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Abstract I n LoV o cells, phosphorolyti c activit y actin g on deoxyadenosin e play s a major role in the resistanc e to
the cytotoxic effect of the combinatio n of deoxynucleoside with deoxycoformycin. In fact , the observed dependence
of toxicit y on cell densit y appear s to be relate d to the metaboli c conversion of deoxyadenosin e int o adenine . The
phosphorylatio n of the deoxynucleoside, which represent s the firs t step toward s the formatio n of the cytotoxic agent
dATP , proceeds at a significantl y lower rat e as compared to the phosphorolysi s of deoxyadenosine . Th e analysi s of the
levels of deoxyadenosin e and it s derivative s in the incubatio n media reveal s tha t the rate s of disappearanc e of
deoxyadenosin e and of formatio n of adenin e increas e in concert with the reductio n of the effect on cell survival . J . Cell.
Biochem. 80:241–247, 2000. © 2000 Wiley-Liss , Inc.
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The combination of deoxyadenosine (dAdo)
and deoxycoformycin (dCF), a powerful inhibi-
tor of adenosine deaminase (ADA) [Agarwal et
al., 1977], has proven to affect the growth of a
human colon carcinoma cell line (LoVo)
[Camici et al., 1995]. The cytotoxicity seems to
be dependent on phosphorylation of dAdo, be-
cause inhibitors of adenosine kinase activity
significantly reduced the effect of the combina-
tion [Camici et al., 1995]. In general, when
dealing with compounds that exert their effect
after metabolic conversion into the effective
cytotoxic agent (pro-drugs), the complete met-
abolic pattern of the pro-drug must be taken
into account. Indeed, not only the “activation”,
but also the “inactivation” pathways play a cru-
cial role in the determination of the efficacy of
the cytotoxic agent. In particular, the efficacy

of the combination of dAdo and dCF is likely
due to the balance between the “activating”
enzymes (adenosine kinase, deoxycytidine ki-
nase) and “inactivating” enzymes (Fig. 1).

In the latter class, besides the nucleotidase
and phosphatase activities, which subtract the
nucleoside monophosphate from the subse-
quent phosphorylation steps that lead to the
formation of the cytotoxic agent dATP, in LoVo
cells we have recently isolated a phosphorolytic
enzyme activity acting on dAdo [Bemi et al.,
1998] distinct from methylthioadenosine phos-
phorylase, purine nucleoside phosphorylase,
and S-adenosyl homocysteine hydrolase. In
mammalian tissues, the existence of this activ-
ity appears to be a novelty because its presence
has been reported in several biologic sources
[Jensen, 1978; Trembacz and Jezewska, 1994],
however, with the only exception of an adeno-
sine phosphorylase activity described in Sar-
coma 180 cells and rat liver [Divekar, 1976],
not in mammals. Although the phosphorolysis
of dAdo appears to be a secondary metabolic
pathway in LoVo cells when the deamination
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process is operating, it becomes relevant in the
presence of dCF. We have shown [Bemi et al.,
1998] that the effect of the combination of dAdo
and dCF on LoVo cell growth is strictly depen-
dent on the initial cell density. We show here
that the adenosine phosphorylase activity,
which subtracts dAdo from the “activation”
pathway, plays a major role in this dependence
of cytotoxicity on cell density.

MATERIALS AND METHODS
Materials

Ham’s F-12 medium, fetal calf serum (FCS),
and anti-PPLO (pleuropneumonia-like organ-
ism) agent were from Gibco (Berlin, Germany).
Mycoplasma-removing agent was provided by
ICN, Costa Mesa, CA. The MycoCell kit was
from International Microbio (Signes, France).
The human colon carcinoma cell line LoVo and
dCF were provided by Dr. O. Sanfilippo (Milan,
Italy). Bisbenzamide, [8-14C]adenine (55.6
mCi/mmol), and all purine compounds were
from Sigma (St. Louis, MO). Polyethylene
imine (PEI)-cellulose thin-layer plastic sheets
(0.1 mm thick) from Merck (Darmstadt, Ger-
many) were prewashed once with 10% NaCl
and three times with deionized water before
use. Scintillation liquid HiSafe III was pur-
chased from LKB Pharmacia, Uppsala, Swe-
den. All the other chemicals were of analytical
grade.

Cell Cultures and Preparation of Cell Extracts

Cells were grown as a monolayer in Ham’s
F-12 medium with 7% FCS and antibiotics
(standard medium). The doubling time was ap-

proximately 32 h. When cells were in the loga-
rithmic phase of growth, the monolayers were
washed twice with phosphate-buffered saline
(PBS) and the cells were scraped off with a cell
scraper, collected, and centrifuged at 800g for
3 min. The pellets were further washed with
PBS and stored at 275°C. For the preparation
of the cell extracts used for the enzyme assays,
the pellets were resuspended in approximately
3 vol of 50 mM Tris-HCl buffer, pH 7.4, sub-
jected to ultrasonic treatment, and centrifuged
at 45,000g for 1 h at 4°C. The supernatant (cell
extract) was kept at 275°C.

Cytotoxicity Tests

The incubations were performed essentially
as described by Bemi et al. [1998]. Various
amounts of cells were suspended in 3 ml of
standard medium in 35-mm dishes, to give cel-
lular densities ranging from 3,000 to 50,000
cells/cm2, and incubated in the absence (con-
trol) and in the presence of both 0.1 or 0.2 mM
dAdo, with or without 1 mM dCF. Deoxycofor-
mycin, when present, was added to the stan-
dard medium 30 min before dAdo. Identical
experiments were performed in which adenine
(Ade), at a final concentration of 0.1 mM, was
added to the culture medium. Additional ex-
periments were carried out in which the same
amount of cells was plated in dishes of 60-mm
diameter to give different surface densities, but
equal number of cells per volume of medium.
After 4 days of incubation, the standard me-
dium was withdrawn, and 0.5 ml of PBS were
added twice to wash the cell monolayer. A
0.5-ml portion of 0.025% trypsin containing
0.02% ethylenediaminetetraacetate (EDTA)
was then added and kept for few minutes at
37°C. The cells were collected, diluted in an
appropriate volume of standard medium, and
counted in a Burker chamber. The results are
reported as a percentage of cell survival in
relation to the appropriate control in which
both dCF and dAdo were absent. Preliminary
experiments showed that ADA activity present
in the standard medium and activity present in
the cells at all cell densities was completely
inhibited by 1 mM dCF [Bemi et al., 1998].

High Performance Liquid Chromatography
(HPLC) of the Incubation Media

The medium (100 ml) from the incubations
performed as described for the cytotoxicity

Fig. 1. Schematic diagram of the metabolism of deoxyade-
nosine (dAdo) in LoVo cells. 1: Adenosine deaminase; 2: aden-
osine phosphorylase; 3: adenosine kinase and/or deoxycytidine
kinase; 4: purine nucleoside phosphorylase; 5: hypoxanthine
guanine phosphoribosyltransferase (HGPRT); 6: 59nucleotidase
and/or alkaline phosphatase. - : Inhibition. Ade, adenine; dIno,
deoxyinosine; dAMP, deoxyadenosine monophosphate; dATP,
deoxyadenosine triphosphate; dCF, deoxycoformycin; Hyp, hy-
poxanthine; IMP, inosine monophosphate.
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tests in 35-mm dishes with dAdo both in the
absence and in the presence of dCF was with-
drawn at 0, 2, 5, 10, 24, 48 and 96 h of incuba-
tion. A control was also set up, in which dAdo
either alone or with dCF was incubated for the
above-reported times with standard medium
with no cells. Cold methanol (150 ml) was
added, kept at 220°C overnight, centrifuged,
and the supernatant dried with a Speed-Vac
evaporator. MilliQ water (100 ml) was then
added, and the samples were analyzed by a
Beckman System Gold apparatus, consisting of
two HPLC pumps, a mixing chamber, an injec-
tor valve, and a UV/VIS detector. An Ultro-
sphere C-18 (Beckman) column (4.6 3 25 mm,
5 mm particle size) was used. The elution was
performed according to Stocchi et al. [1985].
The flow rate was 1.3 ml/min, and ultraviolet
detection was performed at 254 nm.

Contamination by Mycoplasma

Both an in situ DNA fluorescence method
[Chen, 1977] and a method based on molecular
hybridization [Hu et al., 1995] were used. The
cell cultures were routinely treated with two
different mycoplasma-removal agents, contain-
ing 4-oxo-quinoline-3-carboxylic acid deriva-
tive and Tylocine, respectively.

Enzyme Assays

The enzyme assays were performed using
the cell extracts prepared as described above.
The phosphorolytic activity on dAdo was mea-
sured as previously reported [Bemi et al.,
1998]. Briefly, the reaction mixture contained
0.5 mM [8-14C]adenine (12,000 dpm/nmol),
0.5 mM deoxyribose-1-phosphate (dRib-1-P; or
ribose-1-phosphate, Rib-1-P), 5 mM dCF,
50 mM Tris-HCl, pH 7.4, and various amounts
of cell extract. Aliquots withdrawn at 0, 10, 20,
and 30 min incubation at 37°C were spotted on
a PEI-cellulose thin-layer plastic sheet, devel-
oped with 0.1 M (NH4)2SO4. The spots corre-
sponding to dAdo (or Ado) were cut out and the
radioactivity counted. One unit of enzyme is
the amount of enzyme that catalyzes the con-
version of 1 mmol of substrate per min under
the adopted experimental conditions.

Other Methods

Protein content was determined according to
Bradford [1979] using bovine serum albumin
as standard. The statistical analysis was per-

formed by using the t test for independent sam-
ples.

RESULTS

Enzyme Activities Involved in the Metabolism of
dAdo in LoVo Cells

LoVo cells possess the enzyme activities that
account for the conversion of dAdo into deoxyi-
nosine (ADA), hypoxanthine (purine nucleo-
side phosphorylase, PNP), and (inosine mono-
phosphate, IMP, hypoxanthine guanine
phosphoribosyltransferase, HGPRT). In addi-
tion, adenosine kinase and deoxycytidine ki-
nase are responsible for its phosphorylation,
whereas 59-nucleotidase and phosphatase ac-
tivities catalyze the dephosphorylation of the
mononucleotide [Camici et al., 1995; Bemi et
al., 1999] (Fig. 1). The phosphorolytic cleavage
of dAdo, catalyzed by phosphorylase activity,
distinct from methylthioadenosine phosphory-
lase, PNP, and S-adenosyl homocysteine hy-
drolase, is also an alternative metabolic path-
way of dAdo in LoVo cells [Bemi et al., 1998]
(Fig. 1). Its specific activity was 11.4 6 4 mU/mg.

Contamination by Mycoplasma

The possible contamination by mycoplasma,
which is known to possess an adenosine phos-
phorylase activity [Hatanaka et al., 1975], has
been tested accurately. Two different methods
for the detection of contamination by mycoplas-
mas were tested on cells routinely treated with
specific agents known to eliminate mycoplasma
contamination. The in situ DNA fluorescence
method, based on the use of bisbenzimide
(Hoechst 33258), which binds to A-T regions of
DNA, gave negative results. The method based
on molecular hybridization using a cold biotin-
ylated probe, which recognizes a region of DNA
displaying a high degree of homology in all
mycoplasmas, but does not interact with eu-
karyotic cells, gave negative results.

Dependence of dAdo and dCF Cytotoxicity
on LoVo Cell Density

The results show that dAdo alone, at all cell
densities, did not exert a significant effect on cell
survival; however, the presence of dCF in the
culture medium affected significantly the growth
rate, depending on the adopted experimental
conditions (Fig. 2). In general, an increase in the
cell density led to a reduction of the effect of the
combination on cell growth. The presence of Ade
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in the culture medium did not affect the cytotox-
icity tests. In fact, the differences between the
tests performed in the absence and in the pres-
ence of Ade were not statistically significant (P .
0.2 for all initial cell densities). In particular, the
changes in the mean percentage cell survival in
the presence of Ade were 1% (initial density
3,000 cells/cm2), 8% (5,000 cells/cm2), and 5%
(7,500 cells/cm2). Also, the same degree of cyto-
toxicity was observed by plating the same num-
ber of cells per volume of medium in different
diameter dishes (results not shown).

External Purine Metabolite Levels in the
Incubation of LoVo Cells with dAdo

The levels of purine metabolites present in the
media incubated with dAdo, withdrawn at differ-

ent times, were evaluated by an HPLC technique
(Fig. 3). In the absence of dCF, dAdo concentra-
tion decreases with time, and the first compound
to appear in the medium is deoxyinosine (dIno),
followed by hypoxanthine (Hyp). No Ade was
measurable in all the assayed incubation media.
The analysis of the media in a control incubation
(in which dAdo was incubated in the culture me-
dium without cells) indicates that Hyp is con-
tained in the standard medium (approximately
0.027 mM). It also indicates that in the absence
of cells, the ADA activity present in the serum is
responsible for the deamination, though at a
slower rate, of dAdo added to the culture medium
(Fig. 3A).

External Purine Metabolite Levels in the
Incubation of LoVo cells with dAdo

and dCF in Combination

In the presence of dCF, the decrease in dAdo
concentration in the medium is paralleled by
the increase in Ade concentration (Fig. 4).
Again, Hyp is present in the culture medium
and its level does not change significantly with
time. Overall, the rates of dAdo disappearance
and of Ade formation increase with the in-
crease in cell density.

Relationship Between Cytotoxicity and
Temporal Changes in dAdo Concentration

The area under the curve (AUC), obtained by
joining the points indicating the concentrations
of dAdo in the medium at different times of
incubation, is proportional to the length of time
dAdo remains in the culture medium. We have
combined the data of Figures 2 and 4, and
those obtained in additional incubations per-
formed at various cell densities with 0.2 mM
dAdo (results not shown). A plot of cytotoxicity
against the AUC for the concentration of dAdo
can be obtained (Fig. 5).

DISCUSSION

In this article we confirm and extend our
previous observations indicating that the toxic
effect of the combination of dAdo and dCF on
LoVo cells was dependent on the initial cell
density [Bemi et al., 1998]. Indeed, a gradual
increase in the cell survival is observed, as
compared to the control, paralleling the in-
crease in cell density (Fig. 2).

The analysis of the purine metabolites in the
incubation media gives an indication of the

Fig. 2. Dependence of the toxicity of the combination of
deoxyadenosine (dAdo) and deoxycoformycin (dCF) on cell
density. Dishes of 35 mm diameter were used, and the incu-
bations were performed with 0.1 mM dAdo either alone or in
combination with 1 mM dCF. White columns: dAdo alone.
Black columns: dAdo plus dCF. Results are reported as mean
percentage of cell survival in relation to the appropriate control
in which neither dAdo nor dCF were present. Error bars indi-
cate 6 SD. For the control incubations, 100% corresponds,
after 4 days, to a total number of cells of '200,000 (initial
density 3,000 cells/cm2), 400,000 (5,000 cells/cm2), 550,000
(7,500 cells/cm2), 750,000 (10,000 cells/cm2), and 1,400,000
(50,000 cells/cm2). **P , 0.001 *P , 0.01.
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metabolic pathways undertaken by dAdo, both
in the absence and in the presence of dCF.
Indeed, with the exception of the phosphory-
lated derivatives, which are formed and
trapped inside the cell, the other dAdo deriva-

tives can cross the cell membrane by concen-
trative or equilibrative transport mechanisms
[Griffith and Jarvis, 1996]. The results indicate
that an almost complete recovery of the purine
ring in the incubation medium is obtained,

Fig. 4. Time course of the levels of
various purine metabolites present
in the medium of incubation of LoVo
cells with deoxyadenosine (dAdo)
plus deoxycoformycin (dCF). Dishes
of 35 mm diameter were used, and
the incubations were performed
with 0.1 mM dAdo and 1 mM dCF.
Each point is the average of at least
two independent determinations.
Deoxyadenosine (E); adenine (●);
hypoxanthine (■). Panel A: no cells;
B: 3,000 cells/cm2, C: 5,000 cells/
cm2, D: 7,500 cells/cm2, E: 10,000
cells/cm2, F: 50,000 cells/cm2.

Fig. 3. Time course of the levels of
various purine metabolites present
in the medium of incubation of LoVo
cells with deoxyadenosine (dAdo).
Dishes of 35 mm diameter were
used, and the incubations were per-
formed with 0.1 mM dAdo alone.
Each point is the average of at least
two independent determinations. De-
oxyadenosine (E); hypoxanthine (■);
deoxyinosine (h). Panel A: no cells; B:
3,000 cells/cm2, C: 5,000 cells/cm2,
D: 7,500 cells/cm2, E: 10,000 cells/
cm2, F: 50,000 cells/cm2.
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thus suggesting that an equilibrative mecha-
nism is likely involved in the passage of the
purine compounds across the cell membrane,
and that an equilibrium is reached between the
intracellular and extracellular concentration of
the compound. Indeed, the very small volume
of the cellular component as compared to the
volume of the medium can account for the
small amount of the purine ring taken up by
the cells as compared to that remaining in the
medium.Analysisperformedusing[8-14C]deoxy-
adenosine, in fact, demonstrated that approxi-
mately only 1% of the total radioactivity was
incorporated [Bemi et al., 1998]. However, as
shown in the present study, at the end of the
incubations the deoxynucleoside was com-
pletely metabolized. In the absence of dCF, the
results indicate that ADA readily converts
dAdo into dIno (Fig. 3), which, in turn, is phos-
phorolytically cleaved to Hyp and dRib-1-P by
PNP. The transient formation of dIno indicates
that the purine compound is an intermediate
that is formed from dAdo and is subsequently
converted to Hyp. Because preliminary exper-
iments demonstrated that the presence of FCS

in the standard medium was unavoidable to
allow the cells to grow, owing to the ADA ac-
tivity present in the medium (0.4 U/ml), when
dCF is absent, dIno is formed even in the ab-
sence of cells, though at a slower rate (Fig. 3A).
However, the appearance of Hyp in the me-
dium can be certainly ascribed to PNP present
in LoVo cells. When dCF is present in the me-
dium (Fig. 4), the disappearance of dAdo is
paralleled by the formation in the medium of
Ade, thus indicating that the deoxynucleoside
undergoes a phosphorolytic cleavage.

In a previous article [Bemi et al., 1998], we
demonstrated that the phosphorolytic cleavage
of dAdo in LoVo cells is exclusively due to a
specific adenosine phosphorylase activity,
which, by ion-exchange chromatography, can
be separated from methylthioadenosine phos-
phorylase, purine nucleoside phosphorylase,
and S-adenosyl homocysteine hydrolase. The
assay of adenosine phosphorylase has been re-
ported as a test to detect a contamination of
cultured cells by mycoplasma [Bonissol et al.,
1988]. In the LoVo cell line, however, the mul-
tiple specific assays used to detect and remove
mycoplasmas revealed that, overall, a contam-
ination can be excluded. The formation of phos-
phorylated derivatives of dAdo cannot be mon-
itored by measuring their levels in the medium
because they are not freely accessible to the
membrane lipid double layer. Indeed, the cyto-
toxic effect of dAdo appears to be dependent
upon its phosphorylation [Camici et al., 1995].
Our data indicate that the rates of disappear-
ance of dAdo and of formation of Ade increase
in concert with the reduction of the effect on
cell survival. The mechanism of the density-
dependent cytotoxicity is not related to a pro-
tective effect of Ade or to a density-dependent
cell signaling, since both the addition of Ade to
the culture medium and the plating of the
same number of cells per volume at different
surface densities did not significantly affect the
degree of cytotoxicity. On the other hand, the
degree of cytotoxicity was nearly directly pro-
portional to the AUC for the concentration of
dAdo (Fig. 5), independently of the initial con-
centrations of dAdo. This indicates that the
toxicity is related to the length of time dAdo
remains in the medium. In fact, at the cell
densities in which we observe a cytotoxic effect
of the combination of dAdo and dCF, dAdo is
slowly consumed and remains in the incuba-
tion medium at high concentration for a rather

Fig. 5. Cytotoxicity of the combination of deoxyadenosine
(dAdo) and deoxycoformycin (dCF) as a function of the area
under the curve (AUC) for dAdo. Circles: values obtained from
incubations with 0.1 mM dAdo; squares: values obtained from
incubations with 0.2 mM dAdo. Error bars indicate 6 SD.
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long period of time (i.e., high AUC values). This
means that each cell is continuously provided
with dAdo, which is presumably both phospho-
rolytically cleaved and phosphorylated. Be-
cause each cell is supplied with dAdo for a long
period of time, it is likely that the phosphory-
lated cytotoxic-derived compound dATP, accu-
mulates and reaches an intracellular concen-
tration that is incompatible with the cell
growth. Our results also indicate that, even
though both phosphorylation and phosphoroly-
sis of dAdo can occur, the phosphorolysis ap-
pears to be the major metabolic pathway of the
deoxynucleoside, when the deamination pro-
cess is inhibited.

REFERENCES

Agarwal R, Spector T, Parks RE Jr. 1977. Tight-binding
inhibitors. IV. Inhibition of adenosine deaminase by var-
ious inhibitors. Biochem Pharmacol 26:359–367.

Bemi V, Tazzini N, Banditelli S, Giorgelli F, Pesi R, Turchi G,
Mattana A, Sgarrella F, Tozzi MG, Camici M. 1998. De-
oxyadenosine metabolism in a human colon-carcinoma cell
line (LoVo) in relation to its cytotoxic effect in combination
with deoxycoformycin. Int J Cancer 75:713–720.

Bemi V, Turchi G, Margotti E, Giorgelli F, Pesi R, Sgarrella
F, Tozzi MG, Camici M. 1999. 6-Thioguanine resistance in
a human colon carcinoma cell line with unaltered levels of
hypoxanthine guanine phosphoribosyltransferase activity.
Int J Cancer 82:556–561.

Bonissol C, Sasaki T, Stoiljkovic B. 1988. Assay for detec-
tion of adenosine phosphorylase from mycoplasmas. Ann
Inst Pasteur/Microbiol 139:703–715.

Bradford MM. 1979. A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing

the principle of protein-dye binding. Anal Biochem 72:
248–254.

Camici M, Turriani M, Tozzi MG, Turchi G, Cos J, Ale-
many C, Miralles A, Noe V, Ciudad CJ. 1995. Purine
enzyme profile in human colon-carcinoma cell lines and
differential sensitivity to deoxycoformycin and 29-
deoxyadenosine in combination. Int J Cancer 62:176–
183.

Chen TR. 1977. In situ detection of mycoplasma contami-
nation in cell cultures by fluorescent Hoechst 33258
stain. Exp Cell Res 104:255–262.

Divekar AY. 1976. Adenosine phosphorylase activity as
distinct from inosine-guanosine phosphorylase activity
in sarcoma 180 cells and rat liver. Biochim Biophys Acta
422:15–28.

Griffith DA, Jarvis SM. 1996. Nucleoside and nucleobase
transport systems of mammalian cells. Biochim Biophys
Acta 1286:153–181.

Hatanaka M, Del Giudice R, Long C. 1975. Adenine forma-
tion from adenosine by mycoplasma adenosine-
phosphorylase activity. Proc Natl Acad Sci (Wash) 72:
1401–1405.

Hu M, Buck C, Jacobs D, Paulino G, Khouri H. 1995.
Application of PCR for detection and identification of
mycoplasma contamination in virus stocks. In Vitro Cell
Dev Biol Anim 31:710–715.

Jensen KF. 1978. Two purine nucleoside phosphorylases in
Bacillus subtilis. Purification and some properties of the
adenosine specific phosphorylase. Biochim Biophys Acta
525:346–356.

Stocchi V, Cucchiarini L, Magnani M, Chiarantini L, Palma
P, Crescentini G. 1985. Simultaneous extraction and
reverse-phase high-performance liquid chromatography
determination of adenosine and pyridine nucleotides in
human red blood cells. Anal Biochem 146:118–124.

Trembacz H, Jezewska MM. 1994. Adenosine phosphory-
lase and other enzymes of purine salvage in Pulmonata
snails and their trematoda parasites. Comp Biochem
Physiol 107B:135–139.

247Cytotoxicity of Deoxyadenosine in LoVo Cells


	MATERIALS AND METHODS
	Fig. 1.

	RESULTS
	Fig. 2.

	DISCUSSION
	Fig. 3.
	Fig. 4.
	Fig. 5.

	REFERENCES

