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ABSTRACT

The RNA catabolice 7-methylguanine has been shown to inhibit
queuine modification of tRNA in Chinese hamster embryo cells under
conditions leading to in vitro transformation. Phorbol ester tumor pro
moters also induce queuine hypomodification of tRNA in normal human
cells, and this effect was reported to be correlated directly to the appear
ance of an altered (transformed) cell phenotype. Based on this common
macromolecular alteration, 7-methylguanine was evaluated for its ability
to enhance the chemically induced transformation of cultured cells. Two-
stage initiation-promotion experiments were undertaken with Chinese
hamster embryo cells in vitro to compare the effects of 7-methylguanine
to known tumor promoters subsequent to initiation with 3-methylchol-
anthrene. 7-Methylguanine was able to increase significantly the expres
sion of type III foci as well as anchorage-independent growth, thereby
confirming that it can act as a promoting agent in vitro. Methylated
guanines that do not induce queuine hypomodification of tRNA were not
capable of enhancing these characteristics of in vitro transformation. The
results suggest that 7-methylguanine may be a natural, endogenous
promoting agent, and that changes in queuine modification of tRNA may
play a fundamental role in the promotion of carcinogenesis.

INTRODUCTION

ChH3 cells treated continuously with the methylated purines
1-methylguanine and 7-methylguanine yield transformed cell
lines with altered morphological, biochemical, and cytogenetic
properties (1-3). In some cases, the state of neoplastic trans
formation is attained; i.e., the cells are tumorigenic when in
jected into athymic nude mice (2, 3). The mode of action by
which these normal catabolites of cellular RNA transform ChH
cells was not established, and it was not clear whether these
agents affect the initiation and/or promotion phases of the
neoplastic process.

Additional investigations demonstrated that 7-methylguan
ine could rapidly induce queuine hypomodification of tRNA in
cultured ChH cells under conditions leading to in vitro trans
formation (4). Queuine, a highly modified guanine analogue, is
inserted into the first position of anticodon of tRNA isoaccep-
tors for histidine, tyrosine, aspartic acid, and asparagine as a
posttranscriptional modification catalyzed by the enzyme
tRNA-guanine ribosyltransferase (EC 2.4.2.29). Considering
that tRNA from normal, mature mammalian cells is usually
fully modified for queuine whereas tRNA from transformed
cells is generally queuine hypomodified (5), the possibility was
proposed that altered queuine metabolism might be involved in
the 7-methylguanine-induced transformation of ChH cells (4).
Furthermore, a model was put forth describing how structural
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changes in the anticodon of tRNAs (including those involving
queuine) might lead to the pleiotropic changes associated with
the expression of carcinogenesis (6).

The recent demonstrations, that phorbol ester tumor pro
moters specifically inhibit queuine transport in cultured human
cells (7) and that phorbol ester-induced queuine hypomodifi
cation of tRNA is related directly to the expression of a trans
formed phenotype by these cells (8), indicate that changes in
queuine metabolism may play a fundamental role in the pro
motion phase of carcinogenesis. In addition, the phorbol ester
data offered the possibility that 7-methylguanine enhanced the
transformation of ChH cells reported in the earlier studies by
acting as a promoting agent for spontaneously initiated cells in
the primary embryo cell cultures (1, 2). Therefore, the present
investigation was undertaken to determine whether 7-methyl
guanine can, in fact, act as a promoting agent in vitro by
enhancing the chemical transformation of cultured ChH cells.

MATERIALS AND METHODS

Cell Culture. Pregnant hamsters at 16 to 18 days of gestation were
purchased from Cambridge Diagnostics, Inc. (Cambridge, MA), and
primary cultures of ChH cells were established as described previously
(1). When the primary cultures became confluent, they were considered
to be at passage level (and population doubling) zero. Cultures at
passage 1 were either used immediately or were cryopreserved at -80"C

for later use. The use of cryopreserved cells for in vitro transformation
assays has been reported (9-11). Cells were grown in Eagle's MEM
with 5% FBS or adult bovine serum at 37Â°Cin a humidified, 4% CO2
atmosphere. Cultures were maintained in 25-cm2 flasks, and following
trypsinization, the cells were passaged at a ratio of 1:4 at 6- to 7-day
intervals. Saturation densities were monitored weekly using a Coulter
Counter Model ZM.

In Vitro Two-Stage Transformation Assay. Cells at passage 1 or 2
were seeded into 60-mm Corning tissue culture dishes at a density of
10,000 cells per plate (6 per treatment per experiment) in 5 ml of
medium, and the following day, the dishes were treated with MCA (1
Mg/ml). After 24 h of treatment, the MCA-containing medium was
removed, and the dishes were washed twice with calcium- and magne
sium-free phosphate-buffered saline. The cultures were then fed with
complete medium. After 4 to 5 days, the cultures were treated with
known or suspected promoting agents for 4 to 6 wk. The cells were
then fixed with 2% formaldehyde and stained with Giemsa, and cultures
were scored for type III foci (12).

Anchorage-independent Growth. Cells, maintained in 25-cm2 flasks

and subcultured repeatedly in the presence of the test compounds with
or without MCA initiation, were evaluated for their ability to grow in
soft agar at different passages. The basic method of Macpherson (13)
was followed with minor modifications. Cells (50,000) were seeded in
1.5 ml of MEM containing 0.33% agar, 20% FBS, and 20% tryptose
phosphate broth, either with or without the test compound (FDD, 4a-
PDD, or teleocidin at 1 nM, or 7-methylguanine or 3-methylguanine at
10 MM)on a layer of 7 ml of 1.25% agar in MEM containing 20% FBS
and 20% tryptose phosphate broth. After 21 days, colonies containing
greater than 20 cells were scored.

Materials. MEM and tryptose phosphate broth were purchased from
GIBCO, Grand Island, NY. Bacto-agar was from Difco Laboratories,
Detroit, MI; sera were from Sterile Systems, Logan, UT; and MCA,
PDD, and 4Â«-PDDwere from Sigma Chemical Co., St. Louis, MO. 3-
Methylguanine, 7-methylguanine, and 9-methylguanine were purchased
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from Fluka AG (Switzerland). Teleocidin was a gift from Dr. H. Fujiki
and Dr. T. Sugimura, National Cancer Center, Tokyo, Japan.

RESULTS

In the ChH cell system, treatment with MCA alone resulted
in the appearance of very few foci in the Petri dishes (Fig. 1).
Subsequent treatment with FDD, a known phorbol ester tumor
promoter, was very effective in promoting foci formation as
expected. Similar observations were noted with teleocidin. In
both cases, the foci formed were large and showed extreme
piling of morphologically altered cells. Treatment of ChH cells
with 7-methylguanine without prior MCA initiation had little
or no apparent effect on foci formation, whereas cultures initi
ated with MCA and promoted with 7-methylguanine showed
densely packed cells very similar to those found in FDD- or
teleocidin-promoted cultures. Microscopic examination of the
foci revealed the formation of both type II and type III foci.

Quantitation of type III foci in each Petri dish was undertaken
in five separate experiments, and the results are presented in
Table 1. Cultures initiated with MCA alone had a 2-fold in
crease in the number of type III foci over the untreated controls,
whereas MCA-initiated cells promoted with 7-methylguanine
had approximately a 3-fold increase. While the variation be
tween individual experiments was quite large, 7-methylguanine

Control

-

No Promoter

PDD

Teleocidin

â€¢v

V-ÃŒ
7-Methylguonine

Fig. 1. Foci formation in two-stage initiation-promotion experiments with
Chinese hamster cells. Row I, no promoter; Row 2, PDD; Row 3, teleocidin; Row
4, 7-methylguanine. Chinese hamster cells at passage 1 were seeded at a density
of 10.000 cells per 60-mm dish in 5 ml of MEM containing 5% FBS. The
following day, the cells were treated with MCA (1 ut; nil) for 24 h, after which
they were refed with the control medium for 4 to 5 days. Subsequently, the cells
were fed weekly with control medium or medium containing PDD or teleocidin
at 1 nM, or 7-methylguanine at 10 UM for 4 to 6 wk. The cells were fixed in
formaldehyde and stained with Giemsa.

always promoted an increase in type III foci subsequent to
MCA initiation, and the overall results demonstrate a statisti
cally significant increase (Table 1). Cells treated with FDD or
teleocidin alone exhibited approximately a 7-fold increase in
the number of type III foci, as did their MCA-pretreated coun
terparts. However, the size of the type III foci in the MCA-
initiated group was much more pronounced than in the unini
tiated group as indicated in Fig. 1. None of the structural
analogues (i.e., 4a-PDD, 3-methylguanine, or 9-methylguan-
ine) caused an increase in foci formation.

Based on foci formation, 7-methylguanine appeared to be
acting as an //; vitro promoting agent in a standard initiation-
promotion type protocol. However, cells were also subcultured
repeatedly in the presence of the various test compounds with
and without MCA initiation, so other parameters of in vitro
transformation could be evaluated. Changes in cell morphology,
disoriented growth pattern, and loss of contact inhibition of
growth were observed with the treated cultures in a manner
that correlated reasonably well with the results obtained for
type III foci; i.e., more abnormal parameters were observed for
the cells exhibiting greater foci formation (results not pre
sented). Anchorage-independent growth (which was being eval
uated every 4 to 6 passages) was not observed for any of the
cultures until passage 20, even though many of the other
abnormal growth characteristics were observed much earlier.

ChH cells initiated with MCA and subsequently treated with
7-methylguanine or FDD were the only ones to produce colo
nies in soft agar at passage 20. Photomicrographs of represent
ative colonies and/or individual cells are presented in Fig. 2.
The colonies that formed from cells initiated with MCA and
then treated with 7-methylguanine were quite different from
those treated with FDD. The former were fewer in number, but
they were larger in size and had a rough-edged, diffuse mor
phology compared to those promoted with PDD. Importantly,
neither the 7-methylguanine- nor the FDD-treated cells without
MCA initiation gave colonies in soft agar.

Quantitative data for anchorage-independent growth are
summarized in Table 2 for all of the cultures maintained long-
term in the presence of the suspected in vitro promoting agents.
As can be seen, no colonies were observed for any of the cells
without MCA initiation, with the minor exception of teleocidin
in Experiment 1 and FDD in Experiment 2. In the case of the
MCA-initiated cells, the unpromoted controls, as well as those
treated with 4Â«-PDD, teleocidin, and 3-methylguanine, gave
no colonies. While significant colony formation was observed
for both PDD and 7-methylguanine, the former was 10- to 20-

Table 1 Quantitation of type III foci
Conditions were as described in Fig. 1 with the addition of 4Â«-PDDat 1 nM,

and 3-methylguanine and 9-methylguanine at 10 n\i. The number of type III foci
was scored in each dish after staining with Giemsa. A minimum of 17 dishes was
scored for each treatment with the exception of 9-methylguanine where at least 9
dishes were scored.

InitiationPromotionNone

PDD
4Â«-PDD
Teleocidin
3-Methylguanine
7-Methylguanine
9-MethylguanineNone

(foci/dish)17.4Â±
10.3"

134.0 + 63.6*

29.5 Â±16.4
129.0 + 39.2*

43.0 Â±30.4
23.8 Â±16.8
32.9 Â±17.1MCA(foci/dish)35.4

Â±21.0
120.2 Â±62.4*

37.3 Â±23.6
117.0 + 33.2*

39.3 Â±12.4
56.0Â±21.3*'f

31.5 Â±17.2
' Mean Â±SD.
* Values significantly different (P < 0.05) from untreated control and MCA-

treated control based on a one-way analysis of variance.
' Values significantly different (P < 0.05) from 7-methylguanine-treated con

trol, also based on a one-way analysis of variance.
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Fig. 2. Photomicrographs of colonies in
soft agar. Chinese hamster cells at passage 20
were plated in soft agar at a density of 50,000
cells per 60-mm dish, and after 21 days, the
colonies were photographed. A, untreated con
trol cells; B, cells initiated with MCA and
maintained in control medium: C cells treated
with PDD: D. cells initiated with MCA and
treated with PDD: E. cells treated with 7-
methylguanine: and /. cells initiated with
MCA and treated with 7-methylguanine. x 40.

Table2 QuantitÃ¤tâ„¢ofcoloniesin softagar MCA-initiated and PDD-promoted cells did not require the
Conditionswereas describedin Fig. 2. Twenty-onedaysafter seedingChinese presence of pDD Â¡n,he agar overlay whereas the MCA-

hamster cells in agar, coloniescontaining more than 20 cellswerecounted. Cells : .. , . ]..,
at passage20 wereused in Experiment I, and 4 dishesper treatment werescored initiated, 7-methylguanine-treated Cells did require exogenous
for colonies.Cells at passage23 were tested in Experiment 2. and 10 dishes per 7-methylguanine. However, as the latter cells progressed to
treatment werescored for colonies. passage 5() a(Jded 7_methylguanine was no longer a require.

initiation ment. In this case, the total number of colonies per dish with
7-methylguanine in the overlay was 31.5 Â±8.4 (mean Â±SD; 9
dishes), and in its absence, the number of colonies was 39.0 Â±
8.4 (9 dishes). Colonies isolated from soft agar at passage 20
and cultured for ten passages were also positive for anchorage-
independent growth even in the absence of exogenous 7-meth
ylguanine. Under these circumstances, there was a significant
increase in the ability of the cells to grow in agar, with colonies
per dish being 8805 Â±1347 (10 dishes) in the presence of
exogenous 7-methylguanine and 7192 Â±1644 (10 dishes) in its
absence.

DISCUSSION

fold more effective at promoting this in vitro characteristic of Based on our earlier studies with methylated purine transfor-
transformation. mation of ChH cells (1-3), we suspected that 7-methylguanine

For the anchorage-independent growth described above, the could be acting as a promoting agent (rather than an initiating
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Experiment1PromotionNone

PDD
4Â«-PDD
Teleocidin
3-Methylgua-

nine
7-Methylgua-

nineNone

(colonies/
dish)0

00

1.0 Â±1.2
00MCA(colonies/

dish)0

482.0 + 35.1Â°

0
0

039.5

Â±3.9Experiment

2None

(colonies/
dish)00.3

Â±0.9
0
0
00MCA

(colonies/
dish)0747.0

Â±111.7NT*

0
NT39.2

Â±10.1â€¢

Mean Â±SD.
* NT, not tested.
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agent) in the ChH cell system. To test this hypothesis, we
utilized ChH cells as a model system for two-stage initiation-
promotion assays in vitro. Hamster embryo cell culture systems
(both Chinese and Syrian hamster) have been used for in vitro
transformation assays with chemical carcinogens as initiating
agents, followed by treatment with several different promoters
(10, 14). Therefore, we modeled our studies after these pub
lished protocols.

The present studies demonstrate that ChH cells treated with
MCA to initiate transformation and then maintained in 7-
methylguanine showed an increased number of type III foci
compared to untreated controls or cells treated with MCA alone
(Fig. 1; Table 1). The results indicate that 7-methylguanine by
itself does not enhance foci formation, but rather, it promotes
foci formation subsequent to initiation with MCA, thereby
fulfilling the criteria of an in vitro promoting agent. The pro
motion of type III foci by 7-methylguanine seems to be highly
specific for this methylated guanine; i.e., neither of the other
two structural analogues (3-methylguanine or 9-methylguanine)
could mimic the effects of 7-methylguanine. Of the three meth-
ylguanines, only 7-methylguanine inhibits tRNA-guanine ribo-
syltransferase and, thereby, queuine modification of tRNA (15).

Quantitation of foci per dish (Table 1) also indicates that
tumor promoters such as FDD and teleocidin produce type III
foci in both initiated and uninitiated cultures. It is possible that
a fraction of the cells in the primary embryo culture could have
already undergone spontaneous initiation, and treatment with
potent tumor promoters such as FDD and teleocidin would
then be able to enhance (promote) foci formation. It is not
unusual for hamster cells to undergo spontaneous transforma
tion, and this fact is well documented (16-19).

While the type III foci data for the known phorbol ester
tumor promoter FDD did not act in a typical initiation-pro
motion fashion, the anchorage-independent growth assay with
the ChH cells clearly distinguished between carcinogen-initi
ated and noninitiated cells. MCA-initiated and FDD- or 7-
methylguanine-promoted cells were positive for anchorage-in
dependent growth, whereas all other treatments were negative
(Table 2). Colonies produced by the 7-methylguanine-treated
cells were clearly different than those produced by the FDD-
treated cells (Fig. 2), but the significance of this difference has
not yet been elucidated. However, it was demonstrated previ
ously with human cells in culture that queuine hypomodifica-
tion of tRNA is induced by the tumor promoter FDD but not
by the nonpromoting analogue 4a-PDD (8), so the phorbol
ester results are again consistent with this tRNA structural
change being involved in the mode of action. The basis for
teleocidin not promoting anchorage-independent growth is cur
rently under investigation.

Although anchorage-independent growth of MCA-initiated,
7-methylguanine-treated cells seemed to be dependent on the
presence of exogenous 7-methylguanine at early stages (e.g., at
passages 20 and 23), at later times (e.g., at passage SO), it was
not a requirement. Similar results were obtained with colonies
isolated from agar and maintained for ten additional passages
in culture; i.e., they exhibited a comparable (although much
higher) cloning efficiency either with or without 7-methylguan
ine in the agar overlay. In this respect, 7-methylguanine appears
to be acting as a typical promoting agent, whereby the expres
sion of a transformed phenotype is reversible at early times but
becomes fixed at later stages. While we cannot rule out spon
taneous evolution and selection of minor cell populations (20),
7-methylguanine does appear to be mediating its effects in a
manner similar to FDD.

In recent years, normal cellular metabolites other than 7-
methylguanine have been shown to act as promoters. Jones et
al. (11) demonstrated that the biologically active metabolite of
vitamin D3, la,25-dihydroxycholecaliciferol, can transform
Syrian hamster embryo cells pretreated with carcinogens in
vitro, and Sasaki et al. (21) reported that this same compound
can enhance MCA-induced transformation of mouse 3T3 cells
in vitro. Bile salts were also shown to promote the transforma
tion of mouse C3H/10T'/2 fibroblasts in a two-stage initiation-

promotion assay (22). Therefore, the ability of normal endog
enous metabolites to act as promoting agents is not without
precedence.

The only known cellular action of 7-methylguanine is its
reported induction of queuine hypomodification of tRNA in
ChH cells by inhibiting the enzyme tRNA-guanine ribosyltrans-
ferase (4, 15). This observation led us to propose previously
that the alteration in queuine modification may be required in
the expression (promotion) phase of neoplasia and that 7-
methylguanine might be a promoting agent (4, 6). Randerath
e/ al. (23) further suggested that queuine and various known
tumor promoters (e.g., phorbol esters and teleocidin) may have
structural features in common, and that these structural anal
ogies may be important in tumor promotion. While we have
been unable to observe any such structural analogies with 3-
dimensional space-filling models,4 queuine metabolism in nor

mal human cells is altered by phorbol ester tumor promoters.
Elliott et al. (8) demonstrated that tRNA"" from normal human

skin fibroblasts treated in culture continuously with FDD be
comes hypomodified for queuine just prior to a phorbol-induced
5- to 10-fold increase in the saturation density of these cells.
Further work by Elliott et al. (1) suggested that the decrease in
queuine content of the tRNA could be explained by an inhibi
tion of queuine uptake by the cells treated with phorbol ester.
Most significantly, overcoming the phorbol ester-induced in
hibition of queuine transport by supplying excess extracellular
queuine resulted in a decrease in the saturation density of the
cells to near-normal levels (8); i.e., queuine reversed the expres
sion of a transformed phenotype by the cultured human cells.
In conjunction with our current studies, these data argue that
queuine hypomodification of tRNA plays a primary role in the
expression of various transformed phenotypes in vitro, and it is
possible that this is the epigenetic change suggested by Kennedy
et al. (20) to be involved in malignant progression.

Many studies have documented that queuine hypomodifica
tion of tRNA is a common feature of neoplastically transformed
cells (5, 23), but few previous reports have indicated any fun
damental role for the tRNA structural change in the neoplastic
process. However, Katze and Beck (24) demonstrated that
tRNA from Ehrlich ascites cells was queuine deficient, and that
this deficiency could be reversed by the continuous infusion of
queuine into the tumor-bearing mice. Coincidently with the
queuine modification of tumor cell tRNA, there was an inhibi
tion of tumor cell growth, thereby suggesting a role for the
queuine deficiency in maintenance of the transformed pheno
type.

The implications of the finding that 7-methylguanine can act
as a promoting agent in vitro are manyfold. It is known that
cancer patients excrete elevated levels of methylated purines
such as 7-methylguanine (for a recent review, see Ref. 25), so
chronic exposure in vivo to this potential promoter could be a
contributing factor to the maintenance and/or spread of the
cancer. Furthermore, free 7-methylguanine is generated in cells

4 R. W. Trewyn and J. O. Cisar, unpublished data.
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by the repair of DNA damage following exposure to methylat-
ing carcinogens and mutagens, so elevated endogenous levels
of this DNA repair product could contribute to the carcinogenic
process mediated by such agents. Studies of these and other
implications of 7-methylguanine within normal cells are being
investigated.
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