
Reduction to Homozygosity of Genes on 
Chromosome 11 in Human Breast Neoplasia 

There was a simultaneous loss of hetero- 
zygosity at the c-H-rm-1 and y-globin loci 
in patients who were constitutionally het- 
e&ygous at these loci (Table 2, 
299, 253, 86, and 180). Three other pa- 
tients (166, 295, and 304), who had an 
allelic loss at the c-H-rm-1 locus in their 
tumor DNAs, were homozygous for both 
yG and yA regions of the globin locus. In 
these cases of constitutional homozygosity 
the intensitv of bands in tumor DNA was 

The somatic loss of heterozygosity for normal alleles occurring in human tumors has 
suggested the presence of recessive oncogenes. The results presented here demonstrate 
a loss of heterozygosity of several genes on chromosome 11 in primary breast tumors. 
Restriction fragment length polymorphism analysis of these DNAs further suggests 
that the most frequent loss of sequences in breast tumors occurs between the $-globin 
and parathyroid hormone loci on the short arm of chromosome 11. The loss of 
heterozygosity for chromosome 11 loci has a significant association with tumors that 
lack estrogen and progesterone receptors, grade I11 tumors, and distal metastasis. 

markedly liss than that of the lymphocyte 
DNA from the same patient (Fig. la)  
suggesting a loss of allele at the y-globin 
loci. 

The data from three other patients (223, 
180, and 408) are presented separately in 
Fig. 2 in an attempt to define the shortest 
region deleted from the tumor DNAs of 
breast cancer patients. A reduction to homo- 
zygosity had occurred at the PTH and calci- 
tonin loci in the tumor DNA of patient 223. 
The presence of a reduced signal (20 to 40% 
of normal) of the 2.2-kb PTH and the 8.0- 
kb calcitonin alleles was probably due to 
contamination of the tumor biopsies with 

C HROMOSOMAL ABERRATIONS SUCH 

as amplifications, translocations, 
and nonrandom deletions are 

loss of heterozygosity had occurred at the 
calcitonin loci in patients 86 and 315. In 
addition to the loss of heterozygosity at the 
c-H-rm-1 and PTH loci, tumor DNA from 
patient 295 was also missing an allele at the 
catalase locus, suggesting that the entire 
short arm of chromosome 11 might have 
been lost. Patient 253 represented the only 
case in this study where loss of heterozygos- 
ity occurred on 1 l p  markers (c-H-ras-1 yG, 
and as well as at the int-2 locus on l l q  
in the tumor DNA. This suggests a possible 
loss of an entire chromosome 11 homolog 
in the tumor cells of this patient. 

among important mechanisms underlying 
human oncogenesis. In retinoblastoma and 
Wilms' tumor, deletion of specific chromo- 
somal regions was detected &at resulted in 
homozygosity of particular alleles on chro- 
mosome 13 and 11, respectively (1, 2). The 
deletion of normal cellular sequences, which 
is thought to unmask recessive mutations, 
may not be limited to pediatric tumors (3, 
4). In particular, restriction fragment length 
polymorphism (RFLP) analyses have dem- 
onstrated loss of genes on specific chromo- 
somes in hereditary disorders and other 

normal cells. This vatient was constitution- 
ally heterozygous it the yA region of the P- 
globin locus. However, a loss of heterozy- 
gosity was not observed at this locus. In 
addition, DNA from patient 223 was homo- 

adult malignancies (5-8). 
A loss of one of the c-H-rm-1 (chromo- 

some 1 lp) alleles was demonstrated in pri- 
marv breast tumor DNAs from 27% of 
patients constitutionally heterozygous for 
this locus (9). Here we present analysis of 
additional genetic markers on chromosome 
11 (five on 1 l p  and one on 1 lq)  and single 
markers on six other autosomes in breast 
tumors DNAs (Table 1) (10-21). In 11 of 
56 patients (20%) who were heterozygous 86 299 166 253 295 304 

at multiple loci on chromosome 11 there 
was loss of heterozygosity at one or more 
loci. 

:hromosom 
~vcrc hybri~ 
bcs for thc 
4 ,-., r. 

e 1 1  in brcast 
dizcd to  "P- 
follo~vinp loci 

:lg. 1. RFLP and!.ses of  loci on  c 
ancer patients. Southcrn hlots 1 

~belcd inscrt o r  plasmid DNA pro 

L 
CAL 

DNA sequences of variable lengths on 
chromosome 11 were lost in these 11 breast 
cancer patients (Fig. 1 and Table 2). The 
tumor DNAs of patients 299 and 243 were 
reduced to homozygosity at the yA fraction 
of the P-globin locus. Patient 304 showed 
an allelic loss at the parathyroid hormone 
(RH)  locus in her tumor DNA, whereas a 

o n  chromosomc'l I .  (a) -yc; anh y-- or rnc p-globin cjustcr 
detectcd by the JLV-1.5 1 inscrt probc (11) o n  Hind III- 
digested DNA; (b) PTH locus detccted by the plasmid 
pro& PTH-LF (11) o n  Pst I-digcstcd DNA; ( c )  calcitonin 
locus dctectcd by thc plasmid probe p n 4 2  (13) on Taq I- 
digcstcd DNA; and (d) int-2 locus detccted by the insert 
prchc SS6 (15) o n  Bani HI-cIigested DNA. Numbers t o  the 
lcft of  thc f ip~rcs  indicate the si7x of  each allele in kilobases. 
I., Iyrnphocytc DNA; T. tumor DNA. DNA of high rclativc 

8.4 molecular mass was prepared from surgical brcnst NmOr 
bic~psics and from peripheral leukoc\.tcs isolated on  Ficoll- 

5-6 Hypaquc gradients as described (37). Approximately I 0  kg 
of DNA atas digested with the indicatcd restriction cndonu- 
cleasc, fractionntcd by agarosc gcl clcctrophoresis, trans- 
ferrcd t o  nylon mcmbrancs, and hyhridizcd to  appropriate 
"P-labeled probcs (> 1 OK counttmin per microgram of 
DNA).  Hybridization conditions, posthybridization wash- 
: i g  and autoradiography ~vcre  dcscrihcd (38). Matched sets 
f Ivmphocytc and tumor DNAs in each pancl represent 
iffcrcnr blots that were exposed for different lengths of  
Imc. 
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zygous at the c-H-rar-1, catalase, and int-2 
loci. The lack of demonstrable reduction in 
gene dosage between the lymphocyte and 
tumor DNAs at these loci (as measured by 
densitometry) suggests that sequence dele­
tion is confined to the region between the (3-
globin and catalase loci of chromosome 11. 

Tumor DNA from patient 180, which 
lacks one of the c-H-ras-l alleles (9), also has 
lost one of the two alleles at the 7° locus of 
the p-globin cluster (Fig. 2). However, het­
erozygosity at the PTH locus was main­
tained in the tumor DNA of this patient. 
Patient 408 was missing the c-H-rar-1 allele 
in the tumor DNA but maintained heterozy­
gosity at the calcitonin locus. This patient 
was constitutionally homozygous at the 7-
globin and PTH loci. Even so, the intensity 
of bands at the 7° and 7A loci was consider­
ably less in the tumor DNA than in the 
lymphocyte DNA as was the case with pa­
tients 166, 295, and 304 (22). 

The maintenance of heterozygosity at the 
calcitonin locus in the tumor DNA from 
patient 408 provides evidence that the criti­

cal region in breast tumors is different from 
the WGAR (Wilms' tumor, aniridia, genito­
urinary malformation, and mental retarda­
tion) locus (23). The hybridization profiles 
of patients 223 and 180 revealed the recip­
rocal nature of genotypes (loss of PTH and 
calcitonin alleles and maintenance of hetero­
zygosity at the 7-globin locus in patient 
223; loss of 7-globin alleles and mainte­
nance of heterozygosity at the PTH locus in 
patient 180). Thus, the region between the 
7-globin and PTH loci might be important 
in the genesis of breast tumors. 

Our data demonstrate a loss of heterozy­
gosity for multiple loci on chromosome 11 
(Table 2 and Fig. 3). The deletions were of 
variable length with no common breakpoint 
at either end. Moreover, most of the dele­
tions observed in the breast tumor DNAs 
include c-H-ras-l and p-globin loci. Dele­
tions in this region seem to be quite com­
mon in DNA from tumors of epithelial 
origin (2, 5, 9, 24). A recent study character­
izing the deletions occurring in cases of 
hereditary persistence of fetal hemoglobin 

found that the region downstream from the 
P-globin gene was highly recombinogenic 
(25). Somatic deletions of c-H-ras-l and 7° 
and 7A loci are frequently observed in 
Wilms' tumor patients (2). However, stud­
ies of patients having germline interstitial 
deletions of l l p l 3 and a predisposition to 
Wilms' tumor have shown that both of these 
loci are outside the Wilms' tumor locus (26). 
More recent studies have placed the WGAR 
locus between the FSHB (P subunit of 
follicle-stimulating hormone) and catalase 
genes (23). Thus, the allelic loss of the c-H-
ras-l and globin loci described in previous 
studies and presented here may be coinci­
dental and possibly reflects the genetic insta­
bility of this region of chromosome 11. 
Consistent with this rationale is the presence 
of an inheritable fragile site located at 11 p i 3 
(27). It is conceivable that breakage at this 
fragile site may result in overlapping dele­
tions of one or more loci on chromosome 11 
for different malignancies. 

The question of the frequency of deletions 
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Fig. 2. Constitutional and tumor genotypes of markers on chromosome 11 in patients 223, 180, and 
408. An insert probe of c-H-ras-l plasmid (10) was used to detect the polymorphism of the c-H-ras-l 
locus (39). The plasmid probe pSSI (14) detects the polymorphism of trie catalase gene. The size in 
kilobases of each allele is given to the left of the figure. L, lymphocyte DNA; T, tumor DNA. The 
isolation of DNA and Southern blot analyses are as described (Fig. 1). 

Fig. 3. A schematic representation of the dele­
tions on the short arm of chromosome 11 in 
breast cancer patients. The order and distance 
between the markers on chromosome l ip is 
according to published recombination percent­
ages (40). Numbers between genetic loci refer to 
recombination percentages or distances in centi-
morgans. Vertical lines mark the beginning or end 
of the deletion at a heterozygous locus. Broken 
lines indicate that the markers were either not 
informative (catalase in patients 86 and 315; 7-
globin and PTH in patient 408) or not done 
(covering the region between catalase and centro­
mere and the region between c-H-ras-1 and telo­
mere) and therefore, the deletion could theoreti­
cally extend beyond these loci. Patient 223 was 
homozygous for the c-H-ras-l and catalase loci, 
but the densitometric scanning of the autoradio-
gram (Table 2) suggests that the deletion region 
does not include these loci in this patient. 

Table 1. Analysis of polymorphic markers on chromosome 11 and other autosomes in breast cancer patients. The loci on chromosome 11 were detected by 
means of recombinant DNA probes (shown in parentheses) for the human c-H-ras-l (9, 10), 7-globin (77), PTH (72), calcitonin (73), catalase (74), and int-
2 (15). The probes pgHS7-2.7 or somatostatin (16), Q-myb (77), met H (18), p9A7 (19), c-erb-A2 (20), and v-sis (21) were used for chromosomes 3, 6, 7, 13, 
17, and 22, respectively. Bam Hi-digested DNA was used for c-H-ras-1, SS6, pgHS7-2.7, and c-erbA-2; Hind III was used for JW-151, p9A7, and v-sis; Pst 
I was used for PTH-LF; Taq 1 was used for pTT42, pSSI, and met H; and Eco RI was used for c-myb. 

Patients 
analyzed 

Total 
Heterozygous 
Heterozygous 

(allelic loss in 
tumor DNA) 

c-H-ras-l 
(c-H-ras-1) 

104 
51 

15 

7-globin 
(JW-151) 

47 
33 

5 

PTH 
(PTH-LF) 

45 
20 

3 

Calcitonin 
(pTT42) 

26 
12 

3 

Catalase 
(pSSI) 

20 
3 

1 

int-2 
(SS6) 

104 
53 

1 

pgHS7-2.7 

60 
9 

0 

c-myb 

49 
27 

2 

met H 

20 
8 

0 

p9A7 

40 
18 

0 

c-erb-A2 

21 
10 

2 

v-sis 

30 
12 

0 
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on other autosomes was also examined in nomas points to  the existence of  regulatory 
sequences that may be important in the 

was reported between the loss of a c-H-ras-1 
allele and several clinical parameters includ- breast cancer patients. A loss of  heterozy- 

gosity occurred in 2 out of 2 7  informative 
patiects at the c-myb locus and 2 out of  1 0  

of  breast tumors ing estrogen- and progesterone receptor- 
negative tumors, histopathological grade I11 
tumors, and patients who developed distal 
metastasis. When tumors with allelic losses 

Evidence for the existence of normal tu- 
mor suppressor genes on various chromo- 
somes has been provided bv somatic cell 

Informative patients at the c-erbA-2 locus 
(Table 1) .  One of the patients (253) with a 
loss of a c-myb allele and one of  the patients 
(180) with a loss of  a c-erbA-2 allele had 
deletions at multiple loci on  chromosome 11 
(Table 2) .  The deletion of  a c-myb allele in 

hybrid experimen;s (29-31). . Chromosome at other loci on  chromosome 11 are includ- 
ed a stronger association is obsenred be- 
tween deletions occurring at 1 l p  and pro- 
gesterone receptor-negative tumors (72%, 
P < 0.002) and histopathological grade I11 
tumors (71%, P < 0.006). The other associ- 
ations were not significantly changed (Table 
3).  

11, especially sequences on  its short arm, are 
implicated in the suppression of tumorige- 
nicity of Hela cells (29). Since this cell line is 

breast cancer patients has been reported 
(24 1. 

The loss of heterozygosity on specific 
chromosomes in embryonal malignancies 
has been attributed to  different mitotic 
mechanisms such as nondisjunction (alone 

also of epithelial origin it may be more than 
coincidence that deletion of sequences from 
the short arm of chromosome 11 was detect- 
ed in diKerent neoplasms of  epithelial origin 
including Wilms' tumor of  embryonic kid- 
ney (2), hepatoblastonla (32), hepatocellular 
carcinoma 133). transitional cell carcinoma 

The results presented here also highlight 
the existence of  a putative locus between the 
P-globin and P T H  loci which, when de- or follou~ed by reduplication), mitotic re- 

\ ,, 
of bladder (S), and breast cancer. 

The deletion of  sequences on chromo- 
some 11 was observed in approximately 
20% of the tumors from patients whose 
lymphocyte DNAs were informative for one 
or  more chromosome 11 markers. In the 

combination, o r  gene conversion (1, 28). 
However, in breast nlmors, hybridization 
signals of most of the cases heterozygous for 

leted, might contribute to  the genesis of  
breast cancer. However, due to  the variable 
and sometimes low frequencv of  heterozv- 

markers on l l p  are consistent with simple 
deletion of sequences on the short arm of 
chromosome 11 (Figs. 1 and 2). The fre- 
quency of deletions on 1 l p  in breast carci- 

gosity of  the genes studied in t h ~ s  analysis, 
an expanded study of additional breast nl- 
mor DNAs with other polymorphic loci on 
1 l p  will be necessary t o  confirm this conclu- previous study (9) a significant association 
sion. In addition, genetic alterations involv- 
ing genes on other chromosomes must be 
considered. Although frequent oncogenic 
point mutation of c-H-ras-1 at amino acid 

Table 2. Loss of constitutional heterozygosity of loci on  chromosome 11 in tumor DNAs of breast 
cancer patients. Allelic losses occurring in patients 223 and 408 iverc important in characterizing the 
boundaries of shortest deletion region (see test). Therefore, a comparative scanning dcnsitomctn of  the 
lymphocyte and tumor DNAs from patient 223 \!.as carried out at homozygous loci ic-H-ras-1, catalase, 
and itzt-2). The results supported the presence of both allelcs at these loci. Similar dosage analysis could 
not be performed at the homozygous loci (y-globin and P T H )  in case of patient 408 because the 
autoradiograms \!.ere not of suficiently high qualih; a anc! b refer to larger and smaller allelic fragments, 
respectively; - indicates loss o f  an allele; N D  indicates not done because of  the limited availabilih of 
tumor DNA.  

12 was not detected in breast tumors (9), 
amplification of c-myc (34) and neuic-erbB-2 
(35, 36) has been found in several primary 
breast nlmors. Future efforts t o  characterize 
the region between the P-globin and P T H  
loci on  the short arm of chromosome 11 as 

Patients c-H-ras-1 Y~ yA 1'TH Calcitonin Catalase ttzt-2 well as to  investigate the role of other proto- 
oncogenes should help in deciphering the 
complex events occurring individuallv o r  in 

d- 
hT1l 
d- 
d a  
al- 
d- 
-lb 
d a  
ala 
d- 
al- 

b/b d- bib 
a/a a/- hT1l 
ala a/a ala 
d a  aia a/- 
a/- a/a bib 

NI) hTIl  ala 
bib ala ai- 
a/- d- N D  
bib a/b d- 
-lb d a  alb 
b/b a/a b/b 

aia 
hTD 
hTD 
a/a 
d a  
a/a 
a/- 

N D  
ala 
N D  
NI) 

a/a 
N11 
d b  
N D  
alb 
a/b 
a/a 
a/ -  
ala 
a/a 
N1) 

concert during the evo l~ t ion  of  breast neo- 
plasia. 
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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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