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ABSTRACT

ID50 and ID@ values for L-prolyl-L-m-[bis(cffloroethyl)amino]-phenyl
alanyl-L-norvalineethyl ester HC1(MF13), were determined in four mu
tine (leukemia, lymphoma, melanoma, and lung) and eight human cancer
cell lines (two leukemia, prostate, kidney, colon, two melanoma, and
breast). Cytotoxic activity was 2â€”Stimes higher than that of sarcolysin
{(L-3-[bis(2-chloroethyl)amino]-L-phenylalanine} against all leukemias
and lymphomas, ID@0.5â€”0.9,.tM,and against human solid tumors, ID50
0.4â€”2.1 @LM.Sensitivities of L-phenylalanine mustard-resistant and meth
otrexate-resistant L1210 cells were the same as the naive lines, I.D@,0.5

@.LM.Apoptosis was confirmed by: (a) morphology, revealing chromatin

condensation and nuclear fragmentation; (b) flow cytometry, showing
changes in cell size and DNA integrity; and (c) DNA electrophoresis,
demonstrating multiples of 18O-200-bp DNA units. MF13 had no cyto
toxicity against human peripheral blood lymphocytes at concentrations
lethal to tumor cells (JD@, 13.3 @Mwithout and 11 g&Mwith phytohem

agglutinin stimulation) and failed toinduce apoptosis. s.c. MF13 treatment
of mice with advanced EtA leukemic ascites yielded extensive apoptosis,
with DNA degradation identical to that seen in vitro, and resulted in
complete tumor regression in all treated mice. These results suggest MF13
as a potential chemotherapeutic agent.

INTRODUCTION

Apoptosis is a specific target for cancer chemotherapy. Augmented
apoptosis has been induced by chemotherapeutic agents, such as
alkylating agents (1), cisplatin (2), and taxol (3). After the suggestion
that phenylalanine should be used as a carrier to enhance the cyto
toxicity of nitrogen mustard (4, 5), impressive antineoplastic activity
has been demonstrated for several synthetic oligopeptides from which
m-L-sarcolysin3 (Fig. 1, inside dotted lines) is released (6â€”9).Al
though there are no reports on the clinical use of m-L-sarcolysin,
p-L-sarcolysin (L-PAM, melphalan) has been used in the treatment of
multiple myeboma, breast and ovarian cancer, and rhabdomyosarcoma
(10). PTT119 (Ambamustine) has been shown by us to have anti

neoplastic activity and is undergoing Phases I and II clinical trials
(6, 11, 12). It is thus reasonable to assume that the antitumor activity

of m-L-sarcolysin is enhanced by the presence of a â€œcarrierâ€•moiety
(6). Of more than 100 newly synthesized di- and tripeptides with a
variety of amino acids connected to sarcobysin, the tripeptide MF13
(Fig. 1) gave optimal overall antineoplastic performance against sev
eral human and murine cancer cell cultures in vitro and murine tumors
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in vivo. After developing new approaches to the synthesis of the

compound and characterizing it by mass spectrometry (13, 14), the
objective of the present work was to investigate the cytotoxic activity
of MF13 and its ability to induce apoptosis in vitro and in vivo.

MATERIALS AND METHODS

Compounds Studied

MF-l3, sarcolysin,and Pr-Phe-norValwere synthesizedin our laboratory(13,
14). PTT119 was provided by Proter SpA. (15); L-phenylalanine, L-norvaline, and

L-proline were purchased from Sigma Chemical Co. (St. Louis, MO). Stock

solutions of the three compounds were prepared by dissolving them in a mixture

ofN,N-dimethyl acetamide, propylene glycol, and Tween 80 (1:2:1 v/v) to yield a
concentration of 10 mg/red. Further dilutions to appropriate concentrations were
made in culture medium prior to use. Solventcontrols were prepared in a similar
manner except without the addition of test compounds.

Cell Lines

All cell lines, with the exception of human biphenotypic (myeloidllymph
oid) leukemia cells (SP; Refs. 16 and 17), and DND-lA melanoma (provided
by Dr. T. Ohnuma at Mount Sinai School of Medicine) were obtained from the
American Type Culture Collection (Rockville, MD) and were cultured as

recommended by the vendor. All cell cultures were incubated in a CO2
atmosphere (5%) at 37Â°C.

Five murine tumor cell lines were studied. A mouse lymphoma/leukemia
cell line (EL4) was cultured in RPMI 1640 supplemented with 10% FBS,
penicillin (250 units/ml), and streptomycin (250 units/ml). Other types of

mouse leukemia studied included the conventional Ll2lO line and two addi
tional L12 10 lines, one resistant to L-PAM and another resistant to MTX (18);

these cell lines were cultured in RPMI 1640 supplemented with 10% horse
serum. A mouse melanoma cell line (B 16) was cultured as monolayer in RPMI
1640 as described above.

Eight human tumor cell lines were studied. T cells from acute lymphocytic
leukemia (CEM) were cultured as a cell suspension in Iscove's modification of
Dulbecco's medium with 10% heat-inactivated FBS and antibiotics. A cell line
derived from a patient with myelodysplasia syndrome (SF; Refs. 16 and 17),
a melanoma cell line (SK.Mel-5), a breast adenocarcinoma cell line (MCF-7),
and renal adenocarcinoma (ACHN) cells were cultured in minimum Eagle's
medium supplemented with 10% FBS. The DND- 1A melanoma and a prostate
adenocarcinoma cell line (PC-3) were grown in RPM! 1640with 10%FBS and
antibiotics. A colon carcinoma cell line (HCT) was propagated as a monolayer

in McCoy's medium with 10% FBS and antibiotics. Human PBLs were
separated from whole blood of healthy individuals by using Ficoll-Hypaque
gradients. They were maintained in RPMI 1640 in the presence of 10% plasma

from the same individuals with or without phytohemagglutinin stimulation.

Determination of m50 and ID@

Human and murine tumor cells in monolayer culture were initiated at
5 x l0@cells/well and treated immediately with MF13 in the 0â€”44p.M
concentration range. The treated cells were incubated for 48 h at 37Â°C.After
incubation, the supernatants were removed (with care being taken to leave the
detached cells on the bottom), and the monolayers were digested into homog
enous cell suspensions with EDTA-trypsin (Life Technologies, Inc., Grand
Island, NY) prior to viability assessment by exclusion of 4% trypan blue.

Human and murine leukemic cells in suspension culture or PBLS were seeded
into 96-well microplates (Falcon Co., Oxnard, CA) at a density of l0' cell (in 250
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Table I Cytotoxicity of MFI3 on murine andhuman tumor cell lines invitroCell

lineCell typeCytotoxicityaID50 (p@M)'@ ID@(p@M)MouseLl210Leukemia0.7

Â±0.15 2.5 Â±0.61EL4Lymphoma0.5
Â±0.07 2.1 Â±0.38Bl6Melanoma1

.4 Â±0.30 4.4 Â±0.72LLCaLewis
lung carcinoma0.4 Â±0.03 1.8 Â±0.16HumanCEMLeukemia

(ALLfÂ± 0.07 1 .4 Â±0.27SpBiphenotypic

leukemia0.9 Â±0.30 5.6 Â±0.75HCT-
116Colon carcinoma2.0 Â±0.24 12.3 Â±2.51PC-3Prostate

adenocarcinoma.2.0 Â±0.37>18SK.Mel-5Melanoma1.6
Â±0.32 10.9 Â±0.66DND-IAMelanoma1.1
Â±0.20 10.5 Â±1.26MCF7Breast

adenocarcinoma.2.1 Â±0.50 13.1 Â±0.79HCHNRenal
adenocarcinoma1.8 Â±0.41 10.9 Â±0.19Normal

humanlymphocytesLymphocytes

Lymphocytes + PHA13.3
Â±1.59 >44

11.9 Â±0.95 >44

APOFFOSIS BY L.m.SARCOLYSINCONTAINING TRIPEPTIDE

size was determined by forward and side light scattering. The presence of
intact DNA and RNA was determined from the intensity of luminescence (22).

DNA Electrophoresis

Sample Preparation. Soluble DNA from cells was measured using a
technique described previously (23). Briefly, 2.5 X 106 normal human lym

phocytes and EM leukemia cells were lysed for 1 h at 50Â°Cin 1 ml conven

tional lysis buffer [0.01 MTris-HC1(pH 8.0), 0.01 MNaC1,0.01 MEDTA (pH
8.0), and 5% SDS] containing 1 p.g/ml proteinase K. The resulting products
were extracted with phenol and chloroform:isoamyl alcohol (24:1v/v). Nucleic
acids were precipitated with ethanol, followed by centrifugation at 8000 X g

for 20 mm at room temperature. After removing the alcohol, the pellets were
air dried and resuspended in 10 mr@ Tris-HCI/l mist EDTA buffer. DNA
content was determined spectrophotometrically at 260 and 280 nm; purity
requirement was set at A2SA2SO>2.

Electrophoresis. RNA was removed by treatment with RNase (0.1 p.g/ml
for 20 mm at 37Â°C).Approximately 4 p.g (determined by absorbance) of DNA
of EM, CEM, and lymphocyte samples were loaded on horizontal agarose gel
[1.5% agarose in TBE (Tns-borate-EDTA, 0.089:0.089:0.002 M) buffer, with

1% ethmdiumbromide]. Electrophoresis was performed at 100 V for 1 h. DNA
migration was visualized under UV light.

Experiments for Survival and Apoptosis in EM-bearing Mice

EM cells (106)in 0.3 ml PBS were implanted i.p. into healthy C57 BU6 Jax
mice (males, 8 weeks of age, 20â€”23g). The randomly selected control group
(n 10) was treated with 0.3 ml of a solvent mixture consisting of water/

propylene glycol (65:35 v/v) 10 days after implantation. The treatment group
(n 10) received s.c. 10 mg/kg MF13 (dissolved in 0.3 ml solvent mixture)
10 days after implantation. Mortality was monitored to the 50th day. For
apoptosis analysis, aliquots containing approximately 5 X 106 ascitic cells

were taken from each animal on the first day, 4, 8, 12, and 24 h after
administering solvent mixture or MF13. The DNA was analyzed using tech
niques described above.

RESULTS AND DISCUSSION

Cytotoxic Activity in Vitro

Determination of ID. The cytotoxic activity of MF13 was quan
tified by determining ID50 and ID@ (p@M)in several hematological and
solid tumor cell lines, both mouse and human. MF-l 3 was active in all
tumor lines studied. The strongest cytotoxic activity was for leuke

a Normal lymphocytesand tumor cells were treatedwith 0â€”44 @MMF13 for 48 h at
37Â°C.The number of surviving cells were determined by trypan blue. Shown are
mean Â±SD from at least four observations.

b @Wmlconcentrations of MF13 (Mr 565,189) can be calculated by multiplying by
0.566.

C ALL, acute lymphocytic leukemia.
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Fig. 1. Structure of MFI3; the structure of sarcolysin is shown within the dotted lines.

p.1of medium)per well for SP leukemiccells and PBLSand 5 X l0@'cells/wellfor
other leukemia cell lines. MF13 and, where indicated, m-L-sarcolysin,L-pro-L
phe-L-norval, L-PAM, MTX, or PTFI19 (stock solutions diluted with the medium)

were added to provide final concentrationin the 0â€”17.7p.Mrange @nseven steps
(0, 0.43,0.86, 1.7,4.3, 8.6,and 17.7p.M).Bothnontreatedand solvent-treatedcells
servedas controls.After incubationfor 48 h at 37Â°C,cells could be taken directly
from the wells for viabilityassessment.

The ID50and ID@of each drug was determined in duplicate in every set of
experiments, and each experiment was repeated three times under identical
conditions. ID50 and ID@ were defined as the concentration of the compound

tested required to kill 50 or 90%, respectively, of cells (compared with that in
untreated cells) and computed using nonlinear analysis (19).

Kinetics of Cancericidal Activity

Equal aliquots of leukemic cells, SP, CEM, and L12l0, in suspension were
treated with MF13 (final concentration, 1.7 p.M)as described above for 15-,
30-, 60-, 120-, and 240-mm periods. After treatment, the samples were cen
trifuged at 700 x g for 10 mm at room temperature and the supernatant, which
contained the free MF13, was removed; the cell pellets were washed twice with

PBS and resuspended in MF13-free culture medium, followed by further
incubation for 48 h at 37Â°C.The number of viable cells was then determined
by trypan blue exclusion.

Morphology

To visualize morphological changes indicative of programmed cell death,
slides for subsequent microscopic examination were prepared by placing

control or MFI3-treated cell suspensions onto a Cytospin centrifuge (Model 2;

Shandon Southern Products, Ltd., Cheshire, United Kingdom). They were
centrifuged at 700 x g for 5 mm at room temperature. After drying in air, the

slides were fixed in methanol for 15 mm at room temperature and stained with
Giemsa (Harleco, Gibbstown, NJ).

Programmed cell death was considered to have been demonstrated when at
least two of the following three criteria were met (20, 21): (a) >30% decrease
in cell size, estimated upon visual observation; (b) chromatin condensation as
evidenced by the presence of dark, heavily stained nuclei; and (c) fragmenta
tion as observed by the appearance of at least three discrete masses of heavily
stained nuclear material.

Flow Cytometry

Sample Preparation. Suspensionsof EL4leukemiaor normallymphocytes
treated with MF13 were incubated at 37Â°Cfor 24 h. After centrifuging (700 X g
at room temperaturefor 4 mm), the pelletswere resuspendedin 50 p.1ofPBS, and
aliquots (containing l0@cells/SOp.1)were fixed with 1% paraformaldehyde(at
room temperature for 15 mm). Cell membranes were made permeable for subse

quent treatment with dyes by incubating with methanol at â€”20Â°Cfor 20 mm.
Next, methanoland paraformaldehydewere removedby centrifugation(700 X g
at room temperaturefor 4 mm), and the cell pelletswere washedtwice with PBS.
Fluorescent staining of cellular DNA and RNA was accomplished by incubating
(at room temperature for 30 mm) with 50 p.1/tubeof 1 mg/mI metachromatic
fluorochromeacridine orange (Sigma).The stained cells were then washed with
PBS and resuspendedin 1% paraformaldehyde.

Flow Cytometry. A flow cytometer (FACScan) with Lysis II (version 2)
software for gating analysis (Becton Dickinson, San Jose, CA) was used. At
least l0@'cell events were analyzed with a cell throughput rate of 500/s. Cell
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Fig. 2. Comparison of cell viabilities (cancencidal activities)
against Ll2lO cells at various drug concentrations (p@M)revealed
significantly stronger cancencidal activity of MF13 with respect to
the â€œcarrierâ€•,m-L-sarcolysin,and PTFI 19. @.carrier peptide; @,
m-L-sarcOlysin; t PTFI 19; 0, MF13. Means were derived from
three independent replicates; bars, SD.
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mias and lymphomas, for both mouse and human tumors (Table 1).
The activity was less for solid tumors, both human and murine. In
contrast, the human peripheral blood lymphocytes gave ID30s of 13.3
@.LMfor normal human peripheral lymphocytes and I 1.0 ,LM for lym

phocytes 24 h after stimulation with phytohemagglutinin, indicating
that MF-13 is not toxic against normal lymphocytes at the concentra
tions lethal to tumor cells. Because many established nontumor cells
are heterogeneous and aneuploid in culture, they do not represent
homogenous euploid cells. We have used normal human PBLs as
normal control and used PBLs stimulated with phytohmagglutinin to

transform these cells into a proliferating phase to mimic normal
dividing cells.

A comparison of the cytotoxicity of MF13, m-L-sarcolysin,
VVF119, and Pr-Phe-norVal, the â€œcarrierâ€•against L12l0 at various

concentrations, reveals that the Pr-Phe-norVal moiety or the individ
ual amino acids therein have, as expected, virtually no cytotoxicity,
even at high concentrations (Fig. 2); toxicities of the individual amino
acids are not shown because none was found. The cytotoxic activity
of MF13 was about 2.5 times higher than that of m-L-sarcolysin, and
two times higher than that of PTT1 19 at 1.77 p.M concentration;
comparable differences occurred at other concentrations (Fig. 2).

Kinetics. The kinetic behavior of MF13 was similar, both qualita
tively and quantitatively, in the cell lines studied as evidenced by the
almost complete overlapping of the plots of cell viability as a function

of exposure from 0 to 240 mm in five steps (Fig. 3). Curves for three
representative cell types, L1210, CEM, and SP, treated with MF13

revealed that only 40â€”50%of the cells were viable after 60 mm of
exposure, and the curves became virtually horizontal after 2 h of
exposure. These results suggest that the killing effect of MF13 is
relatively rapid, and further exposure of the cells beyond 2 h does not
yield an additional decrease in the number of surviving cells. It is
concluded that after 4 h of exposure, the continuous presence of MF13
in the medium is not required for cytotoxic action.

A comparison of the cytotoxicity and kinetic results corroborates
our hypothesis that the addition of amino acid moieties, perhaps
serving in a â€œcarrierâ€•function, increases the antitumor activity of
sarcolysin. The enhanced cytotoxic activity of MF1 3 may be cx
plained by assuming that the additional amino acids increase the
efficiency of transport (24) and/or activate alternative mechanisms

leading to cell death (25). The latter explanation is supported by the
behavior of MF13 to L-PAM-resistant L12l0 cells (see below).

MF13 Is Active against MTX- and L.PAM-resistaflt L1210
Leukemia. In Ll 2 10 leukemia, the LD@()and LD(x) values of the
PAM-resistant and MTX-resistant lines were virtually the same as
those of the nonresistant cells (Table I and Fig. 4). The percentage of
viable tumor cells became constant at >5 @.LML-PAM concentrations;
in contrast, increasing the concentration of MF1 3 resulted in the

complete elimination of viable tumor cells (Fig. 4a); results with the
MTX-resistant cell line were identical (Fig. 4b).

It was demonstrated that L-PAM, which is mutagenic in cultured
cells, generates resistance in tumor cells within six to eight passages
(26). We have shown (18), and others have confirmed (27), that
PTT1 19 was active against several resistant tumor lines, including

some with resistance to L-PAM and MTX. The fact that the MTX
resistant Ll2lO was sensitive to MFI3 implies that there is no rela
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Fig. 3. Comparison of effects of MFI3 exposure (I .77 p@M)in leukemic cells; U, SP;
A, CEM; X, Ll2lO cells. There was no apparent difference among these cell lines (see
text). En@orbars are not shown to preserve clarity. SD (Â±)values (n 3) were in the 5â€”9
range for incubation times to 30 mm, and in the 2â€”6range for 60â€”240-mmincubations.
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APOPTOSISBY L-m.SARCOLYSINCONTAININGTRWEPTIDE

by agarose gel electrophoresis. Also, the curative activity and apop
tosis-inducing activity of MF13 in vivo was explored in EM-bearing

Morphological Changes: Light Microscopy. The morphological
criteria for apoptosis are listed in â€œMaterialsand Methods.â€•Cultured
mouse EM cells treated with MF13 exhibited morphological changes

L-PAM characteristic of cell death in early, middle, and late (advanced)
apoptotic stages. Compared to untreated control (Fig. 5a), the early
stage following treatment revealed fine granular masses of chromatin
within the nuclear membranes (Fig. Sb, left side). In the middle stage,
chromatin granules became more evident, and chromatin condensa

tion commenced (Fig. Sb, right side). In the late stage, the effect of
MF13 treatment was the fragmentation of condensed chromatin into
several discrete masses (Fig. Sb, center). It is noted that cell mem
branes remained intact in all stages.

Normal human peripheral blood lymphocytes (Fig. Sc) exhibited no
alterations after treatment with MF13 for 24 h (Fig. Sd). In contrast,
in the human CEM line (Fig. Se), the dramatic morphological changes
of the treated cells (Fig. Sf) were similar to those observed with EM.
It is concluded that the morphological criteria of apoptosis were met
by both the murine (EM) and human (CEM) cells studied; apoptotic
cells were quantified by flow cytometry (see below).

DNA Integrity and Changes in Cell Volume: Flow Cytometry.
Decreased DNA stainability with various dyes has been proposed as
a method of identification of apoptotic cells by flow cytometry (22).
Multiparameter flow cytometry was also used to discriminate between
necrosis and apoptosis (28). The denaturation of DNA upon treatment

MTX with MF13 was observed with flow cytometry using metachromatic
fluorochrome AO, which differentially stains (green fluorescence)

double-stranded versus denatured DNA (22). The entry of a cell into
apoptosis upon treatment with MF13 was measured by monitoring the
changes of the FLS and SLS patterns with the flow cytometer.
Because the cells were not pretreated with RNase prior to AO stain

ing, the shift in the luminescent mass was used to discriminate the
fragmented cellular DNA (green color, FL!) and RNA (red color,

FL2) from intact DNA and RNA, respectively.
The FLS-SLS pattern of untreated EM cells revealed the expected

distribution of cell size, with 94% of cells viable (Fig. 6a). Treatment

with MF13 yielded a complete reversal of the distribution and ratio of
the viable and apoptotic cells, 18% viable and 82% apoptotic, as
indicated by the appearance of an intense second peak on the FLS
SLS pattern (Fig. 6b). The degree of AO-induced staining of DNA
(and also RNA) revealed that in untreated EM, 96% of DNA re
mained intact with only 4% fragmented (Fig. 6a, inset), whereas

treatment led to a significant induction of DNA (and RNA) fragmen

tation, with only 36% intact and 64% fragmented (Fig. 6b, inset).
The flow cytometric analysis of normal and MF13-treated human

lymphocytes resulted in FLS-SLS patterns and DNAIRNA lumines
cence intensities that were nearly identical (Fig. 6, c and d), revealing
no significant effects by MF13 on either cell size or DNA integrity.
The results of flow cytometric analysis of untreated and treated CEM
cells resulted in patterns (data not shown) similar to those shown for
EM (Fig. 6, a and b). A comparison of the numerical values of flow
cytometric analyses of these three representative cell types revealed

that treatment resulted in large changes in both cell survival (based on
FLS-SLS scattering) and DNA integrity (based on intensity of fluo
rescence) in both the murine and human tumor cell lines, whereas
normal human lymphocytes remained unaffected.

The reduced affinity of fragmented cellular DNA to the AO dye
was expected after treatment with MF13. Because the cells were not
pretreated with RNase prior to AO staining, the staining of RNA was

also observable and quantifiable based on the moving of a lumines
cence mass on FL2 (Fig. 6, insets). The reduced staining of RNA may
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Fig. 4. Comparison of the effectiveness of MF13 in resistant L12l0 leukemic cells: (a)
resistant to L-PAM; (b) resistant to MTX. Means were derived from three independent
replicates; bars. SD.
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tionship between the mechanism for resistance to folic antagonists in
this line and alkylating agent activity. In contrast, the bioactive moiety
of MF13 is the same as that in L-PAM. The high sensitivity of
L-PAM-resistant L12l0 to MF13 can be explained by assuming that
the peptide structure of MF13 permits a bypass of the acquired drug
resistance to L-PAM; the change from the p-position to the rn-position

in the sarcolysin moiety may also contribute. In addition to the
similarity of MF13 to PTI'l 19 with respect to action against cells with

acquired resistance to L-PAM and MTX (18), we have established that
in leukemic cells, the cancericidal activity of MF13 is significantly
greater than that of PTTI 19 at several concentrations (Fig. 2).

Apoptosis in Vitro

Induction of apoptosis by MF13 was detected and measured by: (a)
observing morphological changes by light microscopy; (b) estimating

changes in cell sizes (volumes) and DNA (and RNA) integrity with
flow cytometry; and (c) monitoring nucleosomal DNA fragmentation
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be explained by degradation of DNA in apoptosis terminating DNA
directed RNA synthesis, followed by a rapid decrease of cytoplasmic
RNA content due to the short half-life of RNA. Alternatively or
additionally, the endonucleases involved in apoptosis (29, 30) may

nick both DNA and single-stranded RNA (31).
Monitoring Nucleosomal DNA Fragmentation: Agarose Gel

Electrophoresis. The identification of programmed cell death by

observation of DNA fragmentation patterns in multiples of a 180â€”

200-bp oligonucleosome-length units was carried out using proce
dures suggested previously (22). In EL4 and CEM, DNA fragmen
tation was detectable as early as 8 h after treatment, with

considerable increases in signal intensity with prolonged treatment
to 24 h (Fig. 7a, EL4, and 7b, CEM). At least 4.4 @Mm-L
sarcolysin was needed to induce DNA fragmentation in CEM cells
to a similar degree to that of MF13 (1.7 p.rvi; Fig. 7c). Normal
human lymphocytes exhibited no DNA fragmentation, even when
MF13 concentration was stepwise increased up to 9 ,.LM, with
treatment duration up to 24 h (Fig. 7d).

The appearance of an oligonucleosomal ladder in MF1 3-treated
cells indicate the break of double-stranded DNA at the linker region
between nucleosomes. Although the signal transduction pathway ac
tivating this process by MF13 is not known, the formation of 180â€”

4799

Fig. 5. Morphological observation (Giemsa, oil immersion, X1000) of apoptosis in murine and human leukemic cells treated with MF13 (1.77 @M,24 h). Nuclear fragmentation
indicated apoptosis in EtA cells (A, untreated; B, treated) and in CEM cells (E, untreated; F, treated). Normal human lymphocytes did not show apoptosis (C, untreated; D, treated,
4.4 ELM,24 h).
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Fig. 6. Flow cytometric analysis, after AG staining, revealed significant apoptosis of MF13-treated (1.77 pxt, 24 h) EL4 cells (b), but no apoptosis was detected for untreated EM
cells (a) and normal (c) and MFI3-treated (d; 4.4 psi, 24 h) human lymphocytes. The percentages of live and dead cells were obtained from the three-dimensional FLS/SLS data
(representing size, cell numbers, and granularity). Insets, distributions of the corresponding patterns of DNA/RNA luminescence.

regression was achieved by 3 days after treatment with MF13 on day

10, when the disease was already significantly advanced. The heavy
ascites burden disappeared, and all treated animals were alive on day
50, at which time the experiment was terminated. There was no visible
ascites upon autopsy. No tumor cells could be grown using explanted

cavity fluids.
DNA fragmentation was not seen at 4 h but was recognizable as

early as 8 h after MFI3 administration (Fig. 9, Lane 4) and increased
continuously with time (Lanes 5 and 6). In contrast, no DNA frag
mentation was observed, even in the 24-h sample from the control
animals (Fig. 9, Lane 2). The fact that the DNA fragmentation in the

200-bp fragments that were components of larger units suggests the
involvement of endonucleases (29, 30, 32). A DNA smear, which
represents a random cleavage of DNA (21) and degradation of histone
in the process of necrotic cell death (33, 34), was not observed in
MF13-treated tumor cells.

Survival and Apoptosis in EL4-bearing Mice

Visible ascites appeared in all control (solvent-treated) mice 8 days
after i.p. tumor implantation; the tumor burden became heavy by the
10th day, when a single s.c. injection of PBS was given, and all
animals died by the 15th day (Fig. 8). In contrast, complete clinical
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Fig. 7. Detection ofapoptosis by DNA fragmentation

upontreatmentwithMF13(1.7 @ssi):a, EM cells;b,
CEM cells. For comparison, treatment of CEM cells
with m-L-sarcolysin (4.4 p.M) is shown in c. Lane 1.
DNA marker; Lane 2, untreated cells. In a, b, and c,
Lanes 3â€”6represent tumor cells treated for 4, 8, 12, and
24 h, respectively. No apoptosis was detected when
normal lymphocytes were treated with MF13. In d,
Lanes 3â€”6represent MF13 concentrations of 0.9, 1.8,
4.4. and 8.8 JAM,respectively.

in vivo experiments was apparently the same as that observed in cell

cultures, as evidenced by the appearance of 180â€”200-bpoligonucleo
some-length units, suggests comparable mechanisms for the induction
of apoptosis by MF13 both in vivo and in vitro. It also implies that the

$.i

induction of apoptosis in the leukemia cells was an important and
possibly the major factor in curing these leukemic mice. The fact that
DNA fragmentation was observed although the EL4 tumor was im

planted i.p. and the MF13 treatment was administered s.c. indicates
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Fig. 8. Treatment of terminal stage (large ascites burden)
EM tumor-bearingmicewithMF13resultedin cure.Tendays
after i.p. EtA cell implantation (106 cells/animal), MF13 (10
mg/kg)was injecteds.c., and animalswere followedfor 50
days. All solvent-treated controls (n = 10) had died by 15 days.
All MF13-treated mice were alive on day 50 without visible
ascites upon autopsy.
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Fig. 9. In vivo apoptosis in MF13-treated mice bearing EM was detected by DNA
analysis. Lane I. standard DNA ladder (75â€”12216bp); Lane 2, DNA from untreated mice,
day 11 after inoculation, 24 h after solvent administration; Lanes 3â€”6,DNA obtained on
4, 8, 12, and 24 h after MF13 administration, respectively.

that MF13 is capable of circulating in the blood and then entering the
tumor cells, a property of major importance for subsequent efforts to
develop the compound as a practical chemotherapeutic drug.
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