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Pancreatic Neoplasia Induced by SV40 T-Antigen 
Expression in Acinar Cells of Transgenic Mice 

Three lines of transgenic mice were produced that develop pancreatic neoplasms as a 
consequence of expression of an elastase I-SV40 T-antigen fusion gene in the acinar 
cells. A developmental analysis suggests at least a two-stage process in the ontogeny of 
this disease. The first stage is a T antigen-induced, preneoplastic state characterized by 
a progression from hyperplasia to dysplasia of the exocrine pancreas, by an increased 
percentage of tetraploid cells, and by an arrest in acinar cell differentiation. The second 
stage is characterized by the formation of tumor nodules that appear to be monoclonal, 
because they have discrete aneuploid DNA contents. The cells within the nodules as 
compared to normal pancreatic tissue have less total RNA by a factor of 5, less 
pancreas-specific messenger RNA by a factor of about 50, and increased levels of T- 
antigen messenger RNA. A tumor cell line has been derived that retains both 
pancreatic and neoplastic properties. 

C ARCINOMA OF THE PANCREAS IS 

the fourth leading cause of death 
due to  cancer in the U.S. popula- 

tion, and the prognosis, once detected, is 
particularly grim (1) .  Currently there is no 
adequate animal model for this condition. 
Pre\ious studies have sho\vn that it is possi- 
ble to  introduce foreign DNA into the 
germline of mammals by injecting D N A  
directly into the pronucleus of fertilized eggs 
and then transferring the eggs to  foster 
mothers so that development can continue 
(2). The resulting transgenic animals gener- 
ally carry one or more copies of the foreign 
DNA integrated into one of their chrorno- 
somes. An application of this technique has 

been to produce transgenic animals carrying 
foreign genes that predispose them to cancer 
(2, 3). Because the foreign genes are trans- 
mitted in a normal Mendelian manner, it is 
possible to  mimic dominant hercditan can- 
cers by producing lines of mice in \vhich all 
of the offspring that inherit the transgenes 
succ~mlb to cancer. Moreover, by fusing the 
regulaton regions (enhancers) from genes 
that are Iu~o\vn to be expressed in a tissue- 
specific manner to transforming genes, it is 
possible to direct expression of the trans- 
forming genes to  specific cell types and 
thereby produce lines of mice that develop 
tumors only in specific organs (2-4). 

T o  develop an animal model for pancreat- 

ic cancer, we have made transgenic mice in 
\vhich the transforming gene from the simi- 
an virus 40 (SV40) genome is placed under 
the control of the regulatory elements from 
the rat elastase I gene. Elastase is one of 
several pancreatic serine proteases that is 
synthesized in the exocrine cells and secreted 
into the gut. Expression of elastase normally 
conlmences at about day 1 4  of development 
into the mouse, when the acinar cells begin 
to  differentiate. The levels of elastase I mes- 
senger RNA (mLVA) and protein increase 
dramatically during the next fe\v days, and 
they plateau a fen, weeks after birth (5). The 
promoter and enhancer of the rat elastase I 
gene lie within the 205 bp 5' of the tran- 
scription start site (6, 7). When they are 
fused to the human growth hormone 
(hGH) structural gene, transgenic mice 
bearing this construct synthesize h G H  ex- 
clusively in pancreatic acinar cells. Further- 
more, the rate of transcription of the trans- 
gene is comparable to  that of the endoge- 
nous elastase gene, and it is activated appro- 
priately at day 1 4  of fetal development (7, 
8) .  O n  the basis of these results, we have 
used the elastase promoter and enhancer t o  
direct the expression of several potential 
transforming genes to  pancreatic acinar 
cells. Unlike the fetal tumors that develop 
when an activated !#as gene is expressed in 
pancreatic acinar cells (9 ) ,  when the SV40 
early region [which codes for small and large 
T antigens ( l o ) ]  is placed under the control 
of the elastase regulaton elements, tumors 
develop in the adult. This is presumably a 
consequence of secondan genetic or epige- 
netic e\Tents. 

Four transgenic mice bearing both elas- 
tase-SV40 early region (E1,SV) and elastase- 
neomycin (ELNEO) fusion genes were pro- 
duced by microinjection of linear DNAs 
containing these genes into pronuclei of 
fertilized eggs (Fig. 1) .  All of the founder 
mice died of pancreatic cancer by 6.5 
months of age; however, three transgenic 
lines of mice were established by breeding 
the founders prior to  overt tumor formation 
(Table 1) .  Wc examined 127  transgenic 
mice from these lines that were more than 3 
months of age, and all of them either died 
with pancreatic tumors or contained obvi- 
ous tumor nodules when killed. Tumor de- 
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velopment in these lines is faster than that 
described previously for the 177-5 line (Ta- 
ble 1). In these three lines. the pancreas of 
newborn mice is obviously hyperplastic at 2 
weeks of age and bv 10 weeks manv nodules 

0 

appear, which continue to expand into a 
tumor mass (Fig. 2). 

To ascertain whether the ELSV transgene 
was expressed during the fetal and neonatal 
periods, histological sections of pancreas 
were immunologically stained fpr T antigen. 
Most transgenic mice expressed detectable 
levels of T antigen by day 17 of gestatipn, 
and all of them expressed T antigeq by 5 
days after birth. In mice that express T 
anhgen at day 17, T antigen was located in 
the nucleus of all acinar cells but not in other 
cells (Fig. 3, A and B). Histological sections 
of pancreas at this stage revealed a relatively 
normal tissue architecture, with the exocrine 
cells growing in acinar arrangements sur- 
rounding scattered clusters of normal islet 
cells. ~Gwvever. in transgenic mice the acini 
had a much higher cellcdensity and smaller 
acinar cell size than those of normal litter- 
mates (Fig. 3, C and D). In addition. the 
mitotic activity was increased from about 
0.5 mitosis per high power field in control 
to about 10 in transgenic pancreas. 
Throughout the perinatal period the pancre- 
as acquired a dysplastic phenotype. charac- 
terized by increasingly disorganized acini 
and the presence of -cells wjth enlarged, 
irregular nuclei, containing multiple nucleo- 
li. On a macroscopic level the pancreas was 
markedly enlarged, the texture was firm, and 
the color was whiter than normal (Fig. 2A). 
This phenotype was apparent as earlv as dav 

Table 1. Elastase-SV40 T-antigen transgenic lines of mice. Transgenic mice were produced by 
microinjecting linearized DNA molecules into the pronucleus of fertilized C571SJI. F2 hybrid eggs 
(18). In the first experiment. seven transgenic mice were produced and they all died of pancreatic 
tumors by 4 months of age; one line (177-5) was established (8). In the second experiment, four 
transgenic mice were produced and they all died with pancreatic tumors by 6.5 months; three lines were 
established. Offspring from these lines were used to establish the average age at death, neonatal 
expression of T antign (determined by immunocytochemistry). and transgene copy number (8). 

Trans- 
genic 
lines 

No. of - . . Neonatal 
transgenic 
ofspring 

I ransgcnc ngc at aeatn 
(weeks) expression copy no. of T antigen 

14 28.2 a 9.4* NO 
8 18.5 a 3.6 Yes 

17 14.6 5 5.2 Yes 
3 12.6 a 2.6 Yes 

of age developed many solitary nodules em- 
bedded in a dysplastic pancreas (Fig. 2, A 
and B). On histological examination. the 
nodules contained pleomorphic cells grow- 
ing in pseudoacinar structures with enlarge- 
ment of the lumina and the formation of 
cystic and dilated vascular spaces. No islet 
tissue was present within these solitary nod- 
ules (Fig. 3, E and F). Some cells had giant, 
irregularly shaped, hyperchromatic nuclei 
that contained multiple nucleoli (Fig. 4, B 
to D). Immunocytochemical detection of 
large T antigen in these early nodules re- 
vealed an increased staining intensity com- 
pared to surrounding tissue (Fig. 3. F and 
G). From analyzing many sections of trans- 
genic pancreatic tissue, we estimate that 
hundreds of tumor nodules form during the 
progression of this disease. 

Further progression of pancreatic tumors 
was characterized by a large increase in the 
size of the tumor nodules. The nodules 
showed increasing pleomorphism of the 

nodules contained large cystic and vascular 
spaces and areas of central necrosis (Figs. 
3H and 4. C and D). Many of the nodules 
also formed a fibrous capsule, probahly de- 
rived from compressed pancreatic stromal 
cells. However, even though the nodules 
grew together to form a massive tumor (up 
to 30% of the weight of the mouse), rela- 
tively normal appearing regions of exocrine 
pancreas could be found at the edge of large 
nodules (Fig. 3H) that appeared histologi- 
cally similar to the hyperplastic or dvsplastic 
cells that were observed at earlier stages of 
development. Staining these sections for  T 
antigen revealed more T antigen in the 
nodule cells than in the preneoplastic cells 
(Fig. 31). although some dysplas;ic cells had 
levels of T antigen comparable to that seen 
in nodule cells. In most animals that have 
been autopsied. the tumor was contained 
within defined boundaries. We have rarely 
(2 of 127 mice) observed metastasis into 

. - 
17 of gestatidn. cells, which gre; in sheets-as well as in 

Transgenic mice between 2 and 10 weeks occasional pseudoacinar structures. The k--m-i 
-205 -72 +8/+35 

Sal I Pvu I1 Barn HIlBgl I1 

Eco RI Hind 111 Barn HUBgl I1 Barn HI 

-4.5 

Elastase T antigen 

at Gsition +3g. The Stu I site at position 5190 on the stanaard SV40 map was converted t;a B ~ I  I1 I 
sit: with a synthetic l i e r .  The ~'eiastase I rcgulato~ region with a synthetic Barn HI linker at posi%on 
+8 was constructed as ~reviouslv described (6 )  and fused to the Bel I1 linker in the SV40 T-antieen 1 
gene. The 3' end of the'fusion gine extends ;o the Ram HI site at @sition 2533 in SV40. The tisGe- 
specific elastase enhancer is contained between the Sal I site at position -205 and the R u  I1 site at 
msition -72. The stinnled box reDresents the location of a seauence that was consenred in the , n 

bromoter region of elastase and othe;serine protease genes. The elastase-NEO fusion gene contains 4.5 Fig. 2. Gross appearance of pancreas from trans- 
kb of elastase 5' sequence fused to the bacterial Tn5 neomvcin phosphoribosyltransferase gene. The genic and normal littermates at (A) 2, (B) 10. and 
ela~tase 5' sequence replaces the SV40 promoter in pSV2NEO (19). I.inear DNA restriction fiagrnents (C) 15 weeks. Lcti column, the pancreas from 
containing the fusion genes were purified by agarose gel electrophoresis. Several hundred molecules of agematched littermates; right column, transgenic 
each gene were injected into fertilized mouse eggs (18). pancreas from the 266-6 line. 
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kidney and lung, although seeding into the 
peritoneal cavity was relatively common. 
Because a large number o f  nodules develop 
rapidly and simultaneously, there may be 
insufficient time for metastasis t o  occur be- 
fore the mice die. 

In  normal pancreas from 2-week-old 
mice, about 90% o f  the cells had a diploid 
DNA content as measured by flow cytome- 
try, which suggests that they were in either 
GI or  Go phase of  the cell cycle. About 3% 
of  the cells had a G2/tetraploid D N A  con- 
tent, and 7% of the cells were in S phase. 
Transgenic littermates at  2 weeks o f  age 
showed a fourfold increase in the propor- 
tion of  cells with a G2/tetraploid DNA 
content and a twofold increase in S-phase 

Fig. 3. Developmental histopathology and immu- 
nohistochemical detection of large T intieen in T 
antigen-induced pancreatic tuiors. AUYphoto- 
graphs were of tissues from mice in the 264-4 
line. Tissue samples were fixed in Bouin's fixative, 
washed in 70% ethanol, and embedded in paraf- 
fin. Some fetal stages were examined by snap- 
freezing of the whole body in liquid nitrogen 
followed by cryosectioning at 10 mm. Staining 
and immunocytochemistry were performed essen- 
tially as described (8), with thc avidin-biotin- 
peroxidase procedure (20) and monoclonal anti- 
body PAb 101, previously named 412 (21). (A) 
View of the pancreas in a whole-body frozen 
section (10 mm) of a 17-day fetus. Hematoxylin 
and eosin (H&E)-stained, magnification x 38. 
Abbreviations: k, kidney; s, stomach; and p, 
pancreas. (B) Section adjacent to (A), immuno- 
peroxidase-stained with monoclonal antibody 
PAb 101 against large T antigen. AU of the 
exocrine cells show positive nuclear staining. The 
clear areas within the pancreas represent blood 
vessels, interlobular stroma, and islets. No stain- 
ing was seen in the surrounding tissues. Magnifi- 
cation x 38. (C) H&E-stained paraffin section of 
the pancreas of a normal 18-day fetus. A large islet 
(arrow) is prcsent at the right side of the field. 
Magnification x 192. (D) H&E-stained paraffin 
section of the pancreas of a transgenic 18-day 
fetus, shown at the same magnification as its 
normal littermate in (C). There is an increased cell 
density throughout all of the exocrine pancreas, 
with the cells still growing in acinar arrangements. 
A normal islet (i) is present at the upper left 
comer of the field. (E) Low-power view of an 
H&E-stained paraffin section of the pancreas 
from a 59-day-old transgenic mouse. The section 
contains a solitary nodulc shown in the center of 
the field, which compresses the surrounding pan- 
creas. The margins of the nodule are indicated by 
arrowheads. Note the large cystic and dilated 
vascular spaces within the nodule. Magnification 
x29. (F) H&E-stained par& section of ah 
early nodule (indicated by arrows) forming at the 
edge of the pancreas of a 19-day-old transgenic 
mouse. Magnification x 70. (G) Section adjacent 
to (F), immunoperoxidase-stained with monoclo- 

cells compared to age-matched controls. The 
number o f  pancreatic cells in control mice 
increased from about 3 x lo6 at birth t o  
about 9 x lo7 at 4 weeks o f  age (assuming 
that all cells are diploid and contain 6.4 pg 
o f  DNA) The total D N A  content o f  the 
transgenic pancreas was three- to sevenfold 
greater than that of age-matched controls 
during this period. 

In normal adult pancreatic tissue, about 
93% o f  the cells had 2 N  (diploid) DNA 
content, about 6 %  o f  the cells had a G2/ 
tetraploid D N A  content, and about 1% of  
the cells appeared t o  be in S phase (cells 
between the 2 N  and 4 N  peaks, Fig. 4A). 
Comparing these cell-cycle parameters with 
those o f  dysplastic pancreatic tissue from a 

13-week-old mouse (Fig. 4B) shows a strik- 
ing (up to l&fold) increase in the number 
of cells with a Gz/tetraploid D N A  content. 
Both the diploid and tetraploid cells ap- 
peared to be participating in the cell cycle as 
indicated by a 25-fold increase in the num- 
ber of nuclei with D N A  content between 
the 2 N  and 4 N  peaks and the 4 N  and 8 N  
peaks (Fig. 4B). 

Seven nodules from three mice represent- 
ing two transgenic lines were also analyzed 
by flow cytometry. Most o f  the nuclei were 
aneuploid in these tumor nodules (Fig. 4, C 
and D). Four individual tumor nodules 
from the same mouse contained discrete 
aneuploid peaks with DNA contents that 
varied from 2.3N t o  2.8N, which suggests 

n a l ' p ~ b  101 against large T antigen. The nodule 
appears to stain more intensely than the majority of cells in the.surrounding The advanced nodules are composed of cells growing in sheets with little 
pancreas. A smaller intensely staining nodule is seen in the lower left that is acinar organization and with several cystic or dilated vascular spaces. 
not apparent in the H&E section. Magnification ~ 7 0 .  (H) H&E-stained Magnification ~ 9 6 .  (I) Section adjacent to (H), immunoperoxidase-stained 
parallin section of pancreas from a 152-day-old transgenic mouse. The edge with monoclonal PAb 101 against large T antigen. The cells in the advanced 
of an advanced nodule is shown at the bottom of the field, separated by a nodule continue to stain more intensely than the majority of the cells in the 
fibrous capsule (f) from residual compressed dysplastic pancreas at the top. compressed dysplastic pancreas at the top of the field. Magnification x96. 
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that the cells within an individual nodule of nuclei with a DNA content between the 
may be karyotypically similar and that the aneuploid GI and G2 peaks (Fig. 4, C and 
nodules are monoclonal in origin. The aneu- D). The diploid cells in these samples proba- 
ploid cells also appeared to be dividing at a bly represent compressed pancreatic stromal 
high rate as evidenced by the large number cells that form a fibrotic capsule as well as 

vascular endothelial cells and lymphocytes. 
Quantitative DNA dot hybridization 

analysis of dissected tumor nodules and 
preneoplastic pancreatic tissue showed that 
the ELSV transgene copy number increased 
by about 1.6-fold relative to the endogenous 
metallothionein gene in nodules of most 
mice. This slight increase may be a conse- 
quence of the aneuploidy of the nodules. 

During postnatal development of the pan- 
creas, the levels of mRNA coding for diges- 
tive enzymes increase dramatically (5). As a 
consequence of this massive commitment to 
secretory protein synthesis, the RNA-to- 
DNA ratio of the normal adult pancreatic 
tissue is higher than that of most other 
tissues. To follow the effect of T-antigen 
expression on acinar cell differentiation, we 
measured the RNA-to-DNA ratio, the'level 
of the pancreas-specific elastase I mRNA, as 
well as the level of T-antigen mRNA, 
throughout development. In normal pancre- 
as, an adult RNA-to-DNA ratio of 8 was 
reached by 30 days (Fig. 5A). The RNA-to- 
DNA ratio in the pancreas of two ELSV 
transgenic lines rose more slowly, peaked at 
a ratio of 2 by 20 days of age, and then fell 
to a ratio of about 1 in the mature tumor. 
Elastase mRNA levels increase approximate- 
ly 100-fold after birth and reach about 
10,000 molecules per cell in the normal 
adult (5). In ELSV transgenic mice, the 
level of elastase mRNA peaked by 30 days of 
age and then decreased as the tumors devel- 
oped, which suggested that the transformed 
phenotype was incompatible with normal 
pancreatic maturation (Fig. 5B). 

In line 264-4, there were only 5 to 10 T- 
antigen mRNA molecules per cell in the 
dysplastic stage; this number increased 
about fivefold in the mature tumor (Fig. 
5C). In the 266-6 line, T-antigen mRNA 
levels were initially about 50 molecules per 
cell and also increased approximately five- 
fold in the mature tumor. Quantitation of 
T-antigen mRNA levels in tumor nodules 
versus- surrounding pancreatic tissue re- 
vealed about a threefold increase in mRNA 
levels in the nodule tissue. This was consist- 

& 
ce intensity 

4 4 1 1  
I 

Fluorescen ent with the increased irnmunocytochemical 
staining observed in nodule tissue (Fig. 3, G 
and I). 

Fig. 4. Flow cytometry and histology of pancreas at various stages of neoplastic transformation. Left 
panels show flow cytometry analysis of pancreas. Tissue samples were minced in a saline buffer 
containing 0 . M  tris (pH 7.4), 0.1% NP-40 (Sigma), 2 mM CaC12, 21 mM MgC12, and 10 mg 4.6- 
diamidino-2-phenylindole (DAPI) per milliter of buffer. Nuclear clumping was reduced by several 
passages through a 25-gauge needle. Flow cytometry was performed on a Becton Dickinson FACS 
analyzer. Emission was detected above 400 nm. Data were collected and analyzed on a DEC LSI 11/23 
computer (Digital Equipment Corporation) as described (17). DNA content was measured relative to 
chicken erythrocytes (CE); 2N, 4N, and 8N peaks represent normal diploid cells and cells with 
tetraploid or octaploid DNA content. Other peaks represent cells with aneuploid DNA content. Right 
panels show corresponding H&E-stained sections of pancreatic tissue used for flow cytometry. All 
histology was at the same magnification, about ~ 6 2 0 .  (A) Normal adult pancreas with a predominantly 
diploid population of cells. ( B )  Dysplastic ELSV transgenic pancreas from the 264-4 line, showing a 
major tetraploid population of cells and a large number of S-phase cells (cells between the major peaks). 
Histological example of dysplastic pancreas, showing densely packed nuclei and some abnormal nuclei. 
(C) and (D) Neoplastic ELSV nodules (264-4 line) containing major unique aneuploid populations of 
cells. Histological example of aneuploid cells showing abnormal cells, nuclei, and decreased cytoplasmic 
staining. 

The abilitv to direct tumorieenesis to 
specific cell G e s  suggested the povssibility of 
generating transformed cell lines that main- 
tain a partially differentiated phenotype. 
Cells from an ELSV pancreatic tumor (266- 
6 line) were placed in culture and main- 
tained for more than a year. These cells 
expressed high levels of T-antigen mRNA 
(-700 molecules per cell) and protein. They 
were also resistant to the drug G418, indi- 
cating expression of the ELNEO transgene. 
This gene may allow selection of cells ex- 
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presslng a pancreatic phenotype in future 
experiments. The level of elastase m L V A  
was about 2% of that of adult pancreas. 

Four F1 C57 x SJL syngenelc mlce were 
Injected intraperltoneally wlth the cultured 
cells t o  assess t h e ~ r  tumor~genic~ty. In the 

Age (days) 

Fig. 5. RNA levels in developing mouse pancreas. 
About 50 mg of tissue was homogenized in 4 ml 
of SET [ I% SDS, 5 miZl EIITA, and 10 iwt1 tris. 
C1 (pH 7.5)1 with 100 I J , ~  of proteinase K per 
milliliter of solution. Total nucleic acids (TNA) 
were purified as previously described (22) and 
stored frozen in 0.2x SET. DNA concerltrations 
were measured with a fluorescent dye--binding 
assay (23). TNA concentrations were determined 
by measuring absorbance at 260 nm on a Reck- 
man spectrophotometer. T-antigen niRNL4 was 
quantitated with an RNA probe synthesized in 
vitro with [32Pluridine 5'-triphosphate (24). The 
complementary hVA probes were hybridized 
with TNA and quantitated as described (25). 
Elastase mRXA was quantitated by a solution 
hybridization procedure with an cnd-labeled, 25- 
base oligonucleotide prohe (3). (A)  Ratio of 
RNA to DNA. (6) Mouse elastase I mKNA. (C) 
T-antigen mRNA. Control pancreas (solid line 
and open circles) and transgenic pancreas (short 
dashed line and asterisks. 264-4; long dashed line 
and open circles, 266-6). Curves have been added 
to help the reader visualize the phenomena. They 
are not intended to represent statistically fitted 
cumes. Error bars are S1); n = 1 to 4. 

first experiment, nvo an~mals were injected 
with 5 x lo6 cells. One mouse developed a 
subcutaneous rumor near the site of  lnjec- 
t ~ o n  and the other mouse developed a large 
peritoneal tumor mass, H~stolog~cal  em&- 
natlun of these tumors revealed a so l~d  dls- 
organ~zed mass of cells. The lntraperltoncal 
tumor contained occasional acinl located 
withln the tumor mass as well as clusters of 
peripherally located cells with some acinar 
structure. This  heno omen on was not o b  
served in the subcutaneous tumor. In the 
second experiment, two mice were injected 
intra~eritoneallv with 10' cells. One of the 
mlce developed a subcutaneous tumor after 
6 weeks lvhile the second animal had n o  
apparent pathology after 6 week\. Thcsc 
tumors all contamed SV40 D N A  and ex- 
pressed T-ant~gen mRNA. 

In sumnanr,  we have descr~bed three l~nes 
of transgenic mlce that contain elastase- 
SV40 T-ant~gen fusion genes and delelop 
character~st~c tumors of the exocrlne pancrc 
as. T h ~ s  phenon~pe is lnher~ted ln an autoso- 
ma1 dominant fashion, and all transgenic 
otEspring die of pancreatic adenocarcinoma 
at a predictable time (Table 1). The advan- 
tage of stud~71ng oncogenesls in trnnsgenlc 
mlce is that the prlnlar\7 genetic leslon 1s 
kno\vn. Although the molecular mccha- 
nisms involvecl in SV40 T ant~gen-induced 
transformation remain t o  be elucidated. thr  
pathological changes occur in a predictable 
fashion. 

'4s earlv as day 17 of fetal development, 
transgenic fetuses can be distinguished from 
their normal littermates by the increased size 
and firm texture of the pancreas. Histologi- 
cally, the tlssue appears hvperplast~c, n i t h  
Increased mitotic a c t ~ \ ~ t \ '  and at1 Increased 
cell d e i ~ s ~ t y  of the acint. Flow cvtometnr 
showed that more cells were in S ~ h a s e ,  and 
tetraploid cells were much more abundant. 
During postnatal development the acinar 
structure deter~orates, and increasing num- 
bers of morpholog~cally abnormal cells accu- 
mulate. Although all the acinar cells er- 
pressed T antigen, they maintainecl a sem- 
blance of normal archltecture and continued 
to produce aclnar cell-spec~fic gene prod- 
ucts. Because neoplasms predictablv develop 
in this tissue, we regard it as preneoplastic. 
In contrast t o  these lines, T antigen 1s 
u~ldetectable in the 177-5 line durlng the 
neonatal perlod, and the cells look complete- 
1) normal (8 )  Subsequentlv, a small number 
of acinar cells begln t o  erpress T antlgen; 
they proliferate and ult~mately form tumors 
sun~lar to  those descr~bed here. The delaved 
activation of T-ant~gen erpresslon In onlk a 
fractlon of the acinar cells accounts for the 
slower onset of tumor format~on In the 177- 
5 line. 

The next stage, In the llnes described here, 

1s characterlled b\ a neoplast~c transforma 
tlon of the pancreas Commencing at about 
1 month, multiple nodules develop that 
dlsplav disorganl~ed, rapld cell growth 
wlthout normal aclnar archltecture rhere 1s 
a decrease In difierentiated gene products 
concomitant with an Increase in '1-ant~gen 
mRNA The transformation process is ac- 
compan~ed hy a change from a predom- 
lnance of tetraplod cells t o  nodules contaln- 
ing ancuploid cells There 1s also a small 
Increase In FI SV transgene copv number In 
manv of the nodules, whlch 1s most easllv 
eupla~ned bv prefcrent~al retention of chro- 
mosomes bearing transgenes durlng the 
transltron from tetraploidr to  aneuploldv 
Thc Increase In transgene cop\ number ac- 
counts part~allv for the Increase in T-antigen 
mRNA during the progression of these neo- 
plasms The transtormatlon process is prob- 
ablv nor a consequence of lncreaslng T 
antlgen because the mRNA le\cls In the 
nodules of the 264-4 llne were lower than 
the mRNA levels In the d ~ s p l a s t ~ c  stage of 
the 266-6 llne (Fig SC') 

The obsenlatron that all the nodules were 
aneuploid suggests that transformation 
events mav be coilpled \vlth chromosome 
loss Thrs 1s in keeplng with the observation 
that hen~gn  neoplasms w~thout  appreciable 
mal~gnant potentla1 are n~picallv euploid in 
DNA content, \!,hereas 90% of malignant 
neoplasms arc: aneuplo~d (11) Our results 
Indicate that erpresqlon of T antigen leads to  
an acc~unulatron ot tetraploicl acinar cells 
Perhaps rapld repllcat~on of these cells pre- 
disposes them to chromosomal loss Chro- 
mosomes mav be lost randomlv. but, when 
cntical chromosomes are lost, the cells mav 
galn an added growth advantage that allo\i~s 
them t o  prohferate, resulting in a clone of  
cells havlng the same aneuplo~d DNA con- 
tent Each nodule thus represents a neoplas- 
tic transformatlon event In thls model, 
transformatlou IS the consequence of chro- 
mosomal loss, uhlch could create a genetlc 
imbalance leadrng to altered regi lat~on of  
genes ~nvolved ln growth control The loss 
of chromosomes bearlng tumor-suppressmg 
genes (12) is an obv~ous possib~llts~ cons~d- 
erlng the recent e ~ ~ d e n c e  regarding the etl- 
ologv of ret~noblastomas (13) and W~lms' 
tumors (14) Because hundreds of nodules 
develop In the hrperplast~c pancreas of 1- 
month-old FL,SV mlce that contaln 7 x 
lo8 cells, it seems unlikelv that mutational 
activation of domlnant oncogenes 1s the 
critical e\ent, unless the mutatlon frequenar 
1s ven7 hlgh or  there is a large number of 
proto oncogene? that can be activated and 
that cooperate with T atitlpen In neoplast~c 
transformatron 

We have establ~shed a genetlc model for 
exocrine pancreatic tumorlgenesls. Because 
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acinar and ductal cells may derive from a 
common precursor, these transgenic mice 
should serve as a useful model even though 
the majority of human pancreatic tumors are 
diagnosed to be of ductal origin ( I ) .  In 
addition, the progression of these murine 
pancreatic tumors resembles several human 
hereditary malignancies, for example, famil- 
ial adenomatous polyposis coli (15), and the 
multiple endocrine neoplasia syndromes 
(16). In each of these genetic diseases as well 
as other malignancies, such as Barrett's syn- 
drome in the esophagus ( 1 9 ,  adenomas 
characterized by hyperplasia and normal cel- 
lular DNA content become more dysplastic 
and eventually develop into carcinomas; ma- 
lignant transformation is associated with the 
appearance of tetraploid and aneuploid cells. 
Thus, these ELSV transgenic lines may also 
provide a useful model for studying progres- 
sion of other human neoplasms with similar 
properties. 
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Clonal Analysis of Human Colorectal Tumors 

The clonal composition of human colorectal tumors was studied by means of 
restriction fragment length polymorphisms (RFLPs). First, X-linked RFLPs were 
used to examine the pattern of X chromosome inactivation in colorectal tumors of 
females. All 50 tumors examined showed monoclonal patterns of X chromosome 
inactivation; these tumors included 20 carcinomas as well as 30 adenomas of either 
familial or spontaneous type. Second, RFLPs of autosomes were used as clonal 
markers to detect the somatic loss or gain of specific chromosomal sequences in 
colorectal tumors. Among other changes, it was found that somatic loss of chromo- 
some 17p sequences occurred in over 75 percent of the carcinomas examined, but such 
loss was rare in adenomas. These data support a monoclonal origin for colorectal 
neoplasms, and suggest that a gene on the short arm of chromosome 17 may be 
associated with progression from the benign to the malignant state. 

A LTHOUGH THE ETIO1,OGY AND 

mechanisms of development of hu- 
man cancer are largely unknown, all 

hypotheses must incorporate observations 
concerning the clonality of neoplastic cell 
populatio~is. Mutational theories of carcino- 
genesis predict that neoplasms will have a 
monoclonal composition ( I ) .  Alternative 
mechanisms for tumor formation, such as 
those ~nvolving aberrant differentiat~on pro- 
cesses or field effects, c o ~ ~ l d  lead to neo- 
plasms with a polyclonal composition (2). 
At present, knowledge of the clonality of 
human tumors is incomplete. Many tumors, 
particularly those of hemopoietic or lym- 
phopoietic origin, have been shown to be 
monoclonal (3), while other nimors appear 
to be polyclonal (4-6). 

Colonic neoplasms provide a nearly ideal 
system to investigate the clonal composition 
of human cancer. Neoplasms of all stages 
can be readily identified histologically, from 
very small benlgn adenomas to large inva- 
sive carcinomas. Furthermore, colonic tu- 
mors occur in both heritable and spontane- 
ous forms. Previous studies with isoenzymes 
of glucose-6-phosphate dehydrogenase 

(G6PD) have sllown that one colorectal 
carcinoma (5) and seven colonic adenomas 
(6) were polyclonal. However, the possible 
presence of nonneoplastic stromal and epi- 
thelial elements within tumors complicates 
the interpretation of these studies. 

We have examined the clonal com~osition 
of human colorectal tumors with the aid of 
two technological advances. First, we used 
DNA polym~rphisms rather than protein 
polymorphisms. Our rationale was that each 
normal and neoplastic cell contributes ap- 
proximately the same amount of DNA; this 
situation is unlike that potentially obtained 
by isozyme analysis (for example, G6PD) 
where the contribution from neoplastic and 
nonneoplastic cells may be disproportion- 
ate. Second, DNA was prepared from cryo- 
stat sections of tumors (7, 8). Histopatho- 
logical analysis of alternate cryostat sections 
provided a reliable estimate of the relative 
contributions of neoplastic and nonneoplas- 
tic cells to the tissue component (that is, 
DNA) analyzed. 

Restriction fragment length polpmor- 
phisms (RFLPs) were used to  study X chro- 
mosome inactivation in colorectal carcino- 
mas from 20 females; representative results 

E. R Fearon and B Voeelste~n. The Oncoloa. Crntcr. are in Fig. 1. DNA 
Johns Hopkins Univers& School of ~ e d i z h e ,  Ralti: normal colonic mucosa o f  a female heterozy- 
more, MI) 21205. 
S. R. Hamilton. The Oncology Center and Department goUS an RFLP within the P ~ ~ ~ P ~ ~ ~ ~ Y -  
of Pathology, ]ohns Hopkins l!iiiversitv School ofMcdi- cerate kinase (PGK) gene (9, 10) demon- 
cine, Baltimore, MI> 2120.5. strated two polymorphic alleles, designated 
*To whom corre~pondence ~houid bc addressed. 1 and 2, after &st XI and Pst I digestion 
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