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Abstract—It was demonstrated that 5-ethyl-2’-deoxyuridine (EtUdR), an analogue of
thymidine, can restore cell proliferation in human phytohemagglutinin (PHA)-stimu-
lated lymphocyte cultures grown under condition of DNA synthesis block due to
amethopterine induced thymidine deficiency. Under similar conditions, 1“C-EtUdR was
found to be incorporated into nuclei of lymphocytes entering the S (DNA synthesis)
phase of the cell cycle, following release of a G4/S cell cycle block by the analogue.
The lower efficiency of EtUdR, as compared with thymidine, for reversal of ame-
thopterine imposed DNA synthesis inhibition was shown to be due to the slowdown of
the passage of cells through the proliferation cycle, when thymidine was substituted by
the analogue. High excess of EtUdR blocks the passage of cells through the cycle,
similarly or even more efficiently than thymidine, but does not affect metabolic
processes preceding DNA synthesis.

No changes in chromosome structure were found in cultures grown in media con-
taining amethopterine and EtUdR, which implies that the analogue does not induce
chromosome aberrations at least during the first generation following incorporation
into DNA of somatic cells.

5-ETHYL-2"-DEOXYURIDINE (EtUdR), an analogue of thymidine (5-methyl-deoxyuri-
dine)! was shown to be incorporated into phage DNA.23 It was also found that
5-ethyluracil may undergo incorporation into bacterial DNA in T~ strains of Escheri-
chia coli.* 1t has been reported that EtUdR exerts an antiviral effect against vaccinia
virus in HeLa cells' and against herpes simplex virus in experimental keratitis.®> On
the other hand the analogue was found to be nonmutagenic in T, phage in an assay
system as developed by Freeze.® One may speculate as to the chemotherapeutic
potential of EtUdR, but nothing is known about uptake of the analogue by, and its
effect on, mammalian cells.

‘When phytohemagglutinin (PHA)-stimulated lymphocytes are grown in the presence
of amethopterine (methotrexate-MTX), the activated cells accumulate at the G1/S
point or early in the S phase of the first generation cycle. The DNA synthesis block can
be reversed within minutes by exogenous thymidine, which results in the restoration of
the passage of cells through the cycle and initiation of mitotic activity some hours
later.” Since the block following incubation with amethopterine results from thymidine
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deficiency, the system is particularly suitable for tests of biological properties of thymi-
dine analogues. The system, as outlined above, was employed in the present work for
studies of some biological effects of EtUdR upon mammalian cells. In particular:
(1) Experiments were carried out to test if EtUdR can restore the passage of cells
through the cycle in cultures grown in presence of MTX. The ability of EtdUR, as
compared to TdR, to reverse the MTX-imposed block was subsequently tested over a
wide concentration range. (2) Using a '#C-labelled analogue and autoradiography,
evidence of EtUdR incorporation into the nuclei of lymphocytes entering the S phase
of the cell cycle under conditions of thymidine deficiency was obtained. (3) Experi-
ments were designed to test possible effects of EtUdR on metabolic processes preceding
DNA synthesis in culture. (4) The relative rates of passage of cells through the pro-
liferation cycle in cultures in which the MTX imposed block was reversed by EtUdR
and TdR, respectively, were compared. (5) The mutagenicity of EtUdR was tested
by a search for chromosome abnormalities under conditions of reversal of the MTX
imposed DNA synthesis block by the analogue.

MATERIALS AND METHODS

The technique of leucocyte separation and cultivation is described in detail
elsewhere.”

Blood for all experiments was obtained from blood donors and mixed immediately
with Hanks solution (1 part of Hanks per 6 parts of blood) containing heparin and
kanamycin. Following 2 hr incubation at 37°, the plasma layer containing leucocytes
was separated. Lymphocytes contributed usually about 70 per cent of the total leuco-
cyte count. No attempts were made to further separate lymphocytes from poly-
morphonuclear cells.

The culture medium consisted of 75 per cent of Parker’s TC 199 solution freshly
supplemented with glutamine and 25 per cent of autologous plasma. Phytohemagglu-
tinin (PHA-purified A from Wellcome) was added to this medium to a concentration
of 5 pg/ml. This concentration was found to induce, in several preliminary experiments,
optimum growth stimulation as defined by the mitotic index, following 3 hr incubation
with colcemide at the end of day 3 of cultivation. The lymphocyte count in the final
medium was adjusted to 0-75-1-0 x 10° per ml.

In the majority of experiments, amethopterine (methotrexate-MTX, from Lederle)
and adenosine (Ad, from Reanal) were added to the culture media from the onset of
incubation at concentrations of 3 x 10~7 and 1-5 X 1073 M respectively.

The pH of the medium was always corrected to about 6+9 with 1-0 N HCI. Lympho-
cyte suspensions in medium were cultivated in 4 ml aliquots in rubber-stoppered
culture vials at 37°. The medium was routinely replaced by a fresh one, without PHA,
at the end of day 2 of incubation. In some experiments, the following compounds
were also used: (a) 5-ethyl-2’-deoxyuridine (EtUdR), was dissolved in Parker’s TC 199
solution and added to a culture to a concentration of 2 X 10~* M, unless otherwise
stated. 5-Ethyl-[**C]-2’-deoxyuridine (sp. act. 27 mCi/mM) was a kind gift of
Dr L. Pichat (Service des Molecules marquées, C.E.N. Saclay, France) to Professor
D. Shugar. (b) Bromodeoxyuridine (BUdR) from Sigma, in Parker’s TC 199 solution
was added to cultures at a concentration of 2 X 104 M. (¢) Thymidine (TdR) from
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Sigma, in Parker’s solution, if not otherwise stated, was added to cultures at a concen-
tration of 2 X 107% M. **C-2-Thymidine, from Amersham (sp. act. 80-5 mCi/mM was
diluted with “‘cold” thymidine to reduce the specific activity to 27 mCi/mM),

Cultures were usually harvested at the end of the third, or during day4 of cultivation.
Colcemide, 5-4 x 10~7 M, was always added 3 hr prior to harvest. Several air-dried
preparations were made from the contents of each culture vial according to the method
of Moorhead ez al.,® that is after hypotonic treatment and acetic acid-methyl alcohol
fixation. The preparations were stained either with aceto-orcein or Giemsa. The mitotic
index was calculated after scoring 2000 cells per culture. To evaluate the number of
cells incorporating 5-ethyl-[**C}-2"-deoxyuridine or **C-2-thymidine, air-dried slides
were covered with Kodak AR stripping film, exposed in darkness at 0-4° for 7-10 days
and, following development according to standard procedures, stained with Harris’s
hematoxylin. At least 1000 cells were scored for the label on each slide.

In experiments where chromosome aberrations were scored, the scoring criteria,
essentially as defined by Sharpe et al.,” were adopted. Chromatid breaks were recog-
nized when there was a discontinuity in one chromatid without dislocation of the
peripheral fragment. In cultures which had been irradiated with X-rays, only asym-
metric exchanges (dicentric and rings) and acentric chromosome fragments {terminal
and intercalary in one class) were scored. Metaphases with dicentrics and rings,
without accompanying fragments, were particularly carefully analysed to rule out
possible bias.

RESULTS AND DISCUSSION

Restoration of cell proliferation by EtUdR in lymphocyte cultures grown in the
presence of MTX. Several experiments were carried out to compare the ability of
EtUdR and TdR to restore cell proliferation in cultures grown in the presence of
amethopterine.

In eight experiments EtUdR or TdR were added at a concentration of 2 x 107*M
at the onset of incubation to replicate cultures suspended in a medium containing
MTX and Ad. The cultures were harvested at the end of day 3 of cultivation and
mitotic indexes in corresponding EtUdR and TdR cultures were compared.

It is apparent from the results obtained (Table 1) that the analogue can restore in
part the passage of cells through the cycle, though, at the concentration tested, less
efficient than TdR. It is also evident that the ratio of mitotic indexes in both types of
cultures is subject to considerable variability.

In 3 subsequent similar experiments EtUdR and TdR, respectively, were added to
parallel, replicate cultures at the onset of cultivation at concentrations ranging from
2X 1078108 x 107* M.

It appears from these experiments (Table 2) that the efficiency of EtUdR vs. TdR
in restoring cell proliferation in MTX cultures is Jower over the entire concentration
range tested. The plateau of mitotic activity, corresponding to the maximum reversal
of the MTX block, is reached with TdR concentrations at least one order of magnitude
lower as compared with EtUdR.

Initiation of DNA synthesis in lymphocyte cultures was demonstrated to vary
considerably from donor to donor.!® Hence, if an assumption is made that EtUdR
can replace TdR in DNA under conditions of MTX-imposed thymidine deficiency,
but simultaneously slows down the passage of cells through the S and/or G2 phase,
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TaBLE 1. CELL PROLIFERATION IN LYMPHOCYTE CULTURES GROWN IN MEDIA
CONTAINING MTX AND TdR orR EtUdR ADDED AT THE ONSET OF CULTIVATION

Mitotic indexes (%) in cultures:

Control without MI EtUdR
Exp. No. EtUdR or TdR EtUdR TdR ™ TdR*
1 0-00 0-50 2-30 21-5
020 1-80 110
2 0-00 1-50 195 79-9
0:70 2:15 32:5
3 0-00 2:15 2:55 84-3
2:30 2-80 82-1
4 1-80 3-15 57-0
5 0-00 1-15 1-85 59-8
6 0-80 2-80 28-5
7 0:00 1-20 270 444
2:25 3-65 56-1
8 0-25 175 5-20 33-6
1-80 595 30-2

Lymphocyte cultures were cultivated 70 hr in a medium containing MTX
(3 x 10~7 M) and adenosine (1-5 x 1073 M). TdR or EtUdR (2 x 10~* M)
were added at the onset of incubation. The cultures were harvested following
3 hr incubation with colcemide. Mitotic indexes were evaluated by scoring
2000 cells per culture.

* Mitotic index (%) in cultures with EtUdR

Mitotic index (%) in_caltures with TdR 100
This ratio, expressed in percent, shows the ability of EtUdR to replace TdR in
reversing of DNA synthesis block.

the variability of comparative efficiencies of EtUdR vs. Tdr in restoring cell prolifera-
tion can be well explained.

Autoradiographic proof of substitution of TdR by 5-EtUdR under conditions of
MTX-induced DNA synthesis block. To furnish a direct proof that 5-ethyl-deoxyuridine
can replace thymidine in the DNA of proliferating cells under conditions of thymidine
deficiency, two types of experiments were carried out (Table 3): (1) 0-5 wCi of *4C-5-
EtUdR or 1#C-TdR per 1 ml of culture were added respectively to parallel replicate
cultures after 69 hr of cultivation in a medium containing MTX. The cultures were
harvested 3 hr later and, following autoradiography, the percentage of labelled cells
was evaluated. Since in both experiments only a fraction of cells incorporated
labelled EtUdR or TdR, and since the size of this fraction was similar when either
was employed, it may be inferred that: (a) EtUdR, like TdR,is incorporated only into
cells ready to enter the S phase, (b) all cells which display the ability to incorporate
TdR into the nuclei following prolonged growth in 'presence of MTX [can, under
condition of thymidine deficiency, incorporate EtUdR instead.

(2) In a parallel experiment 1-0 uCi of *C-EtUdR and 12-5 ug of “cold” EtUdR
or 1-0 uCi of 1*C-TdR and 125 pg of “cold” thymidine respectively were added to
4-ml cultures, together with MTX at the initiation of cultivation. The cultures were
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TABLE 2. CELL PROLIFERATION IN REPLICATE LYMPHOCYTE CULTURES GROWN IN MEDIA CONTAINING
MTX AND DIFFERENT CONCENTRATIONS OF EtUdR or TdR

Mitotic indexes (M.1.) in culture

Concentration of TdR with
or EtUdR M.I EtUdR*
Exp. No. (Mole) TdR EtUdR " TdR

1 2 x 1078 0-20 015

4 x 10°8 010 025

1 x 1077 0-15 0-20

2 x 107 0-80 027

2 x 10-¢ 270 0-42 15-5

2 x 10-5 3-60 0-15 4-1
2 None 0-00

5 x 10-¢ 3-40 0-50 14-4

1 x10-3 340 0-85 23-0

2 x 10-5 325 0-65 200

5 x10°% 3-55 0:90 253

1 x 104 4-40 1-30 29:5

2 x10°% 3-15 1-80 51-1
3 None 0-25

3 x10-% 4-85 1-55 31-8

4 x 10-4 3-65 1-35 369

5 x 1074 4-75 125 263

6 x 10~% 300 045

8 x 10-4 335 1-05 313

Lymphocyte cultures were cultivated 70 hr in a medium containing MTX (3 X 10~7 M), adenosine
(1:5 x 10-3 M) and TdR or EtUdR in different concentrations. The cultures were harvested following
3 hr incubation with colcemide. Mitotic indexes were evaluated by scoring 2000 cells per culture.

* Mitotic index (%) in cultures with EtUdR 100

Mitotic index (%) in cultures with TAR
This ratio, expressed in per cent, shows the ability of EtUdR to replace TdR in reversing of DNA
synthesis block.

TABLE 3. PERCENTAGE OF CELLS INCORPORATING **C-TdR AND *C-EtUdR IN LYMPHOCYTE CULTURES
GROWN IN A MEDIUM CONTAINING MTX

% of labelled cells

Conditions of labelling 14C-TdR 4C-EtUdR
A* 4C-TdR or *C-EtUdR added 3 hr prior to harvest 405 41-8
523 43-8
Bt *C-TdR or '“C-EtUdR added at the onset of incubation 53-5 39-1
49-8 385

* 0-5 Ci of **C-EtUdR or '*C-TdR per 1 ml of culture were added respectively to parallel replicate
lymphocyte cultures after 69 hr of cultivation (3 hr prior to harvest). Following autoradiography, the
per cent of labelled cells was evaluated.

1 1-0 uCi of **C-EtUdR and 12-5 pg of “cold” EtUdR or 1-0 xCi of 1*C-TdR and 12-5 pg of “cold”
TdR respectively were added to replicate cultures, together with MTX at the onset of incubation. The
cultures were terminated after 72 hr of cultivation and the per cent of labelled cells was scored
following autoradiography.
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terminated after 72 hr of incubation and, following autoradiography, both the
percentage of labelled interphase nuclei and metaphases were evaluated. The percen-
tage of labelled interphase nuclei was somewhat lower in cultures incubated with
EtUdR. It was assumed that the difference in per cent labelled cells in both types of
cultures may depend upon the slow-down of passage of cells through the successive
generations under conditions of EtUdR incorporation. The assumption is strength-
ened, as in previous experiments, by the differences in the respective mitotic indexes
(1-3and 1% in EtUdR vs. 3-8 and 3-6 % in TdR cultures). In EtUdR and TdR cultures,
200 and 138 metaphases, respectively, were scored for the presence of label. The finding
that all metaphases were labelled both in TdR and EtUdR cultures, implies that
substitution of thymidine by the analogue in newly synthesized DNA is compatible
with the progression of cells through the cycle and, moreover, that under conditions of
thymidine deficiency the incorporation of EtUdR is a prerequisite for the passage of
cells into the DNA synthesis period, and subsequently, mitosis.

Reversibility of proliferation block imposed by high concentrations of EtUdR. It has
been demonstrated previously that thymidine, when added to lymphocyte cultures in
high concentrations can block the passage of the cells through the cycle presumably
through inhibition of DNA synthesis and that this effect is entirely reversible following
the removal of excess of nucleoside from the medium.” A similar effect was sought for
EtUdR in an experiment which was designed as follows: Replicate lymphocyte cultures
were grown, respectively: (1) in the presence of MTX and Ad in standard concentra-
tions, (2) TdR (concentration 7-5 X 1073 M) and (3) EtUdR (concentration 7-5
x 1073 M), added at the onset of cultivation. Part of these cultures were harvested
at the end of day 3 of cultivation. The respective mitotic indexes from these cultures
were: 0-0, 0-8 and 0-05 per cent. In a second set of duplicate cultures, the medium was
exchanged for a fresh one in the case of (1) MTX cultures containing TdR in a concen-
tration of 2 X 10~* M, and in (2) TdR and (3) EtUdR cultures without the respective
compound. Following 18 hours of incubation colcemide was added and the cultures
were harvested 3 hr later. Mitotic indexes of these cultures were respectively 4-5, 6+5
and 5-25 per cent. It is apparent from this experiment that high excess of EtUdR
blocks the passage of cells through the cycle, similarly to, or even more efficiently
than, TdR. The effect is entirely reversible following the wash-out of excess of
analogue. It may therefore be inferred that EtUdR, even in high concentration,
does not affect irreversibly the course of metabolic events leading to the initiation
of DNA synthesis in the culture.

Evaluation of the kinetics of passage of cells through the cycle following reversal of the
MTX imposed DNA synthesis block by EtUdR. To explain the relatively lower efficiency
in the reversal of MTX imposed proliferation block by EtUdR as compared with TdR.
the assumption was put forward that the analogue slows down the passage of cells
through the cycle when added to cultures in which TdR incorporation is blocked. Twc
types of experiments were carried out to test this assumption:

(a) Two parallel culture series were grown in the presence of MTX and Ad until the
end of day 3 of incubation, when TdR or EtUdR, respectively, were added in standarc
concentrations to restore cell proliferation. During the 2 subsequent days of cultiva:
tion, parallel cultures were harvested at 3, and later at 6, hr intervals following incuba
tion with colcemide.

Mitotic curves following block reversal in these cultures are plotted in Fig. 1. It i
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Fic. 1. Mitotic curves following reversal of MTX imposed DNA synthesis block by TdR (O---0)

and EtUdR (O——0). Two series of replicate lymphocyte cultures were grown in a media containing

MTX and adenosine. After 70 hr, EtUdR and TdR, respectively, at concentration of 2 X 10% M,

were added to these cultures which were subsequently harvested at 3 and later 6 hr intervals, following
3 or 6 hr incubation with colcemide.

apparent that the mitotic wave following MTX block reversal by EtUdR is somewhat
delayed in time and considerably lower than in the TdR control. This result is com-
patible with the assumed delay of passage of cells through the cycle following reversal
of MTX block by EtUdR.

(b) Two parallel cultures series with MTX and Ad in the medium, and TdR and
EtUdR respectively added at the onset of cultivation, were irradiated with a total dose
of 212 rads of hard X-rays (250 kV, 1-5 mm Cu filtration, dose rate 48-6 rads/min)
immediately before PHA was added. Duplicate parallel cultures were then harvested
at the end of days 3, 4 and 5 of incubation. One-hundred well spread metaphases were
analysed for the presence of asymmetric chromosome aberrations (dicentrics and
rings) and acentric fragments. It is apparent from Fig. 2, in which the data from this
experiment are assembled, that although at day 3 of cultivation the frequency of
acentric fragments was comparable in both types of cultures, the rate of the elimination
of aberrations during the 2 subsequent days of incubation was slower by a factor close
to 5 in EtUdR cultures. On the other hand, 2-5 times more asymmetric chromosome
aberrations in TdR, as compared with EtUdR cultures, were not accompanied by an
acentric fragment. Since it is well established that acentric chromosome fragments
are virtually completely eliminated at the first postirradiation division, whereas the
elimination of asymmetric aberrations due to secondary rearrangements is somewhat
slower,!! the results clearly imply that many more cells are at their first postirradiation
division in EtUdR cultures following 5 days of incubation then in the parallel TdR
controls. The rate of elimination of acentric fragments, and the relatively slower

increase of the fraction of cells carrying asymmetric chromosome exchanges without
corresponding fragments, indicates therefore that this is due to the slowdown of the
passage of cells through the proliferation cycle in EtUdR cultures.
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Search for chromosome abnormalities in cultures in which cell proliferation was
restored by EtUdR. Tt is known that the incorporation of some nucleoside analogues
into DNA of cells in culture results in the induction of certain types of chromosome
abnormalities.!? It was demonstrated in several preliminary experiments that in
cultures grown in presence of MTX (without adenosine), following block reversal
by thymidine, essentially no chromosome aberrations are found. Although, excep-
tionally, some chromatid breaks are encountered, their frequency is always below 10
per 100 metaphases. This value corresponds to the background in asynchronous
lymphocyte cultures.
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Fic. 2. Frequency of cell carrying X-ray-induced chromosome aberrations in relation to the time of
culture in Iymphocyte cultures grown in media containing MTX and TdR or EtUdR. Replicate
lymphocyte cultures grown in media containing MTX and TdR or EtUdR (2 x 10~* M) were irradi-
ated at the onset of cultivation with 212 rads of hard X-rays (250 kV,15m A, 1-5mm Cu filtration, dose
rate 46:8 rev./min) and harvested after different time intervals, The frequency of cells carrying acentric
chromosome fragments in EtUdR (@——@) and TdR (O——O) cultures, and the frequency of
cell carrying asymmetric chromosome aberrations with accompanying fragment(s) in EtUdR
(@-x—-x-@) and TdR (O—X—xX—0O) cultures were estimated. The ratio of cells carrying
asymmetric chromosome aberrations (dicentrics and/or rings) without accompanying fragment to all
cells carrying asymmetric chromosome aberrations in EtUdR (@---@®) and TdR (O---0)
cultures was calculated.

To explore the possible mutagenic effects of EtUdR, an experiment was carried out
in which three replicate parallel cultures established in a medium containing MTX
were incubated from the onset of cultivation with EtUdR, TdR and BUdR respectively
at concentrations of 2 X 10~* M. The cultures were harvested after 70 hr of incubation
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and 204-223 metaphases were analysed for chromosome aberrations. The results of
the experiments are summarized in Table 4: with the exception of chromatid breaks,
no other chromosomal abberations were encountered in all 3 types of cultures. The
frequency of chromatid breaks in TdR and EtUdR cultures corresponded to back-
ground levels. On the other hand chromatid breaks were encountered quite frequently
in BUdR cultures, in line with previous reports.!? The results of this experiment

TABLE 4. FREQUENCY OF CHROMATID ABERRATIONS IN METAPHASES
FROM STIMULATED LYMPHOCYTES CULTURES GROWN IN MEDIA CON-
TAINING MTX anDp TdR, BUdR or EtUdR, RESPECTIVELY

MTX block No. of metaphases No. of chromatid

reversed by scored breaks per cell
TdR 204 0-02
EtUdR 223 0-01
BUdR 220 010

Replicate lymphocyte cultures were grown in media containing
MTX and TdR, BUdR or EtUdR (2 X 10~* M) from the onset of
incubation. All cultures were harvested after 72 hr of cultivation.
Colcemide was added 3 hr prior to harvest.

prove that EtUdR, while restoring proliferation in MTX blocked cultures, does not
induce noticeable aberrations of chromosome structure, at least during the first
generation following incorporation into DNA. This can however not be accepted as
final evidence for non-mutagenicity of the analogue incorporated into DNA of somatic
mammalian cells, since the possibility of point mutations must still be considered.
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