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The Prevention of Thymic Lymphomas in 
Transgenic Mice by Human 06-Alkylguanine-DNA 

Alkyltransferase 

Luba L. Dumenco,* Esther Allay, Kathleen Norton, 
Stanton L. Gerson?. 

Nitrosoureas form 06-alkylguanine-DNA adducts that are converted to G to A transitions, 
the mutation found in the activated ras oncogenes of nitrosourea-induced mouse lym- 
phomas and rat mammary tumors. These adducts are removed by the DNA repair protein 
06-alkylguanine-DNA alkyltransferase. Transgenic mice that express the human homolog 
of this protein in the thymus were found to be protected from developing thymic lymphomas 
after exposure to N-methyl-N-nitrosourea. Thus, transgenic expression of a single human 
DNA repair gene is sufficient to block chemical carcinogenesis. The transduction of DNA 
repair genes in vivo may unravel mechanisms of carcinogenesis and provide therapeutic 
protection from known carcinogens. 

DNA damage is an initiating event in 
chemical carcinogenesis that leads to muta- 
tions in proto-oncogenes and tumor sup- 
pressor genes (I ). Subsequent induction of 
error-prone DNA repair and cell prolifera- 
tion mav increase the rate of secondarv 
mutations, thereby accelerating neoplastic 
transformation (2). These early events in 
chemical carcinogenesis have been exten- 
sively studied in animal tumors induced by 
N-methyl-N-nitrosourea (MNU) (3). Like 
other N-nitroso compounds, MNU methy- 
lates DNA at a number of sites, including 
the O6 position of guanine (4). The result- 
ing 06-methylguanine-DNA adduct is con- 
verted to a G + A point mutation during 
DNA svnthesis (5). MNU also induces ~, 

other events that may be carcinogenic, 
including DNA strand breaks, sister chro- 
matid exchanges (6), and cell proliferation 
within the target tissue (7, 8). Although 
any of these forms of genotoxic damage 
could act as the initiating event, persistent 
06-methylguanine adducts have been pro- 
posed to be the critical lesion in a variety of 
MNU-induced experimental tumors, such 

as mouse lymphomas and rat mammary 
tumors, because these tumors frequently 
display G + A activating mutations in 
K-ras or H-ras (9). 

06-alkylguanine-DNA adducts are re- 
moved by the DNA repair protein O6-al- 
kylguanine-DNA alkyltransferase (E.C. 
2.1.1.63; alkyltransferase) (1 O) ,  which 
transfers the alkyl group from the O6 posi- 
tion of guanine to a cysteine residue in its 
own active site and becomes irreversiblv 
inactivated in the process (1 1). The capacity 
for 06-methylguanine adduct repair by this 
mechanism is therefore directly proportional 
to the number of alkyltransferase molecules 
in the cell. A correlation exists between 
alkyltransferase activity and nitrosourea-in- 
duced cytotoxicity and mutagenicity in vitro 
(6, 12). Manipulation of alkyltransferase 
concentrations alters cellul~r resistance to 
nitrosoureas. Thus, specific alkyltransferase 
inhibitors increase the cvtotoxicitVand the 
frequency of mutations akd sister dhromatid 
exchanges induced by nitrosoureas (1 3), 
whereas transduction of the alkyltransferase 
gene MGMT into cells without endogenous 
alkyltransferase activity reduces cytotoxicity 
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In a number of genetic diseases, defects 
in DNA repair have been linked to an 
increased risk of cancer (1 6), which implies 
that correction of these defects may reduce 
cancer risk. To test this hypothesis, we 
investigated whether enhanced alkyltrans- 
ferase-mediated repair of @-methylguanine 
adducts in transgenic mice would block 
tumor initiation by nitrosoureas. Thymic 
lymphomas are the most prevalent MNU- 
induced tumors in mice and occur in 20 to 
80% of mice with a latency of 70 to >200 
days (3, 9). These lymphomas originate 
from T cells and invade the thymus and 
spleen, resulting in massive organomegaly 
(15). Mouse thymus has low endogenous 
alkyltransferase activity and a high frequen- 
cy of persistent @-methylguanine adducts 
after MNU exposure (3), which suggests 
that deficient DNA adduct repair is respon- 
sible for the initiation of carcinogenesis. 

To study the effect of increased alkyl- 
transferase activity on nitrosourea-induced 
tumors, we generated transgenic mice that 
expressed high concentrations of the hu- 
man alkyltransferase gene MGMT in the 
thymus (MGMT+). The strain used was 
the F1 cross between C57BU6 and SJL mice 
(8, 17). To target MGMT expression to the 
thymus, we constructed a chimeric gene 
that consisted of the avian g-actin promot- 
er region, the MGMT cDNA cloned from 
the VACO 6 human colon carcinoma cell 
line (18), the polyadenylate Ipoly(A)] re- 
gion from the bovine growth honnone 
(bGH) gene (1 9), and the human CD2 
locus control region (20) (Fig. 1). 

Twenty-three mice were screened for 
the transgene. Southern (DNA) analysis of 
genomic DNA digested with Hind 111 or 
Sac I and hybridized with a 32P-labeled 
MGMT cDNA probe revealed that three 
mice carried the intact gene. Two of them 
transmitted the gene in a heterozygous fash- 
ion, which indicates germ line insertion. 
One mouse, Founder 11 (Fol 1) , carried five 
copies of the gene in a head-to-tail concate- 
mer and consistently transmitted expression 
of the transgene to ofhpring. The other 
heterozygote canied over 100 gene copies, 
but none of its ofhpring expressed the gene. 
The third mouse was mosaic but also trans- 
mitted MGMT expression to ofhpring. 

Offspring of Foll were produced by 
backcrossing the male founder with 
(C57BU6 x SJL)Fl female mice. MGMT 
expression was analyzed by Northern 
(RNA) blot analysis of total cellular RNA 
probed with human MGMT cDNA (Fig. 
2A): The transgene was abundantly ex- 
pressed in thymus tissue, which indicates 
that the CD2 locus control region appropri- 
ately targeted transgene expression to T 
cells. MGMT mRNA was also expressed in 
muscle (because of the g-actin promoter) 
and in spleen. No MGMT mRNA was 

detected in liver, and trace amounts were 
detected in kidney. 

Total cellular alkyltransferase activity 
was measured in tissues from both MGMT+ 
transgenic mice and their nontransgenic 
littermates. Alkyltransferase activity was 
markedly increased in the thymuses, 
spleens, and muscles of the transgenic 
mice, reaching values that were 11 to 88 
times higher than those seen in the non- 
transgenic mice (Table 1). The greatest 
increase in activity occurred in thymus 
tissue (47 fmol of activity per microgram of 
DNA in transgenic mice compared to 0.62 
fmol of activity per microgram of DNA in 
nontransgenic mice) (Table 1). In trans- 
genic mice, alkyltransferase activity in the 
thymus was almost eight times higher than 
that in the liver, the tissue with the highest 
endogenous alkyltransferase activity (1 5). 
Alkyltransferase activity in the livers and 
kidneys of the MGMT+ transgenic mice 
was slightly elevated compared to the non- 
transgenic values, which indicates that 
MGMT was expressed in small amounts in 

these tissues. SDS-polyacrylamide gel elec- 
trophoresis (PAGE) of cell extracts incu- 
bated with 13H]methylated DNA to label 
the alkyltransferase showed that the labeled 
protein corresponded in size to the human 
homolog [relative molecular mass (M,) = 
22,OOOj (Fig. 2B) and was slightly smaller 
than the endogenous murine alkyltrans- 
ferase protein (M, = 24,000) (21). The 
MGMT transgene was consistently ex- 
pressed in the thymuses and spleens from all 
MGMT+ transgenic offspring of Fol 1 . 

To determine whether thymic expres- 
sion of human MGMT would prevent 
MNU-induced thymic lymphomas, we 
treated MGMT+ transgenic mice and their 
nontransgenic littermates at 6 weeks of age 
with MNU (either 50 or 80 mg per kilo- 
gram of body weight) by intraperitoneal 
injection (Fig. 3). Mice that developed 
thymic lymphomas typically had respiratory 
distress and at autopsy showed massive thy- 
mic tumors encasing the heart and lungs, 
splenomegaly, a lGphoblastic leukemia, 
and invasion of tumor cells into many other 

Hhd Ill' Sac I Hlnd Ill See l Hhd Ill Sac l Hhd Ill 

Flg. 1. MGMT transgenic construct. The MGMT gene was cloned from the VACO 6 human colon 
cancer cell line (18) by reverse transcriptase-polyrnerase chain reaction (29). A 2.0-kb fragment of 
the CD2 locus control region was used to target expression to the thymus (20). The MGMT 
transgene is shown as it would appear in a tandem array in the genome. The shaded bar indicates 
a single copy of the chimeric gene, and the CD2 region to the left indicates part of a second copy 
of the gene. Actin, the pactin promoter; MGMT, the human MGMTcDNA; poly(A), the bGH exon 5 
and poly(A) region; CD2, the CD2 locus control region. The sites recognized by restriction enzymes 
Hind Ill and Sac I used to determine the orientation and integrity of the insertion are indicated. 

Fig. 2. Expression of MGMT RNA and protein in transgenic A 
mice. (A) Total cellular RNA was prepared (19) from various z s e z a  > -I tissues of Fol 1 F, MGMT+ offspring, separated by formalde- 
hyde-agarose gel electrophoresis (10 p,g per lane) (19). and 
subjected to Northern blot analysis with a 32P-labeled MGMT 
cDNA probe. The expected size of the p-actin-MGMT tran- 
script is 1.4 Icb. The blot was washed and reprobed with 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
cDNA to evaluate differences in loading between lanes. LIV, 
liver; THY, thymus; KID, kidney; SPL, spleen; MUS, muscle. 
Human MGMTcDNA does not cross hybridize with endoge- 
nous mouse MGMTmRNA. (B) We incubated tissue extracts 
with PHImethyl-DNA as in the alkyltransferase assay (1 1, 15, 
19) to label the alkyltransferase through the methyl transfer 
reaction, and the proteins were separated by SDS-PAGE (19). 
The human alkyltransferase (M, = 22.000) is the dominant 
protein band seen. Although the bands reflect the transfer of 
PH]methyl groups to the alkyltransferase, band intensity is not 
linear because in samples with high enzyme activii [thymus 2 1 
and spleen; abbreviations are as in (A)], the substrate pH]- - 

methyl-DNA has been exhausted. A faint band corresponding 
to the endogenous murine alkyltransferase (Mr = 24,000) was 
seen in liver. Numbers at the left indicate the Mr (x 10-3 of 
protein standards (Bio-Rad). 
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tissues, including liver, brain, kidney, and 
l v m ~ h  nodes. The tumor cells were inter- , . 
mediate and large noncleaved cells, consis- 
tent with a lymphoblastic lymphoma. A 
smaller number of mice developed a less 
aggressive splenic lymphoma similar to the 
lymphoma that develops spontaneously in 
SJL mice (8, 17). Lymphomas developed 
between 101 and 363 days (median = 139 
days) at the 50 mg/kg dose and between 75 
and 227 days (median = 109 days) at the 80 
mgkg dose. 

A total of 33 lvm~homas were observed: 
2 A 

24 were thymic with involvement of mul- 
tiple tissues and 9 involved only the spleen 
(Fig. 3). Twenty-three of 24 thymic lym- 
phomas occurred in nontransgenic mice 
(58% versus 4%, P < 0.0001 by chi-square 
analysis), whereas six nontransgenic and 
three MGMT+ transgenic mice developed 

lymphomas only in the spleen. The single 
thymic lymphoma seen in the MGMTf 
transgenic group occurred in a mouse given 
MNU at a dose of 80 mgkg and was 
detected 145 days after treatment and 13 
days after the last lymphoma occurred in 
the nontransgenic group (Fig. 3C). MGMT 
expression in this lymphoma was about 
10% of that expected, which raises the 
possibility that down-regulation had in- 
creased the sensitivity of this mouse to 
MNU. In mice that received MNU at a 
dose of 80 mgkg, two MGMT+ transgenic 
mice developed lymphomas only in the 
spleen (Fig. 3D), whereas none were ob- 
served in nontransgenic mice. In the 50 
mgkg group (Fig. 3, A and B), only one 
MGMTf transgenic mouse developed a 
lymphoma and it was splenic in origin and 
occurred late (at 267 days). Overall, lym- 

Table 1. Alkyltransferase activity in transgenic mice. Tissues were prepared from four to seven 
mice, 6 to 8 weeks old, from each group and assayed for alkyltransferase activity (15, 19). One 
femtomole of activity was defined as the removal of 1 fmol of 06-methylguanine from methylated 
DNA (15, 19). Tissue samples from each mouse were assayed two to three times. Data are 
presented as the mean 2 SE for each group of mice. 

Alkyltransferase activity Alkyltransferase activity 

Tissue (fmol/mg protein) (fmol/pg DNA) 

Nontransgenic MGMT+ transgenic Nontransgenic MGMT+ transgenic 

Thymus 50* 13 4393 * 641 0.62 * 0.15 47 2 7.6 
Spleen 42 + 9.4 1280 * 340 0.63 2 0.18 22 2 5.3 
Muscle 7 4 1 2 8  26 0.90 2 0.6 10 22 .3  
Liver 80 2 27 1502 18 6.2 2 1.3 8.9 + 1.7 
Kidney 25* 13 116* 53 1.4 + 0.5 4.4 2 1.8 

Fig. 3. Prevention of 
MNU-induced lympho- 
mas in MGMTf trans- 
genic mice. Incidence 
of thymic lymphomas 
(A and C) and lympho- 
mas only in the spleen 
(B and D) observed in 
nontransgenic (solid 
line) and MGMT+ trans- 
genic (dashed line) 
mice. Littermate off- 
spring of a cross be- 
tween Foll and 
(C57BU6 x SJL)F, 
mice were treated with 
M N U  intraperitoneally 
at 6 weeks of age. 
MGMT+ transgenic 
mice were identified by 
slot-blot analysis of tail 
DNA obtained at 2 

;;I, , , , , , , , 

C 
Nontransgenic 

- 
5 20 
'S 
0 0 ------------- .- MGMT+ = -20 

0 100 200 300 

Days after MNU (50 mgkg) Days after MNU (80 mgkg) 

Nontransgenic 
8 -20 .- I 0 50 100 150 200 250 

= 
weeks of age, but the Days after MNU (50 mgkg) Days after MNU (80 mglkg) 
results were not known 
at the time of MNU injection. A total of 23 nontransgenic and 15 MGMT+ transgenic mice were 
treated with M N U  (50 mglkg), and a total of 18 nontransgenic and 10 transgenic mice were also 
treated (80 mglkg). Mice were killed and autopsied when symptoms of lymphoma or other 
malignancy developed. In nontransgenic mice, the thymic lymphomas invaded other tissues, 
including spleen (15 cases), lymph nodes (13), liver (12), kidney (lo), and brain (3). Eight mice had 
lymphoblastic leukemia. One MGMTf transgenic mouse developed a soft tissue sarcoma and one 
nontransgenic mouse developed an osteogenic sarcoma. 

phomas developed in 16% (4 of 25) of the 
MGMTf transgenic mice and in 71% (29 
of 41) of their nontransgenic MNU-treated 
littermates [P < 0.000051. 

These results provide strong evidence 
that DNA repair in general, and O6-meth- 
ylguanine-DNA adduct repair in particular, 
is the first line of defense against certain 
types of chemical carcinogens. The possi- 
bility that resistance to tumor induction 
was an artifact of the insertion site of the 
transgene, perhaps disrupting a susceptibil- 
ity locus, is unlikely for two reasons. (i) 
Offspring of a third MGMT+ founder that 
expresses MGMT in the thymus were also 
protected from MNU-induced lymphoma. 
(ii) Radiation-induced lymphomas occurred 
in both MGMT+ and nontransgenic litter- 
mates at equal frequency (22). Consequent- 
lv. the absence of alkvltransferase-mediated , , 
repair of 06-methylguanine-DNA adducts, 
as opposed to oiher forms of DNA damage 
and repair, appears to be the critical deter- 
minant of MNU-induced carcinogenesis in 
the thymus, as predicted by Pegg (23). 

It is striking that increasing the activity 
of a single DNA repair process reduced the 
overall incidence of MNU-induced lym- 
~homas  from 71 to 16%. reduced the inci- 
hence of thymic lymphoAas from 58 to 4%, 
and increased the latencv of the lvm~homas > .  

that did occur. The single thymic lym- 
phoma in an MGMTf transgenic mouse 
could represent either a breakthrough in 
protection as a result of heterogeneous ex- 
pression of the MGMT transgene or an 
alternative pathway of carcinogenesis in- 
duced by less common mutagenic DNA 
adducts, such as 04-methylthymine (4). 
The similar incidence of s~lenic  lvm~homas 

> A 

in the two groups of mice may reflect the 
inability of the MGMT transgene to protect 
against carcinogenesis in the splenic B lym- 
phocyte [the cell of origin of these .lympho- 
mas (8, I7)]. Susceptibility to splenic lym- 
phomas may have been uncovered in the 
MGMT+ transgenic mice because they did 
not die from thymic lymphomas. 

These results suggest that the rate-limit- 
ing step in cancer initiation for other car- 
cinogens, including procarbazine, nitro- 
samines, dacarbazine, and the chloroethyl- 
nitrosoureas (10, 15, 23, '24), may be for- 
mation of persistent, unrcpaired O6- 
alkylguanine adducts. Other experimental 
tumors that may be prevented by the over- 
expression of MGMT include nitrosamine- 
induced lung and liver tumors, MNU-in- 
duced mammary tumors, and ethylni- 
trosourea-induced brain tumors (3, 9, 25). 

Tissue-specific alkyltransferase deficien- 
cv increases susce~tibilitv to nitrosourea- 
induced toxicity and malignancy. In clini- 
cal trials. the toxicitv of nitrosoureas to 
human hematopoietic 'cells is dose-limiting 
(26). These cells contain smaller amounts 
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of alkyltransferase than T cells or other 
human tissues and, after chemotherapy, 
rapidly proliferate to renew the progenitor 
compartment (7, 8, 11, 15), thereby in
creasing the risk of mutagenesis. Thus, 
inadequate amounts of alkyltransferase may 
be responsible for the development of sec
ondary acute myeloid leukemias in patients 
who receive chloroethylnitrosourea- or pro-
carbazine-based chemotherapy (27)* In 
view of our findings with experimental tu
mors, a clinical strategy in which MGMT is 
introduced into hematopoietic precursors 
by gene therapy methods may merit consid
eration. Efficient expression of MGMT may 
increase bone marrow resistance to the 
cytotoxic and leukemogenic effects of ni
trosoureas and potentially benefit patients 
receiving these agents. 
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formed a biocenose in association with the 
resin-bearing plant. These microorganisms 
represent the earliest known soft-bodied, 
terrestrial protists. Small pieces of amber 
were removed from layers of Raibler Sand
stone on Mount Leitnernose in Schliersee, 
Bavaria, Germany. These deposits belong 
to the Carnian stage of the upper Keuper 
succession of the Upper Triassic period 
and are dated at 220 to 230 million years 
old (4). 

For microscopic observations, small 
pieces of the amber were crushed, mounted 
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Protozoa, cyanobacteria, sheathed algae, sheathed fungi, germinating pollen or spores, 
and fungal spores have been found in amber 220 to 230 million years old. Many of these 
microorganisms can be assigned to present-day groups. This discovery of terrestrial, 
soft-bodied protists that can be referred to modern groups indicates that morphological 
evolution is very gradual in many protists and that both structural and probably functional 
stasis extend back at least to the Upper Triassic period. 


