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Microsatellite Instability in Cancer of 
the Proximal Colon 

on chromosome 18q (10). Although LOH 
has been demonstrated in a majority of 
colorectal tumors, it is not a general char- 
acteristic of all colorectal tumors. Further- 
more. a number of studies indicate that the 
absence of LOH correlates with tumor site 
(5, 1 1 )  ; those tumors without LOH tend to 
occur in the proximal colon. 

In investigating the molecular genetics 
of colorectal cancer, we detected distinct 
genetic alterations in tumor DNA. These 
alterations appear to reflect amplification or 
deletion of DNA within interspersed repeat 
elements of the form (CA);(GT), 112, 
13). Elements of this type (microsatellites) 
constitute one of the most abundant classes 
of repetitive DNA families in humans: 
-50,000 to 100,000 (CA), repeats are 
scattered throughout the human genome 
and many exhibit length polymorphisms. 
Although the rate of new mutations at 
these sites is slightly increased compared to 
that at other genomic sites, the overall rate 
is still quite low---on the order of 5 x lop4 
to 5 x (14). In general, alleles at 
these sites are stably inherited from one 
generation to another and are now one of 
the most useful classes of DNA polymor- 
phism for the purposes of linkage analysis 
(15). 

S. N. Thibodeau,* G. Bren, D. Schaid We examined DNA from 90 colorectal 
tumors (16) for genetic alterations at four 

Colorectal tumor DNA was examined for somatic instability at (CA), repeats on human separate microsatellites localized to chro- 
chromosomes 5q, 15q, 17p, and 18q. Differences between tumor and normal DNA were mosome arms 5q (Mfd 27), 17p (Mfd 41), 
detected in 25 of the 90 (28 percent) tumors examined. This instability appeared as either 18q (Mfd 26), and 15q (6351636). A mark- 
a substantial change in repeat length (often heterogeneous in nature) or a minor change er on chromosome 15 was chosen because 
(typically two base pairs). Microsatellite instability was significantly correlated with the previous studies demonstrated a low fre- 
tumor's location in the proximal colon (P = 0.003), with increased patient survival (P = quency of allelic loss for this chromosome 
0.02), and, inversely, with loss of heterozygosity for chromosomes 5q, 17p, and 18q. These in colorectal cancer (6). Using polymerase 
data suggest that some colorectal cancers may arise through a mechanism that does not chain reaction (PCR)-based assays, we de- 
necessarily involve loss of heterozygosity. tected differences between tumor and nor- 

mal DNA banding patterns in 25 of the 90 
(28%) tumors examined. The alterations 
were quite variable, ranging from a 2-bp 

Recent studies of colorectal cancer suggest tated in colorectal carcinoma) on chromo- change in some tumors to a larger change in 
that tumorigenesis proceeds through a series some 5q (a), P53 on chromosome 17p (9), length (perhaps the result of repeat expan- 
of genetic alterations involving both proto- and DCC (deleted in colorectal carcinoma) sion or deletion) in others (Fig. 1). For the 
oncogenes and tumor suppressor genes (I). 
The dominant-acting proto-oncogenes Ki- 
ras (2, 3) and c-myc (4) appear to have Table 1. Association of microsatellite alterations with LOH. Studies of LOH were performed as 

important functions in this process. Evi- described (20). The DNA probes included 105-153A, a227, CllP11, M4, and J0205H-C for 
chromosome 5q; YNZ22 and YNH37.3 for chromosome 17p; and HH64, DCC1.9,15-65, and pert25 

for the of for chromosome 18q. Statistical comparisons of frequencies were calculated by Fisher's exact test 
Pressor genes comes from numerous studies, (21). Although the total number of tumors is reported, synchronous tumors from single patients were 
including those demonstrating chromoso- omitted in the calculation of P values; the numbers in parentheses reflect the total when 
ma1 allelic loss of heterozygosity (LOH) (3, synchronous tumors are omitted. 
5-7). About 75% of colon cancers show 
LOH for chromosomes 17p and 18q, and Number of tumors 
about 50% show LOH for chromosome 5q. Microsatellite Genetic 

change No P 
Candidate tumor suppressor genes on these 

LOH LOH 
chromosomes include APC (familial ade- 
nomatous polyposis locus) and MCC (mu- Mfd 27 None 34 (33) 37 (36) - 

Mfd 27 Type 1 11 (8) 1 0.031 
Mfd 41 None 17 (16) 56 (55) - 

Molecular Genetics Laboratory, 970 Hilton Building, Mfd 41 
Mayo Clinic and Foundation, 200 First Street South- Mfd 26 

Type I 7 (6) 1 (0) <0.0005 
None 15 53 (52) - 

west, Rochester, MN 55905. 
Mfd 26 Type 1 10 (8) 0 <0.0005 

*To whom correspondence should be addressed. 

816 SCIENCE VOL. 260 7 MAY 1993 



material. 

purposes of data analysis, we defined a 
significant increase (expansion) or decrease 
(deletion) in the apparent fragment size as a 
Type I mutation, and a minor alteration (a 
single 2-bp change) as a Type I1 mutation. 
Because the mechanism responsible for 
these alterations is not understood, tumors 
were also grouped by an alternative scheme: 
single locus (51) versus multilocus ( 2 2 )  
involvement. 

Of the 25 tumors showing microsatellite 
alterations, 8 contained only Type I muta- 
tions, 12 contained only Type I1 mutations, 
and 5 had both Type I and Type I1 muta- 
tions. All 13 tumors with Type I mutations 
showed DNA alterations at multiple loci, 9 
of them showing alterations at all four 
(CA), repeats examined. On the other 
hand, tumors with only Type I1 mutations 
typically showed a change at only a single 
locus (10 of 12 tumors). 

Fig. 1. Analys~s of palred normal and tumor DNA at loc~ deflned by Mfd 41 
(A), 6351636 (B), and Mfd 27 (lanes 1 to 10) and Mfd 26 (lanes 11 to 18) (C) 
DNA was prepared as In (20) PCR-ampl~f~ed fragments were prepared and 
subjected to denaturing gel electrophores~s as descr~bed (12) The ohgo- -4 

nucleot~des used for the PCR reactlon were the same as those prev~ously 
descr~bed (13, 23) Fragment slzes detected for Mfd 26, Mfd 27, Mfd 41, 
and 6351636 are approximately 103 to 109 bp, 133 to 155 bp, 157 to 171 bp, 
and 68 to 96 bp, respect~vely (13,23) The (CA), repeat def~ned by 6351636 C 1555 1966 2540 1217 1555 1094 1135 
IS locallzed to lntron 4 of the human cardlac muscle actln gene on + @ el+ A 1 + A I+ + @ + A + A 
chromosome 15q (13) Examples of Type I mutat~ons are shown In lanes 2, 
7, 8, and 23 of (A), lanes 11, 14, and 26 of (B), and all tumor lanes of (C) lo  - 
Faint bands of h~gher molecular we~ght are detected In lanes 20, 23, and 24 
of (B). Examples of Type I I  mutat~ons Include lanes 20 (A) and 5 (B) The 
numbers at the top of each panel are patlent ~dentlflcat~on numbers Patient 
1555 had three synchronous tumors, w~th results shown for three of the four 
m~crosatell~tes [for example, lanes 7, 8, and 9 of (A)] N,  DNA from normal 
tlssue (e~ther per~pheral blood leukocytes or normal mucosa), T and TF, 
DNA from freshly frozen tumor, TP, tumor DNA from paraff~n-embedded 

similar genetic alteiations were not de- 
tected in any of the paired normal tissue 
examined (either peripheral blood leuko- 
cytes or normal adjacent mucosa). A sec- 
ond source of normal tissue was available 
for 19 of the 87 patients (3 of which had 
previously demonstrated microsatellite al- 
terations in the tumor specimen). Again, 
none of these normal tissues showed alter- 
ations at any of the loci tested. To further 

Stagw A through D Stages B and C 

LEl loci 
. , . . . . . . . . . GE2 h i  

Years from surgery 

Fig. 2. Kaplan-Meier 
survival curves, show- 
ing the association of 
microsatellite alterations 
on patient su~ival (24). 
LEI ,  51 involved micro- 
satellite locus; GE2, 22  
involved microsatellite 
loci. 
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Table 2. Association of microsatellite alterations with anatomic site of the S, sigmoid; R, rectum; P, proximal colon; D, distal colon. Distal colon is 
tumor. Numbers in parentheses reflect the total when synchronous tumors defined as sites distal to and including the splenic flexure. Pvalues were 
are omitted. Abbreviations: C, caecum; AC, ascending colon; HF, hepatic calculated as in Table 1. 
flexure; TC, transverse colon; SF, splenic flexure; DC, descending colon; 

M~cro- Genetic Number of tumors per tumor site 

satell~te change P 
C AC HF TC SF DC S R P D 

Mfd 27 
Mfd 27 
635 
635 
Mfd 41 
Mfd 41 
Mfd 26 
Mfd 26 

None 
Type 1 
None 
Type 1 
None 
Type 1 
None 
Type 1 
Change at 

5 1  locus 
Change at 

2 2  loci 

rule out the possibility of technical artifact or 
specimen contamination, we obtained par- 
affin-embedded tumor material for 29 pa- 
tients and analyzed the DNA with two of the 
markers (635 and Mfd 41) for a total of 58 
comparisons. When results from the paraf- 
fin-embedded tumors were compared with 
those obtained from the original tumor, only 
two equivocal and two discordant results 
were detected-both positive for paraffin- 
embedded tissue and negative for fresh fro- 
zen tissue. Furthermore, in all 12 specimens 
that demonstrated microsatellite alterations, 
the same alteration was found in DNA from 
both sources of tumor tissue (Fig. 1). 

Because LOH is such a frequent event in 
colorectal cancer, we investigated its rela- 
tion to the genetic alterations detected at 
these dinucleotide repeats. For this analy- 
sis, the presence or absence of microsatel- 
lite alterations was compared to the pres- 
ence or absence of allelic loss for chromo- 
somes 5q, 17p, and 18q, as determined by 
Southern (DNA) blot analysis. An inverse 
correlation was observed between Type I 
mutations and LOH for each of the three 
markers evaluated (Table 1). Of signifi- 
cance, 12 of the 14 tumors (80%) that did 
not demonstrate LOH for any of the three 
chromosomes tested exhibited microsatel- 
lite alterations at multiple loci. 

We also explored the association of a 
number of clinical and pathologic parame- 
ters with microsatellite alterations. We did 
not detect correlations with the age or sex 
of the patients. However, we observed a 
significant correlation with tumor site for 
all four markers tested (Table 2). Tumors 
with microsatellite alterations occurred 
more frequently in the proximal colon. 
Overall, 12 of 13 (93%) tumors demon- 
strating Type I mutations or 13 of the 15 
(87%) tumors demonstrating mutations at 
multiple loci arose in the proximal colon. 
However, not all proximal tumors showed 

81 8 

microsatellite alterations. Such alterations 
occurred in 13 of the 37 (35%) proximal 
tumors we analvzed. 

We then examined the association of 
microsatellite alterations with tumor stage 
and with patient survival. Although not 
statistically significant, a trend was detected 
between microsatellite alterations and Ast- 
ler-Coller staging: Type I mutations or mu- 
tations at multiple loci were detected more 
frequently in patients with stage B tumors 
(Table 3). Univariate analysis of the 86 
patients with stage A through D colorectal 
cancer revealed a correlation between alter- 
ations at multiple loci and overall survival 
(P = 0.02). An additional analysis of pa- 
tients with stage B or C colorectal cancer 
revealed the same association, but because 
of the smaller number of patients (n = 60) 
this association did not reach statistical 
significance (P = 0.15) (Fig. 2). 

In this study, the majority of tumors 
demonstrating somatic instability did so at 
multiple unrelated microsatellites, which 
suggests a common but nonspecific under- 
lying mechanism. Such alterations, there- 
fore, are very likely to be secondary events. 
Although somatic alterations of this specific 
type have not been previously described in 
cancer, probes directed toward "minisatel- 
lites" (in a Southern blot assay) have de- 
tected the loss and gain of DNA fragments 
in various malignancies, including colorec- 
tal cancer (1 7). The latter alterations may 
be similar in nature to those detected with- 
in microsatellites, but the majority more 
likely represent LOH. Conceivably, the 
tumors described here mav contain muta- 
tions in a gene or genes that, when defec- 
tive, promote genomic instability at numer- 
ous loci, especially those defined by micro- 
satellites. Such mutations could nonspecif- 
ically alter the regulation of a wide spectrum 
of genes, thereby promoting tumor forma- 
tion. A variety of genes have now been 
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Table 3. Association of microsatellite (MS) alter- 
ations with the various Astler-Coller stages. All 
tumors were staged by the Astler-Coller modifi- 
cation of the Dukes' staging system (22). Of the 
90 colorectal tumors, 5 were stage A, 38 were 
stage B1 or 82, 26 were stage.Cl or C2, and 21 
were stage D. Numbers in parentheses reflect 
the total when synchronous tumors are omitted. 
Pvalues were calculated as in Table 1 and were 
determined to be not significant (>0.05). 

Number of tumors 

Genetic classified in Astler-Coller 

MS change stages 

Mfd 27 None 
Mfd 27 Type l 
635 None 
635 Type l 
Mid 41 None 
Mfd 41 Type l 
Mfd 26 None 
Mfd 26 Type l 

Change 
at 5 1  
locus 

Change 
at 2 2  
loci 

identified that contain microsatellites as an 
integral component of their structure (18), 
including DCC (1 0). Thus, the acquisition 
of a tumor phenotype may involve two 
independent pathways: (i) mutations in a 
variety of tumor suppressor genes followed by 
LOH or (ii) mutations within a specific 
group of genes with resultant instability at 
microsatellite-associated genes. 

Although the abnormalities detected in 
this study are not likely, in themselves, to 
be causally involved in tumor initiation or 
progression, there is evidence to support 
the notion that instability at microsatellites 
can be involved in human disease. Herita- 
ble unstable DNA elements have recentlv 



been identified as the basis of disease for 
four inherited disorders: fragile X syndrome, 
Kennedy's syndrome, myotonic dystrophy, 
and Huntington's disease (19). In each 
case, the mutation appears to be an expan- 
sion of a trinucleotide repeat that displays 
both somatic and germline instability. The 
fact that somatic instability has been ob- 
served suggests that similar events may be 
important in noninherited disorders, such 
as cancer. Finally, microsatellite instability, 
as assessed in this report, appears to be a 
good prognostic indicator. However, fur- 
ther studies on a larger patient population 
will be important to verify these initial 
observations and to determine if these 
DNA changes are independent prognostic 
indicators. 
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Rapid Assessment of Drug Susceptibilities of 
Mycobacterium tuberculosis by Means of 

Luciferase Reporter Phages 
William R. Jacobs, Jr.,* Raljl G. Barletta,"fupa Udani, 
John Chan, Gary Kalkut, Gabriel Sosne, Tobias Kieser, 

Gary J. Sarkis, Graham F. Hatfull, Barry R. Bloom 
Effective chemotherapy of tuberculosis requires rapid assessment of drug sensitivity 
because of the emergence of multidrug-resistant Mycobacterium tuberculosis. Drug 
susceptibility was assessed by a simple method based on the efficient production of 
photons by viable mycobacteria infected with specific reporter phages expressing the 
firefly luciferase gene. Light production was dependent on phage infection, expression 
of the luciferase gene, and the level of cellular adenosine triphosphate. Signals could 
be detected within minutes after infection of virulent M. tuberculosis with reporter 
phages. Culture of conventional strains with antituberculosis drugs, including isoniazid 
or rifampicin, resulted in extinction of light production. In contrast, light signals after 
luciferase reporter phage infection of drug-resistant strains continued to be produced. 
Luciferase reporter phages may help to reduce the time required for establishing an- 
tibiotic sensitivity of M. tuberculosis strains from weeks to days and to accelerate 
screening for new antituberculosis drugs. 

Tuberculosis remains the largest cause of 
death in the world from a single infectious 
disease ( I )  and accounts for as much as 40% 
of deaths in human immunodeficiency virus 
(HIV)-coinfected individuals in some de- 
veloping countries (2). Infection with con- 
ventional M. tuberculosis can effectively be 
cured with a combination of antituberculo- 
sis drugs. Ominously, multidrug-resistant 
tuberculosis (MDR-TB) strains have 
emerged in several countries, with case 
fatalities ranging from 40 to 60% in immu- 
nocompetent individuals and >80% in im- 
munocompromised individuals (3). Howev- 
er, because M. tuberculosis has a doubling 

time of 20 to 24 hours, current methodol- 
ogy does not allow determination of drug 
susceptibility for 2 to 18 weeks (4, 5), 
leaving patients, contacts, and health care 
workers at risk. 

Firefly luciferase represents one of the 
most efficient available biological reporter 
molecules because it catalyzes the reaction 
of luciferin with adenosine triphosphate 
(ATP) to generate photons with a quantum 
yield of 0.85 photons per molecule of sub- 
strate reacted (6). Because of the availabil- 
ity of a variety of sensitive light-detection 
systems, luciferase has become the standard 
assay for measuring ATP (7). Since the - 
molecular clonine -of its cDNA (8). the ~ - - ~ n - - 

\ , z  
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