost in 

cancerss with a wide variety of SMAD4 mutations, including 

missensee mutations. 

Factorss Associated with Prognosis in Univariat e and 
Multivariat ee Analysis. In univariate analysis, SMAD4-

c.xpressingg pancreatic adenocarcinomas were associated with a 

significantlyy improved prognosis (Fig. 3). The hazard ratio for 

survivall  was 1.36 (95% CI, 1.01- 1.83; P = 0.042). The median 

survivall  of pancreatic adenocarcinoma patients with intact 

SMAD44 protein expression was 19.2 months compared with 

14.77 months among patients with pancreatic adenocarcinomas 

lackingg SMAD4. This survival advantage corresponds to a 

cumulativee 5-year survival after surgery of 20.5% for patients 

withh SMAD4-intact tumors compared with 13.7% of patients 

withh SMAD4-negative tumors. In addition, crude relative haz-

ardss for tumor size, margin status, differentiation, lymph node 

status,, amount of intraoperative blood loss, and treatment with 

chemoradiothcrapyy were all significant prognostic factors 

(Tablee 2). The tumor size that was most prognostic in single-

factorr analysis was a tumor size of <3.0 versus S:3.0 cm, 

thereforee tumor size was stratified at 3 cm. Lymph node status 

wass stratified into two groups: those with 0 -1 resected nodes 

involvedd by cancer or those with >1 node positive, as this 

stratificationn provided the most prognostic information by uni-
variatee analysis. 

Inn the multivariate Cox model, only SMAD4 status, margin 
status,, tumor size (<3 or >3 cm), the amount of intraoperative 
bloodd loss, tumor differentiation, and treatment with adjuvant che-
moradiotherapyy were independently prognostic (Table 3). Al -
thoughh the presence of lymph node metastases was prognostic, it 
wass not independently prognostic and did not confound the rela-
tionshipp between SMAD4 status and survival. SMALM status was 
alsoo independently associated with prognosis if the effect of adju-
vantt treatment was excluded from the model [hazard ratio, 1.35 
(95%% CI, 1.02-1.80: P = 0.035)]. There was no evidence for an 
interactionn between SMAD4 status and response to chemoradio-
therapy,, suggesting that SMAD4 status does not influence the 
responsee to standard adjuvant chemoradiothcrapy. Most patients in 
thiss series treated with chemoradiothcrapy received 4000-5000 
cGyy of postoperative radiotherapy in divided doses to the tumor 
bedd with cycles of 5-fluorouracil/leukovorin (5, 26). 

Amongg the 30 patients (17 with SMAD4-expressing 
cancers)) with the earliest stage pancreatic adenocarcinomas 
(cancerss 3 cm or less, with negative margins, and lymph node 
negative).. 5-year survival was 37% (95% CI, 17.2%, 57.1%) 
amongg patients whose cancers lacked SMAD4, and 46.8% (95% 
CI,, 24.7%, 66.2%) among patients with cancers expressing 
SMAD4. . 

DISCUSSION N 
Inn this study we report that among patients undergoing 

surgicall  resection of their pancreatic adenocarcinoma, the pres-

encee of SMAD4 expression in their cancer independently pre-

dictss a better outcome. The median survival of patients with 

intactt SMAD4 expression in their pancreatic cancers was 19.2 

months,, compared with 14.7 months among those lacking 

SMAD44 expression in their cancers. This survival advantage 

persistedd 5 years after surgery, with 20.5% of patients with 

SMAD4-intactt tumors surviving to this milestone compared 

withh 13.7% of patients with SMAD4-negative tumors. SMAD4 

expressionn provides additional prognostic information even 
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TableTable 2 Unadjusted Cox proportional hazards estimates of selected 
variabless in 249 pancreatic cancer patients evaluated for DPC4" 

Vann able 

Dpc44 status (negative) 
Tumorr grade (poor differentiation) 
Positivee tumor margins 
Tumorr size (2:3.0 cm) 
Receivedd chemo-radiotherapy 
Intraoperativee blood loss (per liter) 
Lymphh nodes 

Relativee hazard 
off  mortality 

(95%% CI) 

1.36(1.03-1.81) ) 
1.76(1.32-2.35) ) 
1.48(1.11-1.98) ) 
1.63(1.23-2.17) ) 
0.54(0.38-0.75) ) 
1.15(1.05-1.26) ) 
1.277 (.955-1.69) 

P P 

0.030 0 
<0.001 1 

0.007 7 
0001 1 

<0.OO0 0 
0.002 2 
o.. i oo 

""  These estimates are not adjusted for other variables 

afterr adjusting for resection margins, tumor size, lymph nodes, 
differentiation,, and operative blood loss. Furthermore, the 
SMAD44 status of pancreatic adenocarcinomas also remained 
significantt after adjustment for the effect of chemoradiotherapy. 
Inn our prognostic model, receipt of adjuvant chemoradiotherapy 
wass the strongest predictor of survival. In a large nonrandom-
izedd series from our institution, patients treated with adjuvant 
chemoradiotherapyy (4000-5000 cGy) and 5-fluorouracil/ 
leukovorinn had a significantly prolonged survival after pancre-
aticoduodenectomyy (5). It is not clear whether treatment with 
adjuvantt chemoradiotherapy is actually greatly effective, or 
whetherr there is a substantial selection bias which favors those 
patientss fit enough to receive such therapy. But those patients 
whoo receive such adjuvant chemoradiotherapy survive longer 
thann those who do not. Among patients with the earliest stage 
pancreaticc adenocarcinomas (cancers <3 cm, with negative 
margins,, and lymph node negative), 5-year survival was 47% 
amongg patients with cancers expressing SMAD4. The impres-
sivee survival of patients with "early" pancreatic carcinomas 
suggestss that survival from pancreatic adenocarcinoma could be 
improvedd if such cancers could be detected earlier. They also 
providee a rationale for investigating early detection strategies 
amongg individuals at increased risk of developing pancreatic 
adenocarcinomaa (27). 

Althoughh several molecular markers have been investi-
gatedd for their prognostic significance, including p53 gene 
statuss (28), type of K-ras oncogene mutation (17, 28, 18), 
expressionn of bcl-2 (14, 15), bax (14), and the expression of 
TGF-BB 1 (29). only DNA index has been consistently shown 
too provide prognostic information independent of standard 
pathologicall  prognostic indicators (12, 13). Although the 
immunohistochemicall  analysis of the protein products of 
tumorr suppressor genes is an attractive approach to use in 
clinicall  practice for understanding the molecular profile of 
cancers,, it has limitations. Because some cancers will inac-
tivatee tumor suppressor genes by missense mutations that still 
permitt antibody binding to the mutant protein, evidence of 
tumorr suppressor gene inactivation often cannot be reliably 
inferredd by immunohistochemical evidence for protein loss. 
Thiss is not true for SMAD4 immunolabeling. Because many 
mutantt forms of SMAD4 protein undergo degradation 
throughh the ubiquitination pathway, most mutations of 
SMAD4SMAD4 result in a loss of protein (30). In this study, we 
observedd almost 100% concordance between the genetic sta-

TableTable 3 Cox proportional hazards estimates of selected variables in 
2499 pancreatic cancer patients evaluated for DPC-t 

R R 
Variable e 

DPC44 Status (negative) 
Receivedd chemo-radiotherapy 
Positivee tumor margins 
Tumorr size (a3.0 cm) 
Tumorr grade (poor differentiation) 
Intraoperativee blood loss" 

;lativee hazard of mortality 
(95%% CT) 

1.36(1.01-1.83) ) 
0.54(0.388 0.75) 
1.32(0.96-1.82) ) 
1.311 (0.96-1.78) 
1.70(1.26-2.31) ) 
1.14(1.04-1.25) ) 

P P 

0.042 2 
<< 0.001 

0.085 5 
0.084 4 
00 001 
0.003 3 

""  Each estimate is adjusted for all other estimates in the model. 

tuss of SMAD4 and immunohistochemical detection of 
SMAD44 protein, making SMAD4 immunolabeling an ideal 
markerr in pancreatic carcinoma. 

SMAD44 inactivation seems to result in a biologically 
moree aggressive form of pancreatic adenocarcinoma. These 
resultss highlight the molecular heterogeneity of histologically 
indistinguishablee forms of pancreatic adenocarcinoma. Pre-
viouslyy we have shown that SMAD4 gene inactivation is a 
latee event in pancreatic neoplastic progression, suggesting 
thatt other genetic events must occur in a developing neo-
plasmm before loss of SMAD4 function provides a selective 
advantagee (31). It is not certain which of the biological 
effectss of SMAD4 is most important in suppressing cancer 
growth.. Although much is known about how TGF-B signals 
throughh SMAD4 to mediate transcription, the cancer suppres-
sivee functions that have been attributed to SMAD4 are those 
thatt reflect its mediation of TGF-B signals, although other 
upstreamm pathways also signal through SMAD4 (32). Acti-
vationn of the TGFB/SMAD4 pathway under certain condi-
tionss may result in apoptosis or growth arrest in the G, phase 
off  the cell cycle (33. 34). In addition, inactivation of the 
SMAD4SMAD4 gene within an evolving neoplasm may indirectly 
influencee the extracellular matrix to promote neoplastic 
growth.. Experimental SMAD4 restoration to human pancre-
aticc adenocarcinoma cells transplanted into nude mice sug-
gestss that SMAD4 can inhibit angiogenesis by decreasing 
vascularr endothelial growth factor and by increasing throm-
bospondin-11 (35). 

Forr a disease with such a poor prognosis, the median 
survivall  advantage of SMAD4-expressing pancreatic adeno-
carcinomass of —5 months is clinically significant. Because 
thee survival benefits for patients treated with chemoradio-
therapyy for pancreatic adenocarcinoma are usually measured 
inn months, the SMAD4 status of pancreatic adenocarcinomas 
couldd be used to improve the stratification of patients en-
rolledd in clinical trials for the treatment of this disease. The 
prognosticc impact of inactivating SMAD4 raises the possi-
bilit yy that in the future novel therapeutics that replace the loss 
off  SMAD4 function may have a therapeutic impact in pan-
creaticc adenocarcinoma (36). 
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