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Alterations of myc, myb, and r f l  Proto-oncogenes in 
Cancers Are Frequent and Show Clinical Correlation 

Alterations of c-myc, C - r f l ,  or C-myb oncogenes were found in more than one-third of 
human solid tumors. Amplification of c-myc occurred in advanced, widespread tumors 
or in aggressive primary tumors. Apparent allelic deletions of C - r f l  and c-nyb can be 
correlated with progression and metastasis of carcinomas and sarcomas. 

ROTO-ONCOGENES MAY BE ACTIVAT- 

ed and contribute to neoplastic trans- 
formation of cells through point mu- 

tations, translocations, deletions, gene am- 
plification, or other genetic mechanisms. 
Mutations have been found most often in 
proto-oncogenes of the ras family, assayed 
by the NIH-3T3 transformation system (1). 
Chromosomal translocations involving cel- 
lular oncogenes occur in chronic myelocytlc 
leukemias and Burkitt's lymphomas (2). De- 
letion of one allele of c - r e  has been found 
in some Wilm's tumors (3) and other spo- 
radic tumors (4). Amplification of several 
cellular oncogenes, including c-myc, c-myb, 

C-rasK', C - m e ,  C-abl, and c-erb B oncogenes 
and of N-myc, have been reported in a 
number of human cancer cell lines (5-7) and 
in a few fresh human tumors (8-1 1). 

Since most analyses have been performed 
with cultured tumor cells, it has been un- 
clear how frequently alterations of cellular 
oncogenes occur in vivo. Furthermore, the 
possibility that similar alterations occur in 
various normal tissues has not been formally 
excluded. To obtain information on these 
points we examined 101 fresh human malig- 
nant tumors and 3 benign tumors represent- 
ing 21 different histologic types, including 
71 carcinomas, 9 sarcomas, 18 leukemias, 

Table 1. Alterations in proto-oncogenes in human cancers. 
- - 

Ratio of number with alterations to number studied 
Tumors No. Amplified Deleted Deleted Amplified 

c-myc c-raPa c-myb c-vmK1 

types 101 101101 (10%) 6133 (18%) 4135 (11%) 11101 (1%) 
Epithelial* 71 8171 (11%) 5129 (17%) 3133 (9%) 1171 (1%) 

(carcinomas) 
Sarcomast 9 219 (22%) 114 (25%) 111 (100%) 019 (0) 
Leukemia* 21 0121 (0) 011 (0) 0121 (0) 

and lymphomas 
Benign§ 3 013 (0) 013 (0) 011 (0) 013 (0) 
Primarvl l 64 7164(11%) 4126 (15%) 3127 (11%) 0164 (0) 
~etasht icl  l 16 3116 j19%j 217 (29%) ' 118 (13%) ' 1116 (6%) 
None 72 0172 (0) 0136 (0) 0135 (0) 0172 (0) 

(normal tissue) 

*Numbers of individual tumors are squamous of head and neck (or), skin (7), lung (3) ,  esophagus ( l ) ,  stomach (9), 
colon-rectal (32) ,  kidney (4), breast ( l o ) ,  ovary (5). tosteogenic (2), chondrosarcoma ( l ) ,  soft tissue sarcomas 
(6) .  *Chronic myelocyuc leukemia (8), chronic lymphocytic leukemia (6 ) ,  acute myelocytic leukemia (3), acute 
lymphocytic leukerma ( l ) ,  malignant lymphoma (3 ) .  §Colonic polyp (l), desmoid tumor (2 ) .  llExcluding 
leukemias and lymphomas. 
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and 3 lymphomas (Table 1). In 72 instances 
it was possible to obtain simultaneously 
normal tissues from the same patients, and 
in 64 of these the normal tissues were 
homologous with the cancers (such as colon 
cancer and normal colonic mucosa). DNA 
from these 176 samples was analyzed for 
alterations in proto-oncogenes with South- 
ern blot hybridization (12) and 11 probes 
hybridizing either with nine different cellu- 
lar oncogenes or with human P-globin (Ta- 
ble 2) (6, 13-22). Alterations were frequent- 
ly found in c-myc, c - m s ,  and c-myb, and 
rarely in c-rdSo in tumors in vivo (Table 1). 
In contrast, no alterations in c-fs, c-fs, c- 
abl. N-mas, or c-mos were observed h the 
same samples, and no abnormalities of any 
of the nine proto-oncogenes in DNA speci- 
mens from normal tissues. Oncogene alter- 
ations appeared to be correlated with tumor 
behavior. 

Amplification of the c-myc oncogene has 
been observed in several human cancer cell 
lines (5-7) and fresh tumors (8-1 0). The 
DNA was digested with Eco RI and hybrid- 
ized (12) with a c-myc-specific probe and a 
P-globin probe (Fig. 1A). The single-copy 
p-globin gene served as an internal control 
for the amount of DNA transferred to the 
filters, and was used to estimate the copy 
number of the c-myc oncogene in normal 
and tumor tissues. In all DNA's tested, the 
human c-myc probe detected a 12.5-kb Eco 
RI fragment that contained the whole germ- 
line or non-rearranged human c-myc gene 
sequence (23,24). The human P-globin 
probe detected a 3.1-kb Eco RI fragment 
that is at the 3' end of the P-globin gene 
(22). The intensity of the P-globin signal 
was similar among 176 samples of normal 

Jun Yokota, Yasuko Tsunenugu-Yokota, Carol Le Fevre, 
Martin J. Cline, Department of Medicine, Center for 
Health Sciences, University of California at Los Angeles, 
Los Angeles 90024. 
Hector Batufora, Department of Surgical Patholo 
City of Hope-National Medical Center, Duarte, & 
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and tumor tissues. The intensity of the c-myc 
signal was also similar among the 72 sam- 
ples of normal tissue; however, we observed 
ten tumor samples with a more intense 
signal corresponding to the 12.5-kb c-myc 
fragment, indicating an increase in the copy 
number of the c-myc gene (Table 1 and Figs. 
1A and 4). Quantitative comparison re- 
vealed a three- to eightfold amplification in 
tumors. The tumors demonstrating amplifi- 
cation were squamous carcinomas of head 
and neck (2 of 7), bronchioloalveolar carci- 
noma of lung (1 of 2), carcinomas of colon 
and rectum (2 of 32), breast (2 of lo), and 
ovary (1 of 5), an osteogenic sarcoma (1 of 
2), and a rhabdomyosarcoma (1 of 1). 

Amplification of c-myc was not seen in any 
of the 21 hematologic malignancies exam- 
ined. In an independent study of two pa- 
tients with acute promyelocyte leukemia and 
six with acute myeloid leukemia we also 
failed to detect c-myc amplification (25). By 
contrast, in solid tumors amplification of c- 
myc occurred in 11 percent (7164) of pri- 
mary tumors and in 19 percent (3116) of 
metastatic tumors. The extent of amplifica- 
tion was relatively higher in metastatic tu- 

011-12.5 kb- P 

Fig. 1. Amplified c-myc in human cancers. Tu- 
mors and homologous normal tissues obtained at 
surgery and kept at -70°C were chilled in liquid 
nitrogen, ground to powder, disrupted in isotonic 
buffer, and centrihged. The pellet was digested 
with Pmnase and purified on a CsCl gradient. 
Twenty micrograms of DNA were digested with 
Eco RI, subjected to electrophoresis through 0.8 
percent agarose, denatured, and transferred to 
nitrocellulose filters (12). The filters were hybrid- 
ized with 32P-labeled (nick-translated) c-myc and 
p-globin probes under stringent conditions, 
washed, dried, and exposed to Kodak XAR-5 
film. (A) DNA from tumors (T) and homologous 
normal (N) tissues were from patients with colon 
adenocakkoma (Al), bron&ioloalveolar carci- 
noma of lung IA2). and osteoeenic sarcoma IA3L , , 
The c-nryc sT&al b2.5 kb) &s more intense in 
tumor than in normal DNA's. The intensity of the 
p-globin signal (3.1 kb) was similar in normal and 
tumor tissues. (B) DNA from a bone marrow 
metastasis of a squamous cell carcinoma of tonsil 
showed an eightfold amplification of the c-myc 
gene. The extent of amplification in the tumor 
was estimated by densitomeaic comparison of the 
signals in tumor and normal tissue DNA and 
confirmed by serially diluting DNA's to obtain a 
hybridization signal of about single-copy intensi- 
ty, equal to that seen in normal DNA (Nl). 

mors (five- to eightfold) than in primary 
tumors (three- to fivefold), suggesting a 
correlation between c-myc amplification and 
tumor metastasis or progression. In addi- 
tion, no c-myc bands other than the germ- 
line 12.5-kb band were seen, suggesting that 
gross rearrangements of the c-myc gene are 
not as common in other malignancies as in 
Burkitt's lymphoma (2). 

Those primary tumors showing c-myc am- 
plification were all aggressive and dissemi- 
nated at the time of initial surgery and DNA 
analysis. For example, the primary breast 
cancers were large (8 and 10 un in diame- 
ter) and had positive d a r y  lymph nodes (2 
of 14 and 16 of 26) at initial resection. ' f i e  
patient with an ovarian tumor had wide- 
spread metastases and died within a short 
time of surgery, as did a 61-year-old man 
with disseminated poorly differentiated 
squamous cell carcinoma of the tonsil, and a 
6-year-old boy with disseminated rhabdo- 
myosarcoma. 

The c-# oncogene has a Bam HI 
restriction fragment lengrh polymorphism 
(26). DNA sequence data suggest that the 
basis for this polymorphism is a region of 
tandemly repeated nucleotides linked closely 
to the 3' end of r e  coding sequences (27). 
DNA's digested with Bam HI, blotted, and 
hybridized to the c-rruH" probe have either a 
single band (indicating homozygosity) or a 
doublet structure (indicating heterozygos- 
ity) of size 6.6 to 8.7 kb (Fig. 2A). None of 
the 176 tumor or normal DNA's had detect- 
able amplification of the c - r e  oncogene; 
however, apparent loss of one c-rruH" allele 
occurred in some cancers. 

We comvared the c-rruH" Bam HI restric- 
tion pattern in tumors and normal tissues in 
36 heterozygous patients. Three had benign 
tumors and 33 had malignant disease. The 
intensity of the two allelic bands was the 
same in the 36 heterozygous normal tissue 
DNA samples, in 3 DNA's from benign 
tumors, and in 27 heterozygous DNA sam- 
ples fiom malignant tumors; however, the 
intensity of one band (arrow in Fig. 2B) was 
less than the other band in six malignant 
tumor samples (Figs. 2 and 4). This obser- 
vation was consistent with loss of one c- 
# allele. and could not readilv be ex- 
plained by a restriction site mutation, since 
no anomalous hybridizing bands were ob- 
served. deletions were observed in 
carcinomas of colon, lung, breast, and ovary 
and in one sarcoma (malignant fibroxan- 
thoma). This phenomenon was almost twice 
as frequent in metastases (29 percent) as in 
primary &on (15 percent). We could not 
perform a similar analysis, in leukemic cells 
because of a lack of available homologous 
normal tissues; however, the relative fre- 
quency of detectable heterozygotes (12 of 

Fig. 2. (A) Bam HI restriction fragment length 
polymorphism of the c-mcH" locus: DNA was 
obtained from leukemic ceh  and purified by 
proteinase K digestion and phenol extraction. 
DNA's digested with Bam HI, blot transferred, 
and hybridized to a c - d a  probe had either a 
single band or a doublet structure of size 6.6 to 
8.7 kb. The intensity of the two allelic bands was 
the same in nine heterozygous DNA's. (B) AUelic 
deletion of c - d a  locus in five tumor samples. 
Tumor (T) and normal (N) DNA was obtained 
from patients with colon cancer (Bl), breast 
caner (B2), fibroxanthoma (B3), adenocarci- 
noma of lung (B4), and ovarian cancer (B5). The 
intensity of one allelic band (arrow) was decreased 
in tumor DNA's, while both bands were of 
similar intensity in n o d  t issues,pest ing a 
partial loss of one allele of the c-r locus in 
tumors. 

18 leukemias) with equally hybridizing al- 
leles suggests that loss of a c-rruH" allele is 
not common in leukemia (Fig. 2A). 

We analyzed 176 tumor and normal 
DNA's digested with Hind I11 and hybrid- 
ized to the c-mytispecific probe. Two bands 
of 7.1 and 4.3 kb were found in all samples 
(Fig. 3A), and the intensity was similar in 
all. We concluded that the c-my& gene was 
neither detectably amplified nor rearranged 
in these tumors and normal tissues. 

Polymorphisms were not found in DNA's 
digested with Pst I, Bam HI, Sac I, and Xba 
I. Of three different Eco RI resmction frag- 
ment patterns (Fig. 3B), the first had two 
bands of 2.8 and 2.6 kb, the second had four 
bandsof2.8,2.6,1.55, and 1.05 kb, andthe 
third had three bands of 2.8, 1.55, and 1.05 
kb. The second and third Eco RI resmction 
patterns are probably based on an additional 
Eco RI site within the 2.6-kb fragment that 
generates 1.55- and 1.05-kb bands instead 
of a 2.6-kb band. 

In our panel of tumors and normal tis- 
sues, 36 pairs had four myb bands after Eco 
RI digestion, indicating heterozygosity at 
the c-myb locus on chromosome 6. Thirty- 
seven had two or three bands, indicating 
homozygosity. In 4 of the 35 heterozygous 
pairs in which the tumors were malignant, 
the intensity of either the 2.6-kb band, or of 
both the 1.55- and 1.05-kb bands, was less 
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in tumor DNA than in the corresponding 
normal DNA (Fig. 3C). This alteration 
might result from loss of one allele, or a 
mutation at an internal restriction site in 
some tumor cells. It suggests instability of 
the c-my& locus. An altered allelic ratio was 
observed in a bronchioloalveolar carcinoma 
(a rare lung tumor), a breast cancer, a colon 
cancer, and an osteogenic sarcoma. Appar- 
ent allelic deletion was not found in any of 
36 normal tissues or in a benign colonic 
polyp. Apparent deletion was equally com- 
mon in primary and metastatic tumors (11 
to 13 percent; Table l) ,  but might be more 
frequent in sarcomas (1 of 1 examined) and 
bronchioloalveolar carcinomas (1 of 1 exam- 
ined) than other tumors. 

An interesting observation was an altered 
allelic ratio of c-my& in a metastasis of a 
breast cancer that was not present in either 
the primary tumor or in the homologous 

normal breast tissue (Fig. 3C, panel 4). This c-myc c-rasK1 
~ - ~ i o b i n  c-rasHa & v-rasKi 

W 0 - 3 . 1  

E Eco  RI 

c-fes 

c 

observation suggests &at allehc alterations 
may occur concomimntly with either tumor 
progression or metastasis. 

Of the tumors examined, only one had 
multiple oncogene abnormalities. This pap- 
illary cystadenocarcinoma of the ovary was 
unusual in its genetic composition and was 
unusually aggressive clinically. It came from 
a 51-year-old woman, diagnosed as having 
bilateral ovarian tumors in November 1982. Eco RI Barn HI 
She was treated with extensive surgery, radi- 
ation therapy, cyclophosphamide, vincris- 
tine, doxorubicin, and h-platinum. A biop- 
sy was performed in July 1984 and the 
tumor DNA was analyzed. Three months 
later the patient died; the tumor had spread 
to the stomach, small intestine, colon, dia- 
phragm, spleen, kidney, adrenal, pleurae, 
pericardium, pancreas, lymph nodes, lungs, 
breasts, and skin. Analysis of DNA from an 
omental metastasis revealed three abnormal- 
ities: (i) a fivefold amplification of c-m c; (ii) 
a partial deletion of one allele of c - r d ;  and 

c-rnos - 
T N  

v-abl - 
T  N  

Hind Ill a a m  n~ Eco RI Htnd Ill 

Fig. 4. Multiple proto-oncogene alterations in a 
metastatic papillary cystadenocarcinoma of the 
ovary. Tumor (T) and normal (N) tissue DNA 
were digested with Eco RI, Hind 111, or Bam HI 
and hybridized with one or two probes under 
hl -stringen* conditions or, in the case of v- 
r S and v-abL, low-stringency conditions. A five- 

(pHiHi3) was also used to confirm amplification. 

A 
- 

1 2 3  --- 3- 
T N T N T N  N  

(i) an a proximately fourfold amplification 
of c- & (Fig. 4). These alterations were 
absent from normal tissues and in c-my&, c- 
d l ,  c-far, cczf, N-ras, or c-mar in the tumor 
DNA (Fig. 4). The abnormalities solely in 
the tumor DNA suggest that the specific 
oncogene changes were associated with ma- 
lignancy and not the chemotherapy and 
irradiation. 

Amplification of c-myc and apparent loss 
of one allele of c-# or c-my& were rela- 
tively common in malignant tumors, where- 
as amplification or gross rearrangements of 
c-fi, N-ras, c-mar, c-dl, and ~$6 were not 
dktected. Our principal observations were 
the following. (i) Amplification of c-myc was 
rare in leukemias or lymphomas and was 
relatively common in epithelial tumors and 
sarcomas (1 1 to 22 percent). (ii) Amplifica- 
tion of c-myc appeared to correlate with 
aggressive primary tumors and with tumor 
progression. (iii) Apparent loss of one allele 
of either c-my& or C-r@ was relatively 
common in solid tumors (1 1 to 15 percent) 
and may be more frequent in sarcomas than 
carcinomas. (iv) Melic alteration at the c- 
my& locus occurred in a tumor metastasis, 

Previously, amplification of the c-myc on- 
cogene has been observed in cell lines de- 
rived from lung, stomach, breast, and colon 
cancers, and neuroblastoma (5-7); it has 
also been observed in primary tumors from 
single patients with acute promyelocytic leu- 
kemia (8), chronic myelocytic leukemia 
(lo), and Burkitts lymphoma (9). We ob- 
served amplification in about 11 percent of 
solid tumors, but not in any hematological 
malignancy. Rothberg et al. observed ampli- 
fication of the c-myc gene in only one case of 
Burkitts lymphoma among 106 cases of 
b h  leukemias and lymphomas (9). There- 
fore, the type of amplification observed in 
the donor of the HL-60 promyelocytic cell 
line (8) must be a rare phenomenon. Our 
data further suggest that c-myc amplification 
is associated with aggressive primary or dis- 
seminated advanced epithelial cancers and 
sarcomas. A similar phenomenon has been 
observed with amplific-+on of the N-myc 
gene in disseminated 01 Acal ly aggressive 
neuroblastomas (28) and other neuroendo- 
crine tumors. 

The extent of c-myc gene amplification in 

Fig. 3. Analysis of the c-my& oncogene. Ten 
micrograms of DNA were digested with Hind 111 
(A) or Eco RI (B), blot aansferred, and hybrid- 
izcd with a c-mytispecific probe. Tumor (lanes T) 
and n o d  (lanes N) tissue DNA's were obtained 
from patients with desmoid tumor (Al), colon 
adenocarcinoma (A2), and gastric adenocarci- 
noma (A3). Two bands of 7.1 kb and 4.3 kb were 
found in all samples digested with Hind III. 
Three different restriction patterns were observed 
in samples digested with Eco RI. The first (Bl) 
had two bands of 2.8 and 2.6 kb; the second (B2) 
had four bands of 2.8,2.6,1.55, and 1.05 kb; and 
the third (B3) had three bands of 2.8, 1.55, and 
1.05 kb. (C) DNA was obtained from colon 
adenocminoma (Cl), bronchioloalveolar carci- 
noma of the lung (C2), osteogenic sarcoma (C3), 
and breast cancer (C4), digested with Eco RI, and 
hybridized with a c-mytispecific probe. The in- 
tensity of either the 2.6-kb band, or of both the 
1.55- and 1.05-kb bands (arrows), was less in the 
primary tumor DNA (T) or metastatic tumor 
DNA (M) than in the corresponding normal 
DNA (N). 

but was absent in the normal tissue and 
primary tumor, suggesting a correlation 
with progression of malignant disease. (v) 
Loss of a c-r@ allele occurred more fie- 
quently in metastatic tumors (29 percent) 
than in primary tumors (15 percent). (vi) 
Rare tumors have abnormalities of more 
than one proto-oncogene (amplification of 
C-r@ and c-myc and loss of an allele of c- 
rasH" in an aggressive ovarian carcinoma). 
(vii) Alterations of oncogenes were not de- 
tected in over 70 DNA samples from normal 
tissues. 
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fresh tumors (three- to eightfold) is lower 
than that in established cell lines (5- to 50- 
fold). The relatively low level of amplifica- 
tion observed in vivo might be the result of 
dilution of the tumor cell ~ o ~ u l a t i o n  with 

L L 

normal cells, since tumors always contain 
normal inflammatory, vascular, or stromal 
cells. Alternatively, cells with high levels of 
amplification of c-myc may have a particular 
proliferative advantage in vitro. 

Although amplification of c - r S a ,  c-myb, 
and c-abl oncogenes has been observed in 
some tumors and tumor cell lines (5-1 O), we 
did not detect amplification of these genes 
or of c-mas, czfes, N-ras, or czfas. Amplifica- 
tion of these genes in malignant disease is 
therefore less common than that of c-myc or 
N-myc. 

Transcription of the c-myc, c-rapa, c- 
rdCKi, and czfas proto-oncogenes is often 
increased in tumors relative to homologous 
normal tissues in vivo (29). Our data sug- 
gest that this differential expression is un- 
likely to be the consequence of gene arnplifi- 
cation in most cases. We did not repeat the 
determination of gene expression because of 
the difficulty of analyzing a cell type ho- 
mologous to cancer cells in the heteroge- 
neous cell populations that comprise normal 
tissues; for instance, colon cancer is primari- 
ly epithelial, whereas normal colon is com- 
posed of many cell types. 

Loss of one allele of the C-rdrHa oncogene 
occurred in 18 Dercent of tumors and of the 
c-myb oncogene in 11 percent of tumors but 
not in normal cells of the same individuals. 
Recentlv Krontiris et al. re~orted that the c- 
r S a  locus was occasionally involved in loss 
of one allele in tumors (4). Our results 
confirm their observations and indicate that 

Table 2. Cloned genes used in the analysis of tumc 

one allele of this gene is deleted in a wide 
variety of tumor types in vivo. Apparent 
deletions also occur at the c-myb locus in 
some tumors, although we could not for- 
mally exclude the possibility of a site-specific 
mutation that generates an Eco RI restric- 
tion site in some tumors and deletes it in 
others. We did not detect complete loss of a 
C-rdrHa allele or of a c-myb allele in any case 
in this study; however, apparent incom- 
pleteness of loss might result either from 
dilution of the tumor cell population by 
normal cells; or from heterogeneity of the 
tumor cell population. 

The apparent deletions involving c-rsHa 
or c-myb loci may reflect loss of chromo- 
somes or parts of chromosomes during the 
proliferation of cancer cells. These changes 
may be random or may be related to the 
disease. Favoring the random-loss concept 
are observations in 24 melanoma cell lines 
indicating that homozygosity or "hemjrgos- 
ity" of a variety of genes is common and 
evidently not restricted to specific chromo- 
somes (30). Other analyses support the con- 
cept that loss of normal regulatory genes 
(anti-oncogenes) may be associated with the 
development of malignancy (31 ) . These 
genes might act by regulating an important 
step in normal cellular differentiation, or by 
modulating the activity of other potentially 
carcinogenic genes. Loss or functional inac- 
tivation of such suppressor genes might 
allow tumor development or progression. 
Cytogenetic analysis of hybrids between 
normal and malignant cells with suppression 
of the malignant phenotype are consistent 
with the existence of suppressor genes (31). 
The best studied clinical example of loss of a 
potential suppressor gene involves the Rb- 1 

)r DNA. 

Genes 
Sue of 

probe DNA 
(kb) 

E ~ m e  size of genomic Refer- cleaving fragment tumor detected (kb) ences 
DNA 

v-abl 
Human c-myc 
Human c-rasHa 
Human cfos 
Human c-fis 

Human N-ras 
Human 

C-rmKi 
V-rasKi 
Human c-mos 

Human c-myb 
(cDNA) 

Human p 
globin 

Bgl 11-Bgl I1 (2.4) 
Pst I-Pst I (0.4) 
Sac I-Sac I (3.0) 
Pst I-PVU I1 (0.66) 
Sac I-Sac I (2.5) 

Pbu 11-Pvu I1 (1.5) 
Eco RI-Hind I11 (0.64) 

Eco RI-Eco RI (1.0) 
Eco RI-Eco RI (2.75) 

Sac I-Hha I (0.75) 

Eco RI-Pst I (0.8) 

Hind I11 
Eco RI 
Bam H I  
Eco RI 
Eco RI 
Barn HI 
Eco RI 
Eco RI 

Eco RI 
Bam HI 
Eco RI 
Hind I11 

Eco RI 

Eco RI 

gene of sporadic and hereditary retinoblas- 
tomas. Cavenee and colleagues have dis- 
cussed potential mechanisms of chromo- 
somal rearrangements in these tumors (32). 

Our observations indicate that there may 
be correlations between specific changes in 
proto-oncogenes and the clinical behavior of 
tumors. They suggest that amplification of 
c-myc correlates with aggressive primary tu- 
mors and tumor spread, that allelic alter- 
ations of c-myb occurs with tumor progres- 
sion, that deletions of c-rdrHa are more 
frequent as tumors metastasize; and that 
multiple oncogene abnormalities are found 
in particularly aggressive and widely dissem- 
inated cancers. These observations are con- 
sistent with the concept of a clonal evolution 
of cancer cell populations that generates 
variants with selective growth advantages in 
vivo (1, 31). 
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Interferon and c-ets- 1 Genes in the Translocation 
(9; 11) @22;q23) in Human Acute Monocytic Leukemia 

Gene probes for interferons a and PI and v-ets were hybridized to metaphase 
chromosomes from three patients with acute monocytic leukemia who had a chromo- 
somal translocation, t(9;11)(p22;q23). The break in the short arm of chromosome 9 
split the interferon genes, and the interferon-PI gene was translocated to chromosome 
11. The c-ets-1 gene was translocated from chromosome 11 to the short arm of 
chromosome 9 adjacent to the interferon genes. No DNA rearrangement was observed 
when these probes were hybridized to genomic DNA from leukemic cells of two of the 
patients. The results suggest that the juxtaposition of the interferon and c-ets-1 genes 
may be involved in the pathogenesis of human monocytic leukemia. 

S PECIFIC CHROMOSOMAL ABNORMAL- 
ities are associated with defined types 
of leukemia ( I ) .  In two of these ab- 

normalities, the t(8; 14)(q24;q32) in Bur- 
kids lymphoma (BL) and the t(9;22) 
(q34;qll) in chronic myelogenous leuke- 
mia (CML), cellular proto-oncogenes asso- 
ciated with one of the chromosomal break- 
points (2, 3) are linked to another cellular 
gene. The immunoglobulin (Ig) genes are 
expressed specifically in B cells, which are 
the neoplastic cells in BL; c-myc is under the 
control of regulatory mechanisms that are 
related to the Ig genes. In CML, the bcv and 

c-abl genes are fksed in the Philadelphia 
chromosome, resulting in transcription of a 
chimeric messenger RNA (mRNA) under 
the control of the bcv promoter. 

Abnormalities of chromosome 11 involv- 
ing band q23 are observed frequently in 
acute monocytic leukemia (AMoL), particu- 
larly in children (4). A common rearrange- 
ment, noted in about 10 percent of patients 
with AMoL, is the translocation ( 9 ; l l )  
(p22;q23); the precise breakpoint in 9p, 
however, is a subject of disagreement. Anal- 
ysis of trypsin-Giemsa-banded metaphase 
cells of our patients has indicated that all of 

Table 1. In situ hybridization of IFN and v-ets probes to metaphase cells with a t(9; 11). The probes 
were prepared by nick translation of the plasmid DNA's with tritiated deoxynucleoside triphos- 
phates to specific activities of about 3 x 10' d p d y g :  pR-78 contains human IFN-al complemen- 
tary DNA (cDNA) (24), pHFP cDNA contains human IFN-PI cDNA (25), and p-ets-BB contains 
v-eh sequences derived from the virus E26 (21). In situ hybridization was performed as described 
previously (26). Metaphase cells were hybridized at 20 or 40 ng of probe per milliliter of 
hybridization mixture. 

Number of 
labeled sites Number of labeled sites (%) 

i t  (number of 
metaphase Normal 

t ( 9 ~ )  
Normal 

cells analyzed) 9 11 t( l lq)  

IFN-Pi 1 128 (100) 15 (11.7)" 1 (0.8) 3 (2.3) 10 (7.8)" 
2 74 (50) 6 (8)" 2 (2.7) 2 (2.7) 6 (8)" 

IFN-a1 2 267 (82) 22 (8.2)" 20 (7.5)" 
3 52 (20) 6 (11.5)" 8 (13.5)" 

8 (3) 
0 

8 (3) 
3 (5.8) 

v-ets 2 96 (60) 4 (4.2) 8 (8.3)" 11 (11.5)" 2 (2.1) 
3 50 (20) 1 (2) 6 (12)" 7 (14)" 0 

*xZ value corresponds to P < 0.0005. The X2 analysis tests the hypothesis that labeling is random over all 
chromosomes. 

band 9 ~ 2 1  remains on chromosome 9, and 
thus wi  have designated the breakPokt as 
9p22. Other abnormalities observed in pa- 
tients with AMoL include the t(11;19) 
(q23;p13) and del(l1) (q23). Rearrange- 
ments involving l l q 2 3  have also been re- 
ported in other hematologic malignant dis- 
eases. In particular, the t(4; 11) (q21;q23) 
has been observed in patients with acute 
lymphoblastic leukemia (5), and leukemic 
cells with this abnormality may have cell 
surface markers characteristic of the mono- 
cyte lineage (6). The breakpoint in the 
t(9;l l)  at band 9p22 is also involved in 
other structural rearrangements. For exam- 
ple, deletions and translocations of the short 
&m of chromosome 9 are associated with a 
distinct subset of acute lymphoblastic leuke- 
mia (7). 

Two sets of cellular genes have been local- 
ized to the vicinity of the breakpoints in the 
t(9; 11) by in situ chromosomal hybridiza- 
tion. First, the cellular proto-oncogene c-ets- 
1 has been assigned to bands llq23-q24 
(8). The v-ets oncogene contains sequences 
that are homologous to cellular DNA locat- 
ed on chromosomes 11 and 21 (9) .  Two 

\ ,  

oncogenes, v-ets and v-nzyb, are transduced 
by the avian retrovirus E26 (10). This retro- 
virus causes a monoblastic neo~lastic ~rolif-  
eration (myeloblastosis) as well as erythro- 
blastosis in chickens (1 0). 

Second, a cluster of interferon (IFN) 
genes, which include the family of IFN-rx 
genes and the IFN-PI gene, has been as- 
signed to the short arm of chromosome 9 at 
bands 9p13-p24 (11). The IFN-rx and IFN- 
pl genes belong to a group of eukaryotic 
genes that encode polypeptides with antivi- 
ral and anticellular properties. These genes 
are not spliced, and their expression can be 
induced by viral infection in a large variety 
of cells (12). The IFN-rx genes are a family 
of at least 17  closely related genes (13) that 
are clustered on the short arm of chromo- 
some 9 (11,14). Subsets ofup to three IFN- 
(Y genes arranged in tandem-have been iso- 
lated on one or a few overlapping genomic 
clones (13). Some of the genes are more 
closely linked than others, with distances 
ranging from 5.8 to 18 kilobases jkb) (13). 
The average distance between these linked 
genes is 10 kb. A second family of IFN-a- 
like sequences is interspersed in tandem 
arrangement between the IFN-rx genes (15). 
Judging from the linkage disequilibrium of 
five restriction fragment length polymor- 
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