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Abstract

We have used the sequence of the cell-cycle regulatory region of human
thymidine kinase promoter to study the DNA-protein interaction in hu
man tumor and normal cells. By performing band-shift assays and DNase

I footprint analysis, we have demonstrated that human tumor cells exhib
ited an elevated level of binding activity to the distal CCAAT box of
human thymidine kinase promoter. The expression of human thymidine
kinase CCAAT-binding activity was serum or independent in human tu

mor cells but serum dependent in normal human diploid fibroblasts. Our
results present the fact that the constitutive interaction of CCAAT-binding
factor with the promoter of a cell growth-controlled gene, such as thymi

dine kinase, is consistent with the loss of stringent cell growth regulation
associated with tumorigenic phenotype.

Introduction

TK3 is a cytosolic enzyme that catalyzes the transfer of the terminal
phosphate of ATP to the 5'-hydroxyl group of thymidine to form

dTMP. The level of TK activity increases sharply at the G,-S phase

and remains elevated throughout S phase in mammalian cells (1, 2).
The regulation of TK expression has been revealed at the multiple
control levels (3-7). In the aspect of TK regulation by transcriptional

activation, transfection experiment analyzing the heterologous human
TK promoter in Chinese hamster ovary cells have demonstrated that
the upstream sequence of the TK promoter, spanning between -64 and
-133 base pairs, designated CCRU, is responsible for its G,-S control

(8). In this study, we investigated the binding activity of nuclear
proteins to the DNA fragment (-64 to -133) of human TK promoter

in a variety of human tumor cells as compared to that in normal human
fibroblasts. By using band-shift assay and DNase I footprint analysis,

we have demonstrated that a strong binding activity to the CCAAT
box of CCRU is constitutively present in a variety of tumor cell lines,
but not in quiescent normal human fibroblasts. This indicates that the
regulation of human TK expression via a TK CCAAT-binding protein

is indeed monitored very differently between normal and tumor hu
man cells. Given the fact that the level of TK activity is drastically
elevated in many neoplastic diseases (see review in Ref. 9), our results
here suggest that deregulation of hTK CCAAT-binding protein may

play a major role in this tumorigenic phenotype.

Materials and Methods

Cell Cultures. HL-60, HeLa, KG-1, K562, and HepG2 cells were obtained
from American Type Culture Collection. IMR-90 normal human diploid lung

fibroblasts were obtained from Coriell Institute (Camden, NJ). HDF is a strain
of normal diploid fibroblast derived from human foreskin. Both normal fibro
blasts used for this study were at their early passages (population doubling
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level, 20-28). HeLa, HepG2, IMR-90, and HDF were grown in Dulbecco's

minimum essential medium (GIBCO) supplemented with 10% fetal bovine
serum (Hyclone). HL-60, K562, KG-1, and U-937 cells were grown in RPMI
1640 supplemented with 10% heat-inactivated fetal bovine serum. The con

fluent monolayer cultures and cell suspensions were harvested for the nuclear
extract preparations.

Preparation of Probes for Band-Shift Assays. The 70-base pair HinfU
Ncol fragment, spanning from -64 to -133 of TK promoter region, was

subcloned into the EcoRV site of pBluescript II SK vector (Stratagene). After
digestion of this plasmid with EcoRI and //indlll, an 86-base pair EcoRI/
Hindlll fragment was isolated and labeled with [a--"2P]dATP using the Klenow

fragment of DNA polymerase I.
Preparation of Nuclear Extracts and Band-Shift Assays. Nuclear ex

tracts were prepared by the method of Dignam et al. (10). Final protein
concentration, measured by the method of Bradford (Bio-Rad), was approxi
mately 2.5 mg/ml. All band-shift assays were performed essentially as de
scribed by Chang and Cheng (11). The DNA-protein binding reactions each
contained 0.025 pmol of radiolabeled probe (40,000 cpm), 0.5 ixg of polydeoxy-
inosylate-polydeoxycytidylate, 10 ixg of nuclear extract, and variable amounts

of unlabeled competitor (when applicable) in a final concentration of 50 mm
NaCl, 30 HIMKC1, 10 mm Tris (pH 7.5), 1 mm EDTA, 1 min dithiothreitol, and
10% glycerol. In the competition experiment, radioactive and non-radioactive

DNA fragments were mixed prior to addition of nuclear extract.
DNase I Footprint Analysis. The 110-base pair of BamHl/Apa I fragment

purified from pBluescript II SK vector containing 70-base pair TK CCRU was
one-end labeled by Klenow fragment of DNA polymerase I at BamHl site with
[a-32P]dATP and used for the binding reaction as described above. At the end

of the binding reactions, 100 ixl of 3 units of DNase I (Worthington) in 10 HIM
MgCl2 were added for 60 s at room temperature, and the reactions were
stopped by the addition of equal volume of buffer containing 8 M urea, 0.5%
sodium dodecyl sulfate, and 5 min EDTA. The radioactive DNAs were isolated
by phenol-chloroform and chloroform extractions followed by ethanol precip

itation. The digested probes were then analyzed on a 7 Murea-polyacrylamide

sequencing gel. AG reaction of the DNA probe was performed by the method
of Maxam and Gilbert (12).

Results

Specificity of the DNA Protein Complex. The promoter of human
TATgene has been identified to be the sequence spanning -456 to +32

(13). From the DNA sequence analysis, there are two inverted CCAAT
sequences at position -40 (proximal CCAAT) and -71 (distal
CCAAT). At positions -113 to -118, -227 to -232, -246 to -252, and
-409 to -414, there are GC-rich sequences similar to the Spl con
sensus binding site. A site resembles the Oct-1 binding sequence is
located at -164 to -171. The CCRU sequence located between -64
and -133 of the human TK promoter, which contains one distal

CCAAT box and GC element, was used to investigate the interaction
between this DNA sequence and nuclear proteins isolated from human
tumor cell lines. By band-shift analysis (Fig. 1), nuclear extract from
HL-60 cells recognized sequence between -64 and -133 of human TK

promoter and formed a specific complex, which could be competed by
homologous sequence but not by other DNA fragment purified from
pBluescript II SK vector. To further determine the specificity of the
binding activity of the nuclear proteins with TK 70-base pair CCRU,

we used other sequences within the TK promoter region to perform
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competitor -64-133 *34 -63 -134/-441 PBC

molar ratio(fold) 0 10 40 0 10 40 0 10 40 0 10 40

Fig. 1. Specific DNA-protein complex formation with the 70-base pair CCRU of TK
promoter. End-labeled probe spanning -64 to -133 of TK promoter was mixed with 10 u.g
of protein extracts from HL-60 cells. The band-shift assays were subjected to competition
with 10- and 40-fold molar excess of unlabeled DNA fragments spanning, -64 to -133,
+ 34 to -63, and -134 to -441 of human TK promoter and a 170-base pair DNA fragment
isolated from plasmili Bluescript 11SK (pBC).

K562, KG-1, and U-937 cells at the density of 6 X IO5 cells/ml.

Extracts from HeLa and K-562 showed another specific upper band,

which could be competed by the excess amount of Spl consensus
sequence (data not shown), indicating that the complex formation
between nuclear factor Spl and TK 70-base pair CCRU is more
prominent in HeLa and K-562.

Footprint Analysis of CCRU of Human TK Promoter. The
DNase I footprint analysis was used to determine the binding nucle-

otides within TK CCRU contributing to the major complex formation
detected in the band-shift assay (Fig. 3). The DNA fragment contain
ing TK 70-base pair CCRU one end-labeled at the coding strand was

used for binding reaction followed by DNase I footprint analysis. The
DNase I protected region spanning 26 base pairs including the distal
CCAAT (inverted) box in HL-60 cells, which could be competed with
40-fold excess of unlabeled DNA fragment. Similar results were also

observed with the noncoding strand (data not shown). The experi
ments with extracts from the confluent cultures of IMR-90 fibroblasts

did not reveal any significant protection. Thus, the CCAAT binding
protein is responsible for the major complex formed in the extracts
made from various tumor cell lines in the band-shift assay. This is

consistent with our previous results showing that deletion of the
CCAAT element of TK CCRU fragment could completely abolish the
binding activity (11).

U-937 HÂ«pG2 HeLa HL-60 IMR-90 HDF K-562 KG-1

competitor SN â€¢¿�S N -SN- SN-SN -SN -SN -SN

HI 60 1MB90
- * specihc competitor

A D 40 40 0 40 40 Quo,) entraci

4 =

Fig. 2. The DNA-binding activity to the CCRU of human TK promoter is present in a
variety of human tumor cells, but not in normal fibroblasts. End-labeled 70-base pair
CCRU was incubated with 10 fig of nuclear proteins extracted from U-937, HepG2. HeLa.
HL-60, IMR-90. HDF. K-562, and KG-1 cells. The specificity of the DNA-protein

complex formed in each cell line was characterized by competition with 40 molar excess
of unlabeled 70-base pair CCRU as a specific competitor (5) and of 170-base pair

fragment from pBluescript II SK vector as a nonspecific competitor (AO. Arrow, major
complex.

the competition assays. The DNA region spanning -134 to -440 of
TK promoter which contains one Oct-1 and three Spl binding sites
could not compete for the binding to TK 70-base pair CCRU probe.
The sequence spanning +33 to -63 of TK promoter containing TATA

and one proximal inverted CCAAT site expressed competition ability
for the binding activity when this unlabeled DNA fragment was in
40-fold molar excess, suggesting that a common factor may be in

volved in the binding between these two regions, but with the stronger
binding affinity to TK 70-base pair CCRU.

The DNA-binding Activity to the CCRU of Human TK Pro
moter in a Variety of Human Tumor Cells and Normal Fibro
blasts. To ask whether the formation of protein-DNA complex is cell

type specific, we then examined extracts made from various human
tumor cells and two strains of normal human fibroblasts. Interestingly,
all tumor cells exhibited similar binding pattern, which was not found
in two strains of normal human fibroblasts, IMR-90 and HDF (Fig. 2).

In this experiment, extracts were prepared from confluent cultures of
HepG2, HeLa, IMR-90. HDF, and suspension cultures of HL-60,

- -

Fig. 3. DNase I footprint analysis identifies critical nucleolides for binding of the
nuclear factor to the CCRU of human TK promoter. The DNA fragment containing
70-base pair CCRU was labeled at the coding strand and incubated without (O) or with
nuclear proteins (40 p,g) prepared from HL-60 cells and IMR-90 fibroblasts in the
presence of absence of 40-fold molar excess of unlabeled 70-base pair CCRU for DNase
I footprint analysis. Lane GA. G + A Maxam-Gilbert sequencing ladder of TK CCRU.
Lowercase letters. Protected region. Vertical line, position of the inverted CCAAT box.
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HL-60

serum addition â€”¿�
competitor

Fig. 4. The expression of binding activity to the distal CCAAT box of human TK
promoter is serum independent in human tumor cells and serum dependent in normal
fibroblasts. The 28-base pair double-stranded oligonucleotides (5'-CCATGGGGCCAAT-
CAGCGCCCGGCCGCT-3') corresponding to the protected region of CCRU from the

DNase I footpring analysis was end labeled and incubated with nuclear proteins (10 ^.g)
from HeLa, HL-60, and IMR-90 cells for the standard band-shift assays. All the nuclear
extracts were prepared from the cells that have been serum deprived for 3 days without or
with the subsequent 10% fetal bovine serum addition for 16 h.

Serum Dependency of TK CCAAT-binding Activity in Tumor
and Normal Cells, ks the activation of TK gene expression is cell-

cycle dependent, wel then examined the growth dependency of the
binding activity to the distal CCAAT box of hTK promoter in two
tumor cell lines, HL-60 and HeLa, as compared to that in normal
human fibroblasts, IMR-90. The double-stranded 28-base pair se

quence within TK CCRU region covering the region protected by
DNase I digestion was used for band-shift analysis. Nuclear extracts
were prepared from HeLa, HL-60, and IMR-90 cells that have been
serum-deprived for 3 days, followed by serum addition for 16 h. It

appeared that a specific complex formation could be detected in all
serum-stimulated cells; however, the level of complex formation was
lower in IMR-90 fibroblasts (Fig. 4). Without serum stimulation, the
serum-deprived HL-60 and HeLa cells still expressed high level of

binding activity. In contrast, such DNA binding activity was not
detected in serum-deprived IMR-90 cells. Apparently, the expression
of TK CCAAT-binding activity is serum dependent in normal human
fibroblasts (IMR-90), and serum independent in HL-60 and HeLa.

Comparison of the Interaction of TK CCRU with Nuclear Pro
teins from the Growth-stimulated HeLa, HL-60, and IMR-90

Cells. To further confirm and reevaluate the level of the complex
formation with the DNA fragment of TK 70-base pair CCRU in
growth-stimulated cells of the above experiment, the binding reactions

were performed with different amounts of nuclear extracts. The spe
cific complex formation between TK 70-base pair CCRU and nuclear
protein could also be detected in growth-stimulated IMR-90 fibro

blasts. The binding activity appeared to be much higher in HeLa cells
and HL-60 than in IMR-90 fibroblasts (Fig. 5). The DNA-protein

complex became larger when higher amount of extract protein was
used for the assay. The difference of this larger complex formation is
even more prominent between tumor (HeLa, HL-60) and normal cells
(IMR-90) when 30 ;u.gof nuclear proteins were used for the binding

reactions.

Discussion

The loss of stringent control at the decision points in the cell cycle
can cause unbridled cell division and play an important role in tumor-

igenesis. The deregulation of several genes expressed at S phase has
been shown to be accompanied with the abnormal growth of tumor

cells. For example, the interactions of nuclear factor Hinf-D with the

histone H4 promoter (14) and of nuclear factor Yi with murine TK
promoter (15, 16) are regulated differently in several normal diploid
and tumor cells. It should be noted that the regulatory region of murine
TK promoter does not have CCAAT enhancer element, and it is
markedly distinct from that of the human TK promoter. Yet, TK
expressions in both species are cell-cycle dependent. Therefore, in this

study we ask the question of whether there is also a difference in the
protein-DNA interaction at the cell-cycle regulatory region of human

TK promoter between normal and tumorigenic human cells.
We showed that DNA binding activity to TK CCRU remained

constantly elevated in human tumor cells by the band-shift assay. The
DNase I footprint analysis indicated that the CCAAT-binding protein

was responsible for the binding complex formation with TK CCRU in
human HL-60 cells. Arcot and Deininger (17) have also demonstrated

that CCAAT and GC elements of human TK promoter contributes to
the major DNA binding sites in HeLa cells. In our band-shift experi

ment HeLa cells did exhibit another complex formation that could be
competed by Spl consensus sequence (data not shown). Apparently,
this GC binding complex was not well detected in other tumor cells,
such as HL-60, U-937, etc. It is possible that the DNA binding activity

to the distal CCAAT box of TK promoter is more consistently detect
able in different tumor cells under our assay condition. Nevertheless,
these observations indicate that the CCAAT-binding factor may be

readily present and involved in the transactivation of TK gene expres
sion in a variety of human tumor cells.

Since many studies have shown the distal CCAAT box of human
TK promoter is crucial for the activation of TK gene during the cell
cycle in mouse (18) and Syrian hamster fibroblasts (19), we have
expected that normal human fibroblasts can also express this CCAAT-

binding activity during S phase. By using the oligonucleotide con
taining the distal CCAAT box as the binding probe, TK CCAAT-
binding activity was indeed well detected in the serum-stimulated
IMR-90 fibroblasts but not in the quiscent culture. In contrast, the
expression of the TK CCAAT-binding activities in HeLa and HL-60

cells appeared to be serum independent. Clearly, it is conceivable that
the DNA binding activity to the distal CCAAT box of human TK
promoter is stringently controlled in normal human fibroblasts, but
deregulated in tumor cells. This may explain why the DNA-protein

complex formation was not detected in normal fibroblasts in our initial
experiment, since the nuclear extracts were prepared from the normal

HL-60 HeLa IMR-90

Extracte^) O 10 30 10 30 10 30

.In

.
Fig. 5. Comparison of the interaction of TK CCRU with nuclear proteins from the

growth-stimulated HeLa, HL-60, and IMR-90 cells. The labeled 70-base pair CCRU probe
was incubated with 0. 10, and 30 (ig of nuclear proteins from HeLa, HL-60, IMR-90 cells
that were serum stimulated as described in Fig. 4 in the standard band-shift assay.
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cells at the confluent state. Conclusively, this study points out that the
constitutive overexpression of TK CCAAT-binding activity can be

considered as the phenotypic characteristic of human tumor cells.
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