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Abstract

Purpose  Posttranscriptional modifications, such as poly-
adenylation, are very often implicated in the regulation and
dysregulation of cell death, through regulation of the
expression of specific genes. Based on the fact that an
increasing number of adenosine analogues show their anti-
proliferative and cytotoxic activity via induction of apopto-
sis, we assessed the effect of cordycepin, a polyadenylation
specific inhibitor, an adenosine analogue and a well-known
chemotherapeutic drug, on two human leukemia and lym-
phoma cell lines.

Methods Cells were treated with the anticancer drug cord-
ycepin and assessed for poly(A) polymerase (PAP) activity
and isoforms by the highly sensitive PAP activity assay and
western blotting, respectively. Induction of apoptosis was
determined by endonucleosomal DNA cleavage, DAPI
staining and Ay, reduction, whereas cytotoxicity and cell
cycle status were assessed by Trypan blue staining, MTT
assay and flow cytometry.
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Results and conclusions The results showed that the
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Introduction

Nucleoside antimetabolites typically are taken up by cells,
metabolized, and subsequently enter cellular nucleotide
pools, where they exert their effect. Until recently, it was
believed that the use of purine nucleosides and their ana-
logues such as 2'chlorodeoxyadenosine (CdA), 2'deoxyad-
enosine (AdR), 3’deoxyadenosine (3’AdR) (cordycepin),
adenosine (AR), adenine arabinoside (Ara-A), deoxygu-
anosine (GdR) and guanine arabinoside (Ara-G) in chemo-
therapeutic regimens [1] was mainly based on their
antiproliferative and cytotoxic effect. However, recent stud-
ies showed that many of adenosine analogues (cordycepin,
deoxyconformycin, Ara-A), individually or in combination,
show their anticancer activity through induction of either
differentiation [2—4] or programmed cell death [5-9].
Cordycepin (3'-deoxyadenosine) is a nucleoside deriva-
tive (analogue of adenosine) originally extracted from
Cordyceps sinensis [10] and a well-known polyadenylation
inhibitor. It has been previously reported that short expo-
sure (2 h) to cordycepin, leads to reduction of mRNA levels
in the cytoplasm, likely because of reduction of polyadeny-
late polymerase (PAP) mRNA levels, whereas extensive
exposure to the drug leads to reduction of the levels of other
mRNAs [11]. Therefore, it was expected that inhibition of
polyadenylation would result in intervention in PAP levels
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and consequently changes in processes concerning cellular
fate and response, such as cancer and apoptosis.

Cordycepin is known to possess distinct pharmacologi-
cal activities, such as antiviral and anti- inflammatory.
However, an increasing number of reports support its anti-
cancer activity. Cordycepin is being used in the treatment
of different types of leukemia [4, 6, 11-13] and it exerts
antiproliferative effects on mouse melanoma and lung car-
cinoma cells by stimulating adenosine A3 receptors on
tumor cells [14], as well as antimetastatic action on mouse
melanoma cells [15]. In addition, cordycepin, in combina-
tion with pentostatin, was found to possess significant syn-
ergistic action in patients with terminal deoxynucleotidyl
transferase-positive acute lymphocytic leukemia [16]. The
nucleoside analogue cordycepin was also found to be sub-
stantially more cytotoxic to terminal deoxynucleotidyl
transferase positive (TdT+) leukemic cells than to TdT—
leukemic cells in vitro in the presence of deoxycoformycin
(dCF) and has been considered as a therapeutic agent for
TdT+ leukemia [5]. In addition, the apoptotic effect of cord-
ycepin became evident in OEC-M1 human oral squamous
cancer cells [8], as well as in colorectal and hepatocellular
cancer cells [9]. Furthermore, the petroleum ether (PE),
ethyl acetate (EtOAc) and ethanol (EtOH) extracts of the
cultivated mycelium of a Cordyceps sinensis (Cs) fungus
showed an important inhibitory effect on the proliferation
of four cancer cell lines, MCF-7 (breast cancer), B16
(mouse melanoma), HL-60 (human premyelocytic leukae-
mia) and HepG2 (human hepatocellular carcinoma) [7].
The EtOAc extract, in particular, which contained carbohy-
drates, adenosine, ergosterol and cordycepin, had the most
compelling effect against all cancer cell lines [7].

Recently, a series of data suggested a first relation
among polyadenylation and apoptosis [17-22]. Polyadeny-
lation is, among others a crucial phase in the regulation of
gene expression, determining mRNA stability and efficient
translation after export to the cytoplasm [23-28]. The most
studied protein of the polyadenylation complex is poly-
adenylate polymerase (PAP), an RNA polymerase [29, 30]
with multiple forms [23-27]. Such a heterogeneity advo-
cates for its wider biological role in the cell and implies its
specialized roles in different cell functions, such as cell pro-
liferation and cell death, as well as the possible value of
PAP forms as biomarkers in cancer [26, 28, 31-40].

As far as the role of PAP in leukaemia is concerned, bib-
liographic data have shown that highly and sustaining
metabolizing lymphocytes [32], as well as less differenti-
ated cells show higher levels of PAP activity [33, 34]. In
addition, overexpression of PAP mRNA has been demon-
strated in chronic leukemias [35-37]. These findings, cou-
pled with the identified modulations of PAP in distinct
human neoplasms [38, 39], suggest an aberrantly regulated
role for PAP in cancer cells.
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Based on PAP implication in cancer, an increasing num-
ber of reports have dealed with PAP modulations along the
apoptotic process. They detected dephosphorylation, prote-
olysis and activity downregulation early in the apoptotic
process in many leukemia cell lines, induced with physical
agents (heat shock or nutrient deprivation) [17], or chemo-
therapeutic drugs (5'-fluorouracil and tamoxifen) [18-20].
In addition, PAP modulations in Daudi and Molt-3 cells
treated with etoposide were found to be mutually associated
with morphological evidence of apoptosis [21], whereas in
human epithelioid cervix and breast cancer cell lines,
treated with etoposide or cordycepin, PAP changes fol-
lowed cell cycle rather than apoptosis induction [22].

In the present study, we attempted to further elucidate
the revealing correlation among PAP modulations, poly-
adenylation and apoptosis by using the polyadenylation
specific inhibitor 3’-deoxyadenosine (cordycepin). We,
overall, aim at the recognition of PAP as a potential marker
of cordycepin-induced apoptosis in leukemia and lym-
phoma cells.

Materials and methods
Cell cultures

Molt-4 (human T-cell acute lymphoblastic leukemia) and
Daudi (human Burkitt lymphoma) cell lines were main-
tained in RPMI 1640, supplemented with 10% fetal bovine
serum (FBS), 200 U/ml penicillin, 100 pg/ml streptomycin,
0,3 g/ml L-glutamine and 2 mM NaHCOj; in an atmosphere
of 95% air/5% CO, with 100% humidity at 37°C. Cells
were seeded at 4 x 10° cells/ml, incubated at 37°C and
48 h later were treated with cordycepin, while in exponen-
tial growth phase, for the indicated time periods. Cordyce-
pin (Sigma Chemical Co, St. Louis, MO, USA) was
prepared as a 1 mg/ml stock in distilled H,O and stored at
—40°C. The drug was added to the cell medium, where it
remained constantly for the indicated time periods.

Preparations of cell extracts

After treatment, cells (107 cells) were washed twice in PBS,
resuspended in lysis buffer (200 pl; 1% Nonident P-40,
20 mm Tris pH 7,4, 150 mm NaCl, 1 mm EDTA and 0,5
mg/ml aprotinin; Sigma Chemical Co, St. Louis, MO,
USA), incubated for 45 min at 4°C, centrifuged at 15,000x g
for 5 min, and stored at —70°C until further use [41].

DNA fragmentation assay

Samples (10° intact cells/sample) were subjected to electro-
phoresis on 2% agarose (Sigma Chemical Co, St. Louis,
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MO, USA) gel, according to Eastman protocol [42]. High
molecular weight (HMW) DNA fragments were trapped in
or near the well, whereas the DNA fragments of low-
molecular-weight run and separated through the gel. The
gel was stained with ethidium bromide and photographed
by a Nikon F-801 SLR camera with accompanying UV
filter and AGFA APX, ISO 25, B/W professional film.

DAPI staining

Cordycepin (Sigma Chemical Co, St. Louis, MO, USA)
treated cells for the indicated time periods were collected,
washed twice with ice-cold phosphate-buffered saline
(PBS), fixed with 50% methanol in PBS for 30 min and
stored for up to three d at 4°C. Immediately prior to obser-
vation, fixed cells were washed twice with PBS, stained
with 4',6'-diamidine-2’-phenylindo dihydrochloride (DAPI,
Sigma Chemical Co, St. Louis, MO, USA, 0,2 mm in PBS)
and examined under a fluorescence microscope with excita-
tion filter and LP 430 nm barrier filter [43].

MTT

Cells were assessed for sensitivity to cordycepin to deter-
mine the concentration that was toxic to at least 50% of the
cells after the indicated time periods of drug treatment.
Cells (10%), in triplicate, were treated with cordycepin for
the indicated time periods prior to addition of 3-[4,5-
dimethylthiazol-2-yl1]-2,5-diphenyl tetrazolium bromide
(MTT; Sigma Chemical Co, St. Louis, MO, USA), in the
presence of which they were further incubated for 4 h at
37°C. The absorbance of cell lysate solution was measured
at 550 nm and the results were expressed as the percentage
(%) of treated cells versus untreated cells [44].

Immunoblotting and image analysis

A weight of 70 pg of protein per condition were electropho-
resed on a 7.5% polyacrylamide gel, blotted on to a nitro-
cellulose membrane and probed with polyclonal PAP
antiserum (1:2000 dilution), raised against cDNA made
bovine PAP expressed in Escherichia coli and purified.
PAP antiserum was a generous gift from Dr. W. Keller’s
laboratory. Detection was made using 1:1000 of goat anti-
rabbit IgG alkaline phosphatase conjugate (Sigma Chemi-
cal Co, St. Louis, MO, USA) and the immunocomplexes
were visualized using 5’-bromo-4'-chloro-3’-indolyl-
phosphatase (BCIP; Sigma Chemical Co, St. Louis, MO,
USA) and nitro blue tetrazolium (NBT; Sigma Chemical
Co, St. Louis, MO, USA) as the alkaline phosphatase sub-
strate. The molecular weight markers used were as follows:
p-galactosidase E. coli (116 kDa), phosphorylase b-rabbit
muscle (97.4 kDa) and albumin bovine plasma (66 kDa)

(Sigma Chemical Co, St. Louis, MO, USA) [45, 46]. Pro-
tein concentration was determined by the Lowry method
[47]. Polyacrylamide gel band analysis was performed
using the NIH Image program, developed at the U.S.
National Institute of Health (http://www.rsb.info.nih.gov/
nih-image/).

PAP enzyme assay

The standard assay mixture contained 200 mM Tris—HC1
(pH 8.3), 1 mM MnCl,, 1 mM [BH]ATP, 4 mM 2-mercap-
toethanol, 1 mM poly(A) nucleotides and 40 pl of the cell
extract, diluted with PBS (1x) to a final concentration of
0.2 mg of protein per ml to be assayed. The cell extract was
added to the standard PAP assay mixture, as described [48],
incubated at 37°C and spotted at various time intervals on
GF/C discs. The enzyme reaction was stopped by soaking
the filters for 5 min in 5% TCA and 1% tetrasodium pyro-
phosphate at 4°C. The filters were washed three times with
5% TCA at 4°C, and once with pure ethanol, and then left
to dry. Radioactivity was counted in a scintillation cocktail
composed of 0.3% 2,5 diphenyl-oxazol (PPO) and 0.03%
1,4-dis-2-(5-phenyl-oxazol) benzol (POPOP) in Toluol.
The optimal conditions were obtained for saturating ATP
levels (Sigma Chemical Co, St. Louis, MO, USA). One unit
of PAP activity is defined as the amount of enzyme able to
incorporate 1 nmol of [*HJAMP (Amersham Corp.) per h at
37°C [48].

Flow cytometry

Cell cultures, 48-h old, were incubated with cordycepin and
the cell cycle was analyzed immediately after the end of
drug treatment, by Becton Dickinson FACs Scan, accord-
ing to propidium iodide (PI; Sigma Chemical Co, St. Louis,
MO, USA) protocol [49, 50]. According to the protocol,
10% cells were washed in PBS (1x) and fixed in cold 70%
pure ethanol by adding it in a drop wise mode while vor-
texing (storage at 4°C for 30 min to 1 month). Cells were
then washed in PBS (1x), centrifuged at 1,000 rpm for
5Smin and the supernatant was discarded. Addition of
600 ul of the mixture followed, containing propidium
iodide (50 pg/ml), Tris (10 mM), MgCl, (5 mM) and Ribo-
nuclease A (10 pg/ml) for 30 min at room temperature and
the sample was analyzed by flow cytometer.

Mitochondrial transmembrane potential (Ay,,)

Cell cultures, 48-h old, were incubated with cordycepin for
the indicated time periods. Cells (10° cells/ml) were then fur-
ther incubated with 10 pg/ml JC1 (Bioproducts) in the dark
for 10 min, washed twice with PBS (1 x) and resuspended in
400 pl PBS (1x). The samples (10,000 cells/sample) were
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analyzed by Becton Dickinson FACs Scan with excitation
by a 488-nm-argon-ion laser and detection of the JCI1-
monomer and JCl-aggregates separately in the conven-
tional flow cytometer FL1 (green fluorescence) and FL2
(red fluorescence) channels, respectively [51, 52].

Results

Sensitivity of Daudi and Molt-4 cells to cordycepin
treatment: cell proliferation, apoptosis, necrosis, cell cycle
analysis

The effect of cordycepin on two human leukemia and lym-
phoma cell lines (Daudi, Molt-4), exposed to 20 pg/ml of the
drug for the indicated time periods, was examined and cell
viability was determined by MTT assay. Figure 1b shows
that the viability of both Daudi and Molt-4 cells was nega-
tively affected by cordycepin in a dose- (data not shown) and
time-dependent manner (since 4 and 24 h, respectively).

As MTT method assess quantitatively cell viability but
cannot distinguish between growth arrest, apoptosis, or

Fig. 1 Cytotoxicity of Daudi
and Molt-4 cells after treatment
with 0 (open diamond) or 20
ng/ml (filled diamond) of
cordycepin, for 448 h, assessed
by a cell proliferation, b MTT
assay and ¢ Trypan blue
staining. Data points are the
mean of three separate
experiments

Concentration of Total number of cells >
(x10° cells/ml)

=

100

Cell Viability
(% of control)

Concentration of trypan blue + cells a
(x10° cells/ml)
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necrosis, we also analyzed cell proliferation, cell cycle
arrest, DNA fragmentation and reduction in mitochondrial
transmembrane potential (Ay,,), as well as the percentage
(%) of trypan blue +ve cells (necrosis) for both of the cell
lines mentioned above.

Cell growth

Cell proliferation assessment after treatment with cordyce-
pin showed limited reduction of Daudi proliferative ability
since 24 h of treatment (Fig. 1a), which could explain only
in part the reduction in cell viability observed by the MTT
assay (Fig. 1b). In the case of Molt-4, there was no effect on
their proliferative ability (Fig. 1a).

Necrosis

Assessment of cell viability by trypan blue staining (necrosis)
showed that almost no necrotic phenomena appeared, dem-
onstrating that the variation in cell viability in both cell
lines (assessed by MTT) could reflect either cell cycle
arrest or apoptosis (Fig. 1c).
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Cell cycle analysis

To further investigate the antiproliferative effect of cord-
ycepin, we analyzed the distribution of both cell types into
distinct phases of the cell cycle, after their treatment with
20 pg/ml cordycepin, by flow cytometry. Daudi cells
showed limited or no cell arrest at the S phase of the cell
cycle since 24 h of treatment (Table 1), whereas Molt-4
cells showed more extensive cell arrest at the G1 phase of
the cell cycle since 24 h of treatment (Table 2).

DNA fragmentation

Limited morphological changes of apoptosis, such as chro-
matin condensation, fragmentation of nuclei and formation
of apoptotic bodies, were observed in Molt-4 cell line since
48 h and in Daudi cells since 24 h of treatment with cord-
ycepin (Fig. 2b). Apoptosis was further assessed by the
characteristic pattern of endonucleosomal DNA fragments
(indicative of apoptosis). However, limited DNA fragmen-
tation was observed (Fig. 2a), probably due to the small
extent of the phenomenon, and the predominance mainly of
chromatin condensation (Table 3).

Table 1 Cell cycle analysis of Daudi cells after treatment with
cordycepin

Cell cycle Cordycepin  Percentage (%) of cells,
phase (pg/ml) at each time point (h)
4 8 24 48
Gl 0 48+4 4943 39+£3 40+1
20 47+2 46+1 32+2 3242
S 0 46+2 46+1 57+1 57+2
20 48+£3 4941 64+2 66+1
G2/M 0 6+3 S5+1 4+2 3+1
20 542 542 3+1 2+1

Table 2 Cell cycle analysis of Molt-4 cells after treatment with cord-
ycepin

Cell cycle Cordycepin  Percentage (%) of cells,
phase (pg/ml) at each time point (h)
4 8 24 48
Gl 0 512 50+1 48+4 48+3
20 5541 5541 58+2 63=*1
S 0 462 48+£1 52+£3 51+£2
20 40+£3 37+1 41+£2 36=%1
G2/M 0 3+1 2+1 0£0 1+1
20 5+1 8£2 1+1 1+£2

4y,

We also assessed changes in the mitochondrial transmem-
brane potential (Ay, ), an early marker of mitochondrial
apoptotic pathway in order to distinguish possible apoptotic
pathways induced by cordycepin. The results showed that
Ay, was almost unaffected in Molt-4 cells (Fig. la),
whereas in Daudi cells it was highly reduced (Fig. 1a).
Taken together, the results presented above demonstrate
that both cell lines examined are induced to apoptosis with
20 pg/ml cordycepin and therefore the observed variation in
cell viability reflected mainly apoptosis. However, apoptosis
was induced probably via distinct pathways in the two cell
lines under study, which was mitochondrial in the case of
Daudi and non-mitochondrial in the case of Molt-4 cells. In
addition, the two cell lines showed distinct sensitivity to the
apoptotic, antiproliferative and cytotoxic effect of the agent.

PAP modulations in cordycepin-treated Daudi
and Molt-4 cells

Treatment of Daudi cells with 20 pg/ml cordycepin for the
indicated time periods (Fig. 3) did not affect significantly
either PAP isoforms or activity levels until 48 h. However,
in the case of Molt-4 cells, all three PAP phosphorylated
isoforms (100, 106 and 80 kDa) are significantly increased
at 8 h of treatment, as well as PAP activity levels, and to a
lesser extent at 24 and 48 h of treatment, whereas at 48 h
there is a smaller increase in the 106 kDa isoform of PAP
and a decrease in the other two PAP isoforms.

Discussion

Lately, analysis of the expression profiles of an increasing
number of genes involved in cancer development, progres-
sion and therapeutics, has revealed that many of them are
implicated in cancer cell apoptosis. Such an example is the
PAP and the BCL2 gene family members, as well as many
more [53, 54]. Both, the BCL2 and the PAP family of pro-
teins (including BCL2L12, a new member) play an impor-
tant regulatory role in the apoptotic process, showing
prognostic potential and possessing an important role in
determining response to chemotherapy in distinct types of
cancer, as well as in cancer cell systems [53-57].

Our present research approach, aim at the recognition of
PAP as a potential marker of apoptosis in cancer therapy
outcome. The specific tissue expression and activity pat-
terns of PAP isoforms in distinct types of cancer suggest
multiple physiological roles. However, much need to be
learned about the expression and activity of PAP isoforms
in diverse cancer types and the underlying biological effects
resulting from their enzymatic action.
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Fig. 2 a DNA cleavage, % of reduction in mitochondrial transmembrane potential and b DAPI staining (magnification, x400), of Daudi and
Molt-4 cells, in the absence or presence of 20 pg/ml of cordycepin, for the indicated time periods

Cordycepin is a well-known polyadenylation inhibitor
and an analogue of adenosine, which is used in the treat-
ment of many types of leukemia [4—6, 11, 13]. Until a few
years ago, it was believed that the use of adenosine ana-
logues in chemotherapeutic regimens was mainly based on
their antiproliferative and cytotoxic effect. However, recent
studies have shown that purine analogs have demonstrated
promise for cancer treatment and more specifically, many
adenosine analogues demonstrate their anticancer activity
through entering cellular nucleotide pools and induction of
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differentiation [2, 3] or programmed cell death [5-9],
processes which in many cases, are cell type-dependent.
Therefore, it was expected that inhibition of polyadenyla-
tion with cordycepin would result in intervention in PAP
levels and consequently changes in the apoptotic process.
In the present study, we intervened in the polyadenyla-
tion process by studying the effect of cordycepin (a poly-
adenylation inhibitor) on Daudi and Molt-4 cell lines, as
well as PAP activity and isoforms. Our results showed that
PAP activity and isoforms are modulated as a response to
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Table 3 PAP form modulations along treatment of Daudi and Molt-4
leukemia cells with cordycepin

PAP form Time of exposure (h) to 20 pg/ml cordycepin
molecular
weight (kDa) 4 8 24 48
Daudi
106 4 13 2 1
100 20 21 -7 -2
80 7 14 21 11
Molt-4
106 10.6 60.4 50 24
100 0.22 25.8 4.4 —36
80 -85 26.8 10.7 —36

Changes based on quantitative densitometric data, according to west-
ern blot analysis performed using the NIH Image program, developed
at the U.S. National Institute of Health (http://www.rsb.info.nih.gov/
nih-image/). % changes = B — A/A x 100, where A is the densitomet-
ric data for the control sample and B that for the sample treated with
drug. A positive number indicates an increase and a negative number a
decrease in the level of PAP forms expression

cell treatment with cordycepin, only in Molt-4 cells and not
in Daudi cells. Inhibition of polyadenylation with cordyce-
pin causes chromatin condensation and whole cell shrink-
age, without endonucleosomal cleavage of DNA, in both
cell lines, although with delay and to a greater extent in
Molt-4 cells, and with decrease of Ay, appearing only in
Daudi cells. Therefore, treatment of both cell lines with
cordycepin leads to apoptosis induction, probably through
distinct pathways (mitochondrial in the case of Daudi and
non-mitochondrial in the case of Molt-4), which may

Fig. 3 Activity and western blot
analysis of PAP enzyme forms
in lysates from Daudi and Molt-

Cordycepin (20 pug/ml)

account for the distinct cell response as far as PAP activity
and isoforms is concerned. Chromatin condensation and
fragmentation observed in Molt-4 cells may be due to the
inhibitory action of cordycepin on TdT, which has as a
result the induction of cytotoxic and apoptotic phenomena
in cases of TAT*® cells, such as Molt-4 [5]. Apoptosis
induction by an adenosine derivative, 1-[2-chloro-6-
[[(3-iodophenyl)methyl]Jamino]-9H-purin-9-yl]-1-deoxy-N-
methyl-beta-p-ribofuranonamide (CI-IB-MECA), in Molt-4
cells, has also been previously reported [58].

In the case of Molt-4 cells, PAP activity and isoforms
increase, which occurs as a response to cordycepin treat-
ment, appears prior to any characteristic apoptotic or cyto-
toxic changes, along the early reversible phase of cell
commitment to apoptosis. This pattern of PAP modulations
may imply that the cellular need for polyadenylation, in
order for non-mitochondrial apoptosis to be induced via a
polyadenylation specific inhibitor, may be expressed by
increase of PAP enzyme activity and isoforms levels prior
to any morphological changes of apoptosis, so that specific
mRNAs are stabilized. However, as the apoptotic phenom-
enon progresses, PAP isoforms increase remain, but it pro-
gressively becomes eliminated, leading finally to the
decrease in PAP protein levels.

An alternative approach in the explanation of our find-
ings concerns the investigation of a possible correlation
among PAP modulations and the course of cell cycle in the
two cell lines. We have shown that only in the Molt-4 cell
line, cordycepin treatment causes cell accumulation at the
G1 phase of the cell cycle, in parallel with the appearance
of changes in chromatin structure (condensation and/or

Daudi Molt-4
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cleavage). However, in Daudi cells, there is no significant
cell arrest, with PAP forms and activity remaining
unchanged. This implies that Molt-4 cells arrest at the first
stage of DNA repair mechanisms (G1 phase) and advance
in the production of mRNAs which will be expressed for
the execution of DNA synthesis (S phase). PAP is therefore
necessary to be present within Molt-4 cells in a continuous
active form, explaining the increased PAP activity and iso-
form levels that were observed. What is more, the role of
the distinct origin of the two cell lines under study, in their
differential response to drug treatment, should not be
excluded. This in conjunction with the fact that Daudi cells
show much lower PAP activity levels, in comparison to
Molt-4 cells, may imply that since T cells (Molt-4) possess
a more comprehensive role within the cells than B cells
(Daudi), they may be more metabolically active, as well as
their enzymes involved in nucleotide metabolism, such as
PAP, and therefore they may respond more rapidly and
markedly to exogenous stress.

Overall, we could say that the differentiated modulations
of PAP in the two leukaemia and lymphoma cell lines may
be a result of the additive effect of the changes in cell cycle
and apoptotic pathway induced.
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