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SUMMARY

When HeLa cells were grown with 5 ÃŸt/l5-iodo-2'-deoxy-

uridine (lUdR) there was an increase in alkaline phosphatase
activity after about 24 hr, reaching a maximum usually at
about 72 hi. At this concentration, during this time, there was
a relatively small inhibition of cell replication. The increment
in alkaline phosphatase activity was in large measure prevented
by concomitant addition of 10 /Â¿Mthymidine. Further, lUdR
did not increase alkaline phosphatase activity in a mutant line
of HeLa cells lacking thymidine kinase. These data indicate
that lUdR must be phosphorylated and incorporated into
DNA to increase alkaline phosphatase activity. lUdR also
usually increased alkaline phosphatase activity of HeLa71
which has a high constitutive level of the enzyme. lUdR did
not affect the alkaline phosphatase activity elevated by prior
treatment with 1 n\l hydrocortisone. On the other hand, 1 Â¿iM
hydrocortisone further increased the already elevated alkaline
phosphatase activity in cells pretreated with 5 Â¿iMlUdR,
although after hydrocortisone addition the final level of
enzyme activity attained in lUdR-treated and untreated cells
was the same.

INTRODUCTION

The thymidine analog, lUdR,3 was originally synthesized

for trial as an anticancer agent. To date, it has been of limited
value in this regard. However, lUdR is an antiviral agent of
proven clinical efficacy. This property of lUdR has been
extensively reviewed (6). lUdR (and similarly BUdR) exerts
other profound effects of great interest.

In about the past 3 years, numerous studies have shown that
growth of apparently normal cells in the presence of lUdR or
BUdR leads to the production of oncogenic viruses (1,13,18,
27). Considerable effort is being expended on this problem
which may shed light on some of the basic mechanisms of
oncogenesis. Although there is a great deal of speculation
about mechanism, the only fact that seems reasonably
acceptable is that induction of oncogenic viruses requires
incorporation of lUdR into cellular DNA (28) and that
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transcription from DNA is necessary since cordycepin blocks
RNA virus induction by lUdR (32).

Since 1963, several investigators have reported another
fascinating property of lUdR and BUdR. Cells that are
scheduled to differentiate are blocked in this process by lUdR
and cells that have differentiated apparently lose their
differentiated properties. Both of these effects on differenti
ated functions occur at analog concentrations that have little
or no effect on cell replication. There are several examples of
both types of effects (reviewed in Ref. 22). To site just 1 of
each, erythrocyte differentiation is blocked by BUdR (sum
marized in Ref. 10) and heavily pigmented mouse melanoma
cells lose their melanin-synthesizing capacity (26). Interest
ingly, in the latter example, the melanoma cells also lose their
tumorigenicity when injected into mice. As with the studies on
induction of oncogenic viruses, the evidence is that analog
incorporation into DNA is necessary for the effect on
differentiation. One study, that of Schubert and Jacob (24),
finds contrary evidence. Although most studies have been with
BUdR, lUdR has had the same effects when tested, e.g.,
relative to mammary gland differentiation (29). The following
study presents an example of lUdR increasing a cellular
enzyme, alkaline phosphatase, with relatively little effect on
cell growth.

The regulation of alkaline phosphatase synthesis in HeLa
cells has been under investigation for several years although
the cellular role of this enzyme has as yet not been established.
The enzyme, which has been extensively purified (3), has 3
isozymes as detected by starch gel electrophoresis (5); Elson
and Cox (4) have presented evidence that alkaline phosphatase
in HeLa71, which has a high constitutive level of the enzyme,
is similar to but not identical with the placenta I, fetal form.

An interesting facet of the regulation of HeLa alkaline
phosphatase is that the level may be increased up to about
20-fold by addition of 1 i/M hydrocortisone (8). In unsyn-

chronized cells, the increase becomes apparent after 24 hr and
maximal after about 72 hr. Puromycin or actinomycin D will
block the increase in enzymic activity if added with the
hydrocortisone, but actinomycin D addition 18 hr later will
not (8). These results suggest but do not prove that new
protein must be made for increased enzymic activity. Also, in
synchronized HeLa cells hydrocortisone is effective in increas
ing alkaline phosphatase activity only during late-G] and S
phases (7). More recent experiments indicate that hydrocorti-
sone does not increase the rate of enzyme synthesis but rather
that the preexisting and newly synthesized enzyme is made
more catalytically efficient (3). Very recently, Griffin et al. (9)
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reported that the enzyme from control cells had 12 moles of
Pj bound per mole of protein compared to 4 for alkaline
phosphatase derived from cortisol-treated cells. Moreover,
dibutyryl cyclic 3',5'-AMP caused partial enzyme induction

and also reduced the PÂ¡to 8 moles/mole enzyme. Exactly how
hydrocortisone and cyclic 3',5'-AMP are related relative to

alkaline phosphatase activity and PÃ•content per mole enzyme
is not yet clear.

The experiments that follow elaborate the finding that
alkaline phosphatase activity may also be increased in HeLa
cells by lUdR.

MATERIALS AND METHODS

Growth of Cells. Four lines of HeLa S3 cells were used:
HeLa-S3 obtained from Dr. Lon Hodge; BU25, a mutant
lacking thymidine RÃÃ±aseactivity (12) from Dr. Saul Kit; and
HeLa65 and HeLa71 from Dr. Rody Cox. The suffixes 65 and
71 refer to the modal chromosome number of the cells (2). In
the experiments to follow, the HeLa obtained from Dr. Hodge
and HeLa65 were indistinguishable in properties or response to
lUdR. HeLa71, as has been previously reported (2), contains
high constitutive levels of alkaline phosphatase.

The cells were either grown in suspension culture in Joklik's
modified Eagle's medium and 10% fetal calf serum or in
monolayers in Dulbecco's modified Eagle's medium and 10%

calf serum. Cell number was determined with a Coulter
counter. Cells grown with lUdR were protected from exposure
to light.

Preparation of Cell Extracts. Appropriate portions of cells
were harvested and washed once by centrifugation and
resuspension in phosphate-buffered saune solution. After a
2nd centrifugation, the cell pellet was resuspended in a
solution of 30 mM KC1, 10 mM Tris (pH 7.8), and 5 mM
magnesium acetate and frozen until assayed. At that time the
cells were disrupted with a Bronwill Biosonik Ultrasonicator.
Samples of the disrupted cells were taken for enzyme assay
and protein determination without further fractionation.

Enzyme Assays. Alkaline phosphatase and acid phosphatase
activity were measured by standard colorimetrie procedures.
Hydrolysis of the substrate, 8 mM p-nitrophenyl phosphate,
was followed at pH 10.5 (90 mM 2-amino-2-methyl-l-propanol
buffer) or pH 4.8 (90 mM sodium acetate buffer) for,
respectively, alkaline or acid phosphatase activity. The total
assay volume was 3.0 ml and 1 unit of phosphatase activity is
defined as the formation of 1 nmole of p-nitrophenol per min.

Chemicals. All stock solutions were made immediately prior
to 'Use. lUdR was from Nutritional Biochemicals Corp.,
Cleveland, Ohio; 2-amino-2-methyl-l-propanol buffer, p-nitro-
phenyl phosphate, and hydrocortisone-21 -sodium succhiate
were from Sigma Chemical Co., Saint Louis, Mo.

RESULTS

Effect of lUdR on Alkaline Phosphatase Activity. Initial
experiments demonstrated that, in the range of lUdR
concentrations from 2 to 15 Â¿/M,5 fiM. produced a maximal
effect on enzyme activity in the shortest time with a relatively

small effect on cell growth during most of the experimental
period. At 2 Â¿iMlUdR, there was no effect on alkaline
phosphatase activity after 96 hr; at 4 juM lUdR an increase of
enzyme activity was observed only after 72 to 96 hr. From 5
to 15 jUMlUdR, the degree of increase in enzyme activity and
its time course was approximately the same. Chart 1 shows a
typical experiment with 5 ÃŸMlUdR. Alkaline phosphatase
activity increases relative to control cells after 24 hr and
reaches a maximum at about 72 hr. In this experiment the
maximal increase was over 4-fold, but this was variable and
could be as high as 10-fold. In contrast, acid phosphatase
activity measured in the extracts from the same cells was
altered slightly if at all. For an unknown reason, the level of
acid phosphatase increased markedly at 96 hr but the increase
occurred similarly in the control and lUdR-treated cells. The
control level of alkaline phosphatase also increased over the 96
hr of the experiment, but in this case the presence of lUdR
markedly augmented the increase.

Chart 2 depicts the effect on alkaline phosphatase activity
of a relatively brief exposure, 24 hr, of the cells to 5 /nM lUdR.
After 24 hr, the medium was changed in one-half of 1 set of
flasks that had contained 5 n\l ILJdR and in one-half of 1 set
of flasks with untreated cells. The replacement medium for
both sets had 10 pM thymidine but no lUdR. For comparison,
cells were also further maintained in medium with or without
5 Â¿tMlUdR for the duration of the experiment with neither a
change of medium nor addition of thymidine. Changing the
medium and adding thymidine had little effect on the control
level of alkaline phosphatase activity. More important,
however, is the fact that the increment in alkaline phosphatase
activity caused by lUdR was essentially the same up to 76 hr

Chart 1. Effect of lUdR on alkaline phosphatase activity. At time
zeio a logarithmically growing suspension culture of HeLa S3 was
divided into 2 portions. lUdR (5 MM)was added to 1 portion. At the
indicated times, samples were withdrawn for assay of alkaline and acid
phosphatase. A C, ratios of alkaline phosphatase (o) and acid
phosphatase (X), respectively, in cells treated with lUdR relative to
untreated cells. B and D, actual specific activities of the alkaline
phosphatase in lUdR-tieated (o) and untreated (â€¢)cells and the acid
phosphatase in lUdR-treated (Â¿)and untreated (*) cells, respectively.
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Chart 2. Effect of short exposure to lUdR on alkaline phosphatase
activity. Monolayer cultures of HeLa S3 were grown with (X) or
without (â€¢)5 tM lUdR for 24 hr. After that time, the medium was
changed in one-half of the cultures of each group, control and lUdR
treated. In both the control (o) and UJdR treated (A) subgroups, the
new medium contained 10 /iM thymidine but no lUdR. The remaining
cultures in which the medium had not been changed were incubated as
originally established for the remainder of the experiment.

whether lUdR was present only for the initial 24 hr or for the
entire 76 hr. If it is assumed that lUdR acts after
incorporation into DNA, then the amount incorporated in 24
hr, approximately 1 cell-doubling time, plus that incorporated
subsequently from the residual nucleotide pool of phospho-
rylated lUdR is sufficient for the full effect on enzyme
activity.

Effect of lUdR on Alkaline Phosphatase Activity of
HeLa71. HeLa71 normally has a high constitutive level of
alkaline phosphatase (2). lUdR had a variable effect on the
alkaline phosphatase activity of these cells. In most experi
ments, 5 n\l lUdR increased the level of alkaline phosphatase
activity, although by the 4th day of growth without
subculturing (these cells could only be grown as monolayers)
the control enzyme activity began to approach the already
elevated level in the cells grown with lUdR (Chart 3).

Prevention of the Effect of lUdR on Alkaline Phosphatase
Activity. Prevention of the effect of lUdR on alkaline
phosphatase activity may be demonstrated in 2 ways.
Simultaneous addition of 10 nM.thymidine with 5 juMlUdR
largely prevented the inductive effect on enzyme activity
(Chart 4, A and B) and also prevented the inhibition of growth
(Chart 4C). Some comment should be made here about the
inhibition of growth presented in Chart 4C. Inhibition is first
perceived at 48 hr and is about 50% at 72 hr. The inhibition in
this experiment was greater than in most other similar
experiments. In most experiments inhibition of growth was
not perceived until 72 hr, and at that time was 30 to 40% of
control. Alkaline phosphatase activity is generally maximally
induced by 72 hr.

lUdR also does not increase alkaline phosphatase activity in
the mutant HeLa cell Une, BU2S, which has essentially no

Alkaline Phosphatase Induction by lUdR

thymidine kinase activity (12) (Chart 5). The alkaline
phosphatase activity of BU25 cells was, however, greatly
increased by 1 /iM hydrocortisone (6- and 19-fold after 72 hr
in 2 separate experiments), so that the activity of the enzyme

3.0

8 2.0

96

Chart 3. Alkaline phosphatase activity of HeLa71 cells treated with
lUdR. As shown in B, at the indicated times, monolayer cultures of
ITJdR (5 juM) treated (o) or untreated (â€¢)cells were harvested for
determination of alkaline phosphatase specific activity. A, ratio of
alkaline phosphatase activity of extracts from lUdR-treated relative to

untreated cells.
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Chart 4. Prevention by thymidine of the effect of IlIdR on alkaline
phosphatase activity. HeLa S3 cells growing in suspension culture were
divided at time zero into 3 cultures to which no additions were made
(â€¢),ITJdR at a final concentration of 5 MMwas added (o), and lUdR, at
a final concentration of 5 MMand thymidine at a final concentration of
10 MMwere added (X). Samples were removed at the indicated times
and (B) assayed for alkaline phosphatase activity. C, cell replication in
these same cultures. A, ratios of alkaline phosphatase specific activity in
extracts from either lUdR-treated cells (*) or UJdR + thymidine-treated
cells (A) relative to untreated cells.
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Chart 5. Lack of effect of lUdR on alkaline phosphatase activity of
HeLa BU25 cells. A, ratios of specific activity in lUdR-treated (5 MM)
relative to untreated cells for monolayer cultures of HeLa65 (o) and
HeLa BU25 (â€¢).B, specific activities for lUdR-treated HeLa65 (A) and
HeLa BU25 (o) and for untreated HeLa65 (A) and HeLa BU25 (â€¢).

in these experiments while unresponsive to 5 n\l lUdR could
be changed by this stimulus. Experiments of this sort indicate
that incorporation of lUdR into DNA is needed for increased
alkaline phosphatase activity. Work is in progress to provide
further, more direct evidence that such is the case.

Stimulation of Alkaline Phosphatase Activity by Hydrocor
tisone in Cells Pretreated with lUdR. The alkahne phosphatase
activity of cells previously grown for 72 hr with 5 /uM lUdR is
strongly stimulated by 1 /uM hydrocortisone in the continued
presence of lUdR (Chart 6). The levels of enzyme activity
were equivalent 72 and 96 hr after hydrocortisone addition
whether or not lUdR is present during and after the
preincubation period. Of interest, also, is that the level of
activity decreases with continuing incubation with lUdR alone
until at 72 and 96 hr enzyme activity was equal to that in
control cells, since the activity in the latter had been increasing
with time. At this point the cells had been exposed to lUdR
for 7 days.

In the reverse situation, the alkaline phosphatase activity of
cells pretreated for 96 hr with 1 /JM hydrocortisone were at
most slightly stimulated by exposure of the cells for an
additional 96 hr to hydrocortisone plus 5 ptA lUdR relative to
cells exposed to only hydrocortisone for that period.

DISCUSSION

There are 3 other reports of increment in enzyme activity
by lUdR or BUdR. Koyama and Ono (15,16) found that in a
hybrid mouse-Chinese hamster cell line both BUdR and lUdR
increased alkaline phosphatase activity. The time course and
magnitude of the effect was similar to what has been found in
this laboratory for HeLa cells. As with HeLa cells, dibutyryl

cyclic 3',5'-AMP will also cause increased activity (14). In

another study, Schwartz et al. (25) reported that BUdR
increases phosphodiesterase activity in glial tumor cells.
Adenylate cyclase was unaffected. During the writing of this
paper a communication appeared to the effect that 0.5 /Â¿M
BUdR increases the levels of tyrosine hydroxylase and
catechol-O-methyltransferase in human neuroblastoma cells.
Equimolar thymidine did not prevent the effect (20).

The mechanism whereby lUdR or BUdR affect expression
of differentiated function is not known although there is no
lack of hypotheses (recently reviewed in Refs. 22,23 and 31).
Although various proposals have been made as to how BUdR
or lUdR specifically affects differentiated functions, relatively
few data are available to support these ideas. The well-known
mutagenic activity of these compounds is not responsible. This
seems clear from the relative rapidity of the effect and its
reversibility in most cases. Of great interest are the findings of
Lin and Riggs (17) that the lac repressor binds 10 times more
tightly to BUdR-substituted lac operator than it does to
unsubsitituted lac operator. Werner (30) has shown that the
growing points of phage T4 DNA move at a reduced rate in the
presence of bromouracil, and Jones and Dove (11) demon
strated that BUdR substitution of Escherichia coli DMA causes
a 7-fold reduction in RNA synthesis. It remains to be seen
whether these findings in a prokaryotic system are true also in
eukaryotic cells.

Preisler et al. (21) have examined production of globin
mRNA in Friend leukemia cells. These cells in the presence of
dimethyl sulfoxide show enhanced erythroid differentiation
and hemoglobin synthesis which is inhibited by BUdR. There
was considerably less globin mRNA in cells treated with

24 48 72 96
HOURS AFTER ADDITION OF HYDROCORTISONE

Chart 6. Stimulation of alkaline phosphatase activity by hydrocorti-
sone in cells pretreated with lUdR. HeLa S3 suspension cultures were
grown for 72 hr in the presence (o, A) or absence (â€¢,*) of 5 uM lUdR.
After 72 hr 1 juMhydrocortisone was added to 2 of the cultures in the
continued presence of 5 /iM lUdR (A) or in its absence (*). Two other
cultures were further maintained in the presence (o) or absence (â€¢)of 5
MMIDdR.
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dimethyl sulfoxide and BUdR as compared to cells treated
with only dimethyl sulfoxide. Of relevance to the present
study was their finding that, in cells treated with BUdR only,
there was 3 to 5 times the level of globin mRNA than in
control cells not exposed to either agent. In addition, Ostertag
et al (19) found that BUdR may slightly increase globin
synthesis in the presence of dimethyl sulfoxide in a mutant
Une of Friend leukemia cells deficient in thymidine kinase.

The effect of lUdR on alkaline phosphatase activity is not
general for phosphatases since acid phosphatase activity was
unaffected. Further, the effect is not general for alkaline
phosphatase as there was no effect by lUdR on this enzyme in
LSI78Y cells (unpublished observation).

At present the mechanism for the increased alkahne
phosphatase activity can be speculated upon only in a general
way. At the level of transcription, lUdR substitution in a
critical regulatory region may favor transcription of alkaline
phosphatase mRNA. Conversely, as a result of lUdR substitu
tion in a gene specifying a repressor of alkaline phosphatase
mRNA synthesis, less repressor may be made and thus
ultimately more alkaline phosphatase may be synthesized. This
latter idea may also be extended to include synthesis of a
repressor or modifier protein that affects translation. At still
another level, lUdR may positively or negatively alter the rate
of synthesis of a modifier that directly or indirectly changes
the catalytic efficiency of alkaline phosphatase after the
enzyme is synthesized.
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