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Studies of the Differentiation Properties of

Camptothecin in the Human Leukaemic
Cells K562

Paul M.]J. McSheehy, Marco Gervasoni, Vito Lampasona, Eugenio Erba
and Maurizio D’Incalci

Camptothecin, a specific inhibitor of topoisomerase I, caused erythroid differentiation of the human leukaemia
cell-line K562, as assessed by benzidine staining at 70 h recovery following a 60 min treatment of the cells.
Differentiation was confirmed by increased levels of e-globin and y-globin mRNA in the treated cells and was
accompanied by down-regulation of c-myb mRNA. Synchronisation of K562 cells by non-cytotoxic doses of
methotrexate increased the differentiation induced by camptothecin, without affecting the camptothecin-induced
inhibition of cellular proliferation. Camptothecin induction of differentiation and inhibition of proliferation may

occur by independent mechanisms.
Eur ¥ Cancer, Vol. 27, No. 11, pp. 1406-1411, 1991.

INTRODUCTION

CAMPTOTHECIN is an alkaloid isolated from the Chinese plant
Camptotheca acuminata and is an effective anticancer agent in
several animal solid tumour models [1]. The cellular target for
camptothecin is the nuclear enzyme DNA topoisomerase 1.
Camptothecin is specific for topoisomerase I since topoisomerase
II is not affected by the drug [2] and camptothecin-resistant
cells either possess a drug-resistant form of topoisomerase I [3,
4], or have significantly reduced levels of the enzyme [4, 5].
Camptothecin inhibits the normal activity of topoisomerase I
and stabilises the intermediate enzyme-linked DNA breaks
[2]. These single-strand DNA breaks (DNA ssB) are readily
reversible [6], but induce events that culminate in cytotoxicity.

Topoisomerase I levels are unchanged during the cell cycle
[7] and camptothecin-induced DNA ssB frequencies are compar-
able in S and G1 phase cells [8]. However, although this implies
that camptothecin has no specificity for any particular phase of
the cell cycle, experiments using mouse leukaemia cells [9, 10]
and hamster fibroblasts [10] suggested that S-phase was most
sensitive, possibly because of a lethal collision between DNA
replication forks and the drug-induced DNA topoisomerase I
complexes [11, 12]. Thus in principle, mechanisms designed to
increase the number of cells actively synthesising DNA in S-
phase [13, 14] should increase the cytotoxicity of camptothecin
as has been reported recently for the topoisomerase II inhibitor
etoposide [15, 16].

In addition to its cytotoxic effect camptothecin has been
reported to induce myeloid differentiation of human leukaemic
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cell lines [17, 18]. In the present work we show that campto-
thecin can also induce erythroid differentiation of the human
leukaemia cells K562 and we report some studies on the mechan-
isms possibly involved in this process.

MATERIALS AND METHODS

Materials

The sodium salt of camptothecin (NSC 100880) and metho-
trexate were gifts from the National Cancer Institute, Bethesda,
Maryland. Bromodeoxyuridine (BrdU) and anti-BrdU products
were from Becton Dickinson. Propridium iodide (PI) and normal
goat serum were purchased from Calbiochem and Dakopatts,
Denmark, respectively. Benzidine reagent and hydrogen per-
oxide were obtained from Sigma. The reagents used for RNA
isolation from cells and the northern blotting were from Bethesda
Research Laboratories, London. The c-myb probe was a com-
plete human ¢cDNA probe kindly provided by Riccardo Dalla
Favera, New York University, New York.

Cell culture and synchronisation

K562 cells were routinely propagated in suspension in RPMI
1640 tissue culture medium (Gibco) containing 10% heat-inacti-
vated foetal bovine serum (Flow) at 37°C in an atmosphere of
95% 0,, 5% CO,. The cells were maintained between 6 x 10*
and 6 x 10°/ml for exponential growth. For synchronisation,
cells at a concentration of 2 X 105ml were treated with
0.02 pwmol/l methotrexate for 23 h. After treatment, the medium
containing methotrexate was removed, the cells were washed
twice with phosphate-buffered saline (PBS) at 37°C and incu-
bated in fresh medium. Non-treated cells were diluted to the
same concentration as methotrexate-treated cells and at different
intervals synchrony was checked using flow cytometric methods.

Treatment with camptothecin and detection of differentiation
Cells in exponential growth were treated for 60 min or 24 h
with camptothecin, washed once in PBS, resuspended in fresh
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medium and put into recovery. Erythroid differentiation of the
cells was assessed by the benzidine staining method of Wanda et
al. [19]. Briefly, at least 10° cells were washed twice in PBS,
resuspended in 1 ml PBS and 100 pl of the suspension was
added to 50 pl 0.2% benzidine HCl which had been freshly
activated by the addition of 50 ul of hydrogen peroxide to 1 ml
of benzidine HCI. The cells were moved to the dark for at least
20 min before examination under a light microscope at 200 x
magnification for benzidine staining (Bz +). K562 cells are
normally of diameter about 12 pum with less than 2% of the cells
twice this diameter (large cells). In each experiment (except
where shown) the different treatments were examined in tripli-
cate and in each of the triplicates a minimum of 150 cells were
counted with the number of Bz + cells recorded as a % of the
total number of cells.

Flow cytometric analysis

Monoparametric conventional cell cycle analysis using PI
[20] and biparameter analysis using the PI and BrdU indirect
immunofluorescent method [21] were performed using a FACS
Star Plus (Becton Dickinson) coupled with a Hewlett Packard
Consort 30 computer system. To assess the cell cycle phase
percentages, the method of Krishan and Frei [22] was used.
Relative movement was calculated by the method of Begg et al.
[23].

Isolation of RNA and northern blotting

RNA was isolated from cells using the thiocya-
nate-phenol-chloroform method [24] and 10 pg of each sample
were electrophoresed on a 1% agarose-formaldehyde gel. RNA
was then transferred to a nylon filter (Amersham Hybond-N +)
and hybridisation was performed following the protocol of the
producer. To ensure equal volumes of RNA were added to each
lane samples were tested spectrophotometrically and then after
electrophoresis by ethidium bromide staining. All the probes
that were used were labelled by the random priming-labelling
extension method.

Alkaline elution

DNA ssB were analysed by DNA-denaturing alkaline elution
(pH 12.1) under deproteinising conditions [25]. Drug-induced
ssB were compared with ssB induced by X-rays on ice.

Statistics
The statistics used were either a paired ¢-test or Gabriel’s one-
way analysis of variance.

RESULTS

A 60 min treatment of K562 cells with 1 wmol/l camptothecin
caused near or almost complete cessation of cell growth and over
70 h led to a gradual increase in the percentage of cells staining
positively for benzidine (Bz +) (Fig. 1). On average, by day 3
of recovery from a 1 wmol/l dose, 20% of the cells were Bz +
whereas of untreated cells between 2 and 3% were positive;
while for comparison, using Hemin (40 umol/l) as a positive
control, we found between 10 and 30% (95% confidence limits,
n = 3) of the cells to be Bz + after 24 h continuous treatment.
Differentiation by camptothecin was always accompanied by a
block in the S-late, GZM cell cycle phase (SLG2M block) and a
consequent increase in the average cell size. By increasing the
camptothecin concentration and exposure time, a larger SLG2M
block at 24 h recovery as well as an increased inhibition of cell
growth and increased differentiation were evident (Table 1 and

1407

30
2
°
[=
S 204
v
¢
S
g
8 104
8

 — e —®
o L] LS L] I L]
20 30 40 50 60 70 80
Time (h)

Fig. 1. Time-course of differentiation of K562 cells by CPT. Mean
(S.E.) of three independent experiments. ¢ = Control and W =
camptothecin treated cells.

Table 1. Dose-response for differentiation and growth inhibition of
K562 cells treated by camptothecin

Treatment % Bz + Cell no. (% control) n
S pmol/l: 1 h 44.7 4.4 1
1 pmol/l: 1h 20.9 3.4) 13.4 (2.7 5
0.25 pmol/l: 1h 9.1 (1.0) 34.9 (4.7) 5
0.01 pmol/l: 1h 2.0(0.3) 95.2 (4.3) 2
0.01 pmol/l: 24 h 11.0 (0.6) 36.3 (3.3) 2

Differentiation (Bz + cells) and cell no./ml were determined after 70 h.
Mean (S.E.) of n experiments when the % Bz + staining of untreated
cells was from 1.9 to 3.3, 95% confidence limits (n = 14).

Fig. 2). However, the SLG2M block did not seem to be
prerequisite for differentiation, since in all experiments the
small cells (normal size) had a much greater percentage staining
Bz + than the large cells (Table 2).

Northern blots from RNA extracts of cells treated for 60 min
by 0.25 pwmol/l or 1.0 wmol/l camptothecin showed increases in
e-globin mRNA content at 24 h recovery (60-90%) and in v-
globin mRNA content at 70 h recovery (70-190%) (Fig. 3). This
confirmed that a significant number of cells had been induced
towards partial or complete erythroid maturation.
Accompanying this differentiation was a reduction in the mRNA
levels of c-myb mRNA at 70 h recovery while actin mRNA levels
were not significantly changed (Fig. 4).

The doubling time of the K562 cells during exponential
growth was between 20 and 22 h and treatment during
exponential growth for 23 h by a low dose of methotrexate
(0.02 pmol/l) blocked a large number of cells at the G1/S border
of the cell cycle (Fig. 5d). Release of this block by washing the
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Fig. 2. Flow-cytometric analysis of cell cycle phase distribution
evaluated at 24 h recovery. K562 cells in logarithmic growth were
given (a) no treatment, (b) 60 min treatment, (c) 24 h treatment
with 0.01 pmol/l camptothecin or (d) 0.25 pwmol/l and (e¢) 1.0 pmol/l
camptothecin-treatment for 60 min.
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Table 2. Camptrothecin-induced differentiation in normal-sized com-
pared to large cells

Recovery time (h)

Cell population 0 20 45 70

Bz +
All cells 2.7, 3.9 34, 39 9.3, 9.9 25.8,29.3
Normal size 2.7, 3.9 21.1,23.1  29.2,44.4 54.8,58.1
Large size 1.8, 1.9 49, 6.3 18.6, 21.9

Duplicate readings (as a %) from a 60 min treatment by camptothecin
(1 wmol/l). Non-treated cells act as 0 h recovery and have < 2% large
cells. Mean percentage of large cells in the treated population was 91%
at 20 h, 87% at 45 h and 80% at 70 h.

cells caused a wave of synchronisation which led to a doubling
of the number of cells in S-middle (SM) in the methotrexate-
treated cells compared to control cells at 6 h recovery. After 12
h recovery, the methotrexate-treated cells had a normal cell
cycle phase distribution (Fig. 5). The incorporation of BrdUrd
(a thymidine analogue) following a 20 min pulse of 10 wmol/l
BrdUrd was similar in both synchronised and asynchronised
cells and the exponentially growing and synchronised BrdU-
positive cells proceeded through S to G2M at the same rate
(Fig. S5a and c, respectively). The methotrexate treatment was
considered non-cytotoxic, since there was no change in the
rate of cell proliferation or *H-Thd incorporation during 70 h
recovery compared to synchronous cells (results not shown).

The methotrexate treatment did, however, consistently cause
a small but significant increase (P < 0.02 in a paired ¢-test) in
the number of cells staining Bz + (Table 3). Treatment of
these methotrexate-synchronised cells at 6 h post-methotrexate
recovery (maximum increase in SM) with camptothecin (0.25
pmol/l) for 60 min caused a 2.5-fold increase in the percentage of
cells staining Bz + at 70 h recovery compared to camptothecin-
treatment of asynchronous cells. This effect was synergistic
when compared to the differentiation caused by the single
treatments of methotrexate and camptothecin (Table 3). Alka-
line elution analysis of DNA ssB immediately following the
camptothecin-treatment indicated a small but non-significant
increase of these DNA ssB in the synchronised cells compared
to the non-synchronised cells (Fig. 6), a result consistent with
observations in Hela cells that camptothecin-induced DNA ssB
frequencies are comparable in both S and G phases. Non-
camptothecin-treated methotrexate-synchronised cells showed
the same very low break frequencies as synchronous cells
(controls) (Fig. 6).

Although the methotrexate-synchronised cells were more
sensitive to the differentiation induced by camptothecin, the
same dose (0.25 wmol/l, 60 min) did not cause an increased
inhibition of cellular proliferation at any of the recovery time-
points (Table 4), or in the degree of the SLG2M-block.

DISCUSSION

We have demonstrated that brief exposure of K562 cells to
camptothecin causes a significant percentage of cells to become
differentiated after three days as expressed by increased Bz +
staining and increased cellular content of € and y-globin mRNA.
In common with other inducers of differentiation of K562 cells
such as cytarabin [26], cisplatin [27] or methylating agents [28]
we found the commitment to differentiation was accompanied

P.M.]. McSheehy et al.

Fig. 3. Increase in the (upper) e-globin and (lower) y-globin mRNA
content of K562 cells. Cells were treated with camptothecin for 60
min and put into recovery. At 24 h (e-globin) and 24 and 70 h (y-
globin) RNA was extracted and northern blotted. (a) control, (b)
0.25 pmol/l camptothecin, (¢) 1.0 pmol/l camptothecin 24 h, (d)
0.25 pmol/l camptothecin and (e¢) 1.0 pmol/l camptothecin 70 h.
Gelblots intensity, normalised to controls: (upper) (a) 1.0, (b) 1.6, (c)
1.9; (lower) (a) 1.0, (b) 0.9, (c) 0.7, (d) 1.7, () 2.9.

by an increase in average cell size due to an accumulation of
cells in the G2ZM phase. However, the differentiation caused by
camptothecin was not necessarily related to the G2ZM block and
to the increase in cell size, since the normal-sized cells were
always more Bz + than the larger cells.

Camptothecin is an inhibitor of topoisomerase I and although
levels of this enzyme do not change during the cell cycle [7],
camptothecin is thought to be most cytotoxic against S-phase
cells [10]. We were able to synchronise reproducibly K562 cells
in SM by using low-levels of methotrexate (0.02 umol/l). This
concentration of methotrexate was non-cytotoxic since following
removal of the drug the synchronised cells behaved identically
to synchronous cells in rate of growth, movement through S-
phase and frequency of DNA ssB. The methotrexate-treatment
did, however, cause a small but significant increase in differen-
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Fig. 4. The effect of camptothecin on mRNA content of c-myb in
K562 cells. Lane 1: control, lane 2: 1.0 pmol/l camptothecin 70 h.
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Table 3. Camprothecin-induction of differentiation (Bz +) in
methotrexate-synchronised or unsynchronised K562 cells

%Bz +at70 h

Treatment recovery
Methotrexate 1.9(0.2)
Camptothecin 2.7(0.2)
Methotrexate plus camptothecin 6.6 (1.1)*

Normalised mean (S.E.) of four independent experiments where control
(no treatment) = 1.0.

* Significant difference (P < 0.002) from single treatments of metho-
trexate or camptothecin alone (Gabriel’s one-way analysis of variance).

tiation (Bz +). Treatment of the synchronised cells with campto-
thecin at the maximum increase in SM caused a much larger
increase in differentiation compared to treatment of asynchro-
nous cells, but did not alter the amount of inhibition of cell
proliferation or indeed the degree of the SLG2M block. This
appeared to confirm that the cell cycle block was not related to
differentiation and suggested camptothecin-induced differen-
tiation and cytotoxicity occurred by independent mechanisms.
Others have demonstrated that different phases of the cell
cycle have differential sensitivity to induction of differentiation.
Cytarabine was most effective at the G1/S phase in K562 cells
[26] and DMSO at S phase in mouse erythroleukaemia cells
[29]. Neither of these agents, or others that induce differentiation

5

5

(&)

>

®

@

—t

g

L

"

-

@

(%]

g

z

el

$

5

(8

=)

T

©

g D

3

<

g )

0 100 200 O 00 200 0O 00 200 © 00 200 © 00 200 0 | 100 200
DNA  content

Fig. 5. Biparametric BrdU/PI analysis of control cells (a) and (b) and methotrexate-treated (¢) and (d) cells.
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Fig. 6. Alkaline elution profile of asynchronised and methotrexate

synchronised K562 cells treated with camptothecin. K562 cells were

treated for 60 min by 0.25 pmol/l CPT, chilled in ice and without

washing were immediately used for alkaline-elution as described in

methods. Mean (S.D.) of triplicate determinations. A = Control, @

= methotrexate, M = camptothecin and O = methotrexate plus
camptothecin.

Table 4. Camptothecin-induction of the inhibition of K562 cell
proliferation in methotrexate-synchronised and asynchronous cells

Recovery time (h)
Treatment 24 48 70
Asynchronous 65.1(2.2) 48.0 (1.6) 39.5 (4.6)
Synchronised 62.7 (4.6) 46.0 (9.2) 39.4 (8.8)

Cell number was determined at the recovery times shown. % of the
non camptothecin-treated cells; mean (S.E.) of three independent
experiments.

in K562 cells {27, 28, 30, 31] and HL60 cells [32, 33}, are
specific inhibitors of topoisomerase I and it may be the differen-
tiation induced by camptothecin is independent of its effects on
this enzyme. Indeed, a recent report demonstrated topoisomer-
ase I activity was actually increased following the induction of
differentiation in HL60 cells by phorbol myristate acetate [34].
Finally, we noticed no significant difference in the number of
camptothecin-induced DNA ssB in methotrexate-synchronised
and asynchronous cells, although this may be as expected since
topoisomerase I levels are reported to be cell cycle independent
[71.

What does appear 10 be common for these different drugs
and cellular systems is a downregulation in expression of the
oncogenes c-myc or c-myb [30-33, 35, 36] as we also observed at
70 h recovery from camptothecin treatment. While a down
regulation of c-myb and/or c-myc may be critical events in
differentiation, the primary event is unknown and may indeed
vary from one cell line or drug to another. However, our results
suggest that further studies of the phase-specificity of the process
of differentiation would be useful in developing drug regimes
for this approach to the chemotherapy of leukaemia.
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Dysplasia and the Natural History of Cervical
Cancer: Early Results of the Toronto Cohort Study

Steven A. Narod, D.W. Thompson, M. Jain, Claus Wall, Lois M. Green
and Anthony B. Miller

A sample of 176808 Pap smears, taken from 70236 women, was constructed from the records of a large
cytopathology laboratory between 1962 and 1981. The prevalence of cervical dysplasia, based on the distribution
of initial smear results, rose from 42.7 to 94.9 per 1000 during the study period. The relative risks (RR) for the
manifestation of a malignancy (carcinoma in situ or worse) in a subsequent cervical smear were 1.48, 3.42, 20.9
and 71.5 for women with minimal, mild, moderate and severe dysplasia, respectively, compared with the entire
cohort. The initial degree of dysplasia for women developing a malignancy was much more likely to be interpreted
as moderate (RR = 5.0) or severe (RR = 42.3) than were those for controls. These results are strongly supportive

of the hypothesis that the degree of dysplasia is related to the risk of development of cancer of the cervix.

Eur ¥ Cancer, Vol. 27, No. 11, pp. 1411-1416, 1991.

INTRODUCTION
SCREENING FOR cancer of the cervix is based on the premise that
there is a natural progression from a normal cervical epithelium
through dysplasia to carcinoma in situ to invasive cancer of the
cervix, and that if individuals could be identified and treated
early in this process, progression to invasive disease could be
prevented. A successful community-based screening program
should ultimately lead to a decrease in the incidence of cervical
cancer and reduced mortality from the disease. The Canadian
Task Force on Cervical Cancer Screening [1] supported cytolog-
ical screening programs for women who have had sexual inter-
course, and recommended that annual screens be performed
between the ages of 18 and 35 years, and every 5 years thereafter
until age 60, providing the results of satisfactory smears are

negative. Consensus regarding the ideal screening interval has
not been achieved, possibly because the natural history of
carcinoma of the cervix at different ages is not entirely clarified.

Several studies have demonstrated that the cumulative inci-
dence of preneoplastic lesions exceeds the expected incidence of
invasive disease [2-5], and spontaneous regression of some early
lesions has been demonstrated [S]. The optimum screening
interval would be ideally estimated from data generated by a
controlled trial, but as such a study is unlikely to occur, results
from non-experimental designs must suffice.

An unusual opportunity for review of preneoplastic abnor-
malities of cervical epithelium was available through the experi-
ence of a large laboratory in Toronto during the period 1962 to
1981. Pap smears had been performed on a large part of the



