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ABSTRACT mains challenging. Bifunctional nitrosoureas such as BE&Nidd
N-(2-chloroethyl)N’-cyclohexylN-nitrosourea have had only modest
objective responses in patients with anaplastic gliomas (3). The lim-
ited responses appear to be due to mechanisms of resistance (4—6).

tumors. The growth of Daoy, SWB77, and D-54 xenografts in athymic Mo.ref recently, the methylating er.lg TMZ has ShOWI’l. prom!SIng
mice was arrested after the depletion of mouse plasma methionine (MET) activity against astrocytomas and glioblastomas, but again, resistance
with a combination of a MET- and choline-free diet and recombinant Mechanisms in the majority of astroglial tumors have limited its 5
L-methionine-a-deamino-y-lyase. The treated tumor-bearing mice were €effectiveness (7, 8). 5
rescued from the toxic effects of MET withdrawal with daily i.p. homo- An important and well-characterized mechanism contributing to the%
cystine. This regimen suppressed plasma MET to levels below v for  resistance of brain tumors to the nitrosoureas and DNA methylating;
several days, with no treatment-related deaths. MET depletion for 10-12 drugs is the up_regu|ation of AGT during ne0p|astic progression (9’§-
days induced mitotic and cell cycle arrest, apoptotic death, and wide- 1) AGT confers resistance to agents that exert their cytotoxic actiof
spread necrosis in tumors but did not prevent tumor regrowth after s the formation of%-alkylguanine adducts, which either form lethal
cessation of the regimen. However, when a single dose of 35 mg/wf . . . . . .
double-strand cross-links, as is the case with bifunctional nitrosoure

N,N’-bis(2-chloroethyl)-N-nitrosourea (BCNU), which was otherwise in- , .
effective as a single therapy in any of the tumors tested, was given at the such as BCNU and\-(2-chloroethy)N'-cyclohexylN-nitrosourea g

end of the MET depletion regimen, a more than 80-day growth delay was (112), or interfere with mismatch repair mechanisms resulting in ang
observed for Daoy and D-54, whereas the growth of SWB77 was delayed @bortive repair and cell death, as is the case with TMZ, procarbazin
by 20 days. MET-depleting regimens also trebled the efficacy of temozo- and other DNA methylating agents (12—14). The role of AGT in the 5
lomide (TMZ) against SWB77 when TMZ was given to animals as a single resistance of brain tumors to DNA alkylating drug therapy has beer§
dose of 180 mg/mf at the end of a 10-day period of MET depletion. The demonstrated with the use of AGT inactivators, such as BG and&
enhanced responses of both Daoy and SWB77 to DNA alkylating agents O8-benzyl-2-deoxyguanosine (15-17), which enhance the efficacy of‘é
such as BCNU and TMZ could be atiributed to the down-regulation of 4 variety of DNA alkylating agents against brain tumor xenografts in3
O"-methylguanine-DNA methyltransferase activity. However, the synergy - mjce (18—20). These observations suggested that drugs that have beBn
gi")vr'eE; ‘ifgg:?gb?;%_iixl;lgubasri::’;%Kj"ﬁhmlje'ti;ttrl;nr:fz‘a\’s\’:'grofe?nn?st marginally active against brain tumors in the past could be successs

' fully reintroduced in combination with AGT inhibitors (21). A num-

probably mediated by a different mechanism. MET depletion specifically o A . A .
sensitizes tumors to alkylating agents and does not significantly lower the ber of clinical trials are currently in progress to determine the feasi-

toxicity of either BCNU or TMZ for the host. In this regard, the combi-  Pility of such a strategy (21-23). Unfortunately, the AGT inhibitors
nation approach of MET depletion and genotoxic chemotherapy demon- currently available are not tumor specific, so they sensitize norma
strates significant promise for clinical evaluation. tissues as well as the tumor to the cytotoxic effect of the alkylatings
drug (24, 25). An alternate strategy to achieve specific depletion og
tumor AGT has been considered by introducing AGT inhibitors asZ
INTRODUCTION prodrugs that are activated exclusively by the tumor, but synthesis 0§

The prognosis for patients with glioblastoma and anaplastic ast%[nor specific AGT inhibitors has not yet been realized,

cytoma has changed little despite aggressive cytoreductive surger /A method to deplete AGT activity in certain tumors that display
Y 9 P 99 Y gs ong MET dependence has been developed in culture by ME'%

radla_tlon, and che_motherapy (1). The propensity of individual neaéprivation and substitution of this essential amino acid with HCYSS
plastic cells to migrate along white matter pathways (2) renders

treatment directed solely at the main tumor mass of palliative beneilrecursors (26). MET-dependent tumor cells down-regulate the|§

. T activity in response to MET deprivation and, as a result, show
only. To date, no treatment has been developed that is Capableer(1J anced tumor cell kill with BCNU (26). Because we have demon-

destroying all residual neoplastic cells within tissue remaining afte .
ying P 9 Lrated that various degrees of MET dependence are a common

surgery or radiation therapy, and these residual cells serve as L .
gery Py, |n(a|ng in brain tumors and because we have developed a method to

reservoir from which brain tumors may progress and recur (2). The, . . .
Y prog (2) achieve consistent and protracted depletion of plasma MET levels

failure of chemotherapy to significantly enhance survival by killing o 27), the current study examines the effect of MET deprivation on the

delaying regrowth of tumors from residual neoplastic reservoirs re- ; . . i
ying reg P growth of human brain tumor xenografts in athymic mice. In addition,

, it evaluates the potential synergism of the MET-depleted state and
Received 11/8/00; accepted 3/16/00. . .
The costs of publication of this article were defrayed in part by the payment of pa&@emmherapy with BCNU and TMZ as compared with the normal

charges. This article must therefore be hereby maeidaertisemenin accordance with nutritional state. The MET depletion was achieved by dietary restric-
18 U.S.C. Section 1734 solely to indicate this fact.

1 Supported by Grants CA 78561, CA 57725, and CA 86166 from the National Cancer
Institute and the Children’s Brain Tumor Foundation of the Southwest. 2The abbreviations used are: BCNWM,N -bis(2-chloroethyl)N-nitrosourea; AGT,

2To whom requests for reprints should be addressed, at Department of Neurologio®alkylguanine-DNA alkyltransferase; BG)S-benzylguanine; HCYS, homocysteine;
Surgery, University of Texas Southwestern Medical Center, 5323 Harry Hines Boulevar{YSS, homocystine; MET, methionine; METdr, methionine-depleting regimen;
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This study describes a novel approach to the treatment of brain tumors
with the combination of recombinant L-methionine-a-deamino-y-lyase
and chemotherapeutic regimens that are currently used against such
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METHIONINE DEPENDENCE OF BRAIN TUMORS

tion and the use of recombinantmethioninee-deaminoy-lyase 20 mi/n?. TMZ was dissolved in DMSO and administered i.p. in a volume of
(methioninase.) 20 ml/m?. Drug doses were calculated as m@/rasing the formula
2 = weight (gf® X K X 10™* whereK is 10.5 for mice (30). In animals of
20 = 2 g used in this study, the weight (in kg) of the animal is approximately
MATERIALS AND METHODS 2.6 X the area surface (in
Tumor Implantation and Treatment. Approximately 3 X 10° D-54,
Chemicals. rMETase was prepared at AntiCancer Inc. from an rMETase highwB77, or Daoy cells in 20@.l of 5% serum media were injected s.c. in the
expression clone derived frofseudomonas putiddhis was used for the pro- |eft flank of 6-week-old athymic mice weighing between 18 and 20 g. Visible
duction of rMETase irEscherichia col(28, 29). The rMETase was purified with tumors appeared in most of the animals within 3-5 weeks after implantation.
a DEAE-Sepharose (fast flow) column. Endotoxin was removed with an Acticleahe tumors were subsequently measured in two perpendicular dimensions, and
Etox (Sterogen, Arcadia, CA) column. The isolated rMETase was 98% pure f¢ir volumes were estimated using the formwd & B)/2, wherea is the
HPLC and a single band dfl, 43,000 on SDS-PAGE. The specific activity of shorter of the two dimensions, arglis the longer of the two dimensions.
rMETase used in this study was20 units/mg protein, and the endotoxin level wasTreatment was administered to animals with tumors ranging between 120 and
<0.2 units/mg (28). The&,, for MET and HCYS was 0.7 and 1.7vmrespec- 160 mn? (approximately 4—5 weeks after implantation, depending on the
tively, whereas th&/,.,,, for these two substrates was determined as @@Win/  tumor). Tumor mass was measured every other day or as otherwise indicated
unit* HCYSS was not a substrate for IMET4SBCNU was purchased from until tumor volumes exceeded<the volume of the tumor at treatment. The
Bristol-Myers Squibb (Princeton, NJ), and TMZ was donated by Schering-Ploughta were analyzed using Wilcoxon’s rank-sum test, comparing the time from
Inc. (Madison, NJ). treatment to & treatment volume in individual animals in each of the groups.
Animals. Four-week-old BALB/cau/nu athymic mice were purchased T — C was the difference between the median timeoteatment volume in
from Harlan Laboratories (San Diego, CA). Mice were maintained under filtgfie treatment group minus the median time to featment volume in the
air barrier conditions and given sterilized food and water. control group. The number of tumor regressions was also determined. The timg
Tumor Lines. MET-dependent tumor cell line D-54 and SWB77 (humanumors started to regress as a result of MET-depleting conditions depended @&
glioblastomas) and Daoy (human medulloblastoma) xenografts used in t{lg tumor. When the METdr was not combined with the chemotherapeutics
study were grown in our laboratory. Cell lines were propagated in 5% fetagent or chemotherapy was applied alone, regression was scored E%a
bovine serum (Life Technologies, Inc., Gaithersburg, MD) in Eagle’s MENhaintained reduction of original tumor size over three consecutive daily®
(Life Technologies, Inc.) and supplemented with lysine, valine, MET, angieasurements. When these two treatments were combined, regression w@s
leucine (100 m eaCh); nonessential amino acids (1100 dilution of stock frorgcored for the reduction of tumor size by at least 20% during the entiregs_,
Life Technologies, Inc.); 1 m sodium pyruvate; Jm a-hydroxy-cobalamin; - treatment period (10 days of MET deprivation and 5 days after BCNU or TMZ &
10 pm folic acid; and 0.2 mg/ml gentamicin. s.c. tumors grew after injectiofreatment) as compared with tumor size at the beginning of treatment. Ag

of 3—4 million cells/animal. Daoy xenografts were propagated in athymic miggmplete response was defined as the disappearance of measurable tumor mgss
and macerated and frozen in 18% DMSO in fetal bovine serum7a@°C until (<1 mm) at some point within a 12-week period after initiation of treatment. §

%3
@

use. Tumor xenografts of D-54, SWB77, and Daoy had AGT activitieslf, A maintained complete response was defined as no tumor regrowth within 1%
75, and 376 fmol/mg protein, respectively, as determined by biochemiggbeks of completing the treatment regimen. Toxicity was evaluated by animaf
assay. Respective mitotic indices in the xenografts were 5.5, 5.7, and 1§dght reduction after treatment with the METdr and the drug. Tumor regres &
mitotic figures per high power field{400). Some core necrosis was observedjons were compared among groups with the two-tailed Fisher's exact tes&
in growing Daoy tumors, in agreement with the rapid growth pattern of thisyperimental groups were treated with) (METdrs alone, I§) METdrs fol-
tumor, but D-54 and SWB77 tumors showed no necrotic patterns. Howevgfiyed by a single injection of BCNU, orc) METdrs followed by a single
even in Daoy tumors, necrosis was significant in tumor sizes exceedifgaction of TMZ. Various dietary combinations were tested vétich of the
500-600 mr; thus, it did not interfere with the assessment of drug-inducegeatments. Control animal groups include)l &nimals treated with BCNU
necrosis in the tumors treated in this study. alone, b) animals treated with TMZ alone, and)(animalstreated with the
Diets. The following pelleted synthetic, mouse formulated diets were prearrier (15% ethanol or DMSO) alone. Control animals received either a
pared by Dyets (Bethlehem, PA). The amino acid defined Lombardi diMET(Jr)HCYS(,)CHOL(Jr) or a MET(+)HCYS(—)CHOL(~) diet throughout.
without bL-HCYS (diet 518786) is referred to as METHCYS(—)CHOL(+). Determination of MET and HCYS. MET and HCYS content in plasma
The pL-HCYS,  choline-deficient diet (diet 518763) is referred 10 agyas determined by HPLC with electrochemical detection using a Coularrayg
MET(+)HCYS(—)CHOL(-). Diet 518787 contained 1.7 g/kg-HCYS and was  getector equipped with a four-channel 5010 graphite electrode (ESA, Chelmss
MET and choline deficient. Itis referred to as METHCYS(+)CHOL(-). Diet  ford, MA) set at 520, 650, 750, and 850 mV operating potentials according to2
518788 was devoid of MET, HCYS, and choline and is referred to afe following method: 15Qul of plasma were mixed with 73! of penicilla- ¢
MET(—)HCYS(—)CHOL(—). With the exception of the latter diet, all diets pine (internal standard) and 28 of 60 mg/ml Tris 2-carboxy-ethyl-phos-
were efficient in maintaining growth of athymic mice. The composition Othine. Tubes were capped, vortexed for 60 s, and allowed to stand for 10 mi
these entirely defined synthetic diets has been published previously (2)room temperature. The samples were cooled on ice, angus0ice-cold
MET(+)HCYS(-)CHOL(+) supported growth of the human tumor Xxe-g 3y perchloric acid were added. The tubes were capped tightly, vortexed fof
nografts in athymic mice and the growth of athymic mice equally as well aszg s, and centrifuged for 5 min at 10,000 rpm. A 1@0aliquot of the §
natural basal diet (Teklad Laboratory diet; Harlan, Indianapolis, IN). Al pernatant was transferred into an ESA 542 autosampler operating at 5°C, ahtl
experimental animals received a basal Harlan Teklad laboratory mouse (iigtm were injected onto an 8& 4.6-mm ESA HR-80 C-18 threem HPLC
until they weighed 16-18 g. At that time, animals were inoculated s.c. Withyymn (ESA) equilibrated at 30°C. The sample was eluted isocratically with
tumors and switched to a MET-deficient synthetic diet with or without choling, mixture of 10% acetonitrile in 0.16 phosphate buffer (pH 2.9) containing
as described in individual experiments. METdrs were administered 48 h afief my sps. HCYS, penicillamine, and MET were eluted at 5.1, 6.7, and 8.6
withdrawal of dietary MET by switching to the MEF)HCYS(+)CHOL(~)  min, respectively, and identified and quantitated by the ratios of the detector’s
or the MET(=)HCYS(—)CHOL(—) diets. The latter diet was supplementedresponse at the operating potentials.
with 20 mg/kg daily i.p. injections of HCYSS to maintain the functions of AgT Assay. Tumors were divided in 0.2-0.3-cm-thick sections with a
normal tissue. o ) razor. These sections were sampled, avoiding apparent necrotic and vascular
Drug Treatment. rMETase was administered i.p. at a dose of 15055 Half of the samples were processed for histology (H&E staining),
units/kg evey 8 h (unless otherwise noted) for 10-12 days in animals receihereas the other half, adjacent to those selected for histology, were used to
ing MET-free diets. Sterile enzyme was given in a volume of 30 rhgorface measure AGT levels. Samples were homogenized in 20This, 0.1 mu
area in PBS. BCNU was administered i.p. in ethanol in water from a StO%TA, and 2 nw DTT at 0°C, and protein was determined by the Bradford
solution of 20 mg/ml in anhydrous ethanol. Depending on the dose of BCNYssay (31). The AGT assay was performed by using a slightly modified version
the injected ethanol carrier varied from 10-15% and was given in a volume §f5 method described previously (26JH]DNA dissolved in 20 rm Tris, 0.1
mm EDTA, and 2 nm DTT (pH 7.8) and containing 60 fmol @®®-MeG (total
4D. M. Kokkinakis, unpublished observations. dpm, 24x 10°%) was incubated with 100—-500 mg of protein foh at37°C in
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a final volume of 50Qul. The reaction was quenched with 0.1 ml ok HCI, Table 1 Dietary and pharmacological modulation of MET and total HCYS in plasma
and samples were incubated for an additional 45 min at 70°C. Samples were _ °f athymic mice bearing human medulloblastoma (Daoy) xenografts
cooled on ice for 1 h, 50@l of cold ethanol were added, and the mix was Diet/treatment MET fm) HCYS (um)
centrifgged a_t 14,090< 9 for 5 min. The ‘supernatant_\‘/vas‘ removedlgnd Basaf 60.3+ 3.4 31+ 0.8
neutralized with sodium bicarbonate and dried by lyophilization. Lyophilized MET(+)HCYS(—)CHOL(+) 67.2+ 3.2 5.7+ 0.1
samples were dissolved in 0.12 ml of 0.Q1HCI, spun at 14,000 g, and MEEJr;:ggE_gg:gtE_; ;2-2’—' ‘11:% 8;-2“—' 2-383
. . . — + — 3= 4. .6x 13.
analyzed by HPLC using a Supelcosil-C18DB ana_lytlc_al cglumn (Sgp_el(:‘oMET(7)HCYS(7)(:'40'_(7)”_'(:\(S§ 90+ 09 58+ 0.8
Inc.). Samples were eluted at a flow rate of 1.5 ml/min with 2_A) acet_on_ltnlg INMET(+)HCYS(-)CHOL(~)/fMETasé 15.2+2.9 3.0+ 08
0.1m phosphate buffer (pH 3.5; 0-5 min) followed by a gradient scintillation MET(—)HCYS(+)CHOL(-)/rMETase 15.6- 1.3 13.3£3.8
counting. 7-Methylguanine (7-MeG) ar@’-MeG were eluted at 4.5 and 13 _MET(-)HCYS(+)CHOL(-)/rMETaset HCYSS 43+ 1.1 79+ 21

min, respectively. The ratio of radioactivity @°-MeG:7-MeG from four :Diet fed for at least 7 days before determination.
samples of varying protein concentration was derived and plotted against the xgiﬂsgf(sz'é det/ekf?'ﬂatloﬂs (aglmc’fllsj S(D- s ater dosing)

. ; . mg/kg) once per day i.p., (measuremen after dosing).
amount of pr‘oteln. The Intercep‘t of the gentral linear response of the §urve¢ rMETase, 1500 units/kg i.p. eweB h (determinatio 4 h after fourth treatment).
(between ratios 0.9 and 0.3) with the axis marks the amount of protein

needed to remove 60 fmol @°-MeG from DNA. The assay is highly specific

:fnr ':S; z?tivlig’o/and can detect AGT levels as low as 5 fmol/mg protein witl yipetic diet that was sufficient in choline, MET, and folates. A
-~ 0. . . . . .

Histology. Fresh livers were harvested from animals in the different dietafr&_ Ig'arytgZptrkll\i/r?jtlcc))fnitsz?allztaa\r/);ﬁjloIgi?nritzsrul\l/tleEdTlllqet/r:jsdv?/grriaosti ;fnzlgimg

groups immediately after sacrifice and immersion fixed in 10% neutral buff="—" ™ . : ; . ; Ys

ered formalin. After overnight fixation, the tissue was dehydrated in gradé@Stricting MET and choline while supplementing with dietary HCYS.

alcohol solutions to xylene and embedded in paraffin. Sectionsnfpwere 10 lower plasma MET below fm, it was necessary to restrict dietary

cut from the paraffin blocks on a standard rotary microtome, stained witdET, HCYS, and choline and administer 1500 units of rMETase i.p.5

H&E, and evaluated by light microscopy by an observer blinded to the dietagyery 8 h. HCYSS, 20 mg/kg once a day i.p., was used as a rescu}

papeojum

status of the animal. agent. As shown in Table 1, depletion of MET was achieved as early{:;;
as 2 days after combining a MET-, choline-, and HCYS-deficient diet§
RESULTS with rMETase and HCYSS, providing that animals had been adapte@

to choline deprivation for at least 7 days. With the exception of the§

Effect of Dietary MET and Choline on Animal and Tumor MET(—)HCYS(+)CHOL(—) diet, which resulted in a marked in-
Growth. Growth of animals was not altered when the basal diet wasease in the total HCYS in plasma, all other diets and treatments h g
replaced with complete amino acid synthetic diets. In general, animalsdly a modest effect on HCYS levels. Supplementing HCYSS i.p.3
weighing between 18 and 22 g gained weight at a rate of 0.70 g/ddyring administration of the MEH)HCYS(—)CHOL(—) diet did
(range, 0.61-1.00 g/day) when fed a synthetic diet sufficient in METot raise the level of plasma HCYS over that of animals fed the
and choline. Growth of 0.60 g/day (range, 0.44-0.77 g/day) wMET(+)HCYS(—)CHOL(+) diet.
observed when choline was restricted. In comparison, animals given &ffect of MET Depletion on AGT in Tumor and Tissues. As has
basal (natural) diet gained 0.55 g/day (range, 0.38—0.78 g/daygen demonstrated previously, MET deprivation results in a decrea
Replacement of dietary MET with HCYS in the absence of cholinef AGT activity in MET-dependent tumor cells grown in culture due
resulted in slower growth of 0.31 g/day (range, 0.22—0.36 g/dayd. the inhibition of AGT gene transcription (26). Such inhibition has
Restriction of MET, choline, and HCYS resulted in severe initiahot been observed in MET-independent cells grown in HCYS-
weight loss of 0.9 g/day (range, 0.7-1.1 g/day) and death in 10-4dpplemented media without exogenous MET. Selective reduction of
days. However, when animals fed a MET-, choline-, and HCYSxpression of AGT in tumors, but not in normal tissue, can be8
restricted diet were injected i.p. with 20 mg/kg HCYSS on a dailtheoretically achieved in animals by depriving tumors of MET by &
basis, weight loss was minimized to 0.2—0.3 g/day for the first l6wering systemic levels of this amino acid while maintaining anf‘,
days. Animals given this type of METdr were alive and healthy for atdequate HCYS supply to allow MET synthesis in normal tissuesg
least 40 days. Thus, AGT activity in Daoy xenografts was reduced from 375 to 31¢

None of the tumors tested in these experiments (Daoy, D-54, aindol/mg protein after 10 days of treatment with rMETase (every 8 h)%
SWB77) grew consistently as xenografts in athymic mice fed a ME®&nd HCYSS (every 24 h) while restricting dietary MET, choline, and ;o
and choline-deficient diet, even when HCYS was supplied either HICYS (Fig. 1; Table 2). Down-regulation of AGT was also observed 7
the diet or i.p. In animals fed synthetic diets containing MET anith SWB77 tumor xenografts deprived of MET in the same manner. Infanr
choline, the tumors grew at rates comparable with those observedantrast to tumor tissue, the AGT activity of normal tissue of thes
animals fed a basal diet. Daoy, D-54, and SWB77 quintupled in 10,/i@puse bearing the tumor xenografts remained unchanged during the
and 13 days, respectively, when the host received the MET- alWtETdr (Table 2). The down-regulation of AGT in tumors is closely
choline-sufficient synthetic diet. Withdrawal of choline resulted in gelated to the ability of the treatment to lower plasma MET.
slight decrease of the rate of animal growth but a marked delay in theDaoy Xenografts. Depletion of plasma MET with the combination
establishment of the Daoy and SWB77 tumor xenografts. Howevef, dietary and pharmacological means results in the complete retar-
once tumor xenografts were established, they quintupled at rates ttation of tumor growth of Daoy medulloblastoma xenografts (Fig. 2).
were not statistically different from those of xenografts growing ifrive of six Daoy xenografts regressed 4-5 days after the initiation of
animals fed the complete synthetic diet. These results demonstrate tresitment (Fig. 2; Table 3). The tumors continued to regress as long as
a synthetic diet sufficient in MET but lacking choline can support thihe animals were treated with rMETase and HCYSS. However, tumor
growth of tumor xenografts in athymic mice; therefore, this diet wagrowth resumed when treatment was discontinued and animals were
used after tumor implantation. given a MET-sufficient diet. Rates of tumor regrowth were similar to

Depletion of Plasma MET. Reduction of plasma MET below 5 those seen for the growth of tumors in untreated animals, but lag
uMm arrests human xenograft growth in athymic mice (27). Such loperiods depended on the extent of regression these tumors experi-
levels have been achieved with a combination of dietary and pharnemced during the METdr. In a subsequent experiment, treatment of
cological means. As shown in Table 1, plasma MET wasufizin animals with a low dose of BCM 8 h after discontinuation of the
athymic mice bearing 200-300 ninDaoy xenografts and fed a treatment with a METdr and reestablishment of dietary MET resulted
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Fig. 1. Time course of down-regulation of AGT activity in viable tumor segmentselated to a 2-fold reduction of AGT activity caused by the METdr §

during treatment of athymic mice bearing Da®) or SWB77 (O) tumor xenografts with
a METdr. Animals were placed on a MEFJHCYS(—)CHOL(—) diet after implantation g
of the tumor, and when tumors reached 200 nrthe diet was switched to Pe€riod that was markedly shorter than that observed for Daoy or D-5

MET(—)HCYS(—)CHOL(-), and animals were treated with 1500 units/kg rMETase i.p(P < 0.001)_
evel 8 h and 20 g/lkg HCYSS i.p. every 24 h for the time intervals indicated. Data are the Unlike BCNU, TMZ had some activity against SWB77 (32). TMZ

mean from five animals: SD.

Table 2 Effect of 10-day-long MET depletion on AGT activity in human
medulloblastoma (Daoy) xenografts and athymic mouse normal tissues

AGT activity in®

Diet/treatment Brain Liver Tumor
MET(+)HCYS(—)CHOL(+)? 18+3 108+14 368+ 32
MET(+)HCYS(~)CHOL(-)° 184 132+18 372+ 48
MET(=)HCYS(+)CHOL(-)P 21+6 185+22 333+35
MET(+)HCYS(~)CHOL(-) + rMETasé& 206 108+ 12 327+55
MET(—)HCYS(+)CHOL(-) + rMETasé& 29+9 111+18 147+ 98
MET(—=)HCYS(—)CHOL(-) + rMETasé + 23+9 95+ 12 31+9

HCYss

2fmol/mg protein after 10 days of treatment, mean of three determinations.

b Animals were fed the respective diet for at least 10 days before being killed.

°rMETase, 1500 units/kg, thrice a day, ey& h for 10 days.

9HCYSS, 20 mg/kg, once a day, for 10 days.

in maintained complete response of five of six tumor xenografts. 1500
BCNU alone at the dose used in combination with METdr (35 nfy/m
had no effect on the rate of growth of the Daoy xenograft in athymic £
mice, regardless of diet (Table 3). The maximum tolerated dose of<= 4g00
BCNU of 65 mg/n?, i.e., maximum dose without deaths, induced a

delays, despite the lack of AGT in this tumor. A METdr to animals
bearing D-54 xenografts resulted in a 26-day tumor growth delay and
was marginally more effective than treatment with 65 nigBCNU
(P = 0.045). However, when the MET depletion was combined with
a single treatment of 35 mgABCNU, tumors that were regressing in
response to MET deprivation showed a sustained complete response
for at least 90 days. Unlike Daoy, in which sensitization was due to
the depletion of AGT activity by MET deprivation, the D-54 xe-
nografts were sensitized to BCNU by a mechanism that appears to be
AGT independent.

SWB77 Xenografts. The SWB77 glioblastoma xenogratft is resist-
ant to BCNU. BCNU at a dose of 65 mgfmgielded a T— C of only
2 days, which is not significant (32). The combination of a
METdr + BCNU (35 mg/n?) induced a 20-day tumor growth delay
as compared with untreated animals and an 18-day delay as compared
with those treated with 35 mgAmBCNU (Table 5). This may be

S

(Fig. 1). MET depletion alone caused a delay of growth of 11 days,

dny wouy pdPe

at doses of 180 mg/frcaused tumor regressions in 8 of 10 animals
and induced a tumor delay of 12 days. As shown in Table 5, th
combination of MET deprivation followed by TMZ resulted in a
tumor delay of 39 daysersusa delay of 11 days for the METdr alone.
A significant reduction of T— C was observed in animals fed a
choline-sufficient diet after the depleting/TMZ combination treatment §
instead of the usually used choline-deficient diet. However, even irg
this case, TMZ was markedly more effective when combined with a§
METdr. These results indicate synergy between TMZ and METZ
deprivation especially because there is no substantial increase &
toxicity for the combination of the two as compared with the use of
either one of these treatments (Table 5).

Toxicity of METdrs. Of the organs examined, only the liver was
histopathologically affected in mice subjected to METdrs. Histolog-
ical evaluation of the livers from all animals undergoing MET-
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growth delay of only 6 days. In contrast, a METdr administered for 12 2
days resulted in a marked increase in the time required for the>
xenograft to quintuple as compared with controls or BCNU-treated
animals (T— C = 20 days;P < 0.005). Furthermore, the METdr
sensitized the xenograft to BCNU, apparently by eliminating AGT-
related resistance. Despite the relatively large tumor volume at theg
time of treatment with BCNU, tumors that were deprived of MET for
12 days responded to the low dose of BCNU (35 nfy/hy further
regression and by delayed regrowth for at least a period of 90 days
after the initiation of MET-depleting treatment. The overall toxicity
on the animals treated with the MET depletion and with a combination
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of MET depletion and BCNU was reflected by a modest loss of Fig. 2. Effect of a 12-day METdr and subsequent BCNU treatment on the growth of

weight.

human (Daoy) medulloblastoma xenografts implanted s.c. in athymic mice. The METdr
[animals were fed a MET{)HCYS(—)CHOL(—) diet and treated with 1500 units/kg

D-54 XenOQraﬂS- The effect of depletion of plasma MET on theRMETase i.p. ever8 h and 20 mg/kg HCYSS i.p. every 24 h] was initiated when tumors
resistance of the AGT-negative glioblastoma D-54 xenografts tenched a volume of 120-160 riinAnimals were given a MEF¢)HCYS(—)CHOL(—)

BCNU is shown in Table 4. D-54 xenografts are moderately resist

iet before METdr and returned to the same diet after 12 days of treateunitreated
ontrols fed a MET¢)HCYS(—)CHOL(-) diet; ®, animals given BCNU (35 mg/f)

to BCNU, which has an effect only at its maximum tolerated dose @fth a MET(+)HCYS(~)CHOL(-) diet throughout:¥, animals given BCNU (65 mg/
65 mg/nt by inducing a median growth delay of 19 days (rangé‘?z) with a MET(+)HCYS(—)CHOL(—) diet throughoutyV, animals on a 12-day METdr

16-25 days). The dose of 35 mginon the other hand, had no

followed by a MET(+)HCYS(—)CHOL(—) diet; l, animals on a METdr followed by a
MET(+)HCYS(—)CHOL(—) diet + a single treatment with BCNU (35 mgAnadmin-

significant effect in inducing tumor regressions or tumor growtRteral 8 h after termination of METdr.
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Table 3 Effect of MET depletion on the efficacy of BCNU against human medulloblastoma (Daoy) tumor xenografts in athymic mice

Median time (range) to '8 Tumor
Treatment treatment volume (days) regressions Mortality Mean weight loss (range) %  —TC? (days) P
Untreatel 10 (8-12) 0/6 0 0
BCNU (35 mg/n?)° 9 (8-11) 0/6 0 0 -1 NS
BCNU (65 mg/nf) 16 (11-24) 3/5 1 10 (9-12) 6 <0.045
METdr (12 days) 30 (18-42) 5/6 0 9 (6-12) 20 <0.005
METdr (12 days) plus BCNU (25 mg/jf >90 (35=>90) 6/6 0 12 (9-12) >80 <0.001

2Tumor delay (T— C) as compared with the untreated animals.

b Animals were given a synthetic MEF)HCYS(—)CHOL(-) diet.

¢ Drugs were administered i.p. at a volume of 20 nf/m

9Ps as compared to untreated animals, NS, not significant.

©BCNU was administer8 h after animals were transferred from a MEJIHCYS(—)CHOL(—) diet to a MET@)HCYS(—)CHOL(—) diet and from the last treatment with rMETase.

depleting treatments revealed preservation of the native hepatic ar@liSCUSSION

tecture, with variable degrees of hepatocellular lipid accumulation ET st has b h 1o block th I e alrG
(steatosis) in all animals. The degree of steatosis was influence stress has been shown fo block the celt cycle atriaumor

. . . o
considerably by the dietary status of the animal. A 12-day adminféz ISin vitro with resultant cell death (26, 33, 34). MET- and HCYS- 5

. . . . let iet t metastasis in t - i imal AG
tration of a MET()HCY(—)CHOL(—) diet with concomitant treat- pleted diets prevent metastasis In tmor bearing animas (35) G§
cell cycle blockade in tumors and extension of the life span of theg

ment with i.p. H(.:YSS and rMETase was a.ssomated. with m,”gnimals bearing human tumor xenografts has also been demonstratgd
hepatocellular lipid accumulation most conspicuously in the mlcé36_38)_ Impressive tumor regressions can be induced by reduction %
zonal areas of the liver (Fig.a}. A METdr based on the {he plasma MET level to a steady state<s§ um in athymic mice &
MET(—)HCY(+)CHOL(-) diet induced more severe steatosis, Witlhearing human tumor xenografts (27). These levels can be achiev
similar mid-zonal distribution (Fig.[3. Histological sections of livers \ith the use of rMETase during restriction of dietary MET, HCYS,
obtained from animals after reintroduction of dietary MET aftegnd choline, combined with the rescue of normal tissue with i.p.
termination of a 12-day METdr revealed the persistence of macroygeyss. An important related observation is that even when tumo
sicular steatosis similar to that seen in the animals maintained prexgression was achieved with prolonged MET depletion, discontinu
ously on MET-deficient diets, with superimposed, more generalizegion of the MET-depleted state resulted in tumor regrowth. Becausg
microvesicular steatosis (Fig. 8,andd). the application of METdrs is cumbersome, these observations sugge%t

)
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Table 4 Effect of MET depletion on the efficacy of BCNU against D-54 human glioblastoma xenografts in athymic mice

Median time (range) to'8

Treatment treatment volume (days) Regressions Mortality Mean weight loss (range) % — CT (days) P
Untreatel 9 (7-11) 0 0/6
BCNU (35 mg/n?)° 8 (7-12) 0 0/6 0 -1 NS
BCNU (65 mg/nf) 26 (21-33) 3/6 0/6 12 (9-13) 19 <0.001
METdr (12 days) 33(19-41) 6/6 0/6 14 (11-17) 26 <0.001
METdr (12 days)+ BCNU (35 mg/nf)® >90 (45=>90) 6/6 0/6 17 (11-21) >80 <0.001

2Tumor delay (T— C) as compared to the untreated animals.

b Animals were given a synthetic MEF)HCYS(—)CHOL(-) diet.

¢ Drugs were administered i.p. at a volume of 20 nf/m

9Ps as compared to untreated animals, NS; not significant.

©BCNU was administek 8 h after animals were transferred from a MEJHCYS(—)CHOL(—) diet to a MET@)HCYS(—)CHOL(—) diet and from the last treatment with
rMETase.

Table 5 Effect of MET depletion on the efficacy of BCNU and TMZ against SWB77 human glioblastoma xenografts in athymic mice

Animal Median time (range) to '8

220z Areniqe 61 uo isenb Aq 4pd°210¥0L00LUS/6ZF81Z/LL0YI0L/L9/Pd-8]0

Treatment no. treatment volume (days)  Regressions Mean weighfl@ssge) % T— C (days) P

MET(+)HCYS(—)CHOL(—)°

Untreated 10 13 (9-2%)

BCNU (35 mg/nf) 10 15 (9-22) 0/10 0 2 NS

BCNU (65 mg/nf) 10 17 (11-25) 3/10 10 (9-12) 4 NS

TMZ (180 mg/nf) 10 25 (18-35) 8/10 10 (5-16) 12 <0.00F

TMZ (300 mg/nf) 10 32 (19-62) 9/10 11 (7-18) 19 <0.00F
MET(—)HCYS(—)CHOL(-). . .MET(+)HCYS(—)CHOL(-)"

METdr 10 24 (18-51) 9/10 19 (16-22) 11 <0.005

METdr + BCNU (35 mg/nf) 10 33 (19-51) 10/10 21 (17-22) 20  <0.008"

METdr + TMZ (180 mg/nf) 10 52 (42-74) 10/10 23 (17-24) 39 <0.008"
MET(—)HCYS(~)CHOL(-). . .MET(+)HCYS(-)CHOL(+)

METdr 10 22 (17-22) 9/10 13 (10-15) 9 <0.005

METdr + BCNU (35 mg/nf) 10 30 (18-40) 10/10 18 (12-21) 17 <0.008"®

METdr + TMZ (180 mg/nf) 10 41 (32-63) 10/10 21 (16-24) 28  <0.005"°

2Weight loss as a percentage of animal weight during treatment. For combined treatments, this number represents total loss.
b Diet administered throughout study.

¢ Median (range).

9Ps as compared to animals treated with METdr alone; NS, not significant.

€Ps as compared to untreated animals.

fSequence of diets representing the diet before METdr and after METdr.
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role of AGT down-regulation in sensitizing SWB77 is less clear.
Growth of SWB77 xenografts is not delayed by BCNU unless AGT is
first depleted with an AGT inhibitor, such as BG (32). However, even
with BG pretreatment, the BCNU-induced growth delay for SWB77 is
only 11 days (32) as compared with 20 days shown for BCNU
combined with a METdr. A similarly greater synergy of MET-
drs + TMZ than BG + TMZ (32) indicates that the greater tumor
growth delay observed with TMZ in combination with MET depletion
(39 days) than with TMZ alone (12 days) is probably not the result of
AGT down-regulation alone. The possible modulation of mechanisms
of DNA repair, other than AGT, by MET deprivation is further
corroborated by the unexpected response of D-54 to MET
stress+ BCNU treatment. MET deprivation enhances the efficacy of
BCNU against the AGT-deficient D-54 by far more than the expected
marginal effect observed previously by direct AGT inhibition (43,
44). Additional studies are needed to explore the full effect of MET
stress on the resistance mechanisms of gliomas to alkylation damagg.
The synergy between MET depletion and alkylating agents be2
comes even more interesting when we take into account its tumo§
specificity. Unlike DNA repair system inhibitor drugs, which sensitize 3
normal tissue to genotoxic agents, MET depletion does not appear t§
affect the resistance of normal tissue to either BCNU or TMZ. MET £
depletion does cause certain changes in the liver of the mouse hostirfg
the tumor, but these changes are diet related and reversible. Thus tge
maintained on a MET{)HCYS—)CHOL(—) diet and i.p. HCYSS (20 mg/kg) daily while reduction Of the E.inlmal weight during MET deprlygtlon reglmehs IS§
on treatment with rMETase for 12 days, demonstrating very mild macrovesicular @H€ t0 nutritional imbalances rather than to the toxicity of the regimeng
accumulation within hepatocytes (stained with H&E; original magnificatisa50).b,  The down-regulation of the tumor xenograft AGT, but not of that of &
B L ) et e o et e lver or brain, during MET deprivation is in full agreement ith a

hepatocytes, most conspicuously within the mid-zonal region (stained with H&Specific sensitization of the tumor xenograft to BCNU and TMZ in the
original magnfication, X150). c, liver from an animal initially maintained on a athymic mouse model.

MET(—)HCYS(—)CHOL(—) diet + i.p. HCYSS (20 mg/kg) while on treatment with Th . dh h b i
rMETase for 12 days followed by reintroduction of dietary MET for 10 days reveals a € experiments presente ere show a strong synergy etwe@
mixed macro- and microvesicular steatosis pattern (stained with H&E; original magnificatiomarked depression of plasma MET and the genotoxic drug BCNUR
X100). d, liver from an animal initially maintained on MEF)HCYS(+)CHOL(—) diet P _ i inati o
while treated with rMETase for 12 days followed by reintroduction of dietary MET for 1@'galn3t Daoy and D-54 brain tumor xenograﬁs. Near eradl(,:at,lon Og
days. A widespread accumulation of small fat droplets (microvesicular steatosis)tR€S€ two tumors suggests that MET deprivation not only e“m'nate§
present, in addition to the macrovesicular fat noted in MET-deficient animals (stained WG T-related resistance, which was expected, but probably incapacig
H&E; original magnification,x<100). t . : R
ates other mechanisms and pathways that render BCNU ineffectivg
against some low AGT-containing tumors. Despite the synergy beg
that the real potential role of METdrs is as part of a combineiveen MET deprivation and TMZ that was also observed with glio- 8
modality therapy approach (39—44). This is further supported jastoma tumor xenograft SWB77, this tumor still resisted this com-&
observations made during limited treatment of cancer patients whimed modality therapy approach. Such persistent resistance suggests
r-METase (45, 46). that MET deprivation may not be best combined with these two agent§
Despite the failure of MET deprivation alone to sustain prolongeagainst all MET-dependent tumors. Additional genotoxic compoundg;>
inhibition in tumor growth, such an approach has considerable potenust be evaluated in combination with MET-depleting conditions to %
tial when used in combination with chemotherapy due to the remarieke advantage of the apparent modification of tumor cell resistanc&
able synergy between MET depletion and DNA-damaging chemothés the stress induced from a short supply of exogenous MET.
apeutic agents such as BCNU and TMZ. Both Daoy and D-54
xenogrgfts did not regrow for at least 80 da_ys after c_ombnned treat- «  NOWLEDGMENTS
ment with MET-deprivation and BCNU, despite the resistance of both
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