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We have investigated the mechanism of activation of an inactive but functionally intact hamster thymidine
kinase (TK) gene by the chemical carcinogen N-methyl-N'-nitro-N-nitrosoguanidine. Following carcinogen
treatment of TK- RJK92 Chinese hamster cells, aminopterin-resistant (HAT') colonies appeared at a
frequency 50-fold higher than in untreated controls. More than 80% of these HATr variants expressed TK
enzymatic activity and were divided into high- abd low-activity classes. In all TK+ variants, TK expression was
correlated with demethylation in the 5' region of the TK gene and the appearance a 1,400-nucleotide TK
mRNA. Using high-performance liquid chromatography to measure the level of genomic methylation, we found
that four of five high-activity lines demonstrated extensive genomic hypomethylation (approximately 25% of
normal level) that was associated with demethylation of all TK gene copies. Restriction endonuclease analysis
of 15 low-activity lines revealed four instances of sequence alterations in the far-5' region of the TK gene and
one instance of a tandem low-copy amplification. In these lines, the structurally altered gene copy was
demethylated. Thus, we propose that a chemical carcinogen can activate TK expression by several different
mechanisms. Focal demethylation with or without gene rearrangement was associated with low TK activity,
whereas demethylation throughout the genome was associated with high TK activity.

Although numerous experimental models have demon-
strated the ability of chemicals to initiate carcinogenesis (6),
the genotypic changes and alterations in gene expression
which constitute the initiated state remain unknown. As one
approach to these problems, workers in many laboratories
have used cell culture systems to investigate how a chemical
carcinogen can alter gene expression. Some investigations
focused on the ability of carcinogens to mutate an active
gene and thereby inactivate gene expression or modify the
gene product (10, 18, 26). Recent evidence, however, has
expanded the repertoire of carcinogen-induced alterations to
include amplification of active genes (34) and activation of
quiescent genes (15, 23, 24).
Our laboratory has been investigating carcinogen-induced

activation of quiescent genes. To select model systems in
which an inactive gene is functionally intact and potentially
expressible, we have focused on the class of inactive genes
which can be activated by 5-azacytidine (azaCyd), an agent
which alters gene expression by epigenetic perturbations
presumably related to inhibition of DNA methylation and
not by a mutational mechanism (32). The general significance
of this class of inactive genes is demonstrated by the
occurrence of azaCyd-activatable genes and developmental
programs in a variety of cell types (16, 23). One such set of
inactive genes is the metallothionein family in mouse S49
T-lymphoma cells; we have previously reported that chem-
ical carcinogens and UV radiation treatment of these cells
will activate one or both metallothionein genes and thereby
induce cadmium resistance (23, 24).
To explore the generality and diversity of events associ-

ated with carcinogen-activated gene expression, we have
examined the effect of carcinogen treatment on the inactive
thymidine kinase (TK) gene in RJK92 cells, a Chinese
hamster fibroblast line. The RJK92 line was derived by
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exposing TK+ V79 cells to gradually increasing concentra-
tions of bromodeoxyuridine (4, 13). Following treatment
with azaCyd, RJK92 cells revert at a very high frequency to
the TK+ phenotype (12), indicating that the TK gene in
RJK92 cells is inactive but functionally intact and potentially
expressible. Preliminary reports have suggested that carcin-
ogen treatment of RJK92 and similar lines can induce
aminopterin resistance (HAT') and TK expression (12, 30).
In this paper, we have characterized the changes in TK gene
expression which follow treatment of RJK92 cells with the
alkylating carcinogen N-methyl-N'-nitro-N-nitrosoguanidine
(MNNG). Furthermore, we have identified changes in ham-
ster DNA associated with TK gene activation.

MATERIALS AND METHODS

Cell culture. RJK92 cells (provided by T. Caskey) and
carcinogen-induced variants were grown in complete me-
dium as previously described (12). The medium was supple-
mented with HAT (100 ,uM hypoxanthine, 0.4 ,uM aminop-
terin [Sigma Chemical Co.], and 16 ,uM thymidine [dThd]) to
select HATr cells.
Treatment of cells with MNNG and quantitation of effect.

After trypsinization of a confluent culture, 2 x 106 RJK92
cells were plated in 75-cm2 flasks with complete medium and
grown for 2 days. The subconfluent monolayers were rinsed
with Earle balanced salt solution (EBSS) (Gibco Laborato-
ries), equilibrated with 50 ml of EBSS at 37°C for 30 min, and
then treated for 2 h with MNNG (Sigma) which had been
dissolved in 0.5 ml of absolute ethanol and then added to the
EBSS. After treatment, cells were rinsed with EBSS and
then trypsinized; 300 to 1,000 cells were transferred per plate
into complete medium for survival measurements. The re-
maining cells were split 1:2 into complete medium and
incubated for 5 days; fresh medium was added as needed.
After the 5-day expression period, 300 to 1,000 cells were
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transferred per plate into complete medium for plating
efficiency measurements, and 2 x 106 cells were transferred
per plate into complete medium with HAT for conversion
frequency measurements. All plates were incubated for 10 to
14 days with one change of medium and then stained with
Wright-Giemsa stain (American Scientific). Stained foci
were counted; all small foci were examined microscopically
for the presence of intact cells. Survival, plating efficiency
(PE), and conversion frequency were calculated from the
following equations: plating efficiency = (unselected
foci)/(cells added); survival = (surviving foci)/[(cells
added)(PE for untreated cells)]; and conversion frequency =
(selected foci)/[(cells added)(PE for treated cells)]. These
conditions and calculations eliminate any possible quantita-
tive contribution from the seeding of colony-forming units in
liquid medium during the 10- to 14-day incubation period, as
demonstrated by the statistically indistinguishable conver-
sion frequencies derived from soft agar versus liquid plating
(data not shown). In addition, we have determined that,
under our conditions, the high density of dying cells does not
affect the number of surviving cells (data not shown).
To isolate and expand a variant colony, the colony was

removed from an unstained plate with a sterile swab and
transferred to a flask containing complete medium. The
HATr variants described in this paper originated from one
culture of RJK92 cells treated with 5 ,uM MNNG and
another culture treated with 10 F.M MNNG.

Cell growth standardization and harvest. To standardize
cell growth conditions prior to harvest for enzymatic or
mRNA assay, 2.5 x 104 to 5 x 104 cells per cm2 were plated
in complete medium (with HAT for resistant lines) and
grown for 48 h. Following trypsinization, 1.2 x 104 to 2.4 x
104 cells per cm2 were plated, grown for 48 h, and harvested.
Because the growth rates of the cell lines were not uniform,
the number of cells plated at each passage was adjusted
within the stated range so that the lines reached comparable
degrees of confluence at harvest. For cell harvest, cells were
scraped into 10 ml of 0.9% NaCl, sedimented by centrifuga-
tion (200 x g, 10 min), suspended in 0.9% NaCl, and
resedimented.
Enzymatic assay for TK. Soluble extracts were prepared

by lysis of the cell pellet in 0.25 to 1.0 ml of extraction buffer
(1% Triton X-100, 10 mM 2-mercaptoethanol, 50 mM
KH2PO4, pH 7.0), followed by freezing at -70°C, thawing,
and centrifugation (15,000 x g, 10 min, 4°C) (7). The protein
content of the extracts was determined by the Bio-Rad
protein assay with gamma globulin as a standard.
TK enzyme activity was determined in a radioisotope-

DEAE filter-binding assay (R. G. Fenwick, personal com-
munication). The assay mixture contained 10 ,u1 of assay
buffer (250 mM Tris, pH 7.4, 25 mM MgC92), 10 [L1 of 25 mM
ATP, 5 ,ul of [3H]dThd (Amersham; 1 mCi/ml, 44 Ci/mmol,
or diluted with cold dThd to 0.9 mCi/ml, 6 Ci/mmol), and 5 p.1
of water. After a 10-min preincubation at 37°C, 20 p.1 of a cell
extract (2 mg of protein per ml) was added; 10-,uI portions
were withdrawn at 10-min intervals from 0 to 30 min and
spotted on DE81 filters (Whatman). After 30 s, each filter
was dropped in 95% ethanol and then washed three times in
ethanol at the completion of the assay. The filters were then
dried and the radioactivity was eluted by incubation in 0.5 M
NaCl-1 N HCl for 30 min. Following quantitation by liquid
scintillation counting, enzyme activity was calculated from
the linear regression of the data points and normalized for
the specific activity (moles per counts per minute) of the
assay mixture. Under these assay conditions, ATP and
[3H]dThd were determined to be in substrate excess, and the

activity was linear with respect to time and protein (data not
shown).

Plasmids. All plasmids were generously provided by J.
Lewis. Plasmids p5.5 and p5.2 contain 3 kilobases (kb) from
the 5' end and 5 kb from the 3' end, respectively, of the
hamster TK gene (Fig. 1A). Plasmids p9S and p9B contain
the first 350 base pairs (bp) and the remaining 900 bp,
respectively, of the hamster TK cDNA (Fig. 1B). Fragments
were isolated from these plasmids by the glass powder
technique (35) and were nick translated as described previ-
ously (29).

Northern and Southern blot analyses. Total RNA was
isolated from the cell pellet by guanidinium isothiocyanate-
CsCl centrifugation (25). RNA samples were denatured with
glyoxal and dimethyl sulfoxide, electrophoresed in 1.5%
agarose gels in 10 mM NaH2PO4, pH 7.0, and blotted to
nitrocellulose (25). Genomic DNA was isolated from the cell
lines as described previously (3). DNA samples were di-
gested with 2 to 7 U of restriction enzyme per p.g ofDNA for
6 to 8 h, electrophoresed in 0.5 to 1.5% agarose gels, and
blotted to nitrocellulose (25). Northern and Southern blots
were baked, prehybridized, hybridized to 32P-labeled, nick-
translated probes, washed, and exposed as described previ-
ously (29).

Quantitation of genomic methylation by HPLC. Cell lines
were labeled during exponential growth with 250 nCi of
[6-3H]deoxycytidine (dCyd) (5 to 6 Ci/mmol; Moravek
Biochemicals) per ml for 20 h. In TK+ cell lines, the
conversion of labeled dCyd to dThd was reduced by adding
100 p.M dThd to the medium 3 h prior to the addition of the
[6-3H]dCyd. The radioactivity was chased with unlabeled
medium, and the cells were incubated for 24 h. Genomic
DNA was isolated and digested to nucleosides with DNase I,
snake venom phosphodiesterase, and alkaline phosphatase
(3). Nucleosides were fractionated by high-performance
liquid chromatography (HPLC) and quantitated by liquid
scintillation counting as described previously (17, 20).

RESULTS

Carcinogen induction of HATr. We treated subconfluent
RJK92 cultures in serum-free EBSS with MNNG, a direct-
acting alkylating carcinogen (1). The treated cells were
passaged to stimulate replication and then incubated in
complete medium for a 5-day expression period. (This period
probably allows for fixation of lesions and for changes in
gene expression to occur and the associated products to
accumulate or diminish.) The cells were then plated in
medium containing HAT, and the fraction of HATr cells was
determined. To correct for differences in survival and for
any propensity to seed colony-forming units during the 10- to
14-day incubation period, this fraction was normalized for
the plating efficiency of each experimental population. At a
dose of 1 ,uAM MNNG (80%. survival), there was a greater
than 20-fold increase in the frequency of HAT' variants
compared with the spontaneous frequency (approximately 1
HATE cell/106 RJK92 cells) (Fig. 2). At 5 p.M MNNG (20%
survival), the increase compared with the spontaneous level
was greater than 50-fold.
To determine whether the MNNG-induced increases in

the HATr frequency represented induction of new HATr
variants or selection of preexisting variants (23, 24), we
treated RJK92 cells and cells from six HATr lines with
MNNG and compared survival and growth rates. The mag-
nitude of the selective survival and growth advantage of
HATE cells (up to 1.6-fold after treatment with 5 p.M MNNG
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FIG. 1. Structure of the Chinese hamster TK gene (A) and TK cDNA (B). The two expanded regions correspond to the available cloned
sequences (plasmids p5.5 and p5.2); these two regions and the cloned cDNA were mapped by measurement of ethidium bromide-stained
bands. Restriction sites for the remainder of the gene were located by Southern blot hybridization analysis. The fragments used as
hybridization probes are shown as line segments above and below the cloned regions. The locations of the exons (solid boxes in A and open
boxes in B) have been tentatively mapped by comparison of the restriction maps with the cDNA sequence and mapping data of J. Lewis (22;
personal communication). Although the approximate location of the second exon is shown, it has not been precisely mapped because of the
lack of restriction enzyme sites in this exon. The numerical scale represents distances (in kilobases) from the approximate origin of
transcription. Abbreviations: A, ApaI; B, BamHI; Bg, Bgll; C, ClaI; E, EcoRI; Hi, HhaI; H2, HincII; H3, HindlIl; M, MspI-HpaII; N,
NcoI; P1, PstI; P2, PvuII; Si, SstI; S2, SstII; Sm, SmaI; X, XmnI; Xh, XhoI.

and a 5-day expression period) was insufficient to explain the
20- to 50-fold MNNG-induced increase in HATr derivatives
of RJK92 (data not shown). We conclude that the increased
HATE frequency results from induction of new HATE vari-
ants.
We examined the stability of the MNNG-induced HATr

phenotype by maintaining five cell lines in HAT-free medium
and assaying periodically for HAT' during a 7-week period
(approximately 60 cell generations). For all five lines, the
HATr phenotype remained quantitatively stable (0.9 to 1.0
HATr cells per total cells) during the period examined (data
not shown).
Enzymatic analysis of TK expression. The relationship of

MNNG-induced HATr to TK expression was determined by
enzymatic analysis of cell lines derived from HATr colonies
induced with 5 or 10 ,uM MNNG. At an early stage in the
growth of these cell lines (10 to 17 days after the colonies

were picked), soluble extracts were prepared from sub-
confluent cultures and assayed for TK enzymatic activity.
The background for this assay is 0.0 to 0.4 U (where 1 U =
1 fmnol of TMP/min per pug of protein); this background may
result from statistical scatter, nonspecific binding of labeled
dThd, and low levels of mitochondrial TK (12). More than
80o (22 of 27) of the MNNG-induced HAT' cell lines (Fig.
3A) and all (3 of 3) the spontaneous HAT' lines (data not
shown) expressed detectable TK activity, which ranged
from 2 to 90 U. For comparison, we determined that the TK
activity in a wild-type line of V79 Chinese hamster cells was
approximately 65 U.
When the initial soluble extracts were prepared for the TK

assay (Fig. 3A), the cell lines were relatively young and
differed considerably in growth rate and thus in the degree of
confluence at harvest. Because TK expression varies during
the cell cycle and diminishes when cells stop dividing (22),
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FIG. 3. Specific activity of TK in MNNG-induced HAT' cell

lines derived from RJK92. Shortly after these cell lines were

isolated, enzyme activity was assayed in soluble extracts prepared
from subconfluent cultures of the HATr cell lines (A). Following
standardization of the growth and harvest of 10 selected cell lines
(two each from the 0 to 0.4 U, 2 to 4 U, 4 to 8 U, 8 to 16 U, and >32
U groups in panel A), new extracts were isolated and the TK activity

l.j. was assayed again (B).

MNNG (PM)
FIG. 2. Dose-response curve for survival (A) and conversion to

HAT' phenotype (B) following treatment of RJK92 cells with
MNNG. Each point represents the mean (±SEM) of four or five
determinations.

lines and absent from all three TK- lines. The correlation of
the presence of the 1,400-nucleotide mRNA with the expres-
sion of TK enzymatic activity indicates that carcinogen-
induced TK activation involves changes at the mRNA level.

Methylation analysis of TK gene in MNNG-induced TK+ cell
lines. To determine whether alterations in the TK gene are

such differences could lead to artifactual differences in TK
specific activity. By standardizing our growth conditions
(see Materials and Methods), we detected three discrete
classes of TK enzymatic activity. The essential features of
this protocol are passage of subconfluent cultures to keep the
cultures in continuous division and monitoring of cell num-
ber to achieve similar degrees of confluence at harvest. Ten
lines (two each from the 0 to 0.4 U, 2 to 4 U, 4 to 8 U, 8 to
16 U, and >32 U activity groups shown in Fig. 3A) were
grown according to the standardized protocol and assayed
again for TK activity. The activities of lines from the null (O
to 0.4 U) and high (>32 U) groups were comparable to those
measured previously (Fig. 3B). However, activities of lines
from the middle three groups clustered in the 8 to 16 U
range. Thus, HATr cell lines can be divided into null (O to 0.4
U), low (8 to 16 U), and high (>32 U) TK enzymatic activity
classes.

Northern blot analysis of RNA. To explore the level of
control at which the MNNG-induced activation of TK ex-
pression occurs, we compared steady-state mRNA levels in
RJK92 and HATr derivatives by Northern blot analysis.
Eleven cell lines (RJK92, two HATr TK- lines, six low-
activity TK+ lines, and two high-activity TK+ lines) were
grown according to the standardized protocol, and total
RNA was then isolated from each line. Northern blot anal-
ysis of these RNA samples revealed a single band of the size
previously reported for hamster TK mRNA (1,400 nucleo-
tides) (22) (Fig. 4). This band was present in all eight TK+
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FIG. 4. Northern blot analysis of total RNA isolated from
MNNG-induced HATE derivatives of RJK92. RNA samples (30 ,u.g)
from RJK92 (R), HATE TK- lines E and G, low-activity TK+ lines
2, 4, 7, 9, 15, and 17, and high-activity TK+ lines 19 and 22 were

denatured, electrophoresed in a 1.5% agarose gel, and blotted. The
blot was hybridized to probe B-EH3 (Fig. 1B). Lane M, Glyoxal (and
dimethyl sulfoxide)-denatured end-labeled HindIII-NcoI digest of A
DNA; the sizes (in 103 nucleotides) of these fragments are indicated.
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FIG. 5. (A) Methylation analysis of the 5' TK region in MNNG-induced HATr derivatives of RJK92. DNA samples (10 ,ug) from RJK92
(lane R), HATF TK- lines C and E, low-activity TK+ lines 2, 4, 6, 10, 12, 15, and 17, and high-activity TK+ lines 18, 19, and 22 were digested
with HhaI, electrophoresed in a 1.5% agarose gel, and blotted. This blot was hybridized to probes 5-NA and 5-Sm (B). Lane P, HhaI digest
of a mixture of plasmid p5.5 (containing the cloned 5' TK region) and RJK92 DNA. Lane M, End-labeled HindIII digest of A DNA. (B)
Location of methylation-sensitive restriction enzyme sites in the 5' region of the hamster TK gene. This cloned region was mapped by
measurement of ethidium bromide-stained bands. The presence of an arrow between two sites indicates that more sites are present in that
region but the resulting fragments were smaller than the limits of resolution of our analysis (<200 bp). The first exon is shown as a solid box,
and hybridization probes 5-NA and 5-Sm are shown as line segments below the map. The numerical scale represents distances (in kilobases)
from the approximate origin of transcription. Restriction enzyme abbreviations are given in the legend to Fig. 1.

associated with activation, we investigated the methylation
status of the 5' end of the TK gene in the MNNG-induced
TK+ variants. First, we mapped the sites of five methyla-
tion-sensitive restriction enzymes (HpaII, HhaI, SstII,
SmaI, and XhoI) in the cloned sequence from the 5' end of
the TK gene (Fig. 5B). Because the spacing between HhaI
sites resulted in two readily detectable fragments, we di-
gested DNA from RJK92, seven low-activity and three
high-activity TK+ lines, and two HATE TK- lines with HhaI
and hybridized the Southern blot with probes 5-NA and
5-Sm (Fig. 5A and B). For an unmethylated control, we used
HhaI to digest a mixture of the cloned 5' TK sequence
(plasmid p5.5) and RJK92 DNA; hybridization with the two
probes revealed the fully unmethylated 0.6- and 1.7-kb bands
(Fig. SA, lane P). RJK92 (lane R) and the TK- cell lines
(lanes E and C) showed no demethylation of HhaI sites in
the 5' region, whereas all 10 TK+ cell lines demonstrated

demethylation (Fig. SA). We found a similar correlation
between demethylation of HpaII sites in the 5' region and
TK expression (data not shown). In the Hhal blot (Fig. SA),
the 0.6-kb HhaI fragment appeared in all TK+ lines, while
the 1.7-kb fragment appeared in only a subset of the TK+
lines. These data indicate that the HhaI site at position +0.6
and some or all of the HhaI sites around position -0.1 were
demethylated in all of the TK+ variants (Fig. SB). In
contrast, the HhaI site at -1.9 was demethylated in only
some of the TK+ lines.
The finding of 1.4- and 2.6-kb demethylated HhaI frag-

ments (Fig. SA) clarified the methylation status of the 5' TK
region. The 1.4-kb band was generated by methylation of the
HhaI site at +0.6 and demethylation at an unmapped down-
stream site (Fig. SB). Similarly, the 2.6-kb band could be
explained by methylation at the HhaI site at +0.6 or -1.9
and demethylation at an unmapped downstream or upstream
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FIG. 6. Methylation analysis of HpaII sites throui
genome of RJK92 and MNNG-induced HAT' variants. E
ples (10 j±g) from RJK92 (lane R), HATE TK- lines I
low-activity TK+ lines 4, 6, 10, 12, 15, and 17, and high-act
18, 19, and 22 were digested with HpaII and electrophores
agarose gel. Following electrophoresis, the gel was sta
ethidium bromide. Lane Msp contains an MspI digest
DNA. Lane M contains a mixture of an HindlIl digest of A
an HaeIII digest of 4X174 DNA. Sizes are shown in kilo

site, respectively. Alternatively, the 2.6-kb fragme
result from methylation of the HhaI sites around
-0.1 and demethylation of the sites at +0.6 ar
Therefore, within a given cell line, there is heterog
the methylation status of certain sites in the 5' regi
heterogeneity may arise from remethylation of pr
demethylated sites during expansion of the TK+ c
Furthermore, these data suggest that only a si
demethylated sites or a variably demethylated don
be needed for TK expression (28).

In all the low-activity TK+ lines, 5' demethyla
associated with only a subset of the TK gene cop
lowing digestion of DNA from seven low-activity li
HhaI, a high-molecular-weight band (about 23
present in addition to the lower-molecular-weight di
ated bands (Fig. SA). This high-molecular-weight b
responded to the highly methylated, presumably
copies of the TK gene, while the lower-molecula
bands originated from the demethylated, presumab
copies. Similar results were also obtained with HpG
tion (data not shown).

In contrast to the situation in the low-activity
lines, no hybridizing band was evident in the high-mi
weight region (about 23 kb) when DNA from high
lines 18 and 22 was digested with HhaI (Fig. 5A) (
(data not shown). We conclude that the 5' region of a
of the TK gene was demethylated in these two high
variants. Furthermore, using probes 2-S1H3 and 2-S
1A), we determined that HpaII sites in the 3' regi

copies of the TK gene were also demethylated in lines 18 and
22 (data not shown).

Analysis of genomic methylation in MNNG-induced TK+
-23 cell lines. To determine whether this demethylation of HpaII

and HhaI sites was unique to the TK gene in the high-activity
-9.4 TK+ lines, we examined the ethidium bromide-stained
-6.6 agarose gel HpaII HhaI digests.

ethidium bromide-stained smears of HpaII fragments from
high-activity lines 18 and 22 demonstrated a significant shift

-4.4 towards the lower-molecular-weight region in comparison to
the smears from the low-activity TK+ lines and high-activity
lines 19 (Fig. 6). In fact, the distribution of HpaII fragments
from lines 18 and 22 closely resembled the distribution of

-2.3 fragments from an MspI digest of RJK92 DNA (Fig. 6, lane
-2.0 Msp). These findings suggest that there is extensive demeth-

ylation of HpaII sites throughout the genome of lines 18 and
-1.35 22. Genomewide demethylation of HhaI sites was also
-l.08 observed in these two high-activity lines (data not shown). In
-0.87 addition, two previously unexamined high-activity TK+lines (lines 20 and 21) were digested with HpaII and also
-0.60 demonstrated genomic HpaII hypomethylation (data not

shown).
The presence of genomewide demethylation of both HpaII

and HhaI sites suggested the possibility of demethylation of
dCyd residues throughout the genome. We quantitated the
methyl-dCyd content of total cellular DNA by radioactive
labeling of dCyd residues, digestion of cellular DNA to

ghout the nucleosides, and HPLC fractionation of the nucleosides (see
)NA sam- Materials and Methods). In RJK92 and three low-activity
C and E, TK+ derivatives, approximately 1.8% of the dCyd residues
tivity lines were methylated (Table 1). In contrast, the fraction of dCyd
ed in a 1% residues methylated in the high-activity lines 18, 21, and 22
mined with was approximately 0.5%; in these high-activity TK+ deriv-
of RJK92 atives of RJK92, there was a three- to fourfold reduction in
DNA and the extent of methylation. Therefore, carcinogen treatment

bases. of RJK92 cells lead to extensive demethylation of dCyd

residues throughout the genome.

~nt could Structural analysis of TK gene in MNNG-induced TK+ cell
position lines. We investigated the possibility of structural alterations
id -1.9. such as gene amplification, insertions and deletions, and
,eneity in translocations associated with the TK gene in the MNNG-
on. Such activated TK+ derivatives of RJK92. The transcribed and
reviously nearby flanking regions of the TK gene were cut into four
ell lines. fragments (from 5' to 3': 3.0, 5.0, 5.9, and 2.8 kb) by
ubset of digesting with HincIl and XmnI and then were identified by
nain may probing with 5-NA (Fig. 1A and 7B) and B-EH3 (Fig. 1B and

7C). The far-5' and 3' flanking regions were each examined
,tion was by digesting with Hindlll (to yield 15.5-kb fragments in each
'ies. Fol- case) and probing with 5-P1 (Fig. 1A and 7A) and 2-S1P2 (Fig.
ines with
kb) was

[emethyl- TABLE 1. Level of genomic methylation in MNNG-induced
)and cor- TK+ cell lines derived from RJK92
inactive
kr-weight
ly active
II diges-

TK+ cell
olecular-
i-activity
or HpaII
ill copies
i-activity
'1P2 (Fig.
ion of all

Cell line TK enzymatic activitya methylatedb

RJK92 TK- 1.81
4 Low TK+ 1.81
9 Low TK+ 1.76
15 Low TK+ 1.98
18 High TK+ 0.55
21 High TK+ 0.40
22 High TK+ 0.52

aAs shown in Fig. 3, cell lines were grouped into TK- (<0.4 U), low
enzyme activity (8-16 U), and high enzyme activity (>32 U) classes.

b Level of genomic methylation was measured by HPLC separation of
labeled nucleosides as described in Materials and Methods.
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FIG. 7. Structural analysis of the far-5' flanking (A), 5' transcribed (B), 3' transcribed (C), and far-3' flanking (D) regions of the TK gene
in MNNG-induced HAT' derivatives of RJK92 cells. DNA samples (10 ,ug) from RJK92 (lane R), HAT' TK- line C, low-activity TK+ lines
3, 4, 6, 8, 11, 13, and 15, and high-activity TK+ lines 19 and 22 were digested with Hindlll (A and D) or with HincIl and XmnI (B and C),
electrophoresed in 0.75% agarose gels, and blotted. Blots were hybridized to probes 5-P1 (A), 5-NA (B), B-EH3 (C), and 2-S1P2 (D). (The
locations of these probes are shown in Fig. 1.) Processed gene fragments were detected in panel A as 4.2-kb bands and in panel C as 2.2- and
0.86-kb bands (data not shown). Lane M contains an end-labeled HindIII digest of A DNA. Fragment sizes are shown in kilobases.

1A and 7D). Exon-containing probes 5-P1 and B-EH3 also
hybridized to additional fragments (4.2-kb band in Fig. 7A
and 2.2- and 0.9-kb bands in Fig. 7C), which we attribute to
a homologous processed pseudogene (data not shown).

Fifteen low-activity TK+ lines, three high-activity TK+
lines, 10 HATr TK- lines, and RJK92 were examined by this
restriction endonuclease analysis (Fig. 7 and data not
shown). The limits of resolution of this analysis were esti-
mated from the widths of bands at short exposure times to be
about 0.2 kb for fragments smaller than 6 kb and about 1.3 kb
for the 15.5-kb fragments. Five of 15 low-activity TK+ lines
demonstrated altered digestion patterns, while the high-
activity TK+ lines and TK- controls did not have any
detectable changes in digestion patterns compared with that
of RJK92. The altered restriction patterns were attributed to
four instances of a far-5' sequence alteration and one in-
stance of a low-copy amplification (see below).

Structural alterations in the far-5' region. The altered
digestion patterns in four low-activity lines can be explained
by a structural alteration in the far-5' region of one copy of

the TK gene. In lines 13, 15, and 16, a new far-S' band of 19
kb appeared, while the expected 5' band of 15.5 kb de-
creased in intensity (Fig. 7A; data not shown for line 16).
There were no changes in digestion patterns further down-
stream (i.e., from the HincII site at -3.3 to the HindIII site
at +27) in these cell lines (Fig. 7B, C, and D). By reducing
the agarose concentration to 0.5% and thereby increasing the
resolution of high-molecular-weight bands (0.8-kb limit at
15.5 kb), we reexamined the cell lines. On the higher-
resolution gel, we detected a new far-5' band of 16.5 kb as
well as the normal 15.5-kb band in low-activity line 7 (data
not shown).
The far-5' alterations were further characterized by digest-

ing DNA from lines 7, 13, 15, and 16 with HindIII and a
second restriction enzyme and hybridizing with 5-P1 or
5-NA. Following double digestion with HindIII and XmnI
(or SstI), the digestion patterns were indistinguishable from
that of RJK92 (data not shown); we conclude that the 3'
boundaries of the sequence alterations are 5' to the XmnI
site at position -5.8 (Fig. 8B and 8C). In contrast, double
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FIG. 8. Comparison of the TK gene in RJK92 (A) with the structurally altered TK gene in low-activity TK+ lines 7 (B), 13, 15, and 16 (C),

and 8 (D). The restriction map of the TK gene in parental RJK92 cells (A) was derived as described in the legend to Fig. 1, and the maps of
the TK gene with the far-5' sequence alterations (B and C) and low-copy amplification (D) were derived by comparison of Southern blot
hybridization data (Fig. 7; other data not shown) with the map in panel A (or Fig. 1A). The first, second, third, and seventh exons are shown
as solid boxes. The numerical scale represents distances (in kilobases) from the approximate origin of transcription. Restriction enzyme

abbreviations are given in the legend to Fig. 1. In the TK+ variants, the new restriction enzyme sites in the 5' region have been enclosed in
squares.

digestion with HindIII and BamHI yielded a novel fragment
(13.7 kb in line 7 and 7.7 kb in lines 13, 15, and 16) in addition
to the expected 12.7-kb fragment (data not shown). Because
the sizes of both the HindlIl and BamHI-HindIII fragments
were affected by the far-5' alteration, this alteration was not
a single point mutation. In line 7, in which both the HindIII
and BamHI sites were shifted 1 kb upstream (Fig. 8B), the
most likely sequence alteration is a 1-kb insertion between
positions -5.8 and -11.5; however, a translocation, dele-
tion, or larger insertion is also possible. In cell lines 13, 15,
and 16, the new HindIII site mapped at position -17.8, while
the new BamHI site mapped at position -6.5 (Fig. 8C). The
sequence changes in these three lines can be attributed to
either an insertion (3.5 kb or larger than 11.3 kb) between
positions -5.8 and -6.5, a translocation whose breakpoint
occurs between these positions, or a deletion starting at a

point between these positions and extending upstream past
position -14.3. Although these three lines appear to contain
the same rearrangement, we cannot yet determine whether
there is a hot spot for rearrangement because the three lines
were isolated from the same MNNG-treated culture and may
therefore be derived from the same TK+ variant cell.
To determine whether the far-5' alteration occurs in the

absence of TK activation, we examined 10 MNNG-induced
HATr TK- derivatives of RJK92 on the high-resolution gel.
After digestion with HindlIl and hybridization with 5-NA,
we did not find any instance of a far-5' alteration (data not
shown). We therefore suggest that the structural change in
the far-5' region is associated with MNNG-induced TK
activation and not with generalized MNNG damage.
Low-copy tandem amplification. The altered digestion pat-

tern of low-activity line 8 can be explained by a low-copy
amplification of the TK gene. In line 8, the expected band of
normal intensity and an additional lower-molecular-weight
band were associated with both the far-5' and 3' flanking
regions (Fig. 7A and D). In the 3' transcribed and nearby
flanking regions (Fig. 7C, lane 8), only the expected bands
were present; these bands, when examined after short ex-

posure times, demonstrated low but detectable increases in
intensity (data not shown). These data suggest that a se-
quence within the region bounded by the HindIll sites at
-14 and +27 (Fig. 1A) was amplified to a small degree. The
normal pattern in Fig. 7C, lane 8, indicates that the 3'
boundary of the locus of amplification was downstream of
the HincIl site at + 13.7. The presence of an additional band
in Fig. 7B, lane 8, indicates that the 5' boundary of the locus
of amplification was downstream of the HincII site at -3.3
but upstream of the probe 5-NA sequence. When the new

EcoRI (data not shown), HincII, and Hindlll sites of this
amplified TK sequence were mapped in the 5' flanking region
(to positions -2.4, -6.2, and -8.7, respectively) (Fig. 8D),
the relative spacing of these three new sites was comparable
to that of the normal EcoRI, HincII, and HindlIl sites in the
3' flanking region (at positions +17.1, +13.7, and +11.1,
respectively). These mapping data are consistent with the
presence of a tandem arrangement of the amplified TK gene
copies (Fig. 8D). This association of a tandem low-copy
amplification with activation of an unexpressed gene differs
from the results of previous studies, which found that an

active gene was amplified to produce a higher level of drug
resistance (34).

Methylation analysis of structurally altered genes. Because
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FIG. 9. Methylation analysis of the normal and structurally
altered TK gene copies in the low-activity TK+ variants with far-5'
sequence alterations or low-copy amplification. DNA samples (10
p.g) from RJK92 (R) and low-activity TK+ lines 8, 13, 15, and 16
were digested with HindlIl alone or HindlIl and SstII, electropho-
resed in a 0.75% agarose gel, and blotted. The blot was hybridized
to probe 5-Sm. (The locations of this probe and the SstII sites are

shown in Fig. SB.) Lane M contains a mixture of an end-labeled
HindIII digest of DNA and an end-labeled XhoI digest of
DNA.

5' demethylation was absolutely correlated with TK expres-
sion, we investigated whether the structurally altered TK
gene copy was demethylated in the low-activity TK+ lines
with detectable structural alterations. DNA from lines 13,
15, and 16 (with the far-5' alteration) and line 8 (with the
low-copy amplification) was digested with HindIII and the
methylation-sensitive restriction enzyme SstII. (A 6-bp-
recognition-site methylation-sensitive enzyme was selected
to reduce the probability of encountering a demethylated site
in the far upstream region of RJK92.) When the cloned 5' TK
sequence was digested with SstII and HindIII and hybrid-
ized to probe 5-Sm, we detected the expected 0.7-kb fully
demethylated SstII fragment (Fig. 5B; hybridization data not
shown). The 15.5-kb HindlIl fragment in RJK92 was resist-
ant to SstII digestion, confirming the methylated status of
the TK gene in RJK92 (Fig. 9). In lines 13, 15, and 16,
digestion of the normal 15.5-kb and novel 19-kb Hindlll
fragments with SstIl resulted in the disappearance of only
the 19-kb band and the appearance of the 0.7-kb SstII
fragment. Similarly, the novel 10-kb HindlIl fragment in line
8 was susceptible to SstII digestion, while the normal
fragment was resistant. Therefore, in the lines with a struc-
turally altered copy of the TK gene, the SstII sites in the 5'
region of the altered copy were demethylated. We further
conclude that at least one (and probably all) of the normal
TK gene copies in these cell lines have methylated SstII sites

in the 5' region. (We have determined that there are two to
four copies of the TK gene per RJK92 cell [data not
shown].)

Analysis of spontaneous TK+ variants. The mechanism of
spontaneous activation of the TK gene was investigated by
enzymatic, methylation, and structural analyses of three
spontaneous TK+ clones. Two of these cell lines expressed
low TK enzymatic activity and one expressed high activity
(data not shown). All three lines demonstrated focal TK gene
demethylation; only a subset of the TK gene copies was
demethylated (at HpaII and HhaI sites), and the ethidium
bromide-stained agarose gels did not show evidence of
genomic hypomethylation (data not shown). Furthermore,
there were no far-5' rearrangements of the TK gene in these
lines, but one low-activity line did demonstrate amplification
of the TK gene (data not shown). Therefore, spontaneous TK
gene activation in RJK92 cells is predominantly associated
with a focal event which does not involve 5' gene rearrange-
ments. Although genomic hypomethylation and 5' gene
rearrangements may occur spontaneously at a lower fre-
quency, the MNNG-induced 50-fold increase in HATr vari-
ants (which cannot be explained by selection) indicates that
carcinogen action is responsible for the genomic hypomethy-
lation, rearrangements, and the majority of the focal TK gene
demethylation events. The relationship of carcinogen action
and TK gene amplification is unclear.

DISCUSSION

As a model of the activation of a quiescent gene by a
chemical carcinogen, we have developed a cell culture
system in which MNNG activates TK expression and
thereby induces HATr. Carcinogen treatment of TK- HATS
RJK92 hamster cells induced a high frequency of phenotyp-
ically stable HATr derivatives. This high rate of conversion
is similar to the rate of induction of cadmium resistance in
mouse S49 cells by chemical carcinogens or UV radiation
(24). The great majority of HAT' derivatives expressed TK
enzymatic activity which was absolutely correlated with
demethylation of the 5' region of the TK gene and the
appearance of a TK mRNA of the appropriate size (1,400
nucleotides). In four of five high-activity TK+ variants, there
was extensive genomic hypomethylation in addition to TK
gene demethylation. Also, 4 of 15 low-activity TK+ variants
had a translocation, insertion, or deletion in the far-5' region
of the TK gene, and a fifth line had a tandem low-copy
amplification of the TK gene. Therefore, we conclude that
MNNG can activate TK expression in RJK92 cells by
several different mechanisms. Activation of a low level of
TK activity is associated with focal gene demethylation and
sequence alterations 5' to the TK gene. In contrast, activa-
tion of a high level of TK activity is associated with
demethylation throughout the genome.

In approximately 20% of the HATr derivatives of RJK92,
HATr resulted from a mechanism other than TK expression,
as indicated by the lack of TK enzyme activity, absence of
the 1,400-nucleotide TK mRNA, and fully methylated status
of the TK gene. Possible alternative mechanisms for HATr
are decreased membrane transport of aminopterin (14),
decreased intracellular polyglutamylation of aminopterin,
which would lower the potency of the drug (27), and changes
such as gene amplification of the locus encoding the target
enzyme, dihydrofolate reductase (34).
By monitoring the methylation status of the 5' region of

the TK gene, we have demonstrated that TK activation is
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associated with changes at the TK gene (Fig. 5A). Although
these methylation changes may be related to sequence
alterations that were not detected by our restriction endo-
nuclease analysis, several mechanisms have been proposed
by which carcinogen damage can lead directly to demethyl-
ation. Methylation of dCyd residues in DNA repair patches
following excision repair is slow and perhaps incomplete
(17). In addition, in vitro experiments have indicated that
numerous carcinogen adducts of DNA are capable of inhib-
iting the activity of DNA methyltransferases (36). Either
mechanism could prevent the cell from maintaining its
specific methylation pattern; if the cell then divided prior to
restoration of this pattern, an inheritable loss of methylation
could result. When such demethylation involves key sites or
regions of the TK gene, the new information may permit TK
expression by modulating the binding of sequence-specific
regulatory factors or by altering the overall chromatin struc-
ture (5).
An alternative explanation proposes that the observed

methylation changes might be secondary to a mutagenic
event (such as a point mutation or rearrangement). A muta-
tion in a regulatory region may be able to activate expression
which leads to demethylation, or the mutation may promote
demethylation which leads to expression. However, the
ability of azaCyd (32) to activate TK expression at a high
frequency in RJK92 cells (12) indicates that the inactivity
of the TK gene is not the result of a mutation. Therefore,
if activating mutations are induced by MNNG, they do
not act by reverting an inactivating mutation in the parental
line.

In all the low-activity TK+ lines tested, we detected
demethylation in only a subset of the TK gene copies, and in
four of these lines this demethylation was further localized to
a structurally altered TK gene copy (Fig. 9). If carcinogen-
induced TK activation involved changes in the set of trans-
acting factors, one would expect that all TK gene copies
would be demethylated and activated. Therefore, our data
support the hypothesis that, for the activation of low levels
of TK expression, the carcinogen acted directly at or near
the TK gene.

In the high-activity TK+ lines, demethylation affected all
TK gene copies and occurred in the 3' region as well as the
5' region of the gene. Furthermore, there was a large
decrease in the genomic methyl-dCyd content in these lines.
These results suggest that TK gene demethylation is part of
an extensive genomic demethylation process. The persis-
tence of extensive genomic hypomethylation in the absence
of MNNG contrasts with the transient decrease in genomic
methylation following azaCyd or 5-aza-dCyd treatment (be-
lieved to be the result of widespread inhibition of methyl-
transferase activity) (8, 20, 33). Furthermore, the finding of a
bimodal rather than a continuous distribution of methyl-
dCyd contents in MNNG-treated cell lines (Table 1) suggests
that the genomic hypomethylation results from carcinogen
action at a specific gene locus and not from many individual
carcinogen-induced demethylation events. Carcinogen dam-
age of a gene coding for DNA methyltransferase(s) or
protein cofactor(s) involved in DNA methylation may inac-
tivate or decrease the activity of the methylation apparatus.
Alternatively, alterations in genes coding for the enzymes
involved in S-adenosylmethionine synthesis could lead to a
constitutively low level of the methyl group donor and
resulting decreased methyltransferase activity.
The high level of TK enzyme activity in cell lines with

extensive genomic hypomethylation can be explained by
several different hypotheses. Because all the TK gene copies

were demethylated, we suggest that all these copies were
activated, resulting in an increased steady-state level of TK
mRNA (Fig. 4, lane 22). Other alterations, such as changes
in TK mRNA translation or TK enzyme stability, may have
occurred, as indicated by a lack of proportionality between
the twofold increase in TK mRNA and 5.5-fold increase in
TK enzyme activity in line 22 relative to low-activity TK+
lines (data not shown). These translational and posttransla-
tional alterations may also be partly responsible for the high
enzyme activity (3-fold higher TK enzyme activity and
1.5-fold higher TK mRNA level relative to low-activity TK+
lines; data not shown) in line 19, which did not demonstrate
genomic hypomethylation.
By comparing the restriction endonuclease patterns of the

TK gene in RJK92 with those of our carcinogen-induced
TK+ variants, we identified four lines with a sequence
alteration far-S' to the TK gene and one line with a low-copy
TK gene amplification (Fig. 7 and 8); all five of these lines
were in the low-activity TK+ group. Several findings suggest
that the far-S' sequence changes and the low-copy amplifi-
cation may be associated with the process of TK activation.
First, in 10 TK- HATr lines derived from MNNG-treated
RJK92 cells, we did not detect any structural changes in the
TK locus. Furthermore, in the lines with the structurally
altered TK gene, the altered gene copy was demethylated.
Because of the absolute correlation of 5' demethylation and
TK expression, we conclude that these altered gene copies
are active copies. Although TK activation is correlated with
the appearance of these structural changes, it is not possible
to determine whether the appearance of the sequence alter-
ation preceded (and possibly caused) or followed the activa-
tion event.

Several hypotheses may explain how a structural change
could activate a quiescent gene. A translocation, deletion, or
insertion may bring the TK gene into proximity with new
cis-acting positive regulatory influences, such as enhancers.
These elements can act on promoters which are several
kilobases away (2) and have been implicated in immunoglob-
ulin gene activation following gene rearrangement (9). Tran-
scriptional enhancers are also postulated to be responsible
for c-myc activation after retroviral gene insertion adjacent
to the oncogene in chicken B-cell lymphomas or after
transposition of the oncogene into the immunoglobulin do-
main in human Burkitt's lymphomas (9).
Another cis-acting positive regulatory influence may be an

active chromatin structure. The ability of the chromatin of
the B-cell immunoglobulin domain to exert a positive regu-
latory influence on the transposed c-myc gene has been
proposed to explain the variability of translocation
breakpoints in Burkitt's lymphoma (19). Similarly, a
translocation, insertion, or deletion might bring the inactive
TK gene next to an active region, which could then promote
demethylation or direct the assembly of an active chromatin
structure about the TK gene.
The relevance of carcinogen-induced genomic hypomethyl-

ation to the process of neoplasia is supported by previous
reports of decreased genomic methylation levels in chemi-
cally induced and spontaneous tumors (11, 21). Further-
more, our finding of carcinogen-induced sequence alter-
ations 5' to the TK gene is reminiscent of the chromosomal
rearrangements identified in several neoplasms (19, 31).
Thus, while we do not believe that TK activation is involved
in the process of neoplasia, this model cell culture system
has provided insights into the molecular basis of carcinogen
action and should facilitate detailed analysis of some of the
genomic changes which occur during carcinogenesis.
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