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cross-link involves chloroethylation of the 06 position of guanine in
DNA and intramolecular rearrangement to I-06-ethanoguanine. At
tack on the latter adduct by N3 of cytosine in the opposing DNA strand
represents the third and final step in formation of the N3-cytosinyl
N' -guanylethane DNA-interstrand cross-link. Cells capable of remov
ing lesions at the 06 of guanine are resistant to CENUs and express
the DNA repair protein, AGT, encoded by the MGMT gene. AGT@
cells are more resistant to the cytotoxic and interstrand cross-linking
activities that CENUs possess (9â€”11) and are resistant to CENUs in
vitro and in vivo. Both cross-link precursors, 06-chloroethylguanine
and l-06-ethanoguanine, are subject to DNA repair by AGT. Analo
gous to the reaction of AGT with 06-methylguanine- and other
06-alkylguanine-DNA adducts, AGT repairs 06-chloroethylguanine

DNA adducts by covalently transferring the chloroethyl group irre
versibly from the 06 position of guanine to cysteine 145 within the
active site of the protein (12). Alternatively, AGT reacts with the
cyclic intermediate, l-06-ethanoguanine, to form a DNA-protein
cross-link between N1 of guanine and the aforementioned cysteine.
(13, 14). AGT does not repair or react with the interstrand cross-link
itself, because the ethane bridge links the opposing strand's cytosine
to the N1, rather than the 06, position of guanine.

We and others suspect a relationship between AGT expression and
CENU responsiveness in human colon tumors: (a) in four separate
studies, only 1 of 91 primary human colorectal tumors lacked detect
able AGT activity (15â€”18).This is in contrast to tumors of the brain,
where as many as 16 of 60 (27%) have been found to lack detectable
activity (19); (b) our laboratory has noted a striking correlation
(P < 0.001) between AGT activity and BCNU resistance in seven
colon cancer cell lines grown in cell culture (20). Pretreatment with
the AGT inactivator BG depleted VACO 6 AGT activity and sensi
tized VACO 6 to BCNU 3â€”4-foldin cell culture (21). Furthermore,
although VACO 6 xenografts were completely resistant to as much as
23 mg/kg BCNU when grown as a xenograft in nude mice, AGT

depleting doses of BG sensitized VACO 6 xenografts to 10, 17, and
23 mg/kg BCNU. In other studies, BG markedly sensitized AGT

expressing HT29 colon cancer cells to BCNU, l-(2-chloroethyl)-3-
cyclohexyl-l-nitrosourea, chlorozotocin, and the chloroethylating
agent 2-chloroethyl(methylsulfonyl)methanesulfonate, whereas BG
failed to sensitize the AGT-deficient BE colon line to these agents (22,
23); and (c) five other colon cancer xenografts expressing different
AGT activities were sensitized to BCNU by BG pretreatment in two
separate studies (24, 25). A relationship between xenograft AGT
activity and BCNU resistance was suggested in one study but not fully
explored (25).

Transfection of the human MGMT gene into AGT-deficient VACO
8 allowed us to establish isogenic colon cancer sublines differing only
in their DNA repair capacity and assess how expression of a single
DNA repair protein, AGT, impacts colon tumor CENU resistance.
These isogenic VACO 8 sublines were tested for differences in CENU
resistance, both in cell culture and in vivo. Tumor inoculations com
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ABSTRACT

To evaluate the role ofO@-alkylguaalne-DNAalkyltransferase (AGT) in
colon tumor chloroethylnitrosourea(CENU) resistance,AGT-deficient
VACO 8 cells were transfected with a vector containing or lacking the
human 06-methylguanine-DNA methyltransferase (MGMT) cDNA.
VACOSMGMT(V8MGMT)subilnespossessedhighlevelsofAGTactivity
in cell culture and were >10-fold resistant to the CENU 1,3-bis(2-chloro
ethyl)-1-nitrosourea (BCNU). V8MGMT cells, VACO Sneo cells, and mix
hires of both were grown as xenografts in nude mice. MGMT expression
in VACO 8 xenografts reflected the percentage of V8MGMTcells present
in the tumor inoculum. Xenografts originauy containing 0-10%
VSMGMT cells were sensitive to BCNU, althOUghpartial resistance was
observed as the percentage of VSMGMT cells increased. Tumors contain
mg 30-100% VSMGMTcells were completely resistant to BCNU with no
regressions and no growth delays. Pretreatment with O'-benzylguanine
(BC) depleted tumor AGT activity for at least 6 h and sensitized xe
nografts containing 1 and 100% VSMGMTceIIs to BCNU. After BCNU or
BG + BCNU,xenograftsgrowingfrom inoculumscontainingas low as
0.1% V8MGMT cells had high AGT activities similar to that found in
VSMGMT xenografts, with the majority of the cells expressing MGMT.
These results provide evidence that MGMT expression influences both
intrinsicand acquiredcolon tumor CENUresistance,that selectiveex
paftsion of AGT@ colon tumor cells commonly occurs after CENU expo
sure, and that BG Is effective in sensitizing colon tumors to CENUs, even
when only a small fraction of the cells in a heterogeneous tumor express
MGMT.

INTRODUCTION

CENUs3 are useful in the treatment of lymphomas, melanomas, and
brain tumors. Most colorectal tumors are refractory to initial CENU
chemotherapy, with single-agent response rates of 10â€”15%(1â€”3).
However, because few alternatives to fluoropyrimidine therapy exist,
CENUs remain an important class of agents with which to pursue

second-line therapy of advanced colon cancer (4, 5).
The cytotoxicity of CENUs depends primarily on their ability to

chioroethylate macromolecules, including at least 14 primary sites

within DNA (6). One chioroethyl DNA adduct, O@-chloroethylgua
nine, is capable of rearranging through an intermediate to produce a
DNA-interstrand cross-link (7, 8). Formation of this DNA-interstrand
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EFFECFS OF BCNU ON MIXED COLON CANCER XENOGRAFFS

posed of mixtures of both V8MGMT and V8neo cells allowed us to
investigate how tumor heterogeneity impacts CENU responsiveness.
The ability of BG to reverse AGT-mediated xenograft CENU resist
ance was also determined. Thus, here we describe the effects of
BCNU and BG + BCNU on colon cancer xenografts derived from
mixtures of isogenic VACO 8 sublines differing only in their expres
sion of MGMT.

MATERIALS AND METHODS

Materials. BCNU and Sentry Grade Union Carbide PEG-400 were ob
tamed from the Developmental Therapeutics Branch, National Cancer Institute
(Bethesda, MD). BCNU was dissolved in 0.5 ml of 100% ethanol and diluted
in PBS immediately prior to use. BG was synthesized by Dr. Robert Moschel
at the Frederick Cancer Research Institute (Fredericksburg, MD). For cell
culture experiments, BG was dissolved in DMSO to a concentration of 1.8
mg/ml and further diluted in serum-free medium for treatment. For in vivo

administration, BG was added to PEG-400 at 50Â°Cand subsequently diluted to
40% v/v PEG-400 with 50 mM sodium phosphate (pH 8.0), giving a final BG
concentration of 25 mM.Geneticin (G418) was obtained from Life Technol
ogies, Inc. (Gaithersburg, MD). [3HJN-Methylnitrosourea was obtained from
Amersham Corp. (Arlington Heights, IL). The MT3.l monoclonal antibody to
the human AGT was kindly provided by Dr. D. Bigner at Duke University
(Durham, NC).

Vector Construction. A 702-bp BamHl fragment containing the human

MGMT sequence was ligated into pCMV-Neo-Bam, a pBR322-based plasmid
derived from the BCMGNeo-mlL-2 vector as described earlier (26). Briefly,
MGMTexpression was driven by the CMV promoterandenhancersequences.
Rabbit @-globinsplicing and polyadenylation sequences insured proper proc
essing of the transcribed insert. Expression of the neo gene, which was

controlled by the herpes simplex virus thymidine kinase promoter, conferred
resistance to G418 and allowed for isolation of stable transfectants.

CellCulture.VACO8 anditssublineswerepassagedweekly,maintained
in MEM supplemented with 8% bovine calf serum, and grown as multicellular
spheroids attached to plastic substrata for up to 20 passages. V8MGMT and
V8neo sublines were generated by transfecting VACO 8 with the plasmid
pCMV-Neo-Bam containing or lacking the human MGMTgene. Stable VACO
8 transfectants were selected for clonal survival in G4l8 and routinely grown
in medium containing 0.15 glliter G418. Prior to experiments, V8MGMT3 and
V8neo9 sublines were grown in medium lacking G418 for 1 week. The

cytotoxicity of BCNU and BG + BCNU was assessed using a cell growth
assay described earlier (27). Briefly, 2 X l0@ cells were plated on 35-mm3
plates in triplicate. BCNU treatments were initiated the next day by adding
serum-free MEM containing serial dilutions of BCNU. After 1 h, cells were
washed free of drug three times with MEM containing 8% FCS and replated
for S days of cell growth. For BG + BCNU treatments, 7.5 ,.LMBG was added
1 h prior to the addition of BCNU and left in the medium for the entire 5 days
before cell counting. Control plates for BG + BCNU treatments contained

only BG.
Xenograft Studies. Female athymic HSD nude mice were s.c. inoculated

in both flanks with 5.0 X 106 V8MGMTceIIs, V8neo cells, or mixtures of both.
Three times weekly, xenografts were measured, and animals were weighed.
TVs were calculated according to the equation: TV = (length X width2)/2.
Xenograft growth rate coefficients (f3) were obtained from exponential curve
fitting according to the equation TV = Plo X l0@. Mice were treated with
vehicles, 23 mg/kg BCNU and 30 mg/kg BG + 23 mg/kg BCNU when tumor

volumes were approximately 100 mm3. BG and BCNU were administered i.p.
in 100 @.&lof the diluent described. Tumor responsiveness is reported as
regressions, responses, complete regressions, and growth delays. Decreases in

TV after treatment of 10, 50, and 95% were considered regressions,
responses, and complete regressions, respectively. Tumor growth delays were

calculated according to: tumor growth delay = T2@ â€”C2,@,where T2@ and C2,

represent the number of days treated and control tumors take to double in size
from the day of treatment, respectively (28). Only xenografts that grew after
treatment could be used in the calculation of tumor growth delays. As xc
nografts approached 2000 mm3, mice were administered a lethal dose of
sodium pentobarbital. Xenografts (n = 4â€”12in each group) were immediately
excised, and portions were flash frozen in liquid N2 for the AGT assay or fixed

in formalin for immunohistochemistry. For AGT inactivation studies, nude
mouse livers and V8MGMT xenografts were excised for alkyltransferase assay

at I, 6, 24, and 48 h after administration of 30 mg/kg BG.
Alkyltransferase Assay. This assay has been described in detail elsewhere

(29, 30). Briefly, substrate [3Hjmethylated DNA was prepared by reacting 70
mg of calf thymus DNA with 10 mCi of [3HJN-methylnitrosourea. AGT
activity in sonicated cell and tissue extracts was measured as the loss of

[3HJO@-methylguanine, relative to [3H]N7-methylguanine (internal standard),
from substrate DNA during a 1-h incubation at 37Â°Cin a HEPES assay buffer.
The reaction mixture contained excess substrate DNA such that total alkyl
transferase activity could be determined. Methylated purines were liberated
from precipitated DNA by treatment with 0.1 NHCI and separated by reverse
phase HPLC. [3H]O@-MethyIguanineand [3H]N7methylguanine (internal
standard) were quantitated by liquid scintillation counting, and AGT activity
was expressed as fmol O@-methylguanineremoved/mg protein or @igDNA.

Immunohistochemistry. Immunohistochemistry was performed essen
tially as described (31, 32). Briefly, tumor sections were fixed in formalin.
Three-@.tm paraffin-embedded sections were incubated overnight at 4Â°Cwith
MT3.l, a mouse monoclonal antibody to human AGT (40 @g/mlin PBS).
Sections were incubated with peroxidase-labeled goat anti-mouse antisera for
1h at room temperature, and peroxidase reactions with diaminobenzidine were
carried out for 3 mm exactly. Replacement of the primary antibody with
isotype controls and omission of the primary antibody consistently resulted in

no staining.

RESULTS

AGT-deficient VACO 8 was transfected with a plasmid containing
the human MGMT cDNA or the parent plasmid. Of the 23 independ
ent MGMT transfectants analyzed, eight clones stably expressed high
levels of AGT activity between 30 and 84 fmol4@g DNA. V8neo
sublines and the remaining 15 MGMT transfectants possessed no
detectable AGT activity. In cell growth assays, AGT-expressing
V8MGMT sublines were >10-fold resistant to BCNU with IC50s of
55â€”96@.LM(Fig 1A). Like the parent line, V8neo sublines were
exquisitely sensitive to BCNU with IC5Os of 2â€”5@tM.The presence of
7.5 @.LMBG I h prior to BCNU and 24 h after its removal sensitized

V8MGMT sublines to BCNU but was without effect on the survival of
V8neo sublines (Fig. 1B).

Athymic nude mice were inoculated s.c. in both flanks with
5.0 X 106 V8MGMT cells, V8neo cells, or various mixes of
V8MGMT and V8neo cells to assess the impact MGMT expression
has on colon tumor BCNU resistance. The V8MGMT subline chosen
for xenograft studies expressed 82 fmol/p@gDNA when grown in cell
culture. Xenografts containing 100, 10, 1, 0.1, and 0% V8MGMT cells
were harvested 6 days after inoculation, when tumor volumes were
â€”100mm3, and found to contain 30 Â±1, 3.8 Â±0.5, 0.65 Â±0.07,
<0.1, and <0.1 fmol/@ig DNA AGT activity, respectively, where 0.1
fmoL/p.g DNA AGT activity was the limit of detection in this assay

(Fig. 2). Therefore, based on AGT activities found in the tumors,

MGMT expression in the VACO 8 mixed xenograft model was
indicative of the percentage of V8MGMT cells present in the tumor
inoculum.

MGMT expression in VACO 8 did not alter xenograft growth
kinetics (Fig. 3A, inset). Exponential growth rate constants (@3)from
the equation TV = TVo X l0@@for untreated V8MGMT and V8neo
xenografts were 0.051 Â±0.006 and 0.052 Â±0.003, respectively. The

growth of V8MGMT, V8neo, and mixed VACO 8 xenografts was
monitored after treatment with vehicle or 23 mg/kg BCNU. All of the
xenografts possessed similar growth kinetics after vehicle treatment

(Fig. 3A). V8neo xenografts were quite sensitive to BCNU, with a

100% response rate (10 of 10), a 70% complete regression rate (7 of

10), and growth delays of 43 Â±8 days (Fig. 3B and Table 1). In
contrast, V8MGMT xenografts were completely resistant to BCNU.
The growth of these tumors could not be distinguished from those
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Fig. 1. AGT activity and BCNU resistance in VACO 8 C.)
coloncancersublinesin cell culture.In A, BCNUsurvival
curves for four independently cloned V8MGMT (0) and t
three V8neo sublines (0) are shown. In B, survival curves a.. 10'
after 7.5 iaM BG and increasing concentrations of BCNU are
shown for an V8MGMT (0) clone expressing high AGT E
compared to a V8neo sublimelacking AGT (0). BG-treated@
cells are indicated by the â€¢and@ in each cell line pair. C
Resultsrepresentthe meanof threeseparateexperimentsfor
each sublime.Variance was less than 15%.

growing in vehicle-treated mice, because they experienced no regres
sions (0 of 25) or growth delay.

Mixed xenografts containing 0.01â€”10% V8MGMT cells were sen

sitive to BCNU, experiencing regressions, responses, complete regres

sions, and growth delays. As the percentage of V8MGMT cells in the
tumor inoculum increased, however, all measures of BCNU respon
siveness decreased. A 100% regression rate for tumors containing
0.01â€”3%V8MGMT cells after BCNU dropped to 73% for tumors
containing 10% V8MGMT cells. In addition, whereas a response rate
of 100% was observed in xenografts containing 0.01â€”0.1%V8MGMT
cells, the response rate was only 50% (12 of 24) for xenografts E
originally containing 1% of the V8MGMT cells and no xenografts E

containing >1% V8MGMT cells responded after BCNU. Further

more, although 80% of the tumors containing 0.01% (8 of 10) and E
0. 1% (16 of 20) V8MGMT cells completely regressed after BCNU,@
similar to results for V8neo xenografts, no xenografts containing 0

>0. 1% V8MGMT cells completely regressed after BCNU. Finally, as
the percentage of V8MGMT cells originally in the mixed xenograft 0
increased from 0.1% to 1 to 3 to 10%, the mean growth delay

decreased from 38 Â±10 days to 19 Â±6 days to 10 Â±2 days to 6 Â±2 @..
days, respectively. Like V8MGMT xenografts, mixed xenografts con
mining 30 and 50% V8MGMT cells were completely resistant to

z
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0
E

â€˜0-

>1

;@ Fig. 3. VACO 8 tumor growth in nude mice after vehicle or BCNU. In A. the growth

= ofvariousVACO8xenograftsaftertreatmentwithvehicleonday0isshown.Intheinset,
U the growth of untreated V8neo and V8MGMT xenografts is shown. In B. the growth of

@ various VACO 8 xenografts after treatment with 23 mg/kg BCNU on day 0 is shown.
Iâ€” Numberson the figurereferto the percentageof V8MGMTcellspresentin the tumor

@ inoculum. Each curve represents the growth curves of 3â€”10xenografts from a single
experiment.

BCNU, experiencing no regressions or growth delays. Thus, sensitiv
Fig. 2. MGMT expression in VACO 8 xenografts at the time of treatment. V8MGMT, ity to BCNU by all four measures (regressions, responses, complete

V8neo, and mixtures of both cells were inoculated s.c. into nude mice. The resulting regressions, and growth delays) decreased dramatically as the per
tumors were harvested and assessed for AGT activity when â€”100 mm@.Results represent
the means from at least three determinations; bars. SD. The LOD line represents the limit centage of V8MGMT cells in the tumor increased.
of detection for the AGT activity assay. We then determined whether BCNU resistance in V8MGMT xc

30
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Table I Response to BCNU and BGBCNU by VACO 8 xenograftsNo.

of completeGrowthdelays,%
V8MGMT/%V8neoNo. of tumorsNo. of regressions (%)No. of responses (%)regressions (%)days(n)BCNUâ€•0/1001010(100)10(100)7(70)43

Â±8(9)0.01/9.991010(100)10(100)8
(80)36 Â±6(4)0.1/99.9

1/99
3/97
10/90
30/70
50/5020

24
3
15
5
420(100)

24 (100)
3 (100)
11(73)
0 (0)d
0 (0)â€•20(l00@

12 (50@
0 (0)
0 (0)'
0 (0)â€•
0 (0)d16(80)

0 (0)c
0 (0)
0 (0)d
0 (0)e
o (0)38

Â±10(10)
19 Â±6 (24)c
10Â±2 (3f
6 Â±2 (l5)c
I Â±I (5f
1 Â±3(4)C100/0

BG + BCNI!250
(0)t0 (0)'0 (0)'0 Â±2(25)c0/1001010(100)10(100)10(100)45(2)0.1/99.9

1/99
100/010

7
810

(100)
7 (100)
8 (100)'10

(100)
7 (lOOf
8 (l00)@6

(60)
3 (43)@'
3 (38)b41

Â±5 (8)
35 ..4 (7)C
27 Â±6(6)c

EFFECTS OF BCNU ON MIXED COLON CANCER XENOGRAFTS

a For statisticalpurposes,responseto BCNU was comparedto V8neo xenograftresponseto BCNU.
b@ < 0.01 by the Fisher exact test or Student's t test (growth delays). When SDs were significantly different, a nonparametric test was used.
C p < 0.0001 by the Fisher exact test or Student's t test (growth delays). When SDs were significantly different, a nonparametric test was used.

d@ < 0.ool by the Fisher exact test or Student's t test (growth delays). When SDs were significantly different, a nonparametric test was used.
e p < 0.05 by the Fisher exact test or Student's t test (growth delays). When SDs were significantly different, a nonparametric test was used.

I For statistical purposes, response to BG + BCNU was compared to corresponding BCNU response.

nografts could be reversed by in vivo administration of BG. A single
dose of 30 mg/kg BG in its clinical formulation of PEG-400 fully
modulated V8MGMT xenograft AGT activity to <0.1 fmol/p.g DNA
1 h after its administration (Fig. 4). In fact, AGT activity remained
undetectable in these xenografts for at least 6 h after BG administra
tion. Mouse liver AGT activity was fully depleted by 1 h as well,
although AGT activity recovered to about 9% of its pretreatment
value at 6 h. By 24 h after BG administration, both xenograft and liver
AGT activity recovered substantially, whereas after 48 h, both ap
proached pretreatment values.

Mice bearing VACO 8 xenografts containing 0, 0.1, 1, and 100%
V8MGMT cells were then treated with 30 mg/kg BG I h prior to 23
mg/kg BCNU (Fig. 5). BG pretreatment did not further sensitize

tumors to BCNU that originally contained 0 or 0.1% V8MGMT cells.
However, xenografts containing 1 and 100% V8MGMT cells were
sensitized to BCNU by BG pretreatment. Seven of 7 (100%) xc
nografts originally containing 1% of the V8MGMT cells responded
after BG + BCNU, compared with 12 of 24 (50%) responses after
BCNU. Eight of 8 (100%) V8MGMT xenografts responded after
BG + BCNU, compared with 0 of 25 regressions and responses after

0a-
C
0
C.)

>

C.)

Iâ€”
C,
4

Fig. 4. AGT modulation and recovery in V8MGMT xenografts and nude mouse livers
after treatment with BG. At time 0, mice were treated with a single dose of 30 mg/kg BG
in 40% v/v PEG-400 vehicle. Tumor (U) and liver (C) were harvested at the times

indicated and AGT activity was determined. Baseline mean AOl activity in liver was 7.2
fmol/@sgDNA and in tumor was 82 fmol4@gDNA.

BCNU. Three of 7 (43%) xenografts containing 1% V8MGMT cells
and 3 of 8 (38%) V8MGMT xenografts completely regressed after
BG + BCNU. In contrast, only xenografts containing 0â€”0.1%
V8MGMT cells underwent complete regressions after BCNU. Finally,
BG pretreatment increased BCNU growth delays for xenografts con
taming 1 and 100% V8MGMT cells to 35 Â±4 days and 27 Â±6 days,
respectively.

After xenografts grew to approximately 2000 mm3, portions were
excised for assessment of AGT activity and protein expression. Re
gardless of treatment, V8neo xenografts (n = 12) never possessed

detectable AGT activity (<0.1 fmol/.tg DNA). Western Blots for
immunoreactive human AGT protein in extracts from V8neo xc
nografts lacked the immunoreactive band corresponding to human
AGT, even when overexposed (data not shown). Similar to results
before treatment, mixed xenografts from vehicle-treated mice pos
sessed AGT activity, which reflected the percentage of V8MGMT
cells present in the tumor inoculum (Fig. 6A). The AGT activity in
mature V8MGMT xenografts from mice treated with vehicles, BCNU,
and BG + BCNU was 85 Â±17, 80 Â±I 1, and 77 Â±19 fmol/p@gDNA,
respectively, close to the 82 fmoI4@g DNA AGT activity expressed by
V8MGMT in cell culture (Fig. 6, A and B). Strikingly, however,
xenografts originally containing as little as 0.1% V8MGMT cells that
were exposed to BCNU or BG + BCNU possessed AGT activity
indistinguishable from V8MGMT xenografts. For example, AGT ac
tivity in xenografts originally containing 0.1% V8MGMT cells was
0.15 Â±0.03 fmol/@g DNA after vehicle treatment, 63 Â±10 fmol4@g
DNA after BCNU, and 88 Â±28 fmol/p.g DNA after BG + BCNU. To
determine whether AGT activity from mature tumors exposed to
BG + BCNU possessed resistance to inactivation by BG, we incu

bated cell extracts from xenografts that grew after BG + BCNU
treatment, with increasing concentrations of BG prior to the addition
of substrate DNA. AGT activity from mature BG + BCNU-exposed
xenografts originally containing 0.1, 1, and 100% V8MGMT cells
remained as sensitive to BG-mediated inactivation as AGT activity
from V8MGMT xenografts excised from vehicle-treated mice (Fig.
6â‚¬).

Finally, to investigate the heterogeneity of AGT-expressing cells in
tumors that grew after treatment, we performed immunohistochemis
try on sections of whole tumor slices from xenografts that grew after
exposure to vehicles (Fig. 7, top row), BCNU (Fig. 7, bottom row) or
BG + BCNU (data not shown). After vehicle treatment, staining for
the AGT protein in mature tumors was indicative of the percentage of

20 30

Time (hrs)
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V8MGMT cells in the tumor inoculum. Xenografts originally contain
ing 0. 1â€”10%V8MGMT cells had occasional pockets of highly stained

cells. After BCNU or BG + BCNU, however, xenografts originally
containing 0.1â€”10% V8MGMT cells stained much like V8MGMT

xenografts, with highly stained cells distributed throughout the tumor.

DISCUSSION

Several studies suggest that significant AGT activity is present in
most, if not all, primary human colon tumors (15â€”18).In our own
studies with 49 paired primary colon tumors and adjacent normal
mucosa, we found significant AGT activity in each, with the mean
AGT activity in the tumor higher than that found in the adjacent

mucosa (18). Using immunohistochemistry for detection of AGT, we
noted that the orderly distribution of AGT expression seen in normal
colon mucosa is absent in colon tumors (32). In fact, AGT expression
was quite heterogeneous, because some tumors with relatively low

AGT activities had a few cells that stained very positively for AGT

protein. These findings suggested that heterogeneous MGMT expres
sion may partially explain the CENU-refractory nature of colon can
cer and that AGT-expressing cells survive initial CENU chemother
apy and repopulate the tumor, creating a tumor that is highly resistant
during subsequent rounds of CENU therapy.

Human tumor responses to CENUs correlate with AGT repair
capacity. Among 167 patients with primary brain tumors, those with
tumors containing high levels of AGT protein had shorter times to
treatment failure and death (33). In the laboratory setting, response to
l-(2-chloroethyl)-3-(trans-4-methylcyclohexyl)-l-nitrosourea in hu
man rhabdomyosarcoma xenografts correlated with AGT activity
(28). Furthermore, among three different small cell lung cancer xc

nografts, two expressed AGT and were resistant to l-(2-chloroethyl)-

3-[2-(dimethylamino-sulfonyl)- 1-ethyl]- 1-nitrosourea, whereas 1-
(2-chloroethyl)-3-[2-(dimethylamino-sulfonyl)-l-ethyl]-1-nitrosourea
was curative for xenografts that did not express AGT (34). Finally, the
AGT-expressing HeLa S3 xenograft was markedly resistant to
1-(4-amino-2-methyl-5-pyrimidinyl)methyl-3-(2-chloroethyl)-3-nitro
sourea hydrochloride with growth delays of less than 4 days, whereas
complete regressions were observed in the AGT-deficient HeLa MR
xenografts (35). BG inhibition of human tumor xenograft AGT activ
ity reverses CENU resistance. For example, single doses of BG
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Fig. 5. VACO 8 tumor growth in nude mice after treatment with BG and BCNU. In A.
thegrowthofVACO8 xenograftsaftertreatmentwithbothvehiclesis shown.Intheinset,
the growth of BG-treated V8neo and V8MGMTxenografts is shown. In B. the growth of
VACO 8 xenografts after treatment with 30 mg/kg BG and 23 mg/kg BCNU is shown.
Numbers on the figure refer to the percentage of V8MGMT cells present in the tumor
inoculum. Each curve represents the growth of 10 xenografts from a tingle experiment;

however, if xenogralts completely regressed and did not regrow, they were not included
in the database of those that did regrow beyond the point that they were measurable but
rather are included in the determination of tumors that experienced a complete regression
(see Table 1).
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Fig. 6. AGT activity in mature VACO 8 xenografts that grew after treatment. All tumors were at least 1000 mm3 and had been growing in vivo for a minimum of 14 days. In A.
the AGT activity in tumors originally containing different percentages of the V8MGMTsubline that grew after vehicles (0) or BCNU (0) is shown. Bars, SD. In B, the AGT activity
in tumors exposed to BG + BCNU is shown; bars. SD. In C. the AGT activity in extracts from tumors that grew after treatment with BG + BCNU was tested for resistance to
BG-mediated inactivation. Tumor AGT results represent the means of AGT present in each tumor group (n 4 to 12, depending on the proportion of tumors that regrew after drug
treatment). The LOD line represents the limit of detection for the AGT activity assay. N!H3T3 ada, AGT in cell extracts of NIH3T3 cells transfected with the bacterial AGT gene ada,
which we have showed is resistant to BG inactivation (42).
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increased BCNU-induced growth delays for HT29 colon cancer xc
nografts (24) and increased GC-3, VRC-5, and CX-! colon cancer
xenograft growth delays 7â€”15-fold(25). These xenografts expressed
7â€”22-foldhigher levels of AGT activity than HC-l xenografts, which
were sensitized only 2-fold by BG pretreatment.

Data herein demonstrate that MGMT expression confers resistance
to BCNU to a BCNU-sensitive colon cancer cell line. V8MGMT
sublines expressed high levels of AGT and were >10-fold resistant to
BCNU, in the absence of BG, in vitro. Xenografts containing 0.1%
V8MGMT cells were quite sensitive to 23 mg/kg BCNU with â€”3/4
undergoing complete regressions and tumor growth delays of â€”40
days. However, response to BCNU decreased as the percentage of
AGT-expressing cells in the tumor inoculum increased. For example,
no xenograft containing >0.1% V8MGMT cells completely regressed
after BCNU (0 of 76), no xenograft containing >1% V8MGMT cells
had greater than a 50% response after BCNU (0 of 52), and no
xcnograft containing >10% V8MGMT cells experienced a regression
after BCNU (0 of 34). In addition, growth delays decreased dramat
ically from 38 to 19 to 10 to 6 days as the percentage of V8MGMT
cells increased from 0.1% to 1 to 3 to 10%, whereas xenografts
containing 30â€”100% V8MGMT cells experienced no growth delay at

all.

We did not observe MGMT expression in any V8neo xenografts,
regardless of treatment. Therefore, we conclude that reactivation of
the endogenous MGMT gene did not occur and that V8MGMT cells
provided all of the AGT activity detected in the tumors after BCNU.
There was also no evidence that drug treatment generated drug
resistant tumor cells. The high AGT activities found in mixed xc
nografts that grew after BCNU and the expression of AGT throughout
these tumors illustrates that a small number of AGT-expressing cells
can lead to BCNU resistance, as has been observed in a xenograft
containing a mixture of nonisogenic small cell lung cancer cells (36).
In contrast, V8neo tumors, which lack AGT activity, would remain

sensitive to the BG plus BCNU combination, as we have observed in
the parent VACO 8 cell line.4

Pretreatment of mice with 30 mg/kg BG depleted V8MGMT xc

nograft AGT activity for >6 h and resulted in tumor responses after
BG + BCNU for all mixed xenografts, including those containing
100% BCNU-rcfractory V8MGMT cells. In addition, BG + BCNU
induced complete responses in â€”40%of these tumors. Although BG
pretreatment provided a pronounced effect, it did not fully reverse
BCNU resistance in V8MGMT xenografts. Growth delays for these
xenografts were 27 Â±6 days, statistically shorter than the 43 Â±8 days

(P < 0.001) observed in V8neo tumors. In addition, xenografts
regrowing from inoculums containing 0.1 or 1% V8MGMT cells had
high AGT activities after BG + BCNU, resulting from the selective
expansion of V8MGMT cells. This may have resulted from early
regeneration of AGT activity after BG and a survival advantage due
to repair of pre-cross-link lesions that arc not fully converted to
cross-links for as long as 24 h (37â€”40).For this reason, successful usc
of BG in the clinic may require dosing strategies that prevent AGT
recovery for 18â€”24 h in target tumors. Furthermore, AGT@ tumor

cells may selectively repopulate the tumor after BG + CENU therapy
unless AGT depletion is maintained, resulting in acquired resistance
to subsequent BG + CENU therapy. A potential strategy to improve
BG + CENU chemotherapy involves administration of methylating
agents like streptozotocin, which introduce 06-methylguanine-DNA
adducts and modulate AGT activity in human tumors during clinical
trials (40, 41).

In summary, expression of AGT rendered BCNU-sensitive colon
cancer cells BCNU resistant in a xcnograft setting and resulted in
selective outgrowth of the AGT@ subset of cells in mixed xenografts
containing as few as 0.1% AGT@ cells. This illustrates the importance
of AGT in defining the response to BCNU and that AGT expression
is a dominant selectable phenotype during in vivo CENU exposure.

4 J. K. V. Willson, unpublished results.
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Fig. 7. Immunohistochemical staining of AGT in sections from VACO 8 xenografts. Representative light photomicrographs of tumor sections immunostained using antisera for
human AGT and diaminobenzidine colorimetric detection are shown. Sections of tumors that grew from inoculations containing 0.1, 1, 10, or 100% V8MGMTcells after treatment
with vehicle (top row) or BCNU (bottom row) are shown (X250).
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Thus, AGT expression is a cause of both intrinsic and acquired CENU
resistance. Finally, these results suggest that BG + CENU therapy
will be superior to CENU therapy in the treatment of colon cancer. In
addition to enhancing the efficacy of BCNU initially, BG may be

particularly important in subsequent treatment cycles when tumor

AGT activity may increase, even in tumors that appear to have low
AGT at the start of therapy.
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