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Microsatellite instability secondary to replication er
rors (RER), characterized by length changes at repet
itive loci scattered throughout the genome, is a 
recently recognized genetic mechanism important in 
the development of some human cancers. Although 
RER has been reported in sebaceous gland tumors 
from patients with the Muir-Torre syndrome, the 
frequency of RER in human non-melanoma and 
melanoma skin cancers is not known. In this study, 
we investigated the importance of RER in human 
skin carcinogenesis. RER was identified in three of 
four actinic keratoses from a patient belonging to a 
kindred with documented Muir-Torre syndrome, 
which indicates that defective DNA replication may 
contribute to skin cancer development in such pa
tients. Examination of a series of tumors from pa
tients without Muir-Torre, including 137 skin cancers 
(47 basal cell carcinomas, 49 squamous cell carcino-

ancer is a genetic disease characterized by the 
preferential growth and selection of cells that have 
accumulated multiple mutations in both proto-on
cogenes and tum or suppressor genes [1]. Epidemi
ologic analysis of the age-specific cancer incidence 

and molecular analysis of genetic changes in colorectal tumorigen
esis have su ggested that the development of most human epithelial 
cancers requires five or more independent genetic events [1]. 
Studies of the spontaneous mutation rate in normal human cells 
have led to the suggestion that a "mutator phenotype" is a 
prerequisite for cancer development in at least some tissues, as the 
normal m utation rate is only sufficient to account for two to three 
mutations in any given cell [2]. The increased rate of cancer 
development in inherited disorders such as xeroderma pigmento
sum and Bloom's syndrome underscores the consequences of 
failure of the n ormal cellular mechanisms that maintain genomic 
integrity. To date, most studies of the genetic basis of human 
cancer, including skin cancer, have concentrated on the role of 
oncogenes and tumor suppressor genes in tumor development and 
progression [3- 9]. The development of microsatellite markers for 
linkage analysis and the subsequent use of these markers to detect 
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mas, and 41 primary malignant melanomas), 19 a c
tinic keratoses, and 20 cases of Bowen's disease, using 
10 or more microsatellite markers, identified repeat
sequence instability in less than 5% of the tumors 
studied. In six of the eight tumors, the sole change 
was an alteration 2 base pairs in length at a single 
locus. One patient with a squamous cell carcinoma 
showed changes at multiple loci suggesting defective 
mismat ch repair. Although the low frequency ofRER 
found in this study of a large series of human skin 
tumors suggests that this phenomenon is u n common 
in patients with skin cancer, the identification o f 
RER at multiple loci in two patients suggests that 
error-prone replication may be important in skin 
cancer development in some individuals. K ey words: 
replication error/genetics/actinic keratosis. J Invest Dermatol 
104:309-312, 1995 

chromosome loss in tumor samples have led to the identification of 
a novel type of genetic alteration in some human tumors [10 -1 7]. 
Microsatellites are short repetitive DNA sequences distributed 
throughout the genome. In contrast to the accurate replication of 
these sequences in normal cells, tumors from patients with hered
itary non-polyposis colorectal cancer show alterations in repeat 
length at multiple loci, indicating micro satellite instability second
ary to replication errors (RER) [10-12]. Linkage analysis of 
kindreds with hereditary non-polyposis colorectal cancer has estab
lished that the disease is genetically heterogeneous, and it is now 
known that the "mutator genes" on chromosome 2p and 3p21-23 
responsible for this disorder are the human homo logs of genes 
important in bacterial and yeast mismatch repair [18,19]. Studies of 
a variety of human cancers have suggested that the relative 
importance of replication error in tumor development varies among 
tumors arising in different organs [13,17]. 

Muir-Torre syndrome was originally characterized by the pres
ence of sebaceous gland adenomas or carcinomas in association 
with an internal malignancy. However, other skin tumors including 
keratoacanthomas, basal cell carcinomas, squamous cell carcinomas 
(SCCs), actinic keratoses, and melanoma have been recorded in 
some patients with the disorder [20,21]. Muir-Torre syndrome is 
considered part of hereditary non-polyposis colorectal cancer/ 
Lynch type II, in which germline mutations have been demon
strated in hMSH2 and hMLHl genes [18,19,22]. Although RER 
has been reported in sebaceous gland tumors from patients with the 
Muir-Torre syndrome [20], the frequency of micro satellite insta
bility in human melanoma and non-melanoma skin cancer is not 
known. In this study, we examined actinic keratoses, which are 
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dysplastic, potentially premalignant epidermal lesions, from a pa
tient belonging to a kindred with the Muir-Torre syndrome to 
determine whether RER occurs in tumors other than sebaceous 
neoplasms in patients with this syndrome. Having established that 
this change can occur in other skin tumors, we went on to 
investigate the frequency of RER in a large series of sporadic 
non-melanoma and melanoma skin cancers. 

MATERIALS AND METHODS 

Tumor samples were studied from 47 basal cell carcinomas, 49 SCCs, 19 
actinic keratoses, 20 cases of Bowen's disease, and 41 primary malignant 
melanomas. No patient was known to have Muir-Torre syndrome or to be 
from a kindred with Muir-Torre syndrome apart from patient 252. DNA 
from basal cell carcinomas and some SCCs was isolated from snap-frozen 
tumor tissue, as described previously [8]. DNA from the remaining tumor 
samples was isolated from microdissected, formalin-fixed archival material 
by proteinase K digestion and phenol-chloroform extraction [9]. Control 
DNA was isolated from matching normal skin and/or venous blood samples 
from these patients. Analysis for loss of heterozygosity (LOH) and RER was 
carried out by polymerase chain reaction amplification of microsatellite 
polymorphisms obtained from Research Genetics (Huntsville, AL), as 
described previously [9]. The following microsatellite markers were used: 
D1S201, 01S214, 01S212, D2S149, D2S163, D3S1293, D3S1268, 
D4S394, 04S402, D5S419, D5S410, D6S299, D6S262, D6S305, 06S281, 
D7S481, D7S495, D8S261, 08S257, D9S162, D9S171 , D9S166, D9S175, 
D9S197, D9S160, D10S226, D10S185, DllS922, DllS910, 012S98, 
D12S86, D13S170, 013S155, D14S73, D15S118, D16S414, D16S422, 
D17S796, 017S785, D18S59, 018S70, 019S216, D19S225, D20S104, 
D20S100, D21 S262, and 022S283 . However, not all tumors were investi
gated at all these loci. Briefly, polymerase chain reaction was performed in 
10-11-1 reactions using 100 ng of DNA, 200 I1-M dNTPs , 1 pmol of each 
primer (one end-labeled with y 2 p ATP), and 1 U ofTaq DNA polymerase 
(BioTaq, Bioline, UK). Amplification consisted of 30 cycles of 1 min at 
95°C, 1 min at 55°C, and 1 min at 72°C, with a final10-min extension tin1e 
at 72°C. For some primers, the annealing temperature was increased to 
60°C to eliminate extra non-allelic bands. Ten microliters ofloading buffer 
was added to each reaction, and the samples were heat denatured and 
electrophoresed through 60ft) denaturing polyacrylamide gels. Gels were 
dried and exposed to Fuji XR film for 1-24 h . A minimum of 10 loci were 
examined in each patient. 

RESULTS 

To determine whether RER occurs in skin tumors other than 
sebaceous tumors in patients with familial cancer syndromes asso
ciated with RER, we obtained samples from four actinic keratoses 
from a patient belonging to a previously described kindred with the 
Muir-Torre syndrome [23]. This fair-skinned individual presented 
in her mid-60s with multiple actinic keratoses. Notably, the patient 
did not have any sebaceous gland tumors and was otherwise well; 
she had no history of internal malignancy. Analysis of several 
micro satellite loci revealed microsatellite length alterations at mul
tiple loci in three of the four actinic keratoses, indicating RER at 
these loci [10-12] (Fig 1). The new bands detected in this patient 
were 2-24 base pairs larger or smaller than the allelic bands. No 
LOH was identified in these actinic keratoses at any locus; how
ever, the multiple band shifts present at several loci made interpre
tation of LOH at these loci difficult. 

The frequency of RER was then investigated in a large series of 
human skin cancers. Eight of the 176 tumors examined showed 
evidence of RER with altered electrophoretic mobility of micro
satellite repeat fragments (Table I). The observed band shifts 
produced new fragments larger and smaller than the normal alleles. 
One or both normal alleles was always seen in addition to the new 
fragments. In these patients without Muir-Torre syndrome, all 
eight tumors with RER showed LOH at other microsatellite 
markers, but there was no relation between the loci where LOH 
was identified and the loci where the band shifts were detected. 
Patient 193 demonstrated minor band shifts (2 base pairs) at some 
loci in association with apparent LOH of one of the normal alleles 
(Fig 2). In six of the eight tumors, the sole change was a 2-base pair 
alteration in micro satellite length at a single locus. In one patient 
(no. 193), mobility shifts were observed at multiple loci, and the 
length changes at some loci were significantly greater than those 
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Figure 1. Microsatellite instability in actinic keratoses from a 
patient with the Muir-Torre syndrome. New bands at the D17S796 
locus are due to alterations in repeat-sequence length in DNA from one of 
the actinic keratoses examined (salllple 2, anowheads) . Actinic keratoses are 
from the left arm (lanes 1, 2, 4) and left leg (lane 3). C, control. 

observed in other tumors (Table I). In patient 219, RER was seen 
with two chromosome-9 microsatellite markers. In one patient 
(10275/92) with multiple actinic keratoses, a 2-base pair band shift 
was observed at the same locus in two separate lesions. 

DISCUSSION 

In this study, we investigated the importance of genomic instability 
as evidenced by micro satellite electrophoretic mobility shifts in a 
large series of human skin cancers. The finding of RER in actinic 
keratoses in a patient from a family with the Muir-Torre syndrome 
indicates that skin tumors other than sebaceous neoplasms show 
the same genetic abnormality as other internal malignancies in 
affected individuals with this syndrome [20]. Despite the absence 
of the classic clinical phenotype, there is strong circumstantial 
evidence that this patient has the underlying defect responsible 
for Muir-Torre: 1) The patient is from a typical kindred with 
Muir-Torre syndrome, in which sebaceous neoplasia and colonic 
carcinoma have been documented [23]; 2) there are large band 
shifts at multiple loci, characteristic of Muir-Torre/Lynch type II 
syndrome [10-15,20], in actinic keratoses from this patient; and 3) 
expressivity (rather than penetrance) of Lynch type II is known to 
be highly variable. Although the incidence of other skin tumors 
including basal cell carcinomas, sees, and actinic keratoses is 
greater in kindreds with the Muir-Torre syndrome [21], the high 
prevalence of non-melanoma skin cancer and the large number of 
people with undiagnosed non-melanoma skin cancers make it 
difficult to determine whether the increased incidence in these 
patients is real or is due to ascertainment bias. The identification of 
RER in three of four actinic keratoses from a patient belonging to 
a Muir-Torre kindred suggests that the defect in DNA replication in 
this disorder may contribute to skin cancer development in such 
patients. 

In contrast to the high frequency of RER in sporadic colorectal, 
endometrial, and gastric cancers [10-17], changes in micro satellite 
length are uncommon in melanoma and non-melanoma skin 
cancers, occurring in less than 5% of the tumors examined. No 
significant difference was observed in the frequency of instability 
among the different tumor types. In their original description of 
RER in cancers of the proximal colon, Thibodeau et al [12] 
observed an inverse relation between LOH and RER. However, 
the coexistence ofLOH and RER at different loci in all of the eight 
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Table I. Microsatellite Length Changes are Present at One or More Loci in Some Human Non-Melanoma and 
Melanoma Skin Tumors 

Number 
of Loci 

Patient Age Site of Altered/ 
Number (y) Sex Lesion Tumor Type Examined N ames of Altered Loci LOH 

219 78 M Face Bee 2140 D9S165(9p), D9S197(9q) D9S166(9p), D9S175(9p), D9S197(9q) 
193 81 M Hane see 17/43 D1S201(lp) , D3S1293(3p) , D3S1268(3q), D1S201(lp) , D2S163(2q) , D3S1293(3p), 

D6S299(6p), D6S262(6q) , D6S281(6q) , D3S1268(3q), D5S410(5q), 
D7S495(7q) , D8S257(8q), D9S162(9p), D9S160(9q), 
Dl1S910(11q), D12S86(12q) , DllS922(l1p), D12S86(12q), 
D13S170(13q), D17S796(17p), D13S170(13q), D17S796(17p), 
D18S59(18p), D18S70(18q), D18S59(18p), D18S70(18q), 
D20S100(20q), D21S262(21q), D20S100(20q) 
D22S283(22q) 

323 81 F Leg see 1/42 D12S86(12q) D9S162(9p) 
12254/93 83 F Leg Bowen' s 1/11 D3S1293(3p) D9S162(9p) 
252 a 53 F Arm Actinic keratosis 10/12 D2S149(2p), D7S495(7q), D9S162(9p) , No 

D9S197(9q), DI0S226(10p), 
DllS910(11q), D12S98(12p), 
D13S170(13q), D17S785(17q), 
D22S283(22q) 

Arm Actinic keratosis 11112 D2S149(2p), D7S495(7q), D9S162(9p), No 
D9S197(9q) , DI0S226(10p) , 
DllS910(11q), D12S98(12p) , 
D13S170(13q), D17S796(17p) , 
D17S785(17q) , D22S283(22q) 

Leg Actinic keratosis 9/12 D2S149(2p), D7S495(7q) , D9S162(9p), No 
D9S197(9q) , DI0S226(10p), 
Dl1S910(11q), D13S170(13q), 
D17S785(17q), D22S283(22q) 

9285/93 70 M Hand Actinic keratosis 1/11 D17S796(17p) D9S160(9q) , D17S796(17p), 
D17S785(17q) 

10275/92 83 F Head Actinic keratosis 1111 D3S 1268(3q) D2S149(2p), D2S163(2q) , D3S1293(3p) , 
DllS910(11q) , D13S170(13q), 
D17S785(17q), D22S283(22q) 

Face Actinic keratosis 1/1 0 D3S1268(3q) D3S1293(3p) , D9S162(9p), 
D13S170(13q) , D17S785(17q) , 
D22S283(22q) 

116 64 M Back Melanoma 1110 D3S1293(3p) D8S257(8q) 

a Patient from kindred with Muir-Torre syndrome. No other patient was from a kindred with a cancer family syndrome or had documented underlying disease. 

sporadic skin tumors from patients without Muir-Torre syndrome 
in this study is similar to the findings in a recent study of RER in 
bladder cancer [16], suggesting that the two genetic events are not 
mutually exclusive. 

The changes observed in the SCC from patient 193 and in 
the actinic keratoses obtained from the patient with a known 
familial cancer syndrome are similar to those described in replica
tion-error-positive colorectal tumors. Therefore, mismatch repair 
may have been defective in these tumors. In contrast to the other 
patient with RER at multiple loci, patient 193 had no family or 
personal history of cancer in other organs, and although the SCC in 
this case was poorly differentiated, several other SCCs that were 
equally poorly differentiated showed no evidence of RER. The 
presence of multiple RERs in this patient' s SCC suggests either that 
he had a somatic event in both copies of a mutator/replication
error-repair gene, or that he has a germline mutation of one of 
these genes and required only one somatic event to knock out the 
second allele. 

The significance of minor micro satellite length alterations at 
single loci, as we found in six tumors, is not known. Analysis of 
colorectal tumors with minor alterations in micro satellite length at 
a small number of loci showed them to be clinically indistinguish
able from colorectal cancers without RER. By contrast, colorectal 
cancers with larger length alterations, frequently at multiple loci, 
are clinically and pathologically distinguishable from other colorec
tal tumors. In a recent study, Parsons et al [24] demonstrated a 
100-fold increase in the mutation rate of (CA)n sequences in these 

tumors. Although band shifts at single loci in skin tumors may 
reflect RER, other mechanisms also may be important, such as 
chromosome reduplication of the region that encompasses the 
micro satellite marker [25]. The finding of single band alterations at 
the same locus on chromosome 3q in two actinic keratoses obtained 
from the same patient (case 10275/92) warrants further investiga
tion using additional markers within this region to determine 
whether there has been a structural rearrangement within this 
regIon. 

Although the low frequency ofRER found in this study of a large 
series of human skin cancers shows that this phenomenon is 
uncommon in patients with skin cancer, the identification of RER 
at multiple loci in two patients suggests that error-prone replication 
may be important in skin cancer development in some individuals. 
Based on the arguments discussed above, it seems likely that patient 
252 with multiple actinic keratoses has Muir-Torre syndrome; 
therefore, multiple actinic keratoses may be a presenting feature of 
this disorder. Given the high prevalence of actinic keratoses and 
non-melanoma skin cancers, this observation also suggests that 
analysis of skin tumors for RER could prove useful in the diagnosis 
of patients genetically predisposed to cancer development due to 
mismatch repair defects. Such an approach might be especially 
useful in patients from kindreds without known germline muta
tions. Further studies of individuals from families genetically pre
disposed to internal malignancies should take advantage of the high 
prevalence of non-melanoma skin cancer and actinic keratoses, the 
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Figure 2. Microsatellite analysis at five loci in patients 193 and 231. 
Patient 193 shows alterations in repeat-sequence length at the D3S1293, 
D6S299, and D13S170 loci (arrowheads) . This sample also shows LOH at the 
D13S170 locus (arrow). The micro satellite banding pattern at the other two 
loci is identical in tumor and normal DNA. No evidence of micro satellite 
instability is seen at any of the loci examined in patient 231. e , control; T, 
tumor (both examples are Sees). 

frequent occurrence of multiple primary tumors, and the availabil
ity of benign tumors with no malignant potential. Human skin is a 
powerful system for investigating the importance ofRER in human 
tumor development. 

THE JOURNAL OF INVESTIGATIVE DERMATOLOGY 

AGQ and EH are MRC Training Fellows; IR is a North of England Cancer 

Research Campaign (NECRC) PhD student. 

1. 

REFERENCES 

Vogelstein B, Kinzler KW: The multistep nature of cancer. Tretlds Genet 
9:138-141,1993 

2. Loeb LA: Mutator phenotype may be required for multistage carcinogenesis. 
Cancer R es 51:3075- 3079,1991 

3. Brash DE, RudolphJA, SimonJA, Lin A, McKenna GJ, Baden HP, Halperin AJ, 
Ponten J: A role for sunlight in skin cancer: UV-induced p53 mutations in 
squamous cell carcinoma. Proc Natl Acad Sci USA 88:10124-10128,1991 

4. Pierceall WE, Mukhopadhyay T, Goldberg LH, Ananthaswamy HN: Mutations 
in the p53 tumor suppressor gene in human cutaneous squamous cell carcino
mas . Mol Carcinog 4:445-449, 1991 

5. Gailani MR, Bale SJ , Leffell DJ, DiGiovanna D, Peck GL, Poliak S, Ann Drum 
A, Pastakia B, McBride OW, Kase R, Greene M, Mulvihill JJ, Bale AE: 
Developmental defects in Gorlins syndrome related to a putative tumour 
suppressor gene on chromosome 9. Cell 69:111-117, 1992 

6. Campbell C, Quinn AG, Rees JL: Codon 12 Harvey-ras mutations are rare 
events in non-melanoma human skin cancer. Br J DermatoI128:111-114, 1993 

7. Campbell C, Quinn AG, Angus B, ReesJL: The relation between p53 mutation 
and p53 immunostaining in non-melanoma skin cancer. Br J DermatoI129:235-
241, 1993 

8. Quinn AG, Campbell C, Healy E, Rees JL: Chromosome 9 allele loss occurs in 
both basal and squamous cell carcinomas of the skin. J Invest Dermatol 
102:300-303,1994 

9. Quinn AG, Sikkink S, Rees JL: Basal cell carcinomas and squamous cell 
carcinomas of human skin show distinct patterns of chromosome loss. Cancer 
Res 54:4756-4759,1994 

10. Aaltonen LA, Peltomaki P, Leach FS, Sistonen P, Pylkkanen L, Mecklin JP, 
Jarvinen H , Powell SM, Jen J, Hamilton SR, et al: Clues to the pathogenesis 
of familial colorectal cancer. Science 260:812- 816, 1993 

11. Ionov Y, Peinado MA, Malkhosyan S, Shibata D, Perucho M: Ubiquitous 
somatic mutations in simple repeated sequences reveal a new mechanism for 
colonic carcinogenesis. Nature 363:558-561,1993 

12. Thibodeau SN, Bren G, Scbaid D: Microsatellite instability in cancer of the 
proximal colon. Scielue 260:816-819, 1993 

13. Peltomaki P, Lothe RA, Aaltonen LA, Pylkkanen L, Nystrom LM, Seruca R, 
David L, Holm R , Ryberg D, Haugen A, et al: Microsatellite instability is 
associated with tumors that characterize the hereditary non-polyposis colorec
tal carcinoma syndrome. Callcer Res 53:5853-5855, 1993 

14. Risinger JI, Berchuck A, Kohler MF, Watson P, Lynch HT, Boyd J : Genetic 
instability of microsatellites in endometrial carcinoma. Catuer Res 53:5100-
5103,1993 

15 . Aaltonen LA, Peltomaki P, Mecklin JP, Jarvinen H,JassJR, GreenJS, Lynch HT, 
Watson P, Tallqvist G, Jubola M, et al: Replication errors in benign and 
malignant tumors from hereditary nonpolyposis colorectal cancer patients. 
Callcer Res 54:1645-1648,1994 

16. Gonzalez ZM, RuppertJM, Tokino K, Tsai YC, Spruck C3, Miyao N, Nichols 
PW, Hermann GG, Horn T, Steven K, et al: Microsatellite instability in 
bladder cancer. Cancer Res 53:5620-5623 , 1993 

17. Han HJ, Yanagisawa A, Kato Y, Park JG, Nakamura Y: Genetic instability in 
pancreatic cancer and poorly differentiated type of gastric cancer. Cmuer Res 
53:5087-5089, 1993 

18. Leach FS, Nicolaides NC, Papadopoulos N , Liu B, Jen J, Parsons R, Peltomaki 
P, Sistonen P, Aaltonen LA, Nystrom LM, et al: Mutations ofa mutS homolog 
in hereditary nonpolyposis colorectal cancer. Cell 75:1215-1225,1993 

19. Bronner CE, Baker SM, Morrison PT, Warren G, Smith LG, Lescoe MK, Kane 
M, Earabine C, LipfordJ, Lindblom A, Tannergard P, Bollag RJ, Godwin AR, 
Ward DC, Nordenskjold M, Fishel R, Kolodner R, Liskay RM : Mutation in 
the DNA mismatch repair gene homologue hMLH1 is associated with 
hereditary non-polyposis colon cancer. Nature 368:258-261, 1994 

20 . Honchel R, Halling KC, Scbaid DJ, Pittelkow M , Thibodeau SN: Microsatellite 
instability in Muir-Torre syndrome. Cmuer R es 54:1159-1163, 1994 

21. Lynch HT, Fusaro RM, Roberts L, Voorhees GJ, Lynch JF: Muir-Torre 
syndrome in several members of a family with a variant of the cancer family 
syndrome. Br J Denllatol 113:295-301, 1985 

22. Fishel R, Lescoe MK, Rao MR, Copeland NG, Jenkins NA, Garber J, Kane M, 
Kolodner R : The human mutator gene homolog MSH2 and its association 
with hereditary nonpolyposis colon cancer. Cell 75:1027-1038, 1993 

23. Hall NR, Murday VA, Chapman P, Williams MA, BurnJ, Finan PJ , Bishop DT: 
Genetic linkage in Muir-Torre syndrome to the same chromosomal region as 
cancer family syndrome. Etlr J Cancer 30A:180-182, 1994 

24. Parsons R , Li GM, Longley MJ, Fang WH, Papadopoulos N,JenJ, de la Chapelle 
A, Kinzler KW, Vogelstein B, Modrich P: Hypermutability and mismatch 
repair deficiency in RER + tumor cells. Cell 75:1227-1236, 1993 

25. Patel PI, Lupski JR: Charcot-Marie-Tooth disease: a new paradigm for the 
mechanisms of inherited disease . Trends Gettel 10: 128 -133 , 1994 




