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SUMMARY

Streptozotocin and streptozotocin tetraacetate inhibit the
incorporation of precursors into DNA more than into RNA or
protein. However, several of the enzymes involved in DNA
synthesis (such as deoxycytidine kinase, thymidine kinase,
DNA polymerase, and thymidylate synthetase) were only
moderately inhibited at very high levels of streptozotocin.
Streptozotocin inhibited progress of cells into mitosis and cell
proliferation (â€œcellkillâ€•) at a much lower level than that
needed for inhibition of DNA synthesis. The drug-induced
block of the progress of cells into mitosis occurred in G2 . The
cell kill data suggest that streptozotocin affects cells in all
phases of the cell cycle.

INTRODUCTION

Streptozotocin is an antibiotic with broad-spectrum anti
bacterial activity (26) and marked antileukemic activity (1 , 6).
Th.is paper describes the studies on the action of strepto
zotocin on mammalian cells.

MATERIALS AND METHODS

Since streptozotocin is rather unstable at pH 7, it was pre
pared immediately before use by dissolving the drug (up to
200 mg/ml) in 0.9% NaCl solution at pH 4. Streptozotocin
tetraacetate was dissolved (up to 50 mg/mi) in dimethyl
sulfoxide. Chart 1 shows the structure of streptozotocin and
streptozotocin tetraacetate (10).

L1210 cells were maintained in culture in RPMI 1634
medium developed by Moore et a!. (18) and obtained from
Grand Island Biological Co., Grand Island, N. Y. In this
medium, the cells grew logarithmically, with a generation time
of about 12 hi, until they reached a cell density of 106/ml.
Cells were counted in a Coulter counter. The incorporation of
radioactive precursors into DNA, RNA, and protein of intact
L1210 cells was determined by the method previously
4escribed (3). The glucose content of the medium was deter
mined by an enzymatic procedure with Glucostat, provided by
Worthington Biochemical Corp., Freehold, N. J. (24). The
lactic acid content of the medium was determined by an
enzymatic procedure with the test pack supplied by
Calbiochem, Los Angeles, Calif. (12).
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Chromosome preparations were made by the method of
Tijo and Whang (25). For this purpose, the cells were centri
fuged at 500 rpm in a clinical centrifuge for 2 mm. The loosely
packed cells were then suspended in 5 ml of hypotonic solu
tion (1% sodium citrate, pH 7) and allowed to stand for 10
mm. The cells were centrifuged, and the loose pellet was re
suspended in fixative (ethanol:glacial acetic acid, 3: 1). After
being fixed for 20 mm, the cells were centrifuged, and the
pellet was resuspended in a small amount of fresh fixative.
Two drops of the cell suspension were placed on a clean glass
slide and dried by an air stream. Two slides were prepared per
sample and at least 1000 cells were counted to determine the
mitotic index. When the percentage of mitotic cells in the
culture was low (about 2.5 to 5%), the standard deviation of
the mitotic index was about 33% of the mean mitotic index.
After Colcemid treatment, when the percentage of mitotic
cells was high (10 to 30%), the standard deviation of the
mitotic index was 16% of the mean mitotic index.

For autoradiography,slidespreparedin the abovemanner
were dipped in nuclear emulsion NTB2 (Eastman-Kodak,
Rochester, N. Y.) according to the method of Kopriwa and
Leblond (16). The slides were exposed at 4Â°,developed, and
then stained with Giemsa stain.

L1210 cells, suspended in 0.01 M KH2 PO@(pH 7.4), were
sonically disrupted at 4Â° for 1 mm in a Raytheon sonicator.

The sonic fraction was centrifuged at 100,000 X g for 40 mm
and the supematant was used as the source of crude enzyme
(Tables 2 and 3).

The reaction mixture for thymidylate synthetase was
modeled after that of Hartman and Heidelberger (9) and is
described in Table 2. The reaction was stopped by adding 0.5
ml of a suspension of Norit A (200 mg/mi) in 1 mM KH2PO4
and 1 mM potassium pyrophosphate (pH 7.0). The suspension
was filtered through a 0.45-p Millipore filter, and the filtrate
was counted (14).

The reaction mixture for thymidine and deoxycytidine
kinases are described in Table 3. The reactions were stopped
by immersing the test tubes in a boiling water bath for 3 mm.
Aliquots (25 @.tl)of the reaction mixture were applied to 2-cm
diethylaminoethyl cellulose discs placed on a sintered glass
filter. The discs were washed several times with H2 0 and then
with absolute ethanol. The discs were placed in a counting vial
with 0.2 ml 0.5 N perchloric acid for 5 mm. Then a toluene
phosphor scintillation mixture was added, and the vials were
counted in a scintillation counter.

The DNA polymerase reaction was stopped by adding 400
j.ig carrier DNA and 0.5 N perchloric acid. The suspension was
centrifuged and the pellet was washed with perchloric acid,
dissolved in 1 N NaOH, reprecipitated with perchloric acid,
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ratory, Bar Harbor, Maine. The percentage of survival of drug
treated cells was also determined by the cloning method of
H.immelfarb et a!. ( 11).

RESULTS

Inhibition of Growth of L1210 Cells in Culture. Chart 4
shows that at drug concentration greater than 1.25 mg/ml cell
growth was completely inhibited. When cell growth was meas
ured after 3 days of incubation, the levels needed for 5fYfo
inhibition of growth were 75 Â±3 @zg/mifor streptozotocin,
comparedto 14 @.ig/mlforstreptozotocintetraacetate.

The greater in vitro activity of streptozotocin tetraacetate as
compared to streptozotocin was not due to greater stability of
the former compound. The rates of degradation of both drugs,
in L1210 medium at 37Â°(pH 72) were determined by a
chemical assay (8) which measured the Nâ€”NOgroup and cor
related well with cytotoxic assay. In L1210 medium (Â±cells)at
370, 32, 50, 69, and 82% of streptozotocin and 52, 68, 80,
and 91% of the tetraacetate had degraded in 1, 2, 2.75, and
3.5 hi, respectively. The degradation product was not cyto
toxic.

The greater in vitro activity of the tetraacetate could be
accounted for partially by the greater uptake into L1210 cells

Chart. 3. Cell kill by streptozotocin in vitro. L1210 cells (5 x
10@/ml)in culture were incubated with streptozotocin. Samples taken
at different times were centrifuged, and the cells were resuspended in
fresh medium and injected i.p., 106 cells/mouse. Control cells (no drug
treatment) were handled in the same manner and then injected i.p. at
different levels into mice (Chart 2). Eight to 12 mice were used per
point in the graph. The median days ofdeath for the drug-treated cells
were referred to Chart 2 to give the number of cells surviving drug
treatment.
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Chart 1. Structure of streptozotocin and streptozotocin tetraacetate.
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Chart 2. Effect of inoculum level on the median day of death. Li 210
cells (5 x i05/ml) in culture were centrifuged and the cell pellet was
resuspended in fresh medium. Different levelsof cellswere injected i.p.
into 8 to 12 mice per inoculum level. The lines drawn to fit the points
were estimated by the least-squaresmethod. Regressionanalysisshowed
that the Pearson's coefficient (goodness of fit) was â€”0.935.

washed with perchioric acid, redissolved in 1 N NaOH, and
counted (17).

Cell survival after drug treatment was determined by
injecting drug-treated or control (untreated) cells into mice
and comparing the respective median days of death. The
details are given in Charts 2 and 3. The median day of death
was determined according to protocols established by the Can
cer Chemotherapy National Service Center, National Cancer
Institute (5). A similar method was used by Wilkoff ci' aL (27)
to determine the effect of antimetabolites on L1210 cells in
culture. The basic theoretical and practical considerations for
estimations (from life-span and survival data) of leukemic cells
surviving a given drug exposure have been discussed by Skipper
et al. (23). The BDF1 mice (C57BL/6 X DBA/2) in the 19- Â±
2-g weight range were obtained from Jackson Memorial Labo
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used, suggesting that apparently the glucose was being metab
olized in the same manner in both cases.

Inhibition of Macromolecule Syntheses. Streptozotocin (2.5
mg/mi) inhibited the incorporation of suitable precursors into
DNA more than into RNA or protein, as shown in Table 1.
However, at 5 mg/mi streptozotocin, the syntheses of all 3
macromolecules were markedly inhibited. Streptozotocin
tetraacetate was much more active than streptozotocin and
also inhibited DNA synthesis more than RNA synthesis.

Streptozotocin did not bind to calf thymus or Escherichia
coli DNA, as shown by the absence of any change in the
absorption spectrum of the drug when the drug and DNA were
mixed. Due to the degradation of streptozotocin at higher
temperatures, the effect of the drug on the melting tempera
ture of DNA could not be determined. Streptozotocin also did
not cause any degradation of mammalian cellular DNA.
L1210 cells were labeled with thymidine-3 H and then incu
bated with streptozotocin (5 mg/mi) or streptozotocin tetra
acetate (0.5 mg/mI) for 1.5 hr. There was no release of radio
activity into the medium. This is in contrast to the degradation
of bacterialDNAbystreptozotocin(F.Reusser,personal
communication). The difference between bacterial and
mammalian DNA could be due to the slower replication rate
ofmammalianDNAascomparedtobacterialDNA.

Table 2
Inhibition ofenzyme activity in vitro

L1210 cell sonic extract was prepared as described in â€œMaterialsand
Methods.â€•For thymidine kinase, the reaction mixture contained (in
@zmoles):Tris-HC1(pH 7.8), 12.5; MgCl,, 0.9; ATP, 0.5 ; thymidine-3H,
0.66 @sCi(200 mCi/mmole); and cell sonic extract, 0.2 mg protein in a
total volume of 0.25 mL The control tubes incorporated 1200 cpm in
30 mm.

For deoxycytidine kinase, the reaction mixture contained (in
pmoles): Tri-HC1 (pH 7.8), 12.5; MgCl.,, 0.9; ATP, 0.5;
deoxycylidine-' H, 2.5 @tCi(7.5 Ci/mmole); and cell sonic extract, 0.1
mg protein in a total volume of 0.25 mL The control tubes
incorporated 3670 cpm in 30 mm.

The reaction mix for thymidylate synthetase contained (in umoles):
potassium phosphate (pH 6.5), 25; MgC1,, 0.1 ; formaldehyde, 0.6;
tetrahydxofolate, 0.4; dUMP-S-3H@50 mumoles (20 mCi/mmole); and
cell sonic extract, 0.5 mg protein in a total volume of 03 ml. The
control tubes incorporated 2810 cpm in 1 hr.

The reaction mix for DNA polymerase contained (in umoles):
potassium phosphate (pH 7.4), 15 ; EDTA, 2; ATP, 0.05 ; Mg@ 25;
triphosphates of deoxycytidine, deoxyguanosine, and deoxyadenosine,
0.01 each; thymidine triphosphate-3H, 0.01 (100 mCi/mmole);
DNAase-treated E. coli DNA, 0.2 mg; cell sonic extract, 0.2 mg protein
in a total volume of 0.5 ml. The control tubes incorporated 3000 cpm
in 30 mm.

The reaction mixtures were treated as described in â€œMaterialsand
Methods.â€•

az
â€”IU.'
C.)

Chart 4. Inhibition of L1210 cell growth by streptozotocin. Cells
(2.5 X iOu) were inoculated into tubes and different levels of strepto
zotocin were added. Cells were counted at indicated intervals. All
experimental points are the averageof triplicate samplesand the highest
and lowest valuesdid not deviate from the mean by more than 10%.

Table 1
Inhibition ofDNA, RNA, and protein syntheses by streptozotocin

and streptozotocin tetraacetate
Li2iO cells (5 X 105/mi) were incubated with drug and labeled pre

cursor for 1 hr. The labeled compounds were added at the following
levels per ml medium: adenosine-' H and uridine-3H,0.75 @aCi/1.25big;
thymidine-'H, 1 MCi/i ILg; lysine-' 4C, 0.25 MCi/0.15 Mg.The control
cells (no drug) incorporated thymidine-' H into DNA, uridine-3H into
DNA and RNA, and adenosine-'H into DNA and RNA, to give 2 X
106 2.4 x io@, 1.85 x 106 1.52 x 106 2.83 x 106 cpm/mg DNA or
RNA, respectively.Control cells incorporated lysine into protein to give
1.29 X 10' c@m/mg.

HOURS

of the tetraacetate as compared to streptozotocin. After 1 and
2 hr of contact, 108 L1210 cells had incorporated 5.7 Â±0.9
and 7 Â±1.2 @gof streptozotocin, as compared to 19.3 Â±2.5
and 13.5 Â±4.6 @zgof the tetraacetate.

The metabolism of glucose by cells grown for 24 hr in the
presence of streptozotocin (1 .25 @g/m1)was studied. Over a
24-hi period, an inoculum of 3 X i0@ cells grew to 10.7 X 10@
cells/mi in the control (no drug), compared to 4.5 X 1Os
cells/mI in the drug-treated culture, i.e. , cell growth was
inhibited 80%. Per i05 cells produced, drug-treated and con
trol cultures used 345 and 100 pg glucose, respectively. In
both cases, 0.84 pg lactic acid was produced per @gglucose
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thymidine-3 H (2 Ci/mmole, 1 jiCi/ml); the radioactivity
incorporated into DNA was determined and the cells were also
radioautographed. Although thymidine-3H incorporation into
DNA was inhibited 80% by streptozotocin, the percentage of
cells labeled by thymidine-3 H was the same (70%) in the
untreated and drug-treated cultures. This result indicates that
streptozotocin does not affect the percentage of cells in S
phase but decreases the rate of DNA synthesis by these cells.
Although the number of grains per cell was not counted, it
could be seen that the drug-treated cells had fewer grains than
the control cells.

Inhibition of Mitosas by Streptozotocin. Streptozotocin
decreased the number of L1210 cells in mitosis, as shown in
Chart 6.

The effect of streptozotocin on the rate of flow of cells into
the mitotic stage was determined in a culture blocked by
Colcemid. This was compared to the inhibition of DNA
synthesis by the drug. The results (Chart 5 , a and b) show that
there was marginal inhibition of DNA synthesis and of the
flow of cells to mitosis during the 1st hr of drug treatment.
Between 1 and 4 hi, DNA synthesis was inhibited 60% by 1.25
mg/mi streptozotocin, while the flow of cells into mitosis was
completely blocked at 0.5 mg/nil of the drug.

The cell cycle of L1210 cells in culture was determined by
the labeled mitosis method (19, 20) and indicated that the
lengths of G1 , 5, G2 , and M were 1.2, 8.2, 1.2, and 0.6 liz,

@â€r̃espectively. Since the movement of cells to mitosis was

blocked 1 hi after the addition of streptozotocin, this suggests
â€˜@ that the block is 1 hr from mitosis, & e., in the middle G2

: phase.
Cell Kill by Streptozotocin. Chart 3 shows that 96.2% of

the Li 210 cells in culture were killed after 2 hr of exposure to
0.5 mg/mi streptozotocin. However, this level of drug in
hibited DNA synthesis only 28% after 2 hr exposure (Chart
Sb). Therefore, this indicates that: (a) the cells exposed to
drug for 2 hr were not killed immediately (since they could
still synthesize DNA), although they subsequently lost their
ability to proliferate; and (b) that the ability to reproduce was
moresensitivetothedrugthantheabilitytosynthesizeDNA.
It must be realized, however, that these results are based on
the assumptions that the drug-induced increase in host life
span results from the death of a high percentage of the Li2iO
cells and not from an increase in either the generation time or
the lag phase of drug-treated Li 21 0 cells. These possibilities
have been appropriately discussed by Skipper et al. (23).

Table 3

The effect of streptozotocin on the activity of several
enzymes involved in DNA synthesis is shown in Table 2. Strep
tozotocin at 10 mg/mi inhibited DNA polymerase and
thymidine kinase activities in vitro by 29 and 36%, respec
tively. This level of drug is at least 15 to 20 times the level
(0.62 mg/mi) needed for 30% inhibition of DNA synthesis
after 2 hr of contact between cells and drug (see Chart Sb).
Similarly, with streptozotocin tetraacetate, the amount of
drug (2 mg/mi) needed for marked inhibition of enzyme
activity was S to 10 times the amount needed for 90% inhibi
ton of growth. Table 3 shows that cells grown with 1.5 mg/mI
streptozotocin possessed 66 and 84% of the thymidine kinase
and DNA polymerase activity of the untreated cells. Cells
grown with streptozotocin tetraacetate did not show any
decrease in enzyme activity compared to the control cells.

For determination of the effect of the drug on the per
centage of cells in S phase (Le, involved in DNA synthesis),
L1210 cells (5 X 105/ml) were exposed to streptozotocin (2
mg/mi) for 2 hi. Then the cells were labeled for 15 min with

C,)
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Chart 5. Inhibition of DNA synthesis and of mmtosis by strepto
zotocin. In a, L1210 cells (4 X i05/mi) were treated simultaneously
with drug and Colcemid (0.16 us/nil). Mitotic indices were determined
in cell samples taken at intervals. In b, L12i0 cells (4 X 10@/m1)were
treated simultaneously with drug and thymidine-3H@ (1 uCiIl ug/mi
medium). Cell sampleswere taken at intervals, and the incorporation of
thymidine-3 H into DNA was determined as previously described (3).

Enzyme activity in L1210 cells grown in presence of drug

L1210 cells (3 X 105/mi) were incubated with the drugs for 18 hr. At the end of that period, the cellswere harvested, washed, and sonically
disrupted. The enzyme activities were determined in the cell-free sonic extract as described in Table 2, and were compared on the basis of cpm
incorporated per mg enzyme protein.
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needed for similar inhibition of DNA synthesis in the intact
cell (Table 2; Chart 5). Similar discrepancy in the activity of a
drug in intact cells as compared to the cell-free systems was
observed by Falaschi and Kornberg (7) with Phleomycin and
by Bhuyan and Betz (2) with Cu(II) chelate of kethoxal
bis(thiosemicarbazone). This discrepancy could be due to a
concentration of the agent within the intact cell, its conversion
inside the cell to a more active form, or concentration of the
agent in a specific region of the cells.

The level of drug needed to inhibit DNA synthesis markedly
(Chart Sb) was much higher than the levels needed for
blocking the movement of cells to mitosis (Chart Sa) or for
inhibiting the reproductive ability of the cells (Chart 3). It is
possible that minimum (say 20%) inhibition of the required
type of DNA could completely inhibit the cells from entering
mitosis. Therefore, we cannot definitely state whether the
inhibition of DNA synthesis is a separate event or if it leads to

3 inhibition of mitosis.
The movement of the cells to mitosis was blocked in the

middle of G2 phase. The results (Chart 6) indicate that the
decrease in the number of mitotic cells is due to a combination
of 2 events: (a) the drug inhibits the cells from entering
mitosis, and (b) the drug does not inhibit mitotic cells from
progressing to G1.

Karon and Shirakawa (1 5) suggested that l-13-D-arabino
furanosylcytosine killed cells specifically in the S phase. They
found that, once the inhibitory concentration of the drug was
reached, the percentage of cell kill was independent of the
drug concentration for a particular period of exposure to
1-@3-D-arabinofuranosy1cytosine. With longer exposure periods,
more cells entered the drug-sensitive phase and were killed.
However, with streptozotocin, the percentage of cell kill
increased with drug concentration for each period of exposure
(Chart 3). An exponential cell kill pattern similar to that with
streptozotocin was obtained by Bruce et aL (4) with â€˜y-radia
tion and nitrogen mustard. However, with vinblastine, ameth
opterin, and azaserine, the percentage of surviving cells
decreased to a constant saturation value at high doses. They
suggested that the former agents killed cells in all portions of
the cycle, while the latter agents inhibited cells specifically in
1 portion of the generation cycle. Therefore , these results
indicate that streptozotocin is not phase-specific and probably
affects cells in all stages of the cycle. Further studies with
synchronized Chinese hamster cells (DON line) in culture show
that streptozotocin affects cells in all phases of the cell cycle.
These studies will be reported in a further communication.
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Fig. 1. Chromosome aberrations in streptozotocin-treated cells. L1210 cellswere exposed to 1 mg/mIof streptozotocin for 4 hr. The cellswere
then centrifuged and the cells were allowed to grow in fresh medium for 25 hr. The number of drug-treated cellsdid not increase for the first 18
hr, after which the cells started to grow. x 1250. A control (no drug) cells; B to E, drug-treated cells; B, sticky chromosomes (arrows); C,
chromosomal aberrations, including interchanges (arrow);D, achromatic gapsand chromatid breaks (arrow);E, asymmetrical chromatid exchanges
(arrow).
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