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SUMMARY

4' - Demethyl -epipodophyllotoxin 9 -(4,6 - 0- 2- thenyli
dene-@-D-glucopyranoside) is a semisynthetic derivative of
podophyllotoxin with oncolytic activity against a variety of
neoplasms. Unlike the parent compound and other deriva
tives, which cause metaphase arrest, 4'-Demethyl-epipo
dophyllotoxin 9-(4,6-O-2-thenylidene-@-D-glucopyranoside)
apparently blocks the entry of CCRF-CEM cells into mi
tosisby inhibitingcellsin theG2phaseof thecellcycle.The
inhibition of precursor incorporation into DNA, RNA, and
protein, if observed, was delayed and probably secondary
to inhibition of cells in the G2 phase of the cell cycle.

INTRODUCTION

VM26,3 a new semisynthetic derivative of podophyl
lotoxin (7, 10), is extremely effective in treatment of mice
inoculatedwith transplantabletumors (1, 15, 18). Early
clinical studies indicate that the agent is oncolytically
effective in treatments of lymphoid tumors, brain tumors,
bladder carcinoma, and other tumors (4, 5, 12, 14, 17). In
vitro, VM26 blocks cell division by primary chick fibroblast
cultures and by cultures of P815, a mastocytoma cell line.
However, unlike other podophyllotoxin analogs which cause
metaphase arrest (2, 16), VM26 does not block the comple
tion of mitosisbycellsalreadyin mitosisat thetime ofdrug
addition (15).

The pharmacological basis for the cytotoxic action of
VM26 is unknown. Gradwohl and Stahelin (9, 15) observed
that thymidine incorporation into DNA of P815 cells was
blocked by VM26, but incorporation of uridine and leucine
was only moderately inhibited if at all. These effects on
macromolecular synthesis may have been secondary to
other effects of VM26 since the agent has been reported to
inhibit respiration by Ehrlich ascites tumor cells and
electron transport at the NADH dehydrogenase level by
mitochondriaandsubmitochondrialparticlesfrom rat liver
(8).

This work describes the effects of VM26 on macromolec
ular synthesis and on the mitotic index of human lympho
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blasts. With synchronous CCRF-CEM cultures the effect of
VM26 on thymidine incorporation, cell division, and mito
sis indicated that the drug acted primarily during the 0,
phase of the cell cycle.

MATERIALS AND METHODS

VM26 (C,,H,20,S; M.W. 656.7) (7) is poorly soluble in
water (15) and was thus dissolved in DMSO, 1 mg/ml,
before further dilution with water. Solutions of VM26 were
prepared immediately prior to use. The CCRF-CEM cell
line of human lymphoblasts was maintained in Eagle's
minimum essential medium with Earle's salts solution as
modified for suspension culture by Grand Island Biological
Co., Grand Island, N. Y. (6). The medium was supple
mented with 10% fetal calf serum (Flow Laboratories,
Rockville, Md.). Cell counts were determined with a Model
B Coulter counter (Coulter Electronics, Hialeah, Fla.) with
a l0O-@smwindow. Carmine was obtained from Harleco
(Philadelphia, Pa.).

[methyl-'H]Thymidmne, [5-3Hjuridine, and L-[4,5-3H]leu
cine were obtained from Schwarz/Mann, Orangeburg, N.
Y. Colchicine was supplied by Calbiochem, Los Angeles,
Calif. We are indebted to Sandoz Pharmaceuticals, East
Hanover, N. J., for our supply of crystalline VM26.

MacromolecularSynthesisby AsynchronousCulture. To
measure the effect of VM26 on DNA synthesis, I @zMVM26
and 8.5 @iM[methyl-'H]thymidine, with a specific activity of
80 mCi/mmole, were added at Time 0 to exponentially
growing CCRF-CEM cultures at 37Â°.Two-ml aliquots of
the cultures were removed at 1-hr intervals, and the cells
were collected on a Millipore filter (0.45 sm). The cells
were washed with ice-cold 0.9% sodium chloride solution
and then with cold 5% trichloroacetic acid. The filters with
the cellular residue were dissolved in liquid scintillation
medium for assay by scintillation counting (13). [5-'H]uri
dine, 1 @M,with a specific activity of 320 mCi/mmole, was
added to cultures, and the incorporation of radioactivity
into nucleic acid was measured by the technique described
for thymidine. Approximately 95% of the [ â€˜Hjuridinethat
was incorporated into nucleic acid was in RNA. Protein
synthesis was assayed by measuring the incorporation of
L-[4,5-'Hjleucine, 1.25 @.tCi/ml, into an acid-insoluble
product; the technique was the same as used with thymi
dine. Leucine in the medium served as carrier to dilute the
labeled precursor.

The labeled precursors and drug in these studies, as well
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as those that follow, were filtered through a Millex disposa
ble filter, 0.22 @zm,before aseptic addition to cultures.

Synchronization of Cultures with Thymidine and Col
chicine. The 1st step in synchronization of cultures with
thymidine and colchicine was to incubate exponentially
growing cultures with 0.1 mr@ithymidine for 20 hr at 37Â°.
The cells were aseptically collected at room temperature by
centrifugation at 200 x g for 10 mm and then resuspended
in the original volume of fresh medium containing colchi
cine, 0.02 @g/ml, and deoxycytidine, 0.1 m@i. After the
cultures were reincubated for 4 hr at 37Â°, the cells were
recollected by centrifugation as before. The cells were then
resuspended in fresh medium at a concentration between 0.4
and 0.5 million cells/ml, and 10-mi aliquots of the culture
were dispensed aseptically into â€œroller-cultureâ€•tubes.
VM26, 0.5 @LM,was added at 0, 4, or 8 hr. and the cultures
were incubated at 37Â°in a roller tube apparatus. At 2-hr
intervals aliquots of cell cultures were removed for determi
nation of mitotic index and cell number and for 30 mm of
labeling with [methyl-3H]thymidine, 1 @sM,with a specific
activity of 0.84 Ci/mmole. For determination of mitotic
index, cells from 5 ml of culture were collected by centrifu
gation. After the supernatantwasdiscarded,the cell pellet
was resuspended in 0.5 ml of medium. Two drops of cell
suspension were placed on a microscope slide and mixed
with an equal volume of carmine before sealing under a
coverglass. Cells in mitosis per 100 cells were counted, and
morphologicalalterationsof the restingand dividingcells
were recorded. Thymidine incorporation into DNA was
assayed as previously described.

Synchronizationof CCRF-CEM Cultureswith â€œDouble
Thymidineâ€•Block. Cell divisionby exponentiallygrowing
CCRF-CEM cultures was blocked for 16 hr by the addition
of 0. 1 mM thymidine. Cells were then collected by centrifu
gation at 200 x g for 10 mm. After the cells were
resuspended in fresh medium, the cultures were allowed to
progress through the cell division cycle for 13 hr before a
2nd thymidine block was imposed for 12 hr at 37Â°.Mitotic
index was monitored after the cultures were released from
the 1st thymidine block, and the 2nd block of cell division
was not begun until the mitotic index had reached 30%.
After this 2nd block, the cells were resuspended in fresh
medium at a cell count between 0.4 and 0.5 million cells/ml
and reincubated as roller cultures. VM26, 0. 1 @M,was added
at 0, 4, 8, 12, or 16 hr after release ofthe cultures from the
2nd thymidine block, and DNA synthesis, mitotic index,
and cell number were determined at 2-hr intervals after
drug addition.

All experiments in this study were performed in duplicate
and were reproduced at least once.

RESULTS

Sensitivity of CCRF-CEM Cells to VM26. CCRF-CEM
cultures of human lymphoblasts were tested for sensitivity
to VM26 by measurement ofgrowth inhibition at 20 hr after
additionof drug(Chart I). VM26 wasdissolvedin DMSO,
I mg/ml, and diluted with H,O or culture medium to the
desired final concentration, 0.001 to 1 @M.The concentra
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Chart I. Growth inhibition ofCCRF-CEM cultures by various concen
trations of VM26. Initially, VM26 was dissolved in DMSO, I mg/mI, and
thendiluted with water or mediumto the final concentration.Cell number
was determined at 20 hr after drug addition. Growth was inhibited 50% by
0.035pM VM26, 1D10, dosecausing50%inhibition.

tion of DMSO in thesedilutionsdid not inhibit growthof
cultures. The dose causing 50% inhibition for VM26 was
0.035 @sM.With I MMVM26, the cell count was reduced
approximately 10% below the initial inoculum. In this
experiment CCRF-CEM cultures appeared to be as sensi
tive to VM26 as were chick fibroblasts and P815 mas
tocytoma cells in an earlier study (15).

Effect of VM26 on Macromolecular Synthesis. Asyn
chronous CCRF-CEM cultures were incubated with 1 @sM
VM26, DMSO, or water in the presence of labeled thymi
dine, 8.5 MM, and the incorporation of radioactivity into
DNA was assayed at hourly intervals (Chart 2). Incorpora
tion was linear under all conditions for 5 hr. Compared to
the control value, [3H]thymidine incorporation was inhib
ited approximately 15% by DMSO and approximately 30%
by VM26 (Chart 2A). By contrast, neither DMSO nor
VM26 significantly affected [3H]uridine incorporation into
RNA for up to 3 hr after addition of the agents to cultures
(Chart 2B). After the 3rd hr. VM26 began to inhibit uridine
incorporationand almostterminatedit after 4 hr. DMSO
first inhibited incorporation between the 4th and 5th hr of
incubation. [3HjLeucine incorporation into protein was
linear for 5 hr in the presence of all 3 additives and was not
inhibitedby I @MVM26 (Chart 2C). However,a concentra
tion of DMSO equivalent to that in the VM26-treated
cultures produced approximately 20% inhibition from time
of addition.

Thus, at a concentration of 1 sM, VM26 did not
significantly inhibit precursor incorporation into DNA,
RNA, or protein within 3 hr after drug addition. On the
basis of these results, the primary site of VM26 action in
human lymphoblasts does not appear to be DNA, RNA, or
protein synthesis.

Effect of VM26 on Mitosis. As a class, podophyllum
compounds block mitosis by causing metaphase arrest (2,
15, 16). In asynchronously dividing CCRF-CEM cultures
approximately 3% of the cells were in mitosis (Chart 3).
Thirty mm after addition of 0. 1 or 1 @.tMVM26, the mitotic
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Chart 2. Effect of 1.0 MMVM26 and of DMSO on incorporation of (A) [â€˜H]thymidincinto DNA; (B) [â€˜Hjuridineinto nucleic acids; and (C)
[1H]leucineinto protein. AsynchronousculturesofCCRF-CEM cellswereusedin eachexperiment.Theconcentrationof DMSO wasequivalentto that in
drug-treated cultures.
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cultures were synchronized by sequential incubation with
thymidine and colchicine. Twenty hr after the addition of
0. 1 m@ithymidine, the cells were collected by centrifugation
and then resuspended in the original volume of fresh
medium containing 0.02 jzg of colchicine per ml and 0.1
mM deoxycytidine. After incubation of these cultures for 4

hr at 37Â°,the cells were recollected by centrifugation and
resuspended in fresh medium. VM26 was added at 0, 4, or 8
hr after removal of colchicine. Cultures synchronized by
this procedure contained cells with vacuoles and pseudo
podia and cytoplasmic fragments with or without micronu
clei.

Mitotic index was 8% at the time when colchicine was
removed (Chart 4). In control cultures the peak of mitosis
developed between 4 and 8 hr, with a 2nd wave of mitosis
occurring at 20 hr. Addition of 0.5 @MVM26 at the time of
release from coichicine block reduced the number of cells
entering the mitotic phase, although the peak of mitosis
occurred at the same time. However, a 2nd wave of mitosis
was not observed at 20 hr. The small peak of mitosis
between 4 and 8 hr after addition of the drug at Time 0 is
attributed either to the presence of some cells beyond the
drug-inhibited stage of the cell cycle, to a delay in attaining
inhibitory drug concentrations intracellularly, or to a possi
ble competition between colchicine and VM26. The addition
of VM26 at 4 hr caused an early decrease in the number of
mitotic figures as in Chart 3. The disappearance of mitotic
cells after addition of VM26 at 4 hr preceded, but paral
leled, the decrease of mitotic figures in control cultures.
Delaying the addition of VM26 until 8 hr did not affect cells
in mitotis althoughthe 2nd wave of mitosisat 20 hr was
blocked. Thus, 0.5 @MVM26 blocked the entry of synchro
nized cultures into mitosis without inhibiting cells already in
mitosis at the time of drug addition.

Inhibitionby VM26 of ThymidineIncorporationby Syn
chronized Cultures. Fragmentation of cells after synchroni
zation of cultures by sequential thymidine-colchicine block
ade of cell division affected the data on changes in cell

.

Chart 3. VM26 inhibition ofthe entry ofCCRF-CEM cellsinto mitosis
in asynchronous cultures.

index began to decrease and reached a plateau in 120 mm.
At 3 hr after addition of 1 @iMVM26, the mitotic index was
0.2%, and with 0. 1 @MVM26 it was 0.6%. These data
indicate a rapid uptake ofdrug by CCRF-CEM cells and an
inhibition of progression into, but not through, mitosis. The
differential cell count indicates that cells in mitosis pro
gressed through mitosis after drug addition. The short
interval between addition of VM26 and reduction in mitotic
index indicates an action by the drug immediately before
mitosis.The inhibitionof the entry of cellsinto mitosisby
VM26 occurred earlier or was more pronounced than the
interference of the drug with DNA, RNA, or protein
synthesis.

Responseto VM26 by Cultures after Synchronizationwith
ThymidineandCoichicineBlock. The briefintervalbetween
addition of VM26 and inhibition of entry into mitosis
indicates that the agent may specifically inhibit cells in a
late phase of the cell cycle. To test this possibility, spin
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4. Effect on mitosisof0.5 MMVM26 addedat variousintervalsofx4time
after CCRF-CEM cultures were synchronized with a thymidine-col

chicine block. Cultures were synchronized by sequentially incubating withE,@0.1

iM thymidine and with 0.02 jzg of colchicine per ml plus 0.1 m@i

deoxycytidinefor 20and4 hr. respectively.VM26 wasaddedat 0, 4, or 8 hr03after
removal of colchicine and deoxycytidine.a:

0number.
Therefore, the effect of VM26 on thymidine

incorporation into DNA after â€œpulselabelingâ€•of these
cultures is reported as cpm/ml of culture (Chart 5).

Synchronized control cultures incorporated thymidine
into DNA when they were resuspended in fresh medium.2@ IThe

cells remaining in S phase rapidly completed this phase
of the cell cycle. The cultures reentered S phase between 6
and 8 hr after release from colchicine block, with the peak
of thymidine incorporation into DNA occurring between 10Â° 4 82and

l2hr.TIME(hr)At

2 hr after the addition of VM26 at Time 0, the rate of
thymidine incorporation was only 50% of the control (ChartChart

5. Effect of0.5 @zMVM26 on the incorporation ofthymidine into
DNA by cultures synchronized with thymidine and colchicineplusSB).

Moreover, VM26 blocked the wave of thymidinedeoxycytidine. Drug omitted (A) or added at Time 0 (8). after 4 hr (C).orincorporation

that started at 6 hr in the control cultures.after 8 hr(D).Addition

of VM26 at 4 hr caused a pronounced inhibitionofthymidine
incorporation into DNA (Chart SC), whichfurther examined with cultures synchronized byâ€œdoublewould

be expected inasmuch as most of the cells had notthymidineâ€• blockade to explore any possible interferencebycompleted
mitosis by the time of drug addition. Cellscolchicine with VM26 action and to examine morecloselyentering

the S phase after addition of VM26 at 4 hr were onthe partial inhibition of thymidine incorporation byVM26,schedule.
These cultures also completed S phase earlier thanprior to the entry of cells intomitosis.the

control cultures as would be expected if VM26 blockedSynchronization of CCRF-CEM Cultures withâ€œDoubledivision
by the lagging cells. Addition of VM26 at 8 hr alsoThymidineâ€• Block: Mitotic Figures. After the double thy

inhibited thymidine incorporation into DNA without signif midine block, 22% of the cells were in mitosis; a waveoficantly
shortening the S phase (Chart 5D).mitosis began 10 hr later, with the peak occurringbetweenAfter

synchronization of CCRF-CEM cultures with12 and 14 hr (Chart 6). By 18 hr the mitotic indexreturnedsequential
thymidine and colchicine blockade, VM26 pre to the level observed in asynchronous cultures.Mitoticvented

the entry of cells into mitosis and the subsequentindex fluctuated between 2 and 8% throughout the next 6hr.entry
of cells into S phase. The effect of VM26 on cells wasAddition of 0. 1 zM VM26 at Time 0 blocked the entry of

VM28
(05MM)

0

102 CANCER RESEARCH VOL. 35

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2393140/cr0350010099.pdf by guest on 19 M

ay 2023



cells into the S phase (Chart 7A), although a slight
inhibitionof thymidineincorporationwas observedin the
later stages of S phase. Addition of VM26 at the peak of
thymidineincorporationinto DNA at 8 hr did not immedi
ately inhibit incorporation, but a slight inhibition developed
later. The small wave of DNA synthesis in the control
cultures at 20 hr was not observed after addition of VM26 at
8 hr. The addition of VM26 at 12 or 16 hr occurred after the
peak of DNA synthesis (Chart 78). A small wave of
thymidineincorporationoccurredat 20 hr.

Effect of VM26 on Cell Number. The 1st increase in cell
number occurred at 12 hr after release of the cultures from
thymidine block (Chart 8). The major increase was com
pleted by 20 hr, at which time 50% of the cells had divided.
The addition of 0. 1 jtM VM26 at 0, 4, and 8 hr. blocked cell
division. The addition of drug at Time 0 caused a decrease
in cell number from 14 hr to termination of the experiment
at 24 hr. At 12 hr the wave of DNA synthesis was completed
(Chart 7A). Approximately 10% of the cells had divided,
and the rate of cell division was markedly reduced after the
addition of VM26 (Chart 8). By 16 hr approximately
one-halfthe population ofcells had divided, and after VM26
was added the rate of cell division paralleled the rate
observed for cultures to which VM26 was added at 12 hr
(Chart 8). With the exception of a reduction of thymidine
incorporationin the later stagesof S phase,cellsprogressed

VM 26

2 4 6 8 0 12 4 6 8 20 22 24
TIME (Iv)

Chart 7. Effect of 0.1 MM VM26 on the incorporation of [methyl
â€˜H]thymidineinto DNA by synchronized CCRF-CEM cultures. The
cultures weresynchronizedby a double thymidine block as in Chart 6 and
VM26 wasaddedatO,4, or 8 hr(A)orat 12or l6hr(B)after releaseof the

VM26 Inhibition of CCRF-CEM Cells
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Chart 6. Effect of 0. 1 @z@iVM26 on mitosis by synchronized CCRF
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cells into mitosis for 16 hr, at which time a small wave of
mitosis was observed. A similar block occurred after the
addition of VM26 at 4 hr except for a delay in the
appearance of the secondary wave of mitosis. When VM26
was added after 8 hr, a few cells entered mitosis at 12 hr,
and approximately 5% of the cells were in mitosis for the
remaining 12 hr of study. Addition of VM26 at 12 hr
prevented the further entry of cells into mitosis and reduced
the mitotic index. By the time VM26 was added at 16 hr.
cells were beyond the drug-sensitive stage.

Effect of VM26 on Thymidine Incorporation into DNA.
Although the double blockade with thymidine was used to
preventtheentryofcellsintoS phase,insignificantamounts
of labeled thymidine were incorporated into DNA within 2
hr after the cells were resuspended in fresh medium (Chart
7). This delay before resumption ofthymidine incorporation
into DNA may have resulted from a delay in recovery from
thymidineintoxication,dilutionof exogenousthymidineby
intracellular pools, or the release of cultures prior to an
accumulationof cellsat theS phase.The peakof thymidine
incorporation into DNA occurred at 8 hr, and thymidine
incorporation continued at a low rate between 14 and 18 hr
before increasing slightly between 20 and 22 hr. Addition of
0. 1 @MVM26 at Time 0 or 4 hr did not prevent the entry of
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produced lower mitotic indices. After the double thymidine
block, the peak mitotic index was approximately 30% in all
of our studies. However, similar responses to VM26 were
observed for cultures that were synchronized with thymidine
and colchicine or with a double thymidine block.

VM26 did not block division by cells in mitosis prior to
4. drug addition. Cells entered the S phase without delay after

the addition of VM26, although some inhibition of thymi
dine incorporation was observed in late stages of the S
phase. This inhibition was not related to the length of
exposure to VM26 since inhibition was also observed in
those cells remaining in the S phase 2 hr after release from
colchicine block and addition of VM26 (Chart SB). Al
though the incorporation of thymidine into DNA was
reduced in late S phase, we are inclined to attribute this
effect to an undefined, secondary response to the drug since
completion of the S phase was generally not delayed.

On the basisof theseresults,we concludethat VM26
inhibitsCCRF-CEM culturesin the G2 phaseof the cell
cycle. This suggestion is supported by the data obtained
when the addition of drug was delayed. Those cells beyond
G, at thetime of VM26 additionprogressedthroughthecell
cycle until they again arrived at G2. In this study, however,
VM26 inhibited cells in G,, which is earlier in the cell cycle
than previously reported with other podophyllums (2, 15,
16). If the block of cell division by VM26 resulted from
binding to microtubular proteins, then inhibition of mi
crotubule assembly appears more probable than inhibition
of the synthesis of microtubular proteins since the agent did
not inhibit leucine incorporation into protein.

These observations on the action of VM26 expand the
opportunity for oncolytic attack on neoplastic cells at
multiple stages in cell cycle.
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