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To identify the regulatory elements of the human thymidine kinase (TK) gene, we have established stable cell
lines carrying different chiineric constructs of the TK gene. Our results can be summarized as follows. (i) When
the TK coding sequence is under the control of the calcyclin promoter (a promoter that is activated when Go
cells are stimulated by growth factors), TK mRNA levels are higher in Gl-arrested cells than in proliferating
cells; (ii) when the TK coding sequence is under the control of the promoter of heat shock protein HSP70,
steady-state levels of TK mRNA are highest after heat shock, regardless of the position of the cells in the cell
cycle; (iii) the bacterial CAT gene under the control of the human TK promoter is maximally expressed in the
S phase; (iv) the TK cDNA driven by the simian virus 40 promoter is also maximally expressed in the S phase;
and (v) TK enzyme activity is always at a maximum in the S phase, even when the levels of TK mRNA are
highest in nonproliferating cells. We conclude that although the TK coding sequence may also play some role,
the TK promoter has an important role in the cell cycle regulation of TK mRNA levels.

Thymidine kinase (TK) is a member of a group ofenzymes
involved in the synthesis of cellular DNA. The activity of
TK, as well as that of other enzymes of the DNA-synthe-
sizing machinery, increases sharply at the G1-S boundary of
the cell cycle and remains elevated throughout the S phase
(4, 26, 38). Steady-state levels of TK mRNA also increase
sharply as the cells enter the S phase (8, 27, 37, 42). Because
of its close association with the enzymes of cellular DNA
synthesis, the TK gene has been used as a model to study the
regulation of expression of an important group of genes,
which could act as primary elements in the control of cell
cycle progression.

Kreidberg and Kelly (23) used deletion analysis to define
the functional promoter of the TK gene to an 83-base-pair
region upstream of the mRNA CAP site. However, workers
in other laboratories have reported that cell cycle regulation
of expression of the TK gene is controlled by its own coding
sequence (18, 24, 29, 36). In the present paper, we report the
following findings. (i) When the TK coding sequence is
placed under the control of two different cellular promoters,
the promoters regulate TK mRNA levels during the cell
cycle, such that maximal amounts of TK mRNA occur
outside the S phase. (ii) The bacterial CAT gene driven by
the human TK promoter is maximally expressed in the S
phase. (iii) We confirm that the TK cDNA coding sequence,
under the control of simian virus 40 (SV40) promoter, is cell
cycle regulated with maximal expression in the S phase. (iv)
TK enzyme activity increases only at the G1-S boundary,
regardless of the time of maximal expression ofTK mRNA.
For convenience, in the remainder of the paper we refer to a
TK chimeric gene that is expressed at the correct time (such
as the endogenous gene, in the S phase) as cell cycle
regulated. If the chimeric gene is not expressed at the correct
time, we refer to it as deregulated, even though its expres-
sion may be regulated in a different manner. The results
presented here indicate that the 5' flanking sequence of the
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human TK promoter plays an important role in cell cycle
regulation of TK mRNA, but that TK enzymatic activity is
based largely on translational controls.

MATERIALS AND METHODS
Cell lines. BALB/c3T3 cells are grown routinely in our

laboratory, as previously described (34). 3T3pSp cells were
derived from BALB/c3T3 by cotransfection (35) with pSpTK
(see below) and a selectable marker, pRSVneo (see below).
The cotransfected cells were selected in G418. Cells were
also derived from BALB/c3T3 by transfection with pTK-
CAT-neo (described below), followed by selection in G418.
One clone, 3T3KL-1, and a mixture of clones, 3T3KL-m,
were grown and used for these studies.
The other cell lines were derived from TK-ts13 (35), a

TK- mutant of ts13 cells (40), which are a G1-specific
temperature-sensitive mutant of the cell cycle, originally
derived from BHK cells and therefore of Syrian hamster
origin. All derivatives of ts13 cells are grown at 34°C; the
nonpermissive temperature is 39.6°C. TK+ts13 cells were
derived from TK-ts13 cells by transfection with pTKR2-Cal
(see below) and selection in glycine-hypoxanthine-aminop-
terin-thymidine (gHAT) medium. SVtK+ts13 cells were also
derived from TK-ts13 cells by transfection with pTK11 (3)
and selection in gHAT medium.
Heat shock was carried out by incubating cells at 42°C for

5 h. We had previously determined that under these condi-
tions, quiescent BALB/c3T3 can still be serum stimulated,
although the entry into the S phase is slightly delayed.
Unless otherwise stated, the cells were collected and RNA
was extracted at the termination of the heat shock.

Plasmids. pTK11 contains a full-length cDNA of human
TK. It was isolated from an Okayama-Berg library (32) by
Bradshaw and Deininger (3). Construction of pTKR2-Cal
was previously described (12). This plasmid contains a
fragment of the human TK cDNA under the control of the
calcyclin promoter, which is activated when Go cells are
stimulated by growth factors (5, 12). The TK fragment was
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FIG. 1. Structure of the most important recombinant plasmids
used in these experiments. Symbols: m, promoters and their
origins; _, polyadenylation signals (in both cases, when the
polyadenylation signal is from SV40 it is the late polyadenylation
signal); ----, vector; -, coding sequences. Abbreviations: S, ScaI
restriction site in the TK cDNA; B, BamHI restriction site in the
same TK cDNA (see also Materials and Methods).

derived from pTK11 and lacks 28 nucleotides of the 5'
noncoding region and 75 nucleotides of 3' untranslated
sequence. Both the TK and SV40 polyadenylation signals
present in pTK11 were deleted by isolation of this fragment.
pSpTK contains the full-length human TK cDNA controlled
by the Drosophila HSP70 promoter. It was constructed by
inserting a PstI fragment of pTK11 into the PstI site of pSp7,
a pUC8 vector containing the HSP70 promoter (9, 31). The
correct orientation of the TK cDNA, relative to the pro-
moter, was selected by restriction analysis. The HindIII-
RsaI fragment of the human TK gene 5'-flanking sequences
(13) in an M13 vector was the kind gift of Prescott Deininger,
Louisiana State University. An EcoRI fragment deleting 16
nucleotides from the 5' end of this fragment was subcloned
into pUC9 and selected by restriction analysis. The con-
struction of a plasmid containing a promoterless CAT gene
was previously described (12). A BamHI fragment of this
plasmid containing the CAT cDNA was inserted 3' to the
human TK 5' flanking sequences in pUC9. The proper
orientation of the CAT gene was selected by restriction
analysis with PvuII. This plasmid and pRSVneo (14) were
digested with NdeI and then ligated. The recombinant plas-
mid pTK-CAT-neo was selected by colony hybridization
(28). Other plasmids used to isolate probes for histone H3
(33) and v-myc (10) have been described elsewhere.

Product analysis. RNA was extracted by the method of
Chomczynski and Sacchi (7), and RNA blots (10 ,ug per lane)
were made by the method of Thomas (41). Inserts of TK,
histone H3, and v-myc were isolated from the plasmids
described above and used as probes for hybridization with
RNA blots. The probes were labeled by the random priming
method (11). S1 nuclease protection analysis was performed
as described previously (43) by using a 564-base-pair NcoI
fragment from pTK11, which includes the 5' region of the
TK cDNA and 292 base pairs of the Okayama-Berg vector
(32). The lengths of the protected fragments were calculated
to be 245 base pairs for TK+ts13 cells and 272 base pairs for
3T3pSp cells. The CAT assay was done by the method of
Gorman et al. (15). TK enzyme activity was determined by
the method of Liu et al. (27).

RESULTS

The recombinant plasmids used in these experiments are
described in Materials and Methods, and the important
features of the most relevant ones are summarized for

convenience in Fig. 1. These plasmids were used to obtain
stably transformed cell lines. The choice of the two cellular
promoters was based on the following considerations: (i) the
calcyclin promoter is most active in G1 cells (5) and is the
controlling element (12) of a gene that is also growth regu-
lated, like the TK gene, but at a different point in the cell
cycle; (ii) the Drosophila HSP70 promoter is a strongly
inducible promoter, which can be regulated by manipula-
tions that are independent from cellular growth; and (iii) we
have chosen the Drosophila rather than the human HSP70
promoter because the Drosophila promoter is not inducible
by serum, whereas the human promoter responds to serum
stimulation (44). In some of the plasmids, the polyadenyla-
tion signals from SV40 were eliminated, for reasons that are
explained in the Discussion. The human TK cDNA under
the control of two cellular promoters is not cell cycle
regulated. Two cell lines were studied: one cell line was from
BALB/c3T3 cells transfected with the pSpTK construct and
a selectable marker (3T3pSp cells), and the other was one in
which TK-ts13 cells were transfected with pTKR2-Cal and
directly selected in gHAT medium (TK+ts13 cells). The
steady-state levels ofTK mRNA in these two cell lines were
investigated under different growth conditions (Fig. 2). To
monitor the extent of cell proliferation in these cell lines, we
simultaneously hybridized the RNA blot both to a probe for
TK and one for histone H3. We also monitored the extent of
cellular proliferation by autoradiography with [3H]thy-
midine, which gave the same results as the histone H3 probe
(data not shown). In the TK+ts13 cells, in which the human
TK coding sequence was under the control of the calcyclin
promoter, the steady-state levels of TK mRNA did not
increase in actively proliferating cells (Fig. 2, lanes a and c
with high histone H3 expression). In fact, the expression of
TK mRNA was higher in serum-deprived cells (lanes b and
d with low histone H3 expression). This would be expected
if the calcyclin promoter (G1 specific) controlled mRNA
expression, since these cells arrest in the G1 phase rather
than in the Go phase when serum deprived (see below). The
human TK cDNA was not cell cycle regulated in the 3T3pSp
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FIG. 2. Expression of TK mRNA in tK+ts13 cells and 3T3pSp
cells. A Northern blot of RNA extracted from these cells was
simultaneously hybridized to a TK probe from pTK11 and to a
histone H3 probe. Lanes a to d are RNAs from tK+ts13 cells, and
lanes e to h are RNAs from 3T3pSp cells. Lanes: a, exponentially
growing cells at 34°C; b, serum-deprived cells at 34°C; c, exponen-
tially growing cells shifted to 39.6°C for 24 h; d, serum-deprived cells
at 39.6°C; e, exponentially growing cells; f, quiescent cells; g,
exponentially growing cells heat shocked for 5 h; h, quiescent cells
heat shocked for 5 h. The two lanes that are not marked are a
repetition of lanes a and b.
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cells, where it was under the control of the HSP70 promoter
(Fig. 2) (22). In these cells, heat shock caused an increase in
the amount of TK mRNA, even in Go cells (lane h). This
increase was quite marked, because under the conditions
used, the TK mRNA from the endogenous mouse gene was
not visible (lane e), although it could be detected if the
Northern (RNA) blots were overexposed. Since the mRNA
levels of histone H3 are cell cycle regulated and reach a
maximum in the S phase, the levels of histone H3 expression
clearly indicate the proliferative state of these cells. Thus,
Fig. 2 shows a dissociation in the expression of endogenous
histone H3 and human TK under the control of two different
cellular promoters.
Although in 3T3pSp cells a single TK mRNA was ob-

served, in TK+ts13 cells (Fig. 2) several bands were present
that hybridized to a TK probe. This is probably due to
readthrough transcription, since the calcyclin-TK construct
lacks a polyadenylation signal (see Materials and Methods).
Therefore, an Si nuclease analysis of the RNAs shown
above was used to confirm the results of Fig. 2 and to
determine whether the transcriptional initiation site was
correct.

S1 nuclease analysis of RNA (Fig. 3) from exponentially
growing (lane 3) and serum-deprived (lane 4) TK+ts13 cells
confirmed that there was an increase in the levels of TK
mRNA in serum-deprived cells. After 24 h of incubation at
the restrictive temperature of 39.6°C, TK+ts13 cells ex-
pressed somewhat lower amounts of human TK (lanes 6 and
7) than did cells incubated at 34°C. In 3T3pSp cells that were
not heat shocked, no TK mRNA could be detected (lane 8).
Heat shock induces a marked expression ofTK mRNA in Go
cells (lane 9) which was higher than in heat-shocked expo-
nentially growing cells (lane 10). The specificity of the S1
nuclease probe for human TK mRNA was confirmed by
failure to detect TK mRNA in BALB/c3T3 cells stimulated
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FIG. 3. S1 nuclease analysis of the mRNA from TK+ts13 and
3T3pSp cells. The same RNAs as described in the legend to Fig. 2
were analyzed by an Si nuclease assay with a human TK probe (see
Materials and Methods). The relevant lanes are the following: lane
3, TK+ts13 cells exponentially growing at 34°C; lane 4, the same
cells serum deprived for 24 h; lane 6, TK+ts13 cells exponentially
growing and shifted to 39.6°C for 24 h; lane 7, the same cells serum
deprived for 24 h; lane 8, exponentially growing 3T3pSp cells; lane
9, 3T3pSp cells quiescent and heat shocked for 5 h; lane 10, 3T3pSp
cells exponentially growing and heat shocked for 5 h; lane 11,
BALB/c3T3 cells serum stimulated for 24 h.

a b c d e f g h

I
uI*'... S *W-MYC

a a -H3

FIG. 4. Expression of c-myc and histone H3 in tK+ts13 cells and
3T3pSp cells. The filter shown in Fig. 2 was rehybridized to a c-myc
probe and to a histone H3 probe. The lanes are exactly the same as
in Fig. 2.

with serum (lane 11). By Northern blots, TK mRNA is
detectable in BALB/c3T3 cells from 16 to 24 h after serum
stimulation (data not shown). These experiments indicate
that the expression of human TK cDNA controlled by either
the calcyclin or the HSP70 promoter is not cell cycle
regulated.
TK+ts13 cells are growth arrested in the G, phase. Al-

though the calcyclin promoter was activated when Go cells
were stimulated to proliferate (5, 12), TK+ts13 cells ex-
pressed the calcyclin promoter-controlled TK even when
they were serum deprived (Fig. 2 and 3). TK-ts13 cells,
from which TK+ts13 cells are derived, are cells that grow
very vigorously even in low-serum conditions. When they
are placed in serum-deprived medium they growth arrest,
but, like many other cell lines that grow so vigorously, they
arrest in the G1 phase rather than in the Go phase. To confirm
this possibility, we have examined the expression of c-myc
in these cells under different growth conditions. As previ-
ously reported, c-myc mRNA is not detectable in Go cells,
but it is detectable in G1 cells or in Go cells stimulated to
proliferate by growth factors (17, 19, 21). It is also detectable
in serum-starved transformed cells (6). Therefore, the filter
shown in Fig. 2 was rehybridized to probes for c-myc and
histone H3 (Fig. 4). c-myc was clearly expressed in TK+ts13
cells even when they were serum deprived, whether they
were at 34°C (lane b) or at the nonpermissive temperature of
39.6°C (lane d), indicating that under these conditions
TK+ts13 cells are in the G, phase and not in the Go phase.
c-myc was not expressed in quiescent 3T3pSp cells (lane f),
but was clearly expressed in exponentially growing 3T3pSp
cells (lane e). It is interesting that c-myc was also markedly
expressed when quiescent cells were heat shocked at 42°C
(lane h). A probe for 0-actin was used to confirm that similar
amounts of RNA were transferred to the filter (not shown).

Expression of TK cDNA in heat-shocked 3T3pSp cells. In
the experiment to study expression of TK cDNA in heat-
shocked 3T3pSp cells, 3T3pSp cells were made quiescent
and then divided into two groups. The first group was simply
serum stimulated. The second group was heat shocked for 5
h at 42°C before serum stimulation. The expression of TK
mRNA was then investigated at various times after serum
stimulation (Fig. 5). Mouse TK mRNA in the 3T3pSp cells
simply stimulated for 24 h with serum is barely detectable; it
is seen as a faint band that migrates faster than the human
TK band (lane c). The human TK band is clearly detectable
in lanes d to f, in which the RNA comes from cells heat
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FIG. 5. Expression of TK mRNA and histone H3 mRNA in
3T3pSp cells. The RNA blot was simultaneously hybridized to a TK
probe and a histone H3 probe. Lanes: a, quiescent cells; b, cells
serum stimulated for 16 h; c, cells serum stimulated for 24 h; d,
quiescent cells heat shocked for 5 h; e, cells heat shocked for 5 h and
then serum stimulated for 16 h; f, cells heat shocked for 5 h and then
serum stimulated for 24 h; g, cells serum stimulated for 16 h (heat
shocked for the last 5 h); h, cells serum stimulated for 24 h (heat
shocked for the last 5 h).

shocked for 5 h at 42°C and then serum stimulated. The level
of expression of TK mRNA under these conditions was
higher in quiescent heat-shocked cells (lane d) than in cells
heat shocked and serum stimulated for 16 or 24 h (lanes e and
f) or, conversely, serum stimulated and then heat shocked in
the S phase (lanes g and h). Again, the histone H3 probe
monitors the proliferative state of the cells under these
conditions. This experiment clearly indicates that the
expression of the human TK gene in 3T3pSp cells, in which
the TK gene is under the control of the Drosophila HSP70
promoter, depends on the promoter and not on the cell cycle
position of the cell.
TK activity in 3T3pSp cells. We measured TK activity in

3T3pSp cells that were heat shocked and then serum stimu-
lated. Enzyme activity was determined at 0, 12, 18, and 24 h
after serum stimulation, and the results are shown in Table 1.
TK activity reached a maximum at 24 h when the cells were
in the S phase. It was, instead, very low at 0 and 12 h, i.e.,
before the cells entered the S phase, although the steady-
state levels ofTK mRNA were higher at those points than at
24 h after heat shock and serum stimulation (Fig. 5). The

results therefore clearly indicate that TK enzyme activity is
dependent on the position of the cell in the cell cycle,
regardless of the time at which the maximum expression of
TK mRNA is reached. It should be noted that the pSpTK
construct produces a functional protein, since it makes TK-
cells return to a TK+ phenotype (growth in gHAT medium
[data not shown]).
The human TK promoter makes the bacterial CAT gene cell

cycle regulated. Stable cell lines were made that carried a
chimeric gene in which the TK promoter (13) was driving the
bacterial CAT gene as a linked reporter. The TK promoter-
CAT construct was part of a larger plasmid that also carried
the selectable marker pRSVneo (see Materials and Meth-
ods). The cells were selected with G418, and we derived
both a single clone and a mass culture of cells selected at
random. Both the clone (3T3KL-1) and the mass culture
(3T3KL-m) were made quiescent in 1% serum, serum stim-
ulated, and harvested at various times for measurements of
CAT activity (Fig. 6). It is evident that CAT activity in these
BALB/c3T3-derived cells markedly increased during the S
phase (between 16 and 30 h after serum stimulation). Since
the CAT gene itself is not cell cycle regulated (30, 34), these
data indicate that the human TK promoter confers cell cycle
regulation to sequences it precedes.

Cell cycle regulation of the human TK cDNA driven by the
SV40 promoter. Stewart et al. (36) have shown that cell lines
carrying pTK11, in which the SV40 promoter drives the
human TK cDNA sequence, have steady-state levels of TK
mRNA that are cell cycle regulated. In the previous exper-
iments, we found that the same cDNA sequence under the
control of cellular promoters is not cell cycle regulated. We
therefore decided to investigate whether in our cells (which
are different from the cells used by Stewart et al. [36]) pTK11
itself is cell cycle regulated. These experiments w~re carried
out with SVTK+ts13 cells, which are derived from TK-ts13
cells by transfection with pTK11, the plasmid described by
Bradshaw and Deininger (3), followed by selection in gHAT
medium (12). TK mRNA levels in exponentially growing
(Fig. 7, lane b) and serum-deprived (Fig. 7, lane a)

abc de f g hi I m n

TABLE 1. TK enzyme activity in 3T3pSP cells serum
stimulated with or without heat shocka

Treatment and time (h) TK activity
af~ter serum stimulation (cpm/p.g ofprotein)b

No heat shock
0.................................................................

12..................................................................
18..................................................................
24..................................................................

3.4
2.0

12.7
79.2

Heat shock
0 ......................................... 3.4

12......................................... 4.0
18......................................... 30.6
24......................................... 83.0

FIG. 6. Expression of the CAT gene in 3T3KL cells. 3T3KL
cells are stable cell lines obtained by transfection with a plasmid that
contains the neo resistance gene, as well as a human TK promoter
driving the bacterial CAT gene. 3T3KL-1 (lanes a to e) are a cloned
cell line. 3T3KL-m cells are a mixture of clones (lanes f to 1). Lane
m is the negative control, and lane n is the positive enzyme control.
The cells were made quiescent and then stimulated with serum.
Lanes a and f are quiescent cells. Lane b and g are cells stimulated
for 6 h; lanes c and h are cells stimulated for 16 h; lanes d and i are
cells stimulated for 20 h; and lanes e and 1 are cells stimulated for 28
h.

a 3T3pSp cells were made quiescent under low-serum conditions and then
stimulated with 10% fetal calf serum for the times indicated. Some cultures
were heat shocked (5 h at 42°C) prior to serum stimulation.

b TK enzyme activity was determined by the method of Liu et al. (27).
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FIG. 7. Expression of the TK and histone H3 genes in SVtK+
tsl3cells. These cells are derived from tK-ts13 cells and carry the
pTKll human TK cDNA under the control of an SV40 promoter.
Lanes: a, cells serum deprived for 24 h; b, cells exponentially
growing at 34°C.

SVTK+ts13 cells were determined. As in previous experi-
ments, we monitored the proliferative state of the cells with
the histone H3 probe. Unlike other constructs, with pTKll
there is a correlation between the expression of histone H3
and the expression of TK, which is more elevated in prolif-
erating cells than in serum-deprived cells. We have therefore
confirmed that in cells derived from TK-ts13 and containing
the SV40 promoter, the human TK cDNA is cell cycle
regulated.

DISCUSSION

If we wish to know the mechanism(s) by which the TK
gene (2, 13, 23, 25) is regulated and to identify the proteins
that regulate its expression, it is necessary to identify the
regulatory sequences of the gene as clearly as possible. In
the present paper we report results that are seemingly at
variance with those reported several times in the literature,
in which the cell-cycle-dependent expression of the TK gene
appeared to be regulated by its own coding sequence. The
results of our experiments can be summarized as follows. (i)
When placed under the control of two different cellular
promoters, the calcyclin promoter and the Drosophila
HSP70 promoter, the human TK cDNA sequence is not cell
cycle regulated. It is, however, still cell cycle regulated
when placed under the control of the SV40 promoter. (ii) The
bacterial CAT gene is cell cycle regulated; i.e., CAT activity
reaches a peak in the S phase when it is placed under the
control of the human TK promoter. (iii) TK enzyme activity
still is limited to S-phase cells, even in cells such as 3T3pSp
cells in which the expression of the TK gene after heat shock
reaches a maximum in Go.
The trivial explanation that the two cellular promoters are

stronger than the SV40 promoter and therefore override the
cell cycle regulation is not tenable. We have compared the
calcyclin promoter and the SV40 promoter in their ability to

transform TK-ts13 cells to the TK+ phenotype and have
found, as reported by Ferrari et al. (12), that the SV40
promoter is 10-fold more efficient than the calcyclin pro-
moter.
The question, therefore, is how to reconcile the previous

reports with our own data. In the first of these reports, Lewis
and Matkovitch (24) found that the expression of the Chinese
hamster TK gene was related to the proliferative state of the
cell even when it was placed under the control of the herpes
simplex virus (HSV) TK promoter. These authors, however,
measured only the TK enzyme activity of proliferating or
nonproliferating cells. The present paper demonstrates that
TK activity does indeed follow the pattern of cell prolifera-
tion regardless of the steady-state levels of TK mRNA.
Thus, there is no contradiction between the two reports.
Another possible explanation can be found in the paper by
Artishevsky et al. (1), who found that serum can increase
expression from an HSV TK promoter, although not in a
cell-cycle-regulated fashion. Merrill et al. (29) came to the
same conclusions as Lewis and Matkovitch (24) by compar-
ing proliferating mouse myoblasts and differentiated myo-
cytes transfected with a chicken TK gene controlled by the
HSV TK promoter. Most of their data were based on TK
enzyme activity, but they also showed a Northern blot in
which TK RNA expressed from the HSV TK promoter was
detectable in proliferating myoblasts but not in differentiated
cells.
Two other investigators also examined the steady-state

levels of TK mRNA and found that the expression of TK
mRNA was clearly cell cycle regulated when the TK cDNA
was under the control of viral promoters. In the first inves-
tigation, by Hofbauer et al. (18), the mouse TK cDNA
coding sequence was under the control of an HSV TK
promoter. The steady-state levels of TK mRNA were cell
cycle regulated. However, these investigators made the cells
quiescent with butyrate and then restored proliferation by
removing the butyrate. It is well known that butyrate itself
can either inhibit or stimulate the expression of certain genes
(16, 45). More convincing are the experiments of Stewart et
al. (36), who made rat cell lines in which the human TK
cDNA coding sequence was controlled by either the SV40
promoter or the human TK promoter. No difference could be
detected between the two, and both constructs were cell
cycle regulated, with maximal steady-state levels of mRNA
during the S phase. The discrepancy between the experi-
ments of Stewart et al. (36) and our own does not depend on
the cell type, because we also observed cell-cycle-regulated
expression ofTK mRNA when the TK cDNA was under the
control of the SV40 promoter. Such cell cycle regulation
disappeared, however, when the SV40 promoter was re-
placed by either the calcyclin or the HSP70 promoter. The
fact that we used cellular promoters rather than the viral
promoters used in the other three investigations is the
primary difference between this and the previous reports.
The suggestion by Stewart et al. (36) that the SV40 promoter
may be regulated in an S-phase-specific manner is unlikely,
because in our laboratory we have shown that the SV40
promoter is more expressed in 1% serum than in 10% serum
(39). It is possible that the viral promoters are neutral and
leave the TK cDNA sequence to regulate its own cell-cycle-
dependent expression.
Another possibility to explain the discrepancy between

the data of Stewart et al. (36) and our own, besides the
nature of promoters, is the polyadenylation signal that was
used. With the SV40 promoter, Stewart et al. (36) used the
late polyadenylation signal of SV40. Kaufman and Sharp (20)
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reported the growth-dependent regulation of the dihydro-
folate reductase gene. They noticed, however, that this
growth-dependent regulation of the dihydrofolate reductase
gene occurred only when the gene was inserted in a plasmid
that contained the late polyadenylation signal of SV40. If the
plasmid contained the early polyadenylation signal of SV40,
the growth-dependent regulation of dihydrofolate reductase
disappeared. For this reason, the SV40 polyadenylation
signal was removed from the calcyclin promoter-TK con-
struct used in our experiments (pTKR2-Cal). In this plasmid,
the 3' noncoding sequences of pTK11 were also removed,
but Merrill et al. (29) have reported that these sequences do
not participate in the regulation of the TK gene. The pSpTK
construct still contains the late polyadenylation signal of
SV40, and yet is not cell cycle regulated. Thus, the most
plausible explanation of the different results lies in the
difference between viral and cellular promoters.
The present experiments therefore reopen the question of

which regulatory elements of the TK gene play the major
role in its cell-cycle-dependent expression. In our experi-
ments, whatever is upstream of the coding sequence appears
to be most important for regulating cell-cycle-dependent
expression. However, the experiments from other laborato-
ries, and especially those of Stewart et al. (36), still offer the
possibility that the cDNA coding sequence may participate
in this process. The role that each of these sequences plays
in cell cycle regulation can be determined only when appro-
priate constructs are made and transfected into cells for
more detailed studies. For the moment, though, we can say
that the role of the 5' flanking sequence is at least as
important as that of the cDNA coding sequence in the
expression ofTK mRNA levels, whereas enzyme activity is
probably regulated by the coding sequence, at a translational
or posttranslational level.
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