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NF-Y-Mediated Trans-Activation of the Human
Thymidine Kinase Promoter Is Closely Linked
to Activation of Cyclin-Dependent Kinase
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Abstract Transcriptional activation is important for the elevated expression of human thymidine kinase (hTK) in
tumor cells. Here, we used TK(—133/+33)-luciferase reporter gene construct and bandshift assay to study the
cis-elements involved in transcriptional activation of the hTK promoter. We found that two CCAAT boxes at —71/—67
and —40/—36 and Sp1 binding site located at —118/—113 were critical for maximal expression of the hTK promoter
activity. As Sp1-mediated activation of the hTK promoter was not detectable for the promoter construct with double
mutations at two CCAAT boxes, we proposed that NF-Y binding to the hTK promoter sequence is a requisite step for the
functional interaction with Sp1. Here, we further showed that the hTK promoter activity was reduced in Hela cells
transfected with p16 or p21, both of which are inhibitors of cyclin-dependent kinases (CDKs). Inhibition of the hTK
promoter activity by p16 could be abrogated by overexpression of cyclin A, indicating that the cyclin A activating event
is more directly involved in transcriptional activation of the hTK promoter. We thus proposed that NF-Y-mediated
activation of the hTK promoter is closely linked to the activation of CDK2/cyclin A pathway. J. Cell. Biochem.

75:300-309, 1999.  © 1999 Wiley-Liss, Inc.
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Thymidine kinase (TK) is a crucial enzyme in
the salvage pathway of thymidine triphosphate
formation, which is important for the process of
DNA replication. The level of TK activity is
known to be increased at the G1/S phase of the
cell cycle in the normal cells [Bello, 1974;
Johnson et al., 1982]. Compelling evidence has
shown that transcriptional activation play a
critical role in the induction of TK activity at
the G1/S phase [Stuart, 1985; Coppock and
Pardee, 1987; Lipson et al., 1989]. It has been
further revealed that the sequence between
—133 and —64 relative to the transcription
initiation site is involved in its cell-cycle-
dependent regulation [Roehl and Conrad, 1990;
Kim and Lee, 1991]. In contrast to normal cells,
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tumor cells often overexpress TK constitutively
[Kit, 1976; Hallek et al., 1992; Hengstschlager
et al., 1994, 1998]. We have previously shown
that the hTK promoter is differently regulated
in HeLa and normal human fibroblasts [Chang
et al., 1995]. However, a detailed mechanism
responsible for deregulation of the hTK pro-
moter activity in tumor cell line is still unclear.

The putative cis-elements within the regula-
tory region (—133/—64) of the hTK promoter
found by computer homology search include
several Spl-binding sites, one inverted CCAAT
box, two Yi-like sequence and several E2F-like
binding sequences [Roehl et al., 1993]. NF-Y
has been shown to bind to the CCAAT box and
play an important role in this promoter [Arcot
et al., 1989; Chang and Liu, 1993; Mao et al.,
1995]. However, the roles of other putative cis-
elements are still not well clarified. For ex-
ample, the DNase I footprinting patterns of the
hTK promoter obtained from different experi-
ments varied in the Spl binding sequences in
the regulatory region [Arcot and Deininger,
1992; Kim and Lee, 1992]. In addition, the role
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of E2F’s involvement was also unclear. In a
cotransfection experiment, E2F1 was shown to
stimulate the hTK promoter activity in quies-
cent mouse REF52 cells [Johnson et al., 1993].
However, the other report showed only slightly
increased level of TK mRNA in REF52 cells
which was serum-starved followed by infection
with a recombinant adenovirus containing the
E2F-1 ¢cDNA, while the genes encoding thymi-
dylate synthase, proliferating cell nuclear anti-
gen, ribonucleotide reductase, and DNA poly-
merase o were clearly induced [DeGregori et
al., 1995]. Therefore, the roles for Spl and E2F
in the regulation of the hTK promoter remain
unclear. In this report, the critical cis-elements
required for maximal activation of the hTK
promoter were determined in HeLa cells, where
the hTK promoter stays highly active as de-
scribed previously [Chang et al., 1995].

Because the hTK promoter is stringently con-
trolled in normal cells in a cell cycle dependent
manner, we also investigated the role of cell
cycle regulator in the activation of the hTK
promoter. We have previously shown that cyc-
lin A can act as a limiting factor for the hTK
promoter activity in normal cells [Chang et al.,
1995]. Likely, the S phase activation of the h'TK
promoter is probably linked to the cell cycle
events through the cyclin/CDK complexes.
CDKs are a family of proteins composed of a
regulatory cyclin subunit associated with a cata-
Iytic kinase subunit. The activity of these en-
zymes can be regulated by transient associa-
tions with cyclins, reversible phosphorylation
reactions and binding of a class of regulators
known as CDK inhibitors [Nigg, 1995; Peter
and Herskowitz, 1994; Elledge and Harper,
1994]. There are two classes of CDK inhibitor
in mammalian cells, Inks and Cip/Kips. The
tumor suppressor pl6, targeting cyclin D/CDK4
or CDK®6, belongs to the Inks class of inhibitors
[Serrano et al., 1993, 1995; Lukas et al., 1995].
The Cip/Kip family member p21 in vitro inhib-
its most CDK/cyclin complexes [Xiong et al.,
1993]. As the elevated level of TK expression
and deregulation of CDKs are often found in
malignant cells, it is interesting to define the
temporal relationship between hTK transacti-
vation and CDK activation. For this reason,
here we examined the effects of p21 and p16 in
combination with cyclin A on the hTK promoter
activity in HeLa cells.

MATERIALS AND METHODS
Reagents

Two double-stranded oligodeoxynucleotides
corresponding to the Spl consensus sequence
ATTCGATCGGGGCGGGGCGACC and the E2F
consensus sequence ATTTAAGTTTCGCGC-
CCTTTCTCAA were purchased from Promega
(Madison, WI) and Santa Cruz Biotechnology
(Santa Cruz, CA), respectively.

Cell Culture

HeLa and HL-60 cells were obtained from
American Type Culture Collection (Rockville,
MD), and maintained in Dulbecco’s Modified
Eagle medium (DMEM) containing 10% FBS
and RPMI medium containing 10% heat-inacti-
vated FBS, respectively.

Transfection and Reporter Gene Assay

Cells in 35-mm dish were incubated with a
mixture of plasmid DNA and lipofectamine
(GIBCO BRL/Life Technologies, Gaithersburg,
MD) at a ratio of 1:6 in 1 ml of DMEM for 6 h.
The medium was then replaced with fresh
DMEM containing 10% fetal bovine serum and
incubated further for 24 h. Cells were washed
three times with phosphate-buffered saline and
lysed with an addition of 100 pl of reporter lysis
buffer (Promega). Cell lysates were centrifuged
for 10 min at 10,000g to remove the debris. Ten
ml of the supernatant were added with 100 pl of
luciferase assay buffer [Schwartz et al., 1990].
The luminescence was measured in a Packard
liquid scintillation counter. Plasmid RSV-CAT
was included in all transfection experiments as
an internal control for transfection efficiency.

Reporter Plasmid Construction

The DNA fragment containing —133 to +33
sequence of the hTK promoter was cloned to a
luciferase vector, pGL-2-Basic (Promega) in a
sense direction to obtain p(—133/+33)TK-Luc
plasmid as described previously [Chang et al.,
1995]. To generate mutation at distal or proxi-
mal CCAAT box of TK promoter, PCR based
oligonucleotide-directed mutagenesis was car-
ried out by using p(—133/+33)TK-Luc plasmid
as a template. Oligonucleotides A and C were
the primers used for PCR to generate the mu-
tated distal CCAAT fragment, which was di-
gested by Ncol and Kpnl. This mutated DNA
fragment was substituted for the wild-type
(Ncol/Kpnl) fragment in p(—133/+33)TK-Luc
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to obtain pDCM plasmid. Oligonucleotides B
and C were the primers used for PCR to gener-
ate mutated proximal CCAAT fragment, which
was digested by Ball and Kpnl. This mutated
DNA fragment was substituted for the wild-
type (Ball/Kpnl) fragment in p(—133/+33)TK-
Luc to obtain pPCM plasmid. Oligonucleotide
A: 5'CCGCCATGGGGCCCTTCAGCGCCS’
spanning from —56 to —78 of non-coding strand
of TK promoter, in which underlined ‘CT’ repre-
sents a substitution for the conserved AA in the
distal CCAAT box. Oligonucleotide B: 5'TGCTG-
GCCAGTCACGAGCCGGC3’ spanning from
—30 to —51 of non-coding strand of TK pro-
moter, in which underlined ‘G’ represents a
substitution for the A in the proximal CCAAT
box. Oligonucleotide C: 5'TTGGGTACCGGGC-
CCCCCCTCGS3' is a polylinker sequence on the
coding strand of p(—133/+33)TK-Luc plasmid.
Plasmid with mutations at both proximal and
distal CCAAT boxes was generated by substitut-
ing a Nco/Kpn DNA fragment from pDCM plas-
mid with pPCM plasmid at position between
—133 and —64 to obtain pD/P. The constructs,
pM102 was generated as follows. A synthetic oligo-
mer containing sequence spanning from —133 to
—58 of the coding strand with a mutated sequence
at —106 to —102 (CCAA — AGAT) was annealed
with its complementary-strand oligomer followed
by Neol/Kpnl digestion. The resultant DNA frag-
ment was cloned into a 5,690 bp Ncol/Kpnl di-
gested DNA fragment from p(TK—133/+33)Luc to
generate pM102. For construct pSpM, a synthetic
oligomer containing sequence spanning from —133
to —77 of the coding strand with a mutated se-
quence at —118 to —113 (GGGCGG — ATGCAT)
was annealed with its complementary-strand
oligomer followed by Eagl/Kpnl digestion. The
resultant DNA fragment was cloned into a 5,690
bp Eagl/Kpnl digested DNA fragment from
p(TK—133/+33)Luc to generate pSpM. All re-
porter constructs were confirmed by DNA se-
quencing.

Preparation of Nuclear Extracts and Gel Mobility
Shift Assays

Nuclear extracts were prepared from HL-60
cells as previously described [Dignam et al.,
1983]. The bandshift reactions each contained
0.025 pmol of radiolabeled probe (40,000 cpm),
0.5 mg of poly(dI:dC), 30 ng of nuclear protein,
and variable amounts of unlabeled competitor
(when applicable) in a final concentration of 50

mM NaCl, 30 mM KCI, 10 mM Tris, pH 7.5, 1
mM EDTA, 1 mM dithiothreitol, and 10% glyc-
erol. In the competition experiment, radioac-
tive and nonradioactive DNA fragments were
mixed prior to addition of nuclear extract. Reac-
tions were incubated at room temperature for
25 min and subsequently analyzed by electro-
phoresis through nondenaturing 4% polyacryl-
amide gels at 4°C in a buffer containing 15 mM
Tris, pH 8.2, 15 mM boric acid, and 1.2 mM
EDTA. After prerunning the gel for 1 h, electro-
phoresis was performed at 170 V for 1.5 h. The
gels were dried and analyzed by autoradiogra-

phy.

Immunoblotting

Thirty-five pg of protein extracted by RIPA
buffer were separated on 12% SDS-PAGE fol-
lowed by electrophoretic transfer to PVDF mem-
brane (Millipore, Bedford, MA). After blocking
with 5% powdered milk, the membrane was
incubated with antiserum for 4 h, and treated
for 2 h with alkaline phosphatase (AP) conju-
gated goat anti-rabbit IgG antibody (Promega).
The AP color development was performed ac-
cording to the manufacturer’s instruction. The
antibodies against p21Wafl/Cirl 16, and cyclin A
were obtained from Santa Cruz Corporation
and diluted at 1:2,000 for immunodetection.

RESULTS

Identification of Sp1 as the Major Factor Binding
to the —133/—84 Sequence of the hTK Promoter

The hTK promoter region between —133 and
—84 contains E2F-like sequence (—109/—101)
and Spl-binding sequence (—118/-113, —97/
—92) as shown in Figure 1A. It has been demon-
strated that the sequence between —109 and
—84 of the hTK promoter is responsible for the
TK transactivation observed at the G1/S transi-
tion period in CHO fibroblasts, which were sta-
bly transfected with the hTK promoter fused
with CAT-reporter gene [Kim and Lee, 1992].
To verify whether transcription factors Spl and
E2F can interact with TK promoter sequence
region between —133 and —84, we first per-
formed the bandshift assay with the radiola-
beled oligonucleotides containing sequence
spanning from TK(—133 to —84; Fig. 1B). Mul-
tiple complexes could be formed with the nuclear
extracts in this assay. Two complexes indicated
by arrow were specifically competed by the un-
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appeared that only one major DNA-protein com-
plex was competed out by Spl consensus oligo-
nucleotide. In contrast, none of the complexes
was affected by the presence of E2F consensus
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sequence (Fig. 1B). The complex with faster
mobility could not be competed by the DNA
fragment TK (—133/—64) carrying mutation at
(—94/—84), indicating the involvement of the
—94/—84 sequence in this complex formation
(data now shown). The identity of Sp1 binding
to TK(—133/—84) probe was further confirmed
by adding antibody specifically against human
Sp1 in the bandshift assay. In agreement with
results from the competitive bandshift experi-
ment, only the major complex could be specifi-
cally supershifted by anti-Spl antibody (Fig.
1C), confirming the presence of Sp1 in the ma-
jor complex. When a consensus Spl oligomer
was used as a probe for bandshift assay, only
one DNA-protein complex was formed and spe-
cifically eliminated by an excess of unlabeled
homologous oligonucleotide. This radiolabeled
complex could be abrogated by unlabeled oligo-
nucleotide containing the TK —133 to —106
sequence, but not by oligonucleotide containing
the —101 to —84 sequence or nonspecific DNA
fragments (Fig. 1D). This indicated that Spl
binding to the hTK promoter is probably local-
ized at —118/—113 position, but not at —97/
—92. When E2F oligonucleotide derived from
adenovirus E2 promoter was used as the probe
for the bandshift assay, specific multiple com-
plex formation could be clearly detected (Fig.

Fig. 1. Interaction of the —133/—84 sequence of the hTK
promoter with nuclear factors. A: The DNA sequence spanning
from —140 to +10 of the hTK promoter. The putative CCAAT
and TATA sites are shown in box, GC sequence underlined by
single dot, and E2F site underlined by double dot. B: The
32p-labeled TK(—133/—84) fragment was incubated with nuclear
extract from HL-60 cells for the bandshift assay in the presence
of 20- and 100-fold molar excess of double-stranded oligo-
nucleotides corresponding to Sp1, or E2F consensus sequences
as indicated. The double-stranded E2F and Sp1 consensus
sequences were described in Materials and Methods. The arrow-
head indicates the complex that could be specifically competed
by the unlabeled TK(—133/—84) DNA fragment. C: TK(—133/
—84) probe was incubated with 30 pg of nuclear protein from
HL-60 cells in the absence or presence of 1 pg of 1gG affinity-
purified from normal rabbit, polyclonal antibody against human
Sp1 (Santa Cruz Biotechnology, Santa Cruz, CA) or p107 (Santa
Cruz Biotechnology). D: The bandshift assays using 32P-labeled
Sp1 oligomer as a probe were performed in the absence or
presence of unlabeled homologous competitors at a 80-fold
molar excess, double-stranded oligonucleotides containing se-
quence —101/—84, —133/—106 of the hTK promoter at 20- and
80-fold molar excess and Hpall digested pBluescript KSII (2
pmole) as the nonspecific competitior. E: The bandshift assays
using 32P-labeled E2F oligomer as a probe were performed in
the absence or presence of unlabeled homologous competitors
and the DNA fragment of —133/—84 of the hTK promoter in the
excessive amounts as indicated.

1E). However, an excess of unlabeled —133/—84
fragment in the binding reaction could not com-
pete for specific E2F complex formation, indicat-
ing that this regulatory region of the hTK pro-
moter does not interact with E2F under our in
vitro assay condition.

Effect of Various Mutations on the hTK Promoter
Activity

To more precisely examine the role of the Spl
binding site at —118/—113, sequence with ho-
mology to the E2F element at —106/—102, and
two inverted CCAAT boxes at —71/—67 (distal)
and —40/—36 (proximal) in mediating hTK tran-
scription in cells, we generated a series of muta-
tions in specific sequences of the hTK promoter
(+33/—133) within the luciferase reporter con-
struct pTK(+33/—133)LUC. Five mutant con-
structs, pCPM, pCDM, pP/D, pM102, and pSp-
mut, were generated, each containing mutation
at proximal, distal and both CCAAT boxes, and
sequences at —106/—102, —118/—113, respec-
tively. Because of the low transfection efficiency
in HL-60 cells, here we used HeLa cells for the
transient transfection experiment. These con-
structs were individually cotransfected with
RSV-CAT into HeLa cells and compared their
promoter activity relative to the wild type pro-
moter. We found that mutation at —106/—102,
with homologous sequence to E2F element, has
little effect on the promoter activity. In con-
trast, mutation at Sp1 binding site, —118/—113,
caused about 50% of reduction of the hTK pro-
moter activity (Fig. 2).

Previous studies in different cell lines have
already demonstrated that the distal CCAAT
box plays an essential role for transactivation
of the hTK promoter [Arcot et al., 1989; Mao et
al., 1995]. Transfection assays in HeLa cells
showed that each mutation at proximal or dis-
tal CCAAT box yielded near 50% reduction of
the promoter activity, suggesting that both
CCAAT boxes are functional and are involved
in activating the hTK promoter in HeLa cells
(Fig. 2). Double mutations at these two CCAAT
boxes abolished the hTK promoter activity (Fig.
2). As the promoter carrying double mutations
at two inverted CCAAT boxes still retains an
intact Spl binding site at —118/—113, this re-
sult suggests that Spl binding at —118/—-113
alone cannot activate the transcription of the
hTK promoter.
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Fig. 2. Activities of the hTK promoter carrying various muta-
tion in HeLa cells. Left: Schematic diagram of the wild-type hTK
promoter (=133 to +33) and five mutated promoters fused to
the luciferase reporter gene created as described in Materials
and Methods. The Sp1 binding site is shown as square, the
putative E2F site as rectangle, and the CCAAT box as ellipse;
dark shapes marked all mutations. Hela cells (2 X 10°) were
transfected with pSV40-Luc (Promega, Madison, WI), p(—133/

NF-Y’s Binding Contributes to the Major
DNA-Protein Interaction in the Cell-Cycle
Regulatory Region of the hTK Promoter

Because Spl-mediated activation of the hTK
promoter required the occupancy of the CCAAT
box, we then investigated the relative contribu-
tion of Spl and NF-Y when binding to the
promoter. We used a longer DNA probe covering
—133/—64 sequence for bandshift assays to ana-
lyze the relationship between Spl and NF-Y
when binding to the hTK promoter. Using
nuclear extract of HL-60 cells, one major DNA-
protein complex formed in a diffuse and broad
band, and another minor DNA-protein complex
with the slowest mobility could be clearly seen
in the bandshift assay (Fig. 3). Increasing
amounts of Sp1 competitor in the DNA binding
reactions could specifically reduce the forma-
tion of this DNA-protein complex a, indicating
the presence of Spl in complex a (Fig. 3). When
the bandshift assays were performed in the
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+33)TK-Luc (TK160), or mutated plasmid (1 pg) together with
equal amount of the RSV-CAT plasmid, which contained the
CAT (chloramphenicol acetyltransferase) gene under the control
of the Rous sarcoma virus long terminal repeat. Right: Luciferase
activity was normalized by CAT activity and expressed as
percentage of that from the wild-type p(—133/+33)TK-Luc con-
struct. Values are the average of six independent experiments
and error bars represent the standard deviation of the mean.

presence of increasing amounts of CCAAT oligo-
nucleotide, formation of complexes a also be-
came abolished. Evidently, complex a is a result
of the concomitant binding of NF-Y and Sp1 to
the —133/—64 segment. Moreover, the promi-
nent DNA-protein complex b formation was
abrogated in the presence of CCAAT competi-
tor, indicating a strong interaction between fac-
tor with the CCAAT binding site. Taken to-
gether, NF-Y’s binding contributes to the major
DNA-protein interaction in this region.

Involvement of Cyclin-Dependent Kinase in
Transcriptional Activation of the hTK Promoter

As transcriptional activation of the hTK pro-
moter in normal cells is a cell cycle regulatory
event, we further addressed the question of
whether the general cell cycle regulators can
modulate the activity of the hTK promoter. For
this purpose, we cotransfected expression vec-
tor of human p16 or p21 under the control of the
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Fig. 3. Binding of NF-Y and Sp1 to the sequence of TK(—133/
—64). DNA fragment of TK(—=133/—64) was 3?P-labeled and
incubated with 30 pg of nuclear proteins from HL-60 cells for
the bandshift assays. All assays were performed in the presence
of increasing amounts of Sp1 competitor or TK-CCAAT oligo-
nucleotides corresponding to the —86/—64 sequence of the

human TK promoter (0-, 20-, 100-fold of molar excess) as
indicated.

cytomegalovirus early promoter [Xiong et al.,
1992; Serrano et al., 1995] with the hTK pro-
moter reporter plasmid into HeLa cells. It ap-
peared that ectopic expression of p16 and p21
in Hela cells could significantly decrease the
reporter activity expressed from pTK(+33/
—133)Luc, indicating that activation of the hTK
promoter is indeed related to the CDKSs’ activi-
ties (Fig. 4A). Reporter activity expressed from
the hTK promoter was significantly increased
when pCMVp1l6 was cotransfected with increas-
ing amounts of pCMV-cyclin A (Fig. 4A). Clearly,
inhibition of the hTK promoter activity by p16
could be overcome by overexpressing cyclin A in
HelLa cells. In contrast, cotransfection of cyclin
A expression vector could not recover p21-
mediated inhibition of the hTK promoter activ-
ity in HeLa cells (Fig. 4A). We reasoned this as
a result of the universal inhibitory effect by p21
on most of CDKs. The cell lysates were further
analyzed by Western blot to ensure that the
ectopic expressed levels of cyclin A were similar
in the cells cotransfected with pCMV pl6 and
pCMVp21, respectively (Fig. 4B). Because p21
was highly expressed in the transfected cells, it
is also possible that the amount of cyclin A is
not enough to sequester p21 that overexpressed
in the cells, and relieves the p21-mediated inhi-

bition. Nevertheless, the ecotopic expression of
cyclin A overrides pl6-mediated inhibition of
the TK promoter, implicating a more direct role
of cyclin A in activation of the TK promoter.

DISCUSSION

In an attempt to elucidate the molecular pro-
cesses governing transactivation of the hTK
promoter, we determined the cis-elements con-
tributory to the maximal activity of the h'TK
promoter in HeLa cells, and the role of CDK
regulators in its activation in tumor cell HeLa.
Here, we established three points: (i) the coop-
eration between NF-Y binding at two inverted
CCAAT boxes and Sp1 binding at —118/—113 is
probably the most important key factor for
maintaining the maximal transcriptional poten-
tial for this promoter in HeLa cells; (ii) the
event of NF-Y binding at one or the other in-
verted CCAAT box is a necessary step for Spl-
mediated activation of the h'TK promoter; and
(ii1) transcriptional activation of the hTK pro-
moter can be modulated by regulating the CDK
activity.

Our bandshift assay and mutation analysis
in HeLa cells clearly indicated that Sp1 binding
at —118/—113 could contribute to 50% of the
promoter activity. Yet, the mutated promoter
containing the double mutations at two in-
verted CCAAT boxes located at —71/—67 and
—40/—-36 no longer expressed the hTK pro-
moter activity in HeLa cells. Since the Spl
binding site was still intact for this mutated
promoter, it is evident that the functional role
of Spl in modulating the hTK promoter re-
quires NF-Y binding at two inverted CCAAT
boxes as a prerequisite step. It has been de-
scribed that NF-Y binding to the HLA-DRA
promoter can facilitate in vivo recruitment of
other upstream DNA binding transcription fac-
tors [Wright et al., 1994], suggesting the assem-
bly role of NF-Y in proximal promoter complex
formation. Data from the bandshift assay in
this study have shown that in vitro Spl can
bind to the hTK promoter region —133/—64
independently. Therefore, it is possible that the
active transcriptional assembly requires NF-Y
binding to the CCAAT box, at which Sp1 bind-
ing to the promoter region can positively modu-
late the assembly.

As for the role of E2F in the regulation of the
human TK promoter, data obtained from our
bandshift assays did not reveal any clear evi-
dence for the presence of E2F binding within
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tion of the hTK promoter activity. A: Reporter plasmid p(—133/
+33)TK-Luc (1 pg) was transfected into Hela cells (2 X 10°)
together with 0.3 pg control pPCDNA3, pCMVp16, or pPCMVp21
expression vector. The above cotransfection experiments were
also performed in combination with different amounts pCMVcy-
clin A as indicated. Values are the average of two independent

the region of —133/—84 in the nuclear extracts,
even though a putative E2F-like binding sites
(—107/-101, 5GGCCAAA?) are present in the
sequence. Furthermore, the h'TK promoter car-
rying mutation at —106/—102 did not cause
significant effect on the promoter activity in
HeLa cells. Thus, E2F binding site at —107/
—101 is not a cis-element for this promoter. By
the in vivo footprinting analysis, it has been
shown that the E2F-like sequence at —97/—89
is constantly protected in normal human fibro-
blasts during growth stimulation [Tommasi and
Pfeifer, 1997]. Although we found that the —94/
—84 sequence can be involved in another DNA/
protein complex formation shown in Figure 1,

experiments. The luciferase activities were measured in dupli-
cate. Numbers were divided by the values obtained from cells
transfected with the reporter plasmid p(—133/433)TK-Luc plus
control vector only. B: Western blot analysis of cyclin Ap16 and
p21 for cell extract (35 g of protein) from HelLa cells transfected
with control pCDNA3 only, pCMV cyclin A (0.3 pg) in the
presence of 0.3 pg of pPCMVp16 or pCMVp21.

the protein present in this complex has not
been identified. Mutation at —94/—84 can re-
sult in 30% increase of the h'TK promoter activ-
ity, indicating the presence of a repression mech-
anism (data not shown). Overall, it still remains
to determine which nuclear factor is indeed
responsible for this binding.

Our laboratory has previously shown that
ectopic expression of cyclin A can act as a posi-
tive modulator for the h'TK promoter in normal
human IMR-90 HDFs, but not in Hel.a cells
[Chang et al., 1995]. Since the basal activity of
the hTK promoter expressed in HeLa cells was
much higher than that in normal IMR-90 HDFs,
we hypothesized that elevated level of cyclin A
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in HeLa cells might constitute a cellular envi-
ronment for the hTK promoter to stay fully
activated. Here, we showed that p21 and pl6
when overexpressed in HeLa cells inhibited the
hTK promoter activity, further confirming the
nature of CDK-related activation of the hTK
promoter. Because pl6-mediated inhibition of
the hTK promoter activity was abrogated by
ectopic expression of cyclin A, the cyclin A-
mediated activation event seems to be more
directly involved in the transactivation. The
direct target of p16 is cyclin D/CDK4, which is a
G1 phase kinase, and cyclin A/CDK2 complex is
well known to be activated in the S phase, at
which timing TK promoter is also activated
[Pines and Hunter, 1991; Pagano et al., 1992;
Nigg, 1995]. Therefore, it is quite possible that
the excess amount of p16 in the cell blocks the S
phase entry, leading to down regulation of both
cyclin A/CDK2 and TK activation events. Taken
together, we proposed that NF-Y cooperates
with Spl in transcriptional activation of the
hTK promoter, and this transcriptional assem-
bly may be modulated by the activity of CDK2.
In tumor cells the highly elevated level of CDK
activity may constitute a cellular environment
for maximal transcriptional activation of the
hTK promoter.
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