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ABSTRACT

The growth of the murine TLX5 lymphoma is inhibited In vivo by
administration of /V-methylformamide (Gescher, A., et al., Br. J. Cancer,
45:843-850, 1982). Continuous incubation of TLX5 murine lymphoma
cells in vitro with /V-methylformamide for 72 h, at concentrations of
between 43 and 170 IHM(0.25 and 1% v/v), brought about a concentration-
dependent decrease in growth rate (50% inhibitory concentration = 68
HIM)and viability. Cell replication was decreased by 37% after 48 h
exposure to 106 mivifV-methylformamide, while viability was maintained
at 82%. Analysis of the distribution of these cells in the cell cycle by
flow cytofluorimetry showed a 23% increase in the proportion of G( cells
and a fall in the proportion of cells in the S and (;;/M phases. As the
drug concentration and time of exposure to W-methylformamide were
increased, with an associated reduction in cell replication and viability,
the proportion of GI cells rose. When TLX5 cells were washed free of
/V-methylformamide after an exposure to 106 HIMfor 48 h and cultured
in drug-free medium, the cells returned to exponential growth and to a
normal cell cycle distribution. Clonogenic assays showed that the recovery
of proliferation, after removal of the drug, was due to that of all those
cells which, in a parallel experiment, excluded the dye trypan blue. It is
concluded that the cessation of replication and the accumulation of cells
in GI of the cell cycle, after treatment with /V-methylformamide, are
probably not events representative of terminal differentiation but rather
of cytostasis, which was accompanied by rapid cell death. Coincident
with the reduction of TLX5 cell proliferation caused by A'-methylform-
amide and the accumulation of cells in (,,, cellular glutathione concentra
tions fell by 80%. A similar fall was induced by treatment of the cells
with n,i -buthioninc[.Y,/f|-siilfo\iniiiii' (5 JIM)for 48 h, but this treatment

had no effect on cell growth.

INTRODUCTION

The goal of chemotherapy is the eradication of malignant
cells under conditions of minimal toxicity to the host. The
major limitation of current drug therapy, which uses cytotoxic
drugs, is the imposition of substantial toxicity to host organs,
in particular to those normal cell populations which are capable
of proliferation. In this respect the investigational antitumor
agent NMF4 (NSC 3051) presents certain interesting proper

ties: it is effective against a number of murine tumor models in
vivo (1-4) yet it is free from the commonly observed, deleterious
effects of an antitumor drug on the host bone marrow, even
under conditions where this has been severely compromised (5).
This is an almost unique property for an antiproliferative agent.
In addition, Ar-methylformamide is a drug which has been

reported to induce the terminal differentiation of certain cell
lines i/i vitro (reviewed in Ref. 6). A strategy of "differentiative"

chemotherapy, in which malignant cells are induced to termi
nate their proliferative potential by completing a program of
normal cell development is attractive because it appears to
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avoid the necessity to kill proliferating cells (7-11).
NMF was also reported to have good, broad spectrum activity

against certain human tumor xenografts grown in mice (12) in
addition to its activity against murine tumors, and this stimu
lated a reinvestigation of its clinical potential in humans. Thus
far, the results have proven to be singularly disappointing (13-
16). Its trial represented part of an effort aimed at assessing the
potential therapeutic usefulness of agents which induce differ
entiation in vitro and which also may do so in vivo (6). The
biochemical mechanism of the in vivo antitumor effects of NMF
has not been established and it is not clear whether it limits
tumor growth in vivo via the promotion of terminal differentia
tion of the tumor, to viable but nonproliferating cells, or by
cytotoxicity. We have suggested, mainly on the basis of phar-
macokinetic arguments, that there is a possibility that the
activity of NMF against the murine tumors and human tumor
xenografts in vivo is not related to its properties as an inducer
of differentiation (17). Another reason to doubt the link between
differentiation induction by NMF and its activity in vivo results
from structure-activity studies of NMF analogues (18): these
analogues were much less active than NMF as experimental
antitumor agents in the in vivo murine tumor models, whereas
many of them possessed the ability to terminally differentiate
murine and human leukemia cells in vitro (17, 19).

NMF has unusual properties as an antiproliferative agent in
vivo and we considered that the paucity of information on its
mechanism of action, both in vitro and in vivo, rendered it
worthy of further investigation. Despite some earlier studies
(20, 21) it is not clear what its precise cellular locus of activity
is; effects at the cell membrane have been implicated in the
promotion of differentiation by the polar solvents (22, 23). As
part of a study of the effects that NMF had on a cell type which
was sensitive to the drug in vivo and can be grown both in vitro
and in vivo, we have studied first its effects on the cell cycle and
certain aspects of the biochemistry of TLX5 murine lymphoma
cells in vitro, prior to a similar study in vivo. In particular, the
effects of NMF on intracellular glutathione levels were inves
tigated, since its depletion has been implicated, recently, in the
events leading to NMF-induced cell differentiation (24, 25).
Our results are interpreted in the light of those effects of NMF
which have previously been proposed to be involved in the
promotion of the differentiation of certain malignant cells in
vitro.

MATERIALS AND METHODS

Materials. Tissue culture media and serum were obtained from
Gibco, Glasgow, Scotland. D,L-buthionine[S,/?]-sulfoximine, 5,5'-di-

thiobis(2-nitrobenzoic acid), propidium iodide, RNase type 1A, i-cys-
teine, NADPH, reduced glutathione, glutathione reducÃase,and Triton
X-100 were obtained from Sigma, Poole, England. NMF was purchased
from Aldrich Chemicals, Gillingham, England. All other reagents were
of analytical grade.

Cell Culture. The TLX5, X-irradiation-induced thymus lymphoma
was routinely passaged in CBA/Ca mice as described previously (3).
Peritoneal ascites, which were used routinely in in vivo tests of the
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activity of NMF (3), were established in vitro by transfer to RPMI 1640
medium supplemented with 17% horse serum, after removal of RBC
with cell lysis buffer (26). Cells were maintained in the logarithmic
phase of growth, with a doubling time of between 14 and 16 h, at 37Â°C

in an atmosphere of 10% carbon dioxide and 90% air. All experiments
were performed on cells in the 10th to 20th subculture (approximately,
the 50th to 100th cell generations). The retention of tumorigenicity
was established by injection of between 10" and M)1'cells into 20-g

female CBA/Ca mice. Cell viability was measured by estimation of the
ability of the cells to exclude the dye trypan blue, and proliferative
potential by clonogenic assay in vitro (detailed below). Cell numbers
were determined by a Model ZB1 Coulter Counter, or by microscopy
using a hemocytometer.

Assays of NMF Toxicity. TLX5 cells (5 x 10" cells/ml) were incu

bated in suspension culture with various concentrations of NMF and
cell numbers counted at various intervals, or cells were cloned in
semisolid medium. In experiments to estimate cellular clonogenicity,
cells which had been exposed to NMF were washed twice with fresh
medium and suspended at a density of 10' to IO'1cells/plate, in quad
ruplicate, on 35-mm l'otri dishes (Nunclon, Roskilde, Denmark) in

growth medium containing 0.36% Difco Noble agar. Plates were incu
bated at 37Â°Cin a humidified atmosphere of 5% carbon dioxide and

95% air. Cloning efficiencies were determined, after 6 days of incuba
tion, by counting colonies of >50 cells using a light microscope. The
plating efficiency of untreated cells was 30.1 Â±1.7% (SD; n = 4).

1 umorigenicity. TLX5 cells were incubated in vitro with various
concentrations of NMF for 48 h. Cells were washed twice with 0.9%
sterile saline and 3 x 10s cells in 0.1 ml saline were injected s.c. into
20-g female CBA/Ca mice. The incidence of tumors and survival time
of animals receiving NMF-treated cells were compared with the un
treated controls.

Cytofluorimetry. For cell cycle analysis, cells were fixed and stained
essentially by the methods of Gray and Coffino (27). Cells (IO6) treated

with or without NMF were harvested from suspension cultures, the
medium was removed, and the cells were washed in 10 ml of phosphate-
buffered saline (0.2 g KC1, 0.2 g KH2PO4, 8 g NaCl, 1.15 g Na2HPO4-
2HjO, and 0.372 g disodium EDTA/liter) at 4"C. Pelleted cells were

fixed by the addition of 70% ethanol and then stored, for not more
than 2 weeks, at 4'C. Fixed cells were resuspended in 1 ml of 1 mg/ml
KN'use-solution in phosphate-buffered saline and incubated at 37*C for

20 min. The cells were then stained by the addition of 1 ml of a solution
ut propitln.rn iodide (200 jig/ml), 0.1% Triton X-100, and 0.1% sodium
citrate in 0.9% sodium chloride solution. Samples were processed on a
FACS 440 cytofluorimeter (Becton Dickinson) using an argon laser
operating at an excitation wavelength of 488 nm; 2 x IO4cells/sample

were analyzed and DNA content was assessed by measurement of green
fluorescence emission at 515 to 555 nm using appropriate filters. The
data were processed by a Consort 40 computer.

Measurement of Cellular Glutathione. The total intracellular gluta-
thione content (glutathione plus glutathione disulfide) of TLX5 cells
was measured essentially by the method of Griffith (28). Briefly IO7

TLX5 cells were centrifuged at approximately 800 x g for 5 min, and
the pellet was deproteinized with 1 ml of 10% (w/v) metaphosphoric
acid. The acidic supernatant (300 n\) was neutralized to pH 7.0 to 7.5
with 120 n\ of saturated trisodium phosphate solution. A 140 ^I sample
was assayed for glutathione content in a mixture (total volume, 950 ><!)
containing 0.22 IÃ•IMNADPH, 0.63 mM disodium EDTA buffer, pH
7.5. The conversion of 5,5'-dithiobis(2-nitrobenzoic acid) to 2-nitro-5-

thiobenzoic acid was monitored spectrophotometrically at 412 nm and
at a temperature of 30Â°Cusing a Beckman DU-7 spectrophotometer.

RESULTS

The growth inhibition of TLX5 cells incubated continuously
i/i vitro with various concentrations of NMF for up to 72 h is
shown in Fig. 1. Concentrations of less than 43 mM (0.25% v/
v) had no significant effect on growth or viability, whereas those
exceeding 43 mM caused a progressive decrease in growth rate
and viability. When cells were prevented from undergoing a
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Fig. 1. Effects of continuous incubation with various concentrations of NMF
on the growth and viability of TLX5 cells grown in suspension for 72 h. Numbers
in parentheses, viability as measured by the exclusion of trypan blue. â€¢,controls;
G, 43 min; O, 106 mM; â€¢170 mM [n = 6, Â±SD(bars)}.
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Fig. 2. Effect of incubation for 48 h, with vario
the clonogenicity of TLX5 cells in 0.36% agar [n

oncentrations of NMF, on
Â±SD(bars)].

Table I Survival times of CBA/Ca mice inocut
with or without NMF for 4

with TLX5 cells incubated
in vitro

NMF concentration
(mM)0

(controls)
43

1060

(controls)
170Death

days9,

10, 10, 10, 10
9, 10, 10, 11, 11

10, 10, 10, 11,1110,

10, 10, 11, 11
11, 12, 12, 14, 15Mean9.8

10.2
10.410.4

12.8Â°

' P < 0.05 by Mann-Whitney U test.

single doubling by 170 mM NMF (1% v/v), viability was greatly
impaired by 72 h. Although viability, as measured by the
exclusion of trypan blue, was estimated to be 50% after 48 h
(Fig. 1), these cells did not subsequently form colonies in the
clonogenic assay after they had been washed free of the drug (a
procedure which reduced their viability; see below) (Fig. 2) and
clearly their proliferative potential was limited. Incubation of 5
x 10" cells for 48 h with 106 mM (0.625% v/v) NMF, when

viability was 82% (Fig. 1), followed by washing in fresh, drug-
free medium further reduced the viability to 45 Â±4% (n = 4)
of that of control cells as measured by trypan blue exclusion. It
therefore appears that manipulation of NMF-treated cells, by
washing them, further reduced their viability and proliferative
potential. The clonogenic efficiency of cells treated for 48 h
with 106 mM NMF was 54.5 Â±4.3% (n = 4) of control cells;
that is, all of the viable cells following the wash procedure
formed colonies. When TLX5 cells were incubated with 106
HIMNMF for 48 h and then injected into mice, all of the mice
developed tumors and the length of survival was not signifi
cantly different from those of animals which had received
untreated cells (Table 1). TLX5 cells incubated with 170 mM
NMF for 48 h and then injected into CBA mice allowed the
hosts to survive for an additional period, in comparison to
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animals which received untreated cells (Table 1). We have
previously shown that for TLX5 cells there is a direct relation
ship between the cell number injected into these mice and their
survival time (29); the increase in survival time observed after
treatment of the cells with 170 HIMNMF corresponds reason
ably well with the estimate of cell kill measured by the dono-
genie assays (Fig. 2).

Because NMF at 106 mM (0.625%) was less cytotoxic than
at 170 mM (1% v/v), 106 mM NMF were used to study the
effects of the drug on the cell cycle and glutathione metabolism
of the cells. Fig. 3 shows that incubation of TLX5 cells with
NMF brought about a concentration-dependent increase in the
number of cells in d of the cell cycle after 48 h and concomitant
fall of the number of cells in the S and G2/M phases. The
corresponding cell cycle distribution histograms are shown as
an inset to Fig. 3. The histograms of the relative DNA content
of the cells which had been treated with 106 mM NMF for 48
h and then washed free of the drug are shown in Fig. 4 and
indicate that these cells returned to a normal cell cycle distri
bution 72 h later.

NMF induced a fall in cellular glutathione which was de
pendent on drug concentration (Fig. 5a) and the time of drug
exposure (Fig. 50). The amount of glutathione disulfide meas
ured in representative incubation samples was less than 5% of
total glutathione levels and was unaffected by cell exposure to
NMF. Table 2 shows the effects of the decrease in cellular
glutathione induced by continuous exposure of TLX5 cells to
between 1 and 5 UMBSO and the lack of any significant effect
of BSO on cell growth or viability. Treatment of TLX5 cells
with BSO at concentrations of up to 100 ^M had no additional
effect on glutathione levels or cell growth (data not shown).

DISCUSSION

The activity of DMF and NMF as inducers of cellular differ
entiation of a number of cell types in vitro (reviewed in Refs. 6
and 17), has raised the possibility that the ani Â¡proliferarne
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Fig. 3. Effects of a 48-h incubation of TLX5 cells with various concentrations
of NMF on the percentage of viable cells in different phases of the cell cycle, in
comparison with untreated controls (means of 2 independent experiments at 106
mm. Decrease in percentage of viable cells in S phase, after 106 mM NMF,
compared to controls, P â€”<0.05 by Student's t test). Inset, representative DNA

histograms, obtained by flow cytofluorimetry, of TLX5 cells incubated with
various concentrations of NMF for 48 h in vitro, a, controls; b, 106 mM NMF; c,
170 mM NMF. Percentages in parentheses, viability as measured by the exclusion
of trypan blue.

(99%)
G, = 64%
S = 22%
Gz M = 14%

(b)
(43%)
G, = 95%
S = 3%
Gz M = 2%

Relative DNA content

Fig. 4. Relative DNA content of TLX5 cells which had been treated in vitro
with 106 mM NMF for 48 h, washed, and analyzed at various times, a, untreated
cells; b, 24 h; c, 48 h; d, 72 h after the removal of NMF. Percentages in parentheses,
viability. (Note: viability fell after the process of washing; see "Results").
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Fig. 5. Effect of NMF on the imracellular glutathione concentrations of TLX5
cells, a, concentration dependence after 48 h incubation (n = 4); h, time course
of the fall in cellular glutathione induced by continuous incubation with 106 mM
NMF in vitro (n = 4). Bars, SD; numbers in parentheses, percentage of viability.

Table 2 Changes Â¡nglutathione concentrations and cell growth
induced in TLX5 cells by BSO

Total intracellular glutathione
content (nmol/107 cells)

(n = 4)

Cell growth % of control
(n = 4)

Incubated with Incubated with Incubated with Incubated with
BSO (^M) BSO for 24 h BSO for 48 h BSO for 24 h BSO for 48 h

01234519.5Â±0.8Â°12.1

Â±0.87.6
Â±1.33.9

Â±0.73.2
+0.43.3'20.2

Â±2.413.3
Â±2.08.3
Â±1.55.8
Â±1.44.2
Â±0.23.7C(99)Â»102(99)101

(99)100(99)100(98)106(98)(99)100(99)98(98)92
(97)94
(97)92

(96)
" Mean Â±SD.
0 Numbers in parentheses, percentage of viability as measured by the exclusion

of trypan blue.

effects of NMF on murine tumors in vivo (1-5), such as the
TLX5 lymphoma, were the consequence of the induction of
phenotypic changes, or the so-called "maturation" or "normal
ization" of cells to a less malignant phenotype (30, 31). The

consequences of such an effect might be expected to be the
reduction of the tumorigenicity and clonogenic potential of the
treated cells, without a major change in viability, an accumu
lation of the cells in d of the cell cycle, and biochemical
changes in the cells associated with the development of a more
mature phenotype.

NMF treatment, in vitro, of TLX5 cells which had been
recently derived from an NMF-sensitive line growing in vivo,
brought about a reduction in cell growth and a progressive fall
in viability and proliferative potential, as measured by clono-
genicity (Figs. 1 and 2). This was associated with an accumu-
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lation of cells in GÃ¬of the cell cycle (Fig. 3). Although these
are events which may be associated with differentiation, re
moval of the NMF from the growth medium allowed the
remaining viable cells to reexpress their proliferative potential
so as to form colonies in a clonogenic assay, and to overcome
the drug-induced (.., block (Fig. 4). Additionally, viable and
clonogenic cells were tumorigenic (Table 1). This effect suggests
that TLX5 cells were neither induced to terminally differentiate
by NMF nor did they lose their malignant phenotype. Instead,
the data suggest that they were induced to enter a phase of
growth arrest, in which some cells were destined to die while
the remainder retained full proliferative potential, the relative
proportions of these alternatives being concentration- and time-
dependent. Alternatively, it is possible that TLX5 cells did
differentiate but that all of the resultant, terminally differen
tiated cells had a very limited time span of viability. This seems
unlikely and could only be established if markers, representative
of the developmental lineage of these cells, were available and
could be identified in the short period prior to cell death.
Preliminary studies by us have suggested that NMF-treated
TLX5 cells undergo programmed cell death,5 based upon an
analysis of electron micrographs. "Programmed" cell death is

commonly induced by a variety of cytotoxins (32) and may be
viewed as a phenotypically determined loss of growth potential.
The effects of NMF on TLX5 cell growth contrast strongly
with those reported by us on the HL-60 leukemic cell line (19)
where concentrations of NMF which inhibited cell growth
allowed the maintenance of >80% viability and gave rise to
terminally differentiated cells which had no proliferative capac
ity.

The concentration of NMF required to induce significant in
vitro toxicity was greatly in excess of the maximal plasma
concentration (7 IHM) which can be achieved in vivo in the
mouse (17). Studies of the tissue distribution of NMF failed to
show that it was accumulated by the TLX5 tumor5 or other

organs (33). We therefore conclude that it is likely that other
mechanisms are involved in the activity of NMF towards the
TLX5 lymphoma in vivo, most likely after metabolic activation
of the drug, as we have suggested previously (3).

The accumulation of TLX5 cells in GÃ¬phase of the cell cycle
after NMF treatment (Fig. 3), differs from the effects observed
by Leith et al. (34, 35) in DMF- or NMF-treated clone A
human colon adenocarcinoma cells where there was no phase-
specific accumulation of cells. However, ethanol, which like
NMF induces the differentiation of HL-60 cells (19), has re

cently been shown to induce a block early in G, of the cell cycle
of hepatoma cells (36). Preliminary results show that the G,
block in TLX5 cells involves a shift in the population of the d
cells to an early part of G,,5 which suggests that this is a

common effect of solvents on the cell cycle of certain cell types.
Clearly, colonie cells are affected differently, a difference which
extended to the effect of NMF on cellular thiol metabolism.

In a study of the effects of NMF and DMF on DLD-1 clone
A human colon carcinoma cell lines in vitro, Cordeiro and
Savarese (24, 25) showed that these formamides depleted cel
lular glutathione and that this reduction correlated well with
growth inhibition, together with the acquisition of a more
mature phenotype. It was later reported that the changes in
glutathione status also corresponded with changes in oncogene
expression in these cells (37). A similar fall in cellular glutathi
one was observed in NMF-treated TLX5 cells in vitro (Fig. 5).
However, when a glutathione depletion of similar magnitude

! Unpublished observations.

was elicited by BSO, there was no significant effect on cell
replication or viability (Table 2). The addition of cysteine (0.05
to 5 IHM) to NMF-treated cultures was unable to restore the
depleted cellular glutathione levels of TLX5 cells or restore
cellular growth (data not shown). These results are different
from those reported when DLD-1 cells were used (24, 25), and
suggest that the relationship between cell growth and glutathi
one metabolism is cell type dependent. This conclusion is in
accordance with the observation that NMF and other polar
solvents which induce the HL-60 human promyelocytic leuke
mia cell line to differentiate to granulocytes (19) do so without
a change in the glutathione status of the cells (38). Additionally,
these findings contrast with those of Ishii et al. (39) who
suggested a causal relationship between the depletion of intra-
cellular glutathione and the GÃ¬arrest of lymphoma cells in
vitro.

It is not yet clear what mechanism is involved in the fall of
cellular glutathione induced by NMF. Recent work from this
laboratory (40, 41) has shown that NMF is metabolized in the
mouse and in humans to methylamine. This appears to arise
from a novel metabolic pathway involving the oxidation of the
formyl moiety of NMF and the subsequent production of a
carbamoylated glutathione conjugate. It is possible that this
metabolite is formed in TLX5 cells so as to reduce GSH levels.
We are currently investigating whether this species is formed
and is capable of the transcarbamoylation of the enzyme glu
tathione reducÃase,which is exquisitely sensitive to carbamo-
ylating agents (42).

In conclusion, the results reported here show that NMF
treatment, in vitro, of an established murine tumor cell line
which has sensitivity to NMF, in vivo, induced changes in
growth and glutathione metabolism which are similar to those
changes observed in other cell types (24, 25). However, unlike
the findings of those studies the effects were not accompanied
by a loss of proliferative potential which is normally indicative
of terminal differentiation, that is, to viable but nonproliferative
cells. The profile of changes induced by NMF treatment of the
TLX5 tumor when it is grown in vivo is the subject of current
investigations.
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