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Summary. Incubation of hexamethylmelamine for 1h with
human tumor cell lines in culture did not inhibit colony
formation at concentrations up to the limit of drug solubility
(200 ug/ml). When I-h incubations were carried out in the
presence of a 9,000 g rat liver supernatant preparation and an
NADPH-generating system, hexamethylmelamine markedly
reduced colony formation. Cyclophosphamide inhibition of
colony formation was also dependent on the presence of a
9,000 g supernatant preparation and an NADPH-generating
system in incubation mixtures. A 1-h incubation of N-methy-
lolpentamethylmelamine (a DNA-alkylating metabolite formed
during N-demethylation of hexamethylmelamine) with human
tumor cell lines reduced colony formation in the absence of the
liver-activating system. Substantial NAD PH-dependent N-dem-
thylation of hexamethylmelamine was observed with rat liver,
lung, and kidney microsomal preparations. In contrast, little or
no HMM metabolism was observed with tumor cells, tumor cell
homogenates, or NADPH-fortified tumor cell microsomal
preparations. NADPH-dependent formation of cytotoxic meta-
bolites is a prerequisite for antiproliferative activity of hexa-
methylmelamine against these human tumor cell lines. In vivo
acitvity of hexamethylmelamine against some tumors may
require metabolism by normal cells and subsequent transport of
active species to the tumor site.

Introduction

Hexamethylmelamine (HMM, Fig. 1) is an s-triazine antitu-
mor agent which exhibits activity against a variety of human
malignancies [8, 16]. HMM is extensively metabolized via
N-demethylation by hepatic microsomal preparations, and in
vivo following administration to mice, rats, and humans [1, 2,
4,13, 19, 23, 24]. It has previously been suggested that meta-
bolism is required for the antitumor activity of HMM [1, 13,
19, 20]. The detailed mechanism of action has not been
described. While HMM and its demethylated metabolites are
stable molecules, we have documented that HMM is activated
by hepatic microsomal P-450 monooxygenases to reactive
mtermediates which covalently bind to microsomal protein [5,
6] and to calf thymus DNA [6]. Our results suggest that HMM
antitumor activity is dependent on oxidative metabolic acti-
vation.
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Fig. 1. Structures of hexamethylmelamine (HMM) and N-methylol-
pentamethyl-melamine (MPMM)

To determine whether oxidative metabolism affects HMM
cytotoxicity, cultured human tumor cell lines were incubated
with HMM in the presence and absence of rat 9,000 g hepatic
supernatant preparations (S-9). Rates of HMM oxidative
metabolism were measured in NADPH-fortified microsomal
preparations of rat liver, lung, and kidney as well as in human
tumor cells, cell homogenates, and NADPH-fortified cell
microsomal preparations to determine to what extent these
tissues or tumor cells contribute to the production of
HMM-alkylating metabolites.

Materials and methods

Reagents. HMM hydrochloride, pentamethylmelamine hy-
drochloride (PMM), and cyclophosphamide were supplied by
the Drug Synthesis and Chemistry Branch, Divison of Cancer
Treatment, National Cancer Institute, Bethesda, Md. The
synthesis of N-methylolpentamethylmelamine (MPMM,
Fig. 1) has been reported elsewhere [21]. Mitomycin C was
obtained from Bristol Laboratories, Syracuse, NY. Glu-
cose-6-phosphate, glucose-6-phosphate dehydrogenase, and
NADP were purchased from Boehringer Mannheim Compa-
ny, Indianapolis, Ind. Dulbecco’s modified Eagle’s medium,
L-glutamine, Coomassie blue, trypsin/EDTA, penicillin, strep-
tomycin, amphotericin B, fetal bovine serum, and calf serum
were obtained from Grand Island Biological Company, Grand
Island, NY.

Plating assay. Human rhabdomyosarcoma (A204), melanoma
(A101D), renal cell carcinoma (A498), and alveolar cell lung
carcinoma (A549) continuous cell lines, originally supplied by
the Frederick Cancer Center courtesy of Dr George Todaro,
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were provided by Dr Michael Lieber, Mayo Clinic. Each cell
line was maintained in 75-cm? tissue culture flasks (Falcon
Plastics, Beckton-Dickinson and Co., Cockeysville, Md) with
standard culture medium: Dulbecco’s modified Eagle’s medi-
um (DMEM) containing calf serum (10%), 1-glutamine (0.29
mg/ml), penicillin (120 U/ml), streptomycin (120 pg/ml), and
amphotericin B (0.30 pg/ml). Culture medium was replenished
twice weekly and cells were passaged weekly using a brief
digestion with trypsin/EDTA solution (1:250 trypsin and
EDTA, 0.2 g/l). Cells in log phase growth were harvested for
colony formation assays. Cells were routinely monitored and
found to be free of mycoplasma.

The colony-forming assay was developed in our laboratory
to facilitate assessment of drug cytotoxicity against cells in
culture [15]. To each cell culture dish (60 mm, Falcon 3002)
was added 2 ml standard culture medium (containing 10% fetal
bovine serum) followed by 1ml standard culture medium
containing 500 tumor cells. Cell cultures were left undisturbed
in the incubator (37°C, 5% CO,95% air, 100% relative
humidity) for 48 h. Stock drug solutions were prepared by
dissolving mitomycin C, cyclophosphamide, and HMM
hydrochloride in sterile distilled water (deionized). MPMM
was dissolved in DMSO and then diluted with deionized water
to yield 10% DMSO solutions. The stock drug solutions (10X
final concentration) were freshly prepared and added to
replicate culture dishes (0.33 ml). After 1 h incubation (37° C,
5% CO,/95% air, 100% relative humidity) the dishes were
rinsed twice with prewarmed DMEM. After rinsing, 4 ml
standard culture medium (except with 10% fetal bovine serum
instead of calf serum) was added to each plate. The plates were
incubated (37° C, 5% CO,/95% air, 100% relative humidity)
for 10 days. Medium was removed by aspiration and the dishes
washed twice with 1—2 ml prewarmed saline. Colonies were
fixed and stained with 3 ml Coomassie blue reagent (2.5 g
Coomassie brillant blue G-250 in 454 ml methanol, 454 ml
water, 92 ml glacial acetic acid) for approximately 15 min. The
plates were rinsed with tap water and the colonies counted with
the aid of a colony counter (American Optics). Results were
expressed as the ratio of the number of colonies in the dish to
the number of colonies in the control dish times 100. Each test
was conducted in triplicate. Cloning efficiencies for control
cells of the four cell lines were 29% (A204), 28% (A549), 10%
(A498), and 14% (A101D).

S-9 Activating system. A modification [3] of the procedure
originally described by Garner et al. [12] was used to prepare
the 9,000 g supernatant. All operations were carried out at 4°C
in glassware. Rats treated with phenobarbital (80 mg/kg, IP)
for 3 successive days were sacrificed by decapitation 24 h after
the last injection. Livers were removed and perfused with
ice-cold 0.15M KCl. Perfused livers were weighed and
transferred to a beaker containing 3ml 0.15 M KCl/g wet
weight of liver. The tissue was minced with scissors, homo-
genized with a glass tissue homogenizer, and centrifuged for
20 min at 9,000 g to obtain the S-9 fraction. The S-9 activating
mixture contained the following components per milliliter:
Na,HPO,-7H,0 (100umol), NADP (4 umol), MgCl,
(8 nmol), KCl (33 umol), Glucose-6-phosphate (5 pmol), and
30 mg 9,000 g supernatant protein. This mixture was filtered
sterile (0.45-pm Gelman Acrodisc filter) prior to use.

Colony formation assay with S-9 activating system. Log phase
cells were added to dishes and allowed to attach to plastic for
48 h as described above for the plating assay. After 48 h,

medium was removed by aspiration and 570 pl complete
medium was added to each dish. The S-9 activating system
mixture (1.23ml) and stock drug solution at 10X final
concentration (200 ul) were added to plates for 1 h incubation
(37° C, 5% CO,/95% air, 100% relative humidity). Cells were
then rinsed twice with prewarmed DMEM, and 4 ml standard
culture medium (containing 10% fetal bovine serum )was
added. After 10 days in the incubator (37° C, 5% CO,/95% air,
100% relative humidity) plates were rinsed with prewarmed
saline, and colonies were stained with Coomassie blue and
counted.

Metabolism studies. Male Sprague-Dawley rats (150—250 g,
Mayo Clinic) were maintained on laboratory chow and water
ad libitum. Microsomes from liver, lung, and kidney homo-
genates were prepared by differential centrifugation tech-
niques as described by Ernster et al. [10]. Microsomes were
prepared from human tumor cells by sonication of 2 x 10'°
cells followed by homogenization and differential centrifuga-
tion. Protein was determined by the method of Lowry et al.
[17]. Microsomal incubations (3 ml total volume) contained
the following components present in the indicated final
concentrations: NADP (0.5mM), Glucose-6-phosphate
(25 mM), glucose-6-phosphate dehydrogenase (0.5 U/ml),
magnesium chloride (5 mM), microsomal protein (2.0 mg/ml,
and substrate (0.25 mM added in 50 ul acetone). HMM and
PMM concentrations were determined by a nitrogen-phos-
phorus gas chromatographic assay previously described [4].

Results

The antiproliferative effects of HMM, cyclophosphamide, and
mitomycin C on colony formation by human rhabdomyosar-
coma cell line (A204) are shown in Table 1. The maximum

Table 1. Effect of HMM, cyclophosphamide, and mitomycin C
following short-term and continuous exposure on colony forma-
tion by human rhabdomyosarcoma cell line A204

% Colony survival

Drug Concentration Continuous Short-term
(ug/ml) (10 days) (1h)
HMM 0 100 100
10 9%6x1 80+£3
25 83+3 91+4
50 70+2 89+3
100 375 84+2
150 29+2 85+5
200 2243 76+ 4
Cyclophosphamide 0 100 100
10 1000 936
20 99+1 95+6
50 94+5
100 96£2 86+3
500 305 87+5
Mitomycin C 0.0 100
0.0004 9742
0.004 56+8
0.04 3243
0.004 92+4
0.04 79+3
0.4 29+7
4.0 00
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Fig. 2. Effect of HMM (O), HMM, and S-9 activating systems minus
NADP (%), HMM and S-9 activating system plus NADP (@), and
MPMM (A) on colony formation by human rhabdomyosarcoma
tumor cell lines (A204)

solubility of HMM in aqueous solution is approximately
200 yg/ml. HMM and cyclophosphamide were minimally
cytotoxic following a 1-h exposure to cells at concentrations as
high as 200 pg/ml and 500 pwg/ml, respectively (Table 1). A 1-h
exposure in mitomycin C reduced colony formation by 70% at
concentrations as low as 0.4 pg/ml. Long-term (10-day)
exposure of HMM and cyclophosphamide inhibited colony
formation by 70% at concentrations of 150 pg/ml and 500
ug/ml, respectively. Following 10-day exposure to mitomycin C
68% was observed at a concentration of 0.04 ug/ml. Similar
inhibition results were obtained with HMM, cyclophospha-
mide, and mitomycin C in melanoma (A101D), renal cell
carcinoma (A498), and alveolar cell lung carcinoma (A549) cell
lines (data not shown).

HMM and cyclophosphamide inhibited colony formation
when incubated with A204 cells for 1 h in the presence of the
hepatic metabolizing system (S-9). Colony inhibition was
completely dependent upon the presence of the NADPH-gen-
erating system (Figs. 2 and 3). Colony formation was stimu-
lated slightly by the S-9 mixture alone (data not shown).
Results of 1-h incubation experiments with HMM and
cyclophosphamide in all four cell lines are summarized in
Table 2.
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N-Methylolpentamethylmelamine (MPMM, Fig. 1), the
intermediate formed during microsomal HMM N-demethyla-
tion, covalently binds to calf thymus DNA when HMM is
incubated with hepatic microsomal preparations [6]. When
MPMM was exposed to A204 cells in the absence of the S-9
activating system for 1h at a concentration of 100 pg/ml,
colony formation was inhibited by 69%, a similar result to
those obtained with HMM in the presence of NADPH and the
S-9 system (Fig. 2).

The extent to which normal tissues and tumor cells might
contribute to the production of the cytotoxic intermediate
MPMM was assessed by determining NADPH-dependent
HMM demethylation in rat liver, lung, and kidney prepara-
tions and human tumor cells and subcellular preparations.
Substantiai NADPH-dependent N-demethylation of HMM
was observed in rat liver, lung, and kidney microsomal
preparations, while verylittle NADPH-dependent N-demethyl-
ation of HMM was observed with tumor cell microsomal
preparations (Fig. 4). No HMM N-demethylation was detected
with whole tumor cells (1-h or 10-day incubations) or with
tumor cell homogenates.
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Fig. 3, Effects of cyclophosphamide (O), cyclophosphamide and S-9
activating system minus NADP (x), and cyclophosphamide and S-9
activating system plus NADP (@) on colony formation by human
rhabdomyosarcoma cell line (A204)

Table 2. Effect of HMM and cyclophosphamide in the presence of S-9 activation system following short-term (1-h) exposure on colony

formation by continuous human tumor cell lines (+ NADP cofactor)

% Colony survival (= NADP)

Drug Concentration  A204 A549 A498 Al101D
(ug/ml) + - + - + - + -
HMM 0 100 100 100 100 100 100 100 100
25 76+3 89+4 94+0 96+0 920+9 1009 96+ 0 93+0
40 68+2 91+2 88+1 95+6 659 85+6 92+17 97+4
100 30+2 88+3 79+0 103+0 33+9 84+5 120+ 4 98+4
150 19+6 91+5 64+7 99+3 27+1 95+2 92+ 0 1010
200 112 94+7 69+0 88+0 9+0 81+0 71+ 0 9240
Cyclophosphamide 0 100 100 100 100 100 100 100 100
1 92+5 96+ 1 101+0 103+0 92+8 102+6 5512 96 +5
10 559 93£2 1040 104+0 1080 105x0 52+ 14 89+7
20 21+6 973 86+1 98+1 79+2 91+4 2613 92+3
100 21+10 87+3 81+0 99+0 95 96+ 6 0 93+2
500 0 97+4 3£0 102+0 0 86+0 0 101£0
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Fig. 4. Appearance of HMM metabolite, PMM, on incubations of
NADPH-fortified microsomal preparations of rat liver (@), lung (X),
kidney (O) and human tumor lines (A) at 37° C

Discussion

The antiproliferative activity of HMM against human tumor
cell lines is dependent on the presence of NADPH and a
hepatic metabolizing system. Incubation of the HMM meta-
bolite, MPMM, with human tumor cells for 1 h inhibits colony
formation to the same extent as HMM, but without addition of
the metabolizing system or NADPH. We previously reported
that liver NADPH-dependent cytochrome P-450 monooxy-
genases convert radiolabeled HMM to reactive metabolites
which covalently bind to calf thymus DNA [5, 6]. Based on the
results of those studies, we suggested that MPMM, the
carbinolamine intermediate formed during cytochrome
P-450-mediated HMM N-demethylation {13], was the major
reactive species binding to DNA [6]. Covalent binding was
observed when radiolabeled MPMM [21] was incubated with
DNA in the absence of microsomal preparations [6]. These
results are consistent with the hypothesis that HMM cytotox-
icity against cells in culture is dependent on NADPH-de-
pendent cytochrome P-450 ,conversion of HMM to the
DNA-alkylating metabolite MPMM. Demethylated HMM
metabolites, also formed via intermediate carbinolamines, are
less likely to play a major role in HMM cytotoxicity.
Pentamethylmelamine, the initial HMM demethylation pro-
duct, is converted to alkylating species by microsomal prepar-
ations to a much lesser extent than is HMM [5]. Formalde-
hyde (a weak alkylating agent) generated during cytochrome
P-450-mediated demethylation of HMM binds primarily to
protein rather than DNA, and thus is not likely to be involved
in HMM cytotoxicity [4].

There are at least two reports of cell lines which metabolize
HMM, a murine ovarian cell line [11] and L15784 lymphoblasts
[7]. HMM is active against the murine ovarian cell line [22]. In
contrast, Rutty and Abel have suggested that results of studies
with the Walker ascites tumor are best explained by proposing
that HMM metabolism by normal tissue is required for HMM
activity in this system [18]. HMM is active against the tumor in
vivo, but inactive against Walker ascites cells in culture.
MPMM, however, is active against the Walker line in vitro
[18]. Neither HMM metabolism by tumor cells nor the effect of
a liver S-9 system on in vitro cytotoxicity of HMM was
determined in these studies.

The human tumor cell lines used in our studies did not
metabolize HMM. Even concentrated NADPH-fortified mic-
rosomal preparations of tumor cells only minimally demethyl-
ated HMM. In contrast, microsomal preparations from

several normal tissues readily demethylated HMM. MPMM
formed during HMM demethylation [13] has a half-life in
buffer at physiological pH, or in a mixture of buffer and
microsomal protein, of 30—60 min [6, 13]. Thus, MPMM could
act as a transport form of the ultimate alkylating species
(probably an iminium ion species) [6], just as the 4-hydroxy
metabolite of cyclophosphamide has been suggested to be a
transport form of the ultimate alkylating metabolites [14]. The
precise relationship between HMM metabolism (by tumor cells
and/or normal cells) and in vivo HMM antitumor activity
remains to be established. Based on results of our
metabolic activation studies with HMM, we are currently
preparing several analogs which will alkylate DNA without
metabolism of the parent molecule. These molecules should
not be dependent on metabolism by normal tissues or tumor
cells for in vivo antitumor activity.

Acknowledgements. This work was supported in part by Grant CA
30250, DHHS, and Training Grant CA 09441, DHHS (KIM). MMA is
the recipient of Research Career Development Award CA 00755 from
NCI, DHHS. The authors wish to thank Mrs Wanda Rhodes for
preparation of the manuscript.

References

1. Ames MM, Kovach JS (1982) Parenteral formulation of hexa-
methylmelamine potentially suitable for use in man. Cancer Treat
Rep 66: 1579

2. Ames MM, Powis G (1980) Metabolism of hexamethylmelamine
and pentamethylmelamine by rat liver microsomes and isolated
hepatocytes. Proc Am Assoc Cancer Res 21:257

3. Ames BN, McCann J, Yamasaki E (1975) Methods for detecting
carcinogens and mutagens with the Salmonella/mammalian-mic-
rosome mutagenicity test. Mutat Res 31:347

4. Ames MM, Powis G, Kovach IS, Eagan RT (1979) Disposition
and metabolism of pentamethylmelamine and hexamethylmelam-
ine in rabbits and humans. Cancer Res 39: 5016

5. Ames MM, Sanders ME, Tiede WS (1981) Metabolic activation of
hexamethylmelamine and pentamethylmelamine by liver micros-
omal preparations. Life Sci 29: 1591

6. Ames MM, Sanders ME, Tiede WS (1983) Role of N-methylo-
pentamethylmelamine in the metabolic activation of hexamethyl-
melamine. Cancer Res 43: 500

7. Begleiter A, Grover J, Goldenberg GJ (1980) Uptake and
metabolism of hexamethylmelamine and pentamethylmelamine
by L5178Y lymphoblasts in vitro. Cancer 40: 4489

8. Blum RH, Livingston RB, Carter SK (1973) Hexamethylmelam-
ine — a new drug with activity in solid tumors. Eur J Cancer
9:195

9. D’Incalci M, Bolis G, Mangioni C, Morasca L, Garattini S (1977)
Regression of human lung tumor xenografts induced by water-sol-
uble analogs of hexamethylmelamine. Cancer Treat Rep
61:927

10. Ernster L, Sickevitz P, Palade GE (1962) Enzyme-structure
relationships in the endoplasmic reticulum of rat liver. J Cell Biol
15:541

11. Garattini E, Donelli MG, Colombo T, Peasani R, Pantarotto C
(1981) In vivo and in vitro irreversible binding of hexamethyl-
melamine to liver and ovarian tumor macromolecules of mice.
Biochem Pharmacol 30: 1151

12. Garner RC, Miller EC, Miller JA (1972) Liver microsomal
metabolism of aflatoxin B, to a reactive derivative toxic to
Salmonella typhimurium TA 1530. Cancer Res 32:2058

13. Gescher A, D’Incalci M, Fanelli R, Farina P (1980) N-Hydrox-
ymethylpentamethylmelamine, a major in vitro metabolite of
hexamethylmelamine. Life Sci 26: 147

14. Grochow LB, Colvin M (1983) Clinical pharmacokinetics of
cyclophosphamide. In: Ames MM, Powis G, Kovach IS (eds)
Anticancer agents in humans. Elsevier, New York 135



15.

16.

17.

18.

19.

20.

Kovach JS, Svingen PA (1984) Antiproliferative activity of
2-[N, N-bis-2-chloroethyl)-amino]4-[2-sulfonato-ethylthiol]-tetra-
hydro-2H-1,3,2-oxazaphosphorine-2-oxide cyclohexamine (AS-
TAZ 7577) against human and murine tumor cells in vitro. Invest
New Drugs 2: 155

Legha SS, Slavik M, Carter SK (1976) Hexamethylmelamine — an
evaluation of its role in the therapy of cancer. Cancer 38:27
Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Protein
measurment with the Folin phenol reagent. J Biol Chem
193:265

Rutty CJ, Abel G (1980) In vitro cytotoxicity of the melamines.
Chem Biol Interact 29:235

Rutty CJ, Connors TA (1977) In vitro studies with hexamethyl-
melamine. Biochem Pharmacol 26: 2385

Rutty CJ, Connors JA, Nguyen-Hoang-Dam DCT, Hoellinger H
(1978) In vivo studies with hexamethylmelamine. Eur J Cancer
14:713

21.

22.

23.

24.

53

Sanders ME, Ames MM (1984) Synthesis of N-hydroxymethyl-
pentamethylmelamine (ring *C7, a cytotoxic metabolite of
hexamethylmelamine. Journal of Radiolabeled Compounds and
Radiopharmaceuticals 21 : 893

Wolpert-DeFilippes MK (1979) Antitumor activity of cis-dichlor-
odiammine-platinum (If). Cancer Treat Rep 63: 1453

Worzalla JF, Lee DM, Johnson RO, Bryan GT (1972) Effects of
microsomal enzyme-inducing chemicals on the metabolism of
Hexamethylmelamine (HMM, NSC-13875) in rats and hamsters.
Proc Am Assoc Cancer Res 12:41

Worzalla JF, Kaiman BD, Johnson BM, Ramizrez G, Bryan GT
(1974) Metabolism of hexamethylmelamine-ring-1C in rats and
man. Cancer Res. 34:2669

Received September 24, 1984/Accepted December 11, 1984



