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ABSTRACT

We testedthe hypothesisthat the level of the DNA repair protein
O@-alkylguanine-DNAalkyltransferasein brain tumorswas correlated
with resistanceto carmustine (BCNU) chemotherapy. Alkyltransferase
levels in individual cells in sections from 167 primary brain tumors
treated with BCNU were quantitated with an immunofluorescenceassay
using monoclonal antibodies against human alkyltransferase. Patients
with highlevelsof alkyltransferasehadshortertimeto treatmentfailure
(P = 0.05) and death (P 0.004) and a death rate 1.7 times greater than

patientswith low alkyltransferaselevels.Furthermore,the sizeof the
subpopulation of cells with high levelsof alkyltransferase wascorrelated
directly with drug resistance.For all tumors the variables most closely
correlated with survival, in order of importance, were age, tumor grade,

and alkyltransferaselevels.For glioblastomamultiforme,survivalwas
morestronglycorrelatedwithalkyltransferaselevelsthanwithage.These
results should encourage prospective studies to evaluate alkyltransferase

levels as a method for identifying brain tumor patients with the best

likelihoodof responseto BCNU chemotherapy.

INTRODUCTION

The incidence of primary brain tumors in the United States is about
15,000 new cases per year, and of these about 30% are high-grade
tumors including AAs3 and GBMs (1). In treating these malignant
gliomas, adjuvant chemotherapy with BCNU and its congeners pro

duces an increase in survival compared to radiation alone (2), and
BCNU has become the frontline drug in chemotherapy of malignant
brain tumors.

BCNU acts by releasing a chloroethyldiazonium ion that alkylates
several sites in DNA, the most important of which is at the O6@
position of deoxyguanosine. This chloroethyl adduct undergoes an
intramolecular circularization and then crosslinks the DNA, producing
a lethal lesion (3). Before crosslinking, 06-alkylguanine is repaired in
human cells by the DNA repair protein 06-alkylguanine-DNA alkyl
transferase (EC 2.1.1.63), which transfers the alkyl adduct to a cys
teine residue at position 145 of the alkyltransferase peptide chain and

thereby becomes inactivated (4, 5). This stoichiometric â€œsuicideâ€•
method of repair means that the numberof alkyl adducts that can
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be repaired is limited by the number of alkyltransferase molecules
available.

Repair by alkyltransferase is related to human tumor cell resistance
to BCNU (6). A group of human tumor cell lines that lack alkyltrans
ferase activity is designated as having the â€œMerâ€•phenotype (for

methylation repair minus; Ref. 7), and is hypersensitive to drugs that
produce 06-alkylguanine, including BCNU (8). The free base inhib
itor 06-benzylguanine (NSC 637037) consumes the alkyltransferase
activity of the cell (9), and thereby overcomes drug resistance and
sensitizes human xenografts to killing by BCNU (10). 06-benzylgua
nine is currently in Phase I clinical testing (IND 45789).

The correlation of tumor alkyltransferase levels with patient re
sponsehas been hampered to date by the requirement in the standard
biochemical activity assayfor large samplesof fresh tumor tissue and
the small number of tumor samples available for such analysis in
prospective studies. We have recently developed a quantitative im
munofluorescence assay for alkyltransferase using monoclonal anti
bodies against the DNA repair protein (11) and applied it to sections
from brain tumors, including those from archived paraffin blocks (12).
This allows the retrospective measurement in tumors from patients

treated with BCNU for whom the clinical outcome has been recorded.
We report here the study of the largest series to date of alkyltrans
ferase in brain tumor patients and the correlation with response to
BCNU.

MATERIALS AND METHODS

Patient Populationand ResponseCriteria. Brain tumorsectionsand
correspondingpatientdatawereobtainedfor 225patientswhoreceivedBCNU
adjuvantchemotherapy,167of which wereevaluated.The criteria for inclu
sion were histologically confirmed primary brain tumor, adjuvant chemother

apy including BCNU, and availability of patient responsedata as detailed
below.Fifty-eight sampleswereexcludedfrom the studybeforeexamination
of theclinical databecausesectionsweretoo thick or too smallfor processing
(19 samples)or backgroundfluorescenceobscuredanalysis(39 samples).

Fourresearchcenterscooperatedin providingtumorsamples.In thecaseof
SouthwestOncology Group and University of California, San Francisco,
patientsweretakenfrom onearm of a prospectiverandomizedtrial (SWOG
9218 and BTRC 8822). In the caseof Barrows Neurological Institute and Long
IslandJewishMedicalCenter,patientswereselectedon thebasisof availabil
ity of tumor tissue and complete patient response data. For each center, the

numberof patientsevaluatedand the standardtreatmentprotocols for the
patients were as follows: (a) Barrows Neurological Institute, 45 patients
received60 Gy over7 weeks,deliveredto thetumorbedwith a 3-cmmargin,
and 200 mg/m2BCNU i.v. every 8 weeks;(b) SouthwestOncologyGroup
(SWOG9218),64 patientsreceivedstandardradiotherapyasdeterminedby
the local institution (generally50â€”60Gy in 6â€”7weeks)and after 4 weeks,
BCNU at 80 mg/m2/day,in 2 or 3 daysevery6 weeks,until diseaseprogres
sion or intervening toxicities required termination of therapy; (c) University of
California, San Francisco (BTRC 8822), 34 patients received a total dose to the
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ALKYLTRANSFERASE IS PROGNOSTIC FOR BCNU

tumor of 6000 rads in a period of 6â€”7weeks with 30â€”35increments of
180â€”200 rads/day, 5 days a week. During radiotherapy, hydroxyurea was

given at 300 mg/m2 every 6 h every other day. After completion of radiation

therapy, 6-TG was given p.o. at 100 mg/m2 every 6 h for 12 doses, and BCNU
was given iv. at 210 mg/m2 between 4â€”6h after the last dose of 6-thiogua

nine; (d) Long Island Jewish Medical Center, 24 patients generally received

radiotherapy of 60 Gy over 5â€”6weeks. All received iv. BCNU at 200â€”240
mg/m2over6 weeks.Theextentof surgicalresectionin thepatientgroupswas
not reported.

Patient response to chemotherapy was evaluated by two clinical parameters.
Time-to-failure was the time in months from the date of first treatment with

BCNU until the patientreachedtreatmentfailure, definedas an increasein
tumor mass by computed tomography and magnetic resonance imaging scans
and a decline in Kamofsky rating, or death.Time-to-deathwas the time in
months from the initial BCNU treatment to death. In addition to the patient
treatmentand responsedata, the centersprovideddataon patientage,sex,
tumorgrade,andotherdrugsadministered.In thecaseof theSWOGdataset,
alkyltransferase data were reported by Applied Genetics to SWOG before the

patient response data were disclosed to Applied Genetics.
Tumor Sectionsand PathologicalReview.Thediagnosisforeachof the

patients was determined by the referring group pathologist. Five slides with
onesection2â€”6@xmthick werepreparedfrom eachbrain tumor.Of the 167
tumor samplesevaluated,125 were cut from formalin-fixed and paraffin
embeddedspecimens,and42 werecut from frozenblocksof tumorembedded
in OCT medium. To determine whether tumor pathology differed between

patients with the highest and the lowest alkyltransferase levels, one slide from
each of 25 randomly selectedpatientswith high alkyltransferaseand 25
randomly selected patients with low alkyltransferase was hematoxylin and
eosin stained and was scored by histopathology for integrity of the specimen.

Virtually all (94%) of the tissueon the slides was tumor tissue,and over
one-half of the slides contained only tumor tissue, with no significant differ
ence between the two groups (P = 0.28; Pearson y@test). The average amount

of necrotictissuein thesamplewas20%,but one-halfof thesampleshad5%
or less,and therewas no differencebetweenhigh and low alkyltransferase
(P = 0.71). Seventy-two % showed evidence of inflammation, although

one-half were mild cases,again with no difference betweenthe groups
(P = 0.62). Finally, the majority (54%) of infiltrating cells were lymphocytes,

with no difference between the groups (P = 0.39).

QuantitativeImmunofluorescenceMicroscopy.Two slidesfrom each
tumorwerestainedin parallel,onewith antitransferaseantibody(sample)and
one without this antibody (background). In each staining session, HT29 cells
(72,000molecules/nucleusand37%outliers;Ref.7), werespouedontopoly
L-lysine-subbed slides and were included as a positive control. Paraffin see
tions were dewaxed and rehydrated through an ethanol series, and frozen

sectionswere rehydrated.Both were then fixed with 4% paraformaldehyde.
QuantumSimply Cellular Microbeads(Flow CytometryStandard,Hato Rey,
Puerto Rico), used in calibrating the digitized fluorescence intensity (1 1), were

spottedonslidesandfixed in parallel.After washing,tissuesamplesandbeads
weretreatedwith 0.1%Triton X-l00 in PBS,blockedwith 5% nonfatmilk/
PBS, and stainedwith antialkyltransferasemonoclonalantibody 3B8 (37
@xg/mlin block for 60 mmat 25Â°)andsecondarygoatantimouseIgG antibody
linked to FITC (SigmaChemicalCo., St. Louis, MO). The specificityof the
primaryantibodyfor humanalkyltransferasehasbeenconfirmedby Western
blot (11), by depletionof stainingusingeither the alkyltransferaseinhibitor
O@-benzylguanine or by temozolomide treatment (13), and by the linear

proportionof antibodystainingto the fractionof Mer@cells in a mixtureof
Mer@and Mer cells (13). Nuclei werestainedwith 0.2 pg/ml DAPI for 3
mm,andtheslideswererinsedandmountedwith 50%glycerolandSlowfade
antifade reagent (Molecular Probes Inc., Eugene, OR).

Imagesfrom the slidesof tissuesandbeadswerecapturedby epifluores
cencemicroscopyusinga Nikon Diaphotmicroscopeequippedwith Fluorite
lenses and with green and blue filter sets (for FITC and DAPI fluorescence,

respectively) and digitized using a Star I CCD Camera (Photometrics Ltd.,

Tucson, AZ) asdescribed previously (1 1, 13). Final magnification was X 1300.
The imageswereanalyzedwith theOptimasimageanalysissoftwarepackage
(Bioscan Inc., Edmonds, WA), as described (11, 13), using a macro that

automates data collection and performs all calculations. Briefly, the nuclei
weredelineatedin the DAPI image,thenuclearoutlinewassuperimposedon
the FITC image, and then the fluorescence intensity and area of each nucleus

were calculated. For each sample, data were extracted from approximately 100

nuclei in the sample slide (antialkyltransferase plus secondary antibodies) and
from the backgroundslide (secondaryantibody alone). The fluorescence
intensity of each nucleus was converted to molecules/nucleus using a calibra

tion curve constructed from the bead standards and the area of the nucleus. The

reproducibility of the slope of the bead standards has a standard error of 13%,

and the fluorescence intensity of the positive control human tumor cell has a

standard error of 7%. This method has a limit of detection of 12,000â€”30,000

molecules/nucleus.

Molecules/nucleuswas calculatedby comparing the distribution in the
sample population to that of the background. If there was no statistically
significant difference between the two distributions, alkyltransferase was not

detectable, and the sample was scored as zero alkyltransferase. Otherwise, the
value for molecules/nucleus was the difference between the means of the two
distributions.Fractionof outlierswasthe fractionof nucleiwith fluorescence
greaterthan2.4SDsabovethebackgroundmean.In thebackgrounddistribu
tion, approximately 1% of the population was greater than 2.4 SDs above the
mean. The calculations were performed in duplicate for each sample, and the
results were averaged. If the background was unacceptable because of its

skewed distribution, a second set of slides was prepared from the tumor block,
and if the problempersisted,the samplewas declaredunusable(39 of 225
slides).

Statistical Analysis. Meansare reportedin the form mean Â±SE, and
comparisonsbetweenmeanswere madeby t test (all P valuesare for the
two-tailedtest).The correlationof eachvariablewith patienttime-to-failure
and survival was determined in a stepwise manner with the accelerated failure
time model using the Weibull distribution, and significance was determined by
the Wald test (2L module of the BMDP statistical analysis software, San
Diego, CA). Fraction of outliers and molecules/nucleus are not independent

variablesandwerenot includedsimultaneouslyin themodeling.Survivaland
failurecurvesweregeneratedby theKaplan-Meier(product-limit)method,and
groups were compared by log-rank test (1L module of BMDP).

Two methodswereusedto analyzethecorrelationbetweenalkyltransferase
levels and survival independent of age. The first method used an age adjust
ment of survival data. Patients were separated into four age groups (<45,
45â€”54,55â€”64,and >64 years), and their survival data were normalized using

death rates for these age groups reported by Shapiro (2). The death rates for
these four groups were similar to death rates for these groups in our patient
population(datanotshown).Thesecondmethodwasby stratifiedlog-ranktest
using the four age strata. Relative death rates were derived from the Mantel

Cox test.Contingencytableswereanalyzedby the@ test.

RESULTS

Patient Characteristics. This first large-scale test of alkyltrans

ferase as a factor in brain tumor patient survival was designed as a
multicenter retrospective trial to include a larger number of patients
than was available through a single prospective study. A retrospective
study also has the advantage of including complete data on more
long-term survivors than are included in a prospective study. How
ever,it hasthedisadvantagethatnot all patientsweretreateduni
formly. We have included statistical analyses of the effects of these
nonuniform treatment parameters on patient outcome.

Alkyltransferase was measuredin 167 brain tumor specimensfrom
patient who received BCNU-based treatment.The characteristicsof the
patientpopulationare shown in Table 1. The mean age was 50 years

(range, 15â€”75years),which was close to the meanageof 51.2 years for
all brain tumors (1). Most of the 167 tumors were high-grade gliomas,
with 99 (59%) GBMs and 47 (28%) AAs. The remaining tumors were

oligodendrogliomas, gliosarcomas, low-grade astrocytomas, and unde

fmed gliomas. Nearly all patients received radiation therapy and BCNU,

and only 2 patients received BCNU alone. Thirty-three % of patients
received additional treatments, which included cisplatin, 6-thioguanine,

steroids,or a combination of thesetreatments.
Measures of Alkyltransferase. Alkyltransferase levels in the tu

mor biopsies were measured by two parameters: molecules/nucleus,
which measuresthe average alkyltransferase levels in cell nuclei, and
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Table2 CovariateswithsurvivalCovariate

x2Pvalueâ€•GBMs

andAAs
Ageâ€• 40.8
Tumor gradec 11.3
AlkyltransferasÃ«' (molecules/nucleus) 8.4
Fractionof outlierse 37<0.0001

0.0001
0.004

0.06GBMs

Alkyltransferase (molecules/nucleus) 15.3
Age 5.6
Fraction of outliers 4.6<0.0001

0.018
0.03a

p values were from the Wald Test.

b Age groups were <45, 45-54, 55-64, and >64 years.

C Tumor grade by referring center.

d Low alkyltransferase, @6O,000 molecules/nucleus; and

>60,000 molecules per nucleus.
e Fraction of outliers and molecules/nucleus were not inclu

failure time modelssimultaneously.high
ded ialkyltransferase,n the accelerated
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Table 1 Patient characteristics This difference between GBM and AA alkyltransferase content
was also seen in histograms of the population distribution (Fig. 1,
A and B). The distribution of molecules/nucleus was similar for

both GBMs and AAs (Fig. 1A), but the distribution of outliers for
GBMs was skewed toward higher values compared to that for AAs
(Fig. 1B).

Correlation of Variables. Variables from the patients' records,

including age,sex, tumor grade, and both measuresof alkyltransferase
were examined as covariates with survival, using the accelerated
failure time model. In this model, an equation is fit to the clinical data
that assigns a coefficient for each variable. Each variable is then
systematically analyzed by removing it from the equation and testing

the change in fit of the equation. A covariate is statistically significant
when its removal significantly alters the fit of the equation to the
clinical data. The significant covariates of those evaluated for high
grade tumors, in order of their statistical strength, were age, tumor
grade, molecules/nucleus, and fraction of outliers (Table 2). Age and
tumor grade are well-known prognostic factors in brain tumor survival
(14); we also found that increases in age and tumor grade reduced
survival.

The number of molecules/nucleus was a significant negative co
variate as a continuous variable (P 0.05), meaning that for each
increasein this value, survival declined. When patients were separated
into low- and high-alkyltransferase groups, their survival also differed
significantly, with low-alkyltransferase patients surviving longer than
high-alkyltransferase patients. This difference was most statistically

Total patients
Age

Mean Â±SEM
Median

Sex(NoJ%)
Female
Male

Tumor Grade (NoJ%)
GBM

fraction of outliers, which measures the fraction of cells with high
levels of nuclear alkyltransferase. The mean number of molecules/
nucleus was 132,000 Â±15,000, and the mean fraction of outliers for
all tumors was 0.19 Â±0.01. The distribution of both measures of
alkyltransferase had broad ranges: 0 to 1.4 million molecules/nucleus

and 0 to 0.91 fraction of outliers. Twenty-six % of tumors had no
measurable alkyltransferase, and 18% had no outliers. GBMs aver
aged 135,000 Â± 16,000 molecules/nucleus, which was not signifi
cantly different from the average of 161,000 Â±41,000 molecules/
nucleus for AAs. In contrast, the mean fraction of outliers for GBMs
(0.23 Â±0.02) wassignificantlyhigher(P = 0.009) thanthe mean
fraction of outliers for AAs (0.14 Â±0.02).

>,

U-

AA
Other primary brain tumors

Treatment Protocol (NoJ%)
BCNU alone
BCNU + radiation
BCNU, radiation + other chemo
BCNU, radiation + other therapy

Molecules/nucleus

All tumors
Mean Â±SEM
Median

GBM
Mean Â±SEM
Median

AA
Mean Â±SEM
Median

Fraction of outliers
All tumors

Mean Â±SEM
Median

GBM
Mean Â±SEM
Median

167

50Â± 1.1
52

58/35%

109/65%

99/59%
47/28%

21/13%

2/1%
109/65%
48/29%

7/4%

132,000Â±15,000

79,000

135,000Â±16,000

73,000

161,000Â±41,000
89,000

0.19 Â±0.01
0.14

0.23 Â±0.02
0.18

AA
Mean Â±SEM 0.14 Â±0.02
Median 0.09

15

Fig. I . Distribution of molecules/nucleus (A)
and fraction of outliers (B) for 167 brain tumors
analyzedby quantitativeimmunofluorescence.The
histogram was stacked according to tumor type: @,
GBMs; â€¢,AAs; 0. otherprimaiy brain tumors.
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definition, the relative death rate for the entire population is 1.0
(dotted line). Patients in the lowest grouping of fraction of outliers had
a death rate about one-third lower than the overall group. The relative
death rates tended to increase as the fraction of outliers increased,
which suggests that as the size of the subpopulation with high alky
ltransferase increases, the death rate increases and patient survival

declines.
Alkyltransferase and Patient Survival. High- and low-alkyl

transferasegroups (> or <60,000 molecules/nucleus) were compared
by the patient response end points of time-to-failure and time-to
death. Some patients neither had failed treatment nor died at study
closure (censored data), and therefore these end points were analyzed
by the Kaplan-Meier method and the log-rank test, which accommo
date censored data.

Time-to-failure was compared between high- and low-alkyltrans
ferase tumor patients including all tumor grades (Fig. 3A) and GBM
patients alone (Fig. 3B). Patients with low alkyltransferase tumors had
a longer time to failure than patients with high alkyltransferase tumors
and these differences were significant by log-rank test (all primary
brain tumors, P = 0.05; GBMs, P = 0.02).

Low-alkyltransferase patients also had better survival than high
alkyltransferase patients, not only among all tumor grades (Fig. 4A)

but also among GBMs (Fig. 4B). These results were significant for all
tumors and GBMs by log-rank test of age adjusted survival data
(P = 0.004 and P = 0.03, respectively) and by age stratified log-rank

test (P = 0.006 and P = 0.03, respectively). Moreover, there was
more than a 2-fold greater percentageof patients with low-alkyltrans
ferase tumors surviving after 1 year than patients with high-alkyl
transferase tumors. Considering the survival curves overall, patients
with high-allcyltransferase tumors had death rates 1.7 times greater
than patient with low alkyltransferase tumors (Table 3).

Nonuniform Treatment. We tested the effect of nonuniform treat
ment on survival by stratifying the data for the nonuniform treatment
variable and applying the stratified log-rank test. When the data were

stratified into four groups by treatment center, alkyltransferase was
still a statistically significant covariate with survival (P = 0.0043;
stratified Mantel-Cox test). When the data were stratified into groups
by treatment protocol (e.g., BCNU + RT, BCNU + RT + 6-TG,
BCNU + RT + steroids, etc.) alkyltransferase remained a statistically
significant covariate (P = 0.0035; stratified Mantel-Cox test).
Another test was to examine age-adjusted 1-year survival within the

P@ierts remaining@ risk(Low/ High alkyltransferase)

I I I I

S

S S
S

S

I .6

1.4 -

O 1.0

1.2 -

0.8 -

0.6 -

0.4

0-5% 5-15% 15-25% 25-35% >35%

Fraction of Outliers

Fig. 2. Correlationof fractionof outherswith deathrates.Patientsweredivided into
5 groupsaccordingto fractionof outliers,andtherelativedeathrateswerecalculatedfor
eachgroup(Mantel-Cox). , deathrate(1.0) for theoverall population.

significant (determined by the maximum f value) when the groups
were divided into those with 60,000 molecules/nucleus (low alkyl
transferase) and those with >60,000 molecules/nucleus (high alkyl
transferase; Table 2). Among the GBM patients, 38% (38 of 99) had
low alkyltransferase, and among the AA patients, 49% (23 of 47) had
low alkyltransferase, but this difference was not significant (P = 0.2).
Not only was alkyltransferase level a covariate with survival for all
tumors, but considering only the 99 GBM patients, alkyltransferase
was the most important covariate with survival, surpassing even age
(Table 2). Statistical analysis for the other tumor subtypes was not
possible becauseof low sample number.

Fraction of outliers was a significant negative covariate with sur

vival as a continuous variable (Table 2), and Fig. 2 illustrates this
correlation. Patients were grouped according to their fraction of out
hers, and the relative death rate for each group was calculated. By

I

67@1 45/40 22/23 10/11 7@ 5/6 26 3@ Z3/21 9f10 4@3 3/2 3/1 1/1

Fig. 3. Patient time to failure grouped by high
(>60,000 molecules/nucleus) and low (60,000 mole
cul&nucleus) alkyltransferase.A, all primary brain
tumors; B, GBMs.
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Table 3 Relative ratesof response totreatmentRelative

rates(Mantel-Cox)AlkyltransferaseHighLowRelative

failurerate1.150.83Relative

deathrate1.240.73

ALKYLTRANSFERASE 15 PROGNOSTIC FOR BCNU

Patientsremainingat iisk(Low/ Highalkytransferase)
67@1 45153 23/22 1@Y11 5/3 4@l 1R@ 37@ 22/33 12@12 5/7 4/2 3@ 1@

I .0

0.9

0.8

o@ 0.7I 0.6
:@ 0.5

@. 0.4

3-
0.3

0.2

0.1

0.0

nonuniform variable using contingency tables. There was no differ

ence in the fraction of patients surviving greaterthan 1 year either

among treatment centers (P = 0.26; Pearsonxi)' or between patients
receiving BCNU + RT and patients receiving BCNU + RT + other

drugs (P â€”0.96; Pearson f). Therefore, nonuniform treatment of
patients could not account for differences in survival observed be
tween patients with high and low alkyltransferase.

DISCUSSION

The capacity for DNA repair by alkyltransferaseis remarkably

heterogeneous among brain tumors, as has been observed using the
biochemical activity assay (12, 15â€”17)and confirmed in the present

series of brain tumor sections by immunofluorescence. In previous
biochemical studies, a range of over 10-fold was observed; 15â€”25%of

tumorswere completely deficient in alkyltransferase.We found ma

lignant glioma samples with alkyltransferase levels up to 1 log above

the mean, and 26% of samples had no measurable alkyltransferase.
Differences in the absolute values for alkyltransferase between pre
vious biochemical studies of brain tumors and those reported here

arise because of differences in the end point measured (protein activ

ity versus antibody-detectable protein) and in the type of sample
(fresh tumor extracts versus sections from tumor blocks). Of course,
biochemical activity measurements cannot be made on retrospective

samples from formalin-fixed tumors.

We report here for the first time the correlation between levels of
alkyltransferase in human tumors and survival after radiation plus

adjuvant chemotherapy with BCNU in a large series of patients.
Alkyltransferase correlated with survival as a continuous variable,
whether the measure was by molecules/nucleus or by fraction of

outliers. Among all tumors, alkyltransferase was a significant covari
ate ranked behind age and tumor grade, but among GBMs it was the
most significant variable.

This multicenter retrospective study requires caution in its inter

pretation. There was no central pathology or radiographic review for

Fig. 4. Patient survival (age adjusted) grouped by high
(>60,000- molecules/nucleus) and low (60,000 mole
cules/nucleus) alkyltransferase. A, all primary brain tu
mors; B. GBMs.

0 5 10 15 Z@@ 30 0 5 10 15 21@ 30

Months post treatment

the entire series of patients. In addition, patients were not treated
uniformly with radiotherapy or BCNU, many were given additional

drugs, and the extent of resection and initial performance status data

were not available for all the patients. We examined the effect of these
nonuniform variables on survival by stratifying for treatment center or
treatment protocol, and found that the correlation between alkyl

transferase and poor survival remained statistically significant after

either stratification. Furthermore, neither the variable of treatment
center nor additional drugs alone accounted for a difference in
survival.

The concern of nonuniformity is also addressedby considering only
the largest subset of patient data submitted by SWOG.4 These 64
patients were enrolled and treated uniformly as one arm of a clinical
trial (SWOG 9218), all the radiographic and pathology data were
centrally reviewed, and the alkyltransferase results were disclosed
before patient data were released. Within this group, alkyltransferase
was strongly correlated with survival, and the patients with high
alkyltransferase had a death rate 2.4 times greater than those with low

alkyltransferase (P = 0.013; Mantel-Cox log-rank test). This further

supports the conclusion that in the overall data set the relationship

between alkyltransferaseand survival was not an artifactof nonuni

form patient treatment.
The average number of alkyltransferase molecules/nucleus was a

statistically significant covariate of both time to treatment failure and

survival. In addition, by separating patients into low-alkyltransferase
(<60,000 molecules/nucleus) and high-alkyltransferase (>60,000
molecules/nucleus) groups, we found a statistically significant differ
ence in both time to treatment failure and survival. Overall, high
alkyltransferase tumor patients treated with BCNU had a death rate

1.7 times that of low-alkyltransferase tumor patients treated similarly.
This cutpoint at a relatively low level of alkyltransferase (less than
half the mean of 132,000 molecules/nucleus) suggests that even
moderate levels of DNA repair capacity confer resistanceto alkylating
agents. This should serve to emphasize that attempts to sensitize
tumors to BCNU chemotherapy by modulating alkyltransferase must
achieve profound and prolonged depletion of the repair protein.

The fraction of outliers, or cells within a tumor with significantly
elevated levels of alkyltransferase, was also a statistically significant
covariate for both time to treatment failure and survival. These out

4 K. Jaeckle, H. Eyre, S. Schulman, D. Rector, M. Belanich, D. Yarosh, et al.,

manuscript in preparation.
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ALKYLTRANSFERASEIS PROGNOSTICFOR BCNU

hers are much more common in primary tumor sections than in
clonogenic tumor cell lines (13), suggesting they are the product of in
situ growth conditions. Regional heterogeneity in the DNA of gliomas

has been well documented (18, 19), and of particular interest is that
chromosome 10, the location of the human alkyltransferase gene (20),

is often underrepresented in cells from high-grade tumors (18). Be
cause the fraction of outliers is a continuous variable, fractional
increases in this subpopulation reduce the chance for survival. This
suggests that resistance to BCNU chemotherapy arises from a sub
population of drug-resistant cells within the tumor, and that the larger
the subpopulation, the larger the fraction of cells that survives BCNU
treatment. Such a concept has long been debated and recently sup

ported by model xenograft systems (21), but this report is among the
first demonstrations of this principle by clinical correlation of tumor
subpopulations with patient response.

Other variables that are prognostic for malignant brain tumors
treated with nitrosourea chemotherapy (14) did not obscure the effect
of alkyltransferase levels. Age dependenceis well recognized and was
a significant prognostic factor in this study, but survival differences
were still apparent between the high-and low-alkyltransferase groups
even after adjustments for age. Tumor grade is also a prognostic
variable. GBM tumors have a poorer prognosis than other histological
grades, and yet low alkyltransferase tumors also responded better
within this group. In fact, for GBMs, alkyltransferase level surpassed
age in importance as a prognostic variable.

The demonstration of alkyltransferase as an important covariate of
survival in BCNU treatment of brain tumors encourages prospective
studies of the prognostic value of alkyltransferase in identifying
patients with the best likelihood of response to mtrosourea chemo
therapy. This information may assist the oncologist in deciding when
aggressive standard therapy is warranted and when alternative thera
pies might be more fully considered, resulting overall in reduced
morbidity and increased patient survival.
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