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ABSTRACT

It has been a long-term goal to discover peptides that
can kill tumor cells while sparing normal tissues. Lan-7 is
a novel, chemically stable peptide structurally related to
somatostatin that contains a lanthionine bridge between
the two cysteines in the peptide; TT-232 is a less stable
analogue containing a disulfide bridge. The antitumor
activity of Lan-7 was examined, relative to that of TT-232
and the clinically used analogue octreotide, against a
panel of malignant human tumor cell lines and normal
human hematopoietic precursors. Lan-7 was cytotoxic to
all four tumor cell lines, with IC4, values ranging over a
2-fold range from 16 to 36 pm. The potency of Lan-7 was
comparable to that of TT-232, and both of these agents
were two to three times more potent than octreotide. At
concentrations that were highly cytotoxic to tumor cells,
Lan-7 produced no significant toxicity to normal human
hematopoietic precursors. Lan-7 induced apoptosis in hu-
man ovarian carcinoma 2008 cells over the same concen-
tration range at which it produced cytotoxicity, but it did
so without activating G,, S, or G, checkpoints, given that
it produced no perturbation of cell cycle phase distribu-
tion. Cells engineered to overexpress P-glycoprotein were
not more resistant to Lan-7 than isogeneic cells not ex-
pressing the mdrl gene. These results make Lan-7 of
interest as a potential cancer chemotherapeutic agent.

INTRODUCTION

SMS? is a tetradecapeptide that exerts a wide variety of
biological effects, including inhibition of hormone secretion;
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antagonism of effects mediated by a variety of growth fac-
tors, such as epidermal growth factor and basic fibroblast
growth factor, and inhibition of cell proliferation (1). These
effects are believed to be mediated via its interaction with
one or more of the five SMS receptor subtypes on the surface
of the cell that are coupled to several different types of signal
transduction pathways, including adenylate cyclase, serine/
threonine and tyrosine phosphatases, and ion-conductance
channels (2, 3). SMS produces biological effects at nanomo-
lar concentrations, consistent with its affinity for these re-
ceptors. SMS is subject to proteolytic digestion and has a
very short plasma half-life, and much effort has been ex-
pended on the development of analogues with more favorable
characteristics. One of these, octreotide, is approved for
clinical use to inhibit growth hormone release in patients with
acromegaly and for the management of diarrhea and symp-
toms produced by carcinoid and vasoactive intestinal pep-
tide-secreting tumors arising in the gut (4, 5). Octreotide
reduces the release of hormones that mediate these symp-
toms. However, neither SMS itself nor octreotide directly
slows the growth of tumors at clinically tolerable doses, and
neither has proven to be of value for treatment of most
common types of cancer. Recent efforts have resulted in the
discovery of SMS analogues that do have growth-inhibitory
effects both in vitro and in vivo against various endocrine
tumors (6-8). A large number of these analogues have been
synthesized in an effort to extend the therapeutic spectrum of
this class of drugs and enhance selectivity, and in the process
several analogues with greater cytotoxicity than the parent
compound have been identified, although it is not entirely
clear that these produce their biological effects via interac-
tion with the SMS receptors. Among these is TT-232, which
has a five-residue ring structure, p-Phe-Cys-Tyr-p-Trp-Lys-
Cys-Thr-NH, (9). TT-232 has no activity as an inhibitor of
growth hormone release, but it has antitumor activity in a
variety of in vitro and in vivo tumor models (9-11).

Lan-7 is a lanthionine analogue of TT-232, in which the
disulfide bridge between the cysteines has been replaced by a
lanthionine bridge; the structures of both of these compounds
are shown in Fig. 1. Lan-7 was synthesized with the expectation
that it would retain the interesting cytotoxic properties of TT-
232 but be more chemically robust based on the greater stability
of the lanthionine bridge compared to that of the disulfide
bridge. We report here on preclinical studies of the antiprolif-
erative activity of this new analogue against both normal and
malignant human cells and on experiments directed at elucidat-
ing its mechanism of action and the determinants of sensitivity
to this agent.

mix-CFU, mixed-lineage colony-forming unit; HPLC, high-perform-
ance liquid chromatography: SSTR. cloned SMS receptor.
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-Alag - -Alag -
L_g—J

.|||/ \|||.

MATERIALS AND METHODS

Chemicals and Reagents. Cisplatin formulated for clin-
ical use was provided by Bristol-Myers Squibb Pharmaceutical
Research Institute (Princeton, NJ). Colchicine and sulforhodam-
ine B were obtained from Sigma Chemical Co. (St. Louis, MO).
Vinblastine was obtained from Eli Lilly Co. (Indianapolis, IN).
RPMI-1640, DMEM, and Iscove’s modified Dulbecco’s me-
dium were purchased from Irvine Scientific (Irvine, CA). Fetal
bovine serum and geneticine were obtained from Life Technol-
ogies, Inc. (Gaithersburg, MD).

Oligopeptide Synthesis and Physical and Chemical
Characterization. TT-232 was synthesized on an ABD433A
synthesizer using MBHA amide resin as solid support and
FastMoc 0.1 mmol chemistry. The peptide Boc-p-Phe-
Cys(Acm)-Tyr(tBu)-p-Trp(tBoc)-Lys(tBoc)-Cys(Acm)-
Thr(tBu)-MBHA was assembled on the resin followed by
oxidation to form the disulfide bond. Final deprotection
removed all the peptide from the resin and at the same time
cleaved the protecting groups. Lan-7 was synthesized in
solution. A tetrapeptide lanthionine building block (Fig. 1,
compound I) was synthesized and coupled to the tripeptide
Boc-Tyr(ZBr)-p-Trp-Lys(ZC1)-OH. Cyclization following
fragment condensation resulted in the fully protected hep-
tapeptide. Cleavage by hydrogen fluoride gas removed all
protecting groups. Lan-7 was obtained after HPLC purifica-
tion. TT-232 and Lan-7 were characterized by mass spec-
trometry, nuclear magnetic resonance spectroscopy, and an-
alytical HPLC.

Cell Lines and Cell Cultures. The human ovarian ade-
nocarcinoma cell line 2008 (12) and the human head and neck
squamous cell carcinoma cell line UMSCCI10b (13) were cul-
tured in RPMI 1640 supplemented with 2 mM L-glutamine, 100
units/ml of penicillin G, 100 pg/ml streptomycin sulfate, and
10% heat-inactivated fetal bovine serum. The human colorectal
adenocarcinoma cell line HCT116, which is deficient in DNA
mismatch repair due to mutations in both alleles of the A(MLH I

gene, was obtained from American Type Culture Collection
(CCL 247); sublines complemented with either chromosome 3
(clone HCT116+ch3) or chromosome 2 (HCT116+ch2) were
obtained from Drs. C. R. Boland and M. Koi (14), as was the
hMSH2-deficient human endometrial adenocarcinoma cell line
HECS9 (15) and a subline complemented with chromosome 2
(HEC59+ch2). Both cell lines were maintained in Iscove’s
modified Dulbecco’s medium supplemented with 2 mm L-glu-
tamine and 10% heat-inactivated fetal bovine serum. All of the
chromosome-complemented lines were maintained in medium
supplemented with geneticine (400 mg/ml for HCT116+ch3
and 600/ml for HEC59+ch2). The absence and presence of
expression of hMLHI1 in HCT116 and HCT116+ch3 lines as
well as expression of hMSH2 in HEC59 and HEC59+ch2 cells
were verified by Western immunoblot analysis (data not
shown).

The drug-sensitive human epidermoid carcinoma cell line
KB-3-1 and a drug-resistant variant, KB-GRCI, derived from
KB-3-1 cells by transfection of the mdrl gene coupled to a
Moloney murine leukemia virus long terminal repeat (16), were
maintained in standard DMEM supplemented with 10% fetal
bovine serum, 100 units/ml penicillin G, 100 pg/ml streptomy-
cin sulfate, and 1% L-glutamine; the KB-GRCI1 cell cultures
were supplemented with 6 ng/ml colchicine. The mutant xrs-6
CHO cell line was derived from parental CHO-K1 cells (17) and
is defective in the repair of DNA double-strand breaks due to
impaired DNA-dependent protein kinase activity. The xrs-6/
Ku80 line was derived by transfection of xrs-6 cells with the
expression vector p220LTR, which contains a 2200-bp sequence
that encompasses the Ku80 open reading frame (18); comple-
mentation with Ku80 was demonstrated to restore the DNA
double-strand break-rejoining proficiency to the level of the
parental CHO-K1 cells (19). Both lines were maintained in
DMEM containing 10% fetal bovine serum and 1% L-gluta-
mine; the xrs-6/Ku80 cultures were supplemented with 300
png/ml hygromycin. All lines tested negative for Mycoplasma
species and were maintained in a humidified incubator at 37°C
and 5% CO, atmosphere.

Antitumor Cytotoxicity Assay. Cytotoxicity was as-
sessed using the sulforhodamine B assay according to the pro-
cedure reported by Monks et al. (20). Cultured tumor cells were
seeded into 96-well plates at a density of either 1000 or 2000
cells/well, depending on the plating efficiency of the cell line, in
100 pl of medium and allowed to grow for 24 h. Appropriate
concentrations of drugs were added in a final volume of 100 pl
of medium per well. Control plates were fixed at the time of
drug addition to determine the cellular protein of each well at
time 0. Cells were allowed to grow for an additional 48 h in the
presence of drug before being fixed by the addition of 25 .l of
50% (w/v) trichloroacetic acid. Cellular protein was stained with
sulforhodamine B and measured spectrophometrically with an
ELISA plate reader (Molecular Devices, Sunnyvale, CA) (21).
The relative growth rate, r, was calculated as reported previ-
ously (22). Each experiment was performed in triplicate, and
ICs, values were estimated by linear interpolation at r = 0.5.

Detection of Apoptotic Cells. Cells were trypsinized
from culture, washed with PBS, resuspended at 5 X 10° cells/
ml, and stained immediately on ice with a mixture of acridine
orange (100 pg/ml) and ethidium bromide (100 pg/ml) prepared
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in PBS (23). Stained cells (10 pl) were placed onto a clean
microscope slide and examined immediately using a fluores-
cence microscope; a minimum of 200 cells was scored for early
or late apoptotic changes according to standardized criteria (23).
Means were determined from triplicate cultures for each data
point, and each culture was scored three times using separate
aliquots of cells. Each experiment was repeated at least five
times. Treatment of 2008 with cells with cisplatin (40 uM) and
ATRA (10 pM) for 1 h was included as a positive control; this
combination has been validated for the 2008 ovarian cancer cell
using other measures of apoptosis (24).

Determination of Cell Cycle Phase Distribution. Ap-
proximately 10° cells were grown in RPMI in T-25 culture
flasks, and before reaching confluency, the cells were exposed
to Lan-7 at a concentration of 30 wM for 24, 48, or 72 h. Cells
were harvested by trypsinization, washed once with ice-cold
PBS, and fixed in ice-cold 70% ethanol at a concentration of 10°
cells/ml. Cells were again washed in PBS and resuspended in 50
M propidium iodide containing 1000 units/ml RNase A in PBS.
After a 30-min incubation at 37°C, the cells were analyzed on a
CytoFluorograf (Ortho Diagnostics Systems, Raritan, NJ). Mul-
ticycle Cell Cycle software (Phoenix Flow Systems, San Diego,
CA) was used to calculate the fraction of cells in each phase of
the cell cycle. This program is based on the mathematical model
described by Dean and Jett (25), using normal distribution
functions (Gaussians) for G, and G,-M phases and a broadened
second-degree polynomial for S phase.

Clonal Growth Assay for E-BFUs, Mix-CFUs, and GM-
CFUs. Mobilized peripheral blood progenitor cells were col-
lected by leukophoresis from patients undergoing stem cell
transplantation at the University of California, San Diego. Pro-
genitor colony formation was performed by mixing cells in
premixed methylcellulose medium (Stem Cell Technologies,
Vancouver, BC) and plating 5 X 10* to 1 X 10° cells in
duplicate cultures in 35-mm dishes (Nunc, Naperville, IL) as
described previously (26).

Statistical Analysis. Comparisons between groups were
made using the Student’s t test assuming unequal variance. The
0.05 level of probability was used as the criterion of signifi-
cance.

Table I Relative toxicity of Lan-7, TT-232 and octreotide as a

function of exposure duration

Exposure time

Drug Cell lines (hs) ICs, (uMm)“
Lan-7 2008 24 17.05 = 6.61
48 1693 = 1.84

UMSCC10b 24 33.88 = 1.98

48 27.69 = 2.17

HCTI116 72 2997 = 1.19

HEC59 72 36.81 * 0.40

TT-232 2008 24 18.34 = 1.69
48 17.89 = 1.15

UMSCC10b 24 29.89 * 1.98

48 2524 + 1.19

HCT116 72 28.02 = 1.17

HEC59 72 27.03 = 2.17

Octreotide 2008 48 45.04 = 3.64
UMSCCI10b 48 82.23 £ 0.26

HEC59 72 55.76 * 6.26

“ The values represent mean * SD calculated from at least three
individual experiments using triplicate cultures.

RESULTS

Fig. 2 shows the inhibition of growth rate as a function of
drug concentration for Lan-7 and TT-232 determined using the
sulforhodamine B assay and a panel of four different human
cancer cell lines that included lines derived from ovarian, head
and neck, endometrial, and colon carcinomas. Table 1 summa-
rizes the ICs, values calculated from the growth inhibition
curves for all the cell lines and drug exposure durations tested.
The IC,, values for Lan-7 varied over a 2-fold range from 16
uM for the ovarian carcinoma 2008 cells to 36 um for the
endometrial carcinoma HEC59 cells. The IC,, values for Lan-7
were very similar to those for TT-232, and the rank order of
sensitivity for the four cell lines was the same for both agents.
Thus, Lan-7 has in vitro antineoplastic activity quite comparable
to that of TT-232. Both Lan-7 and TT-232 were two to three
times more cytotoxic than octreotide against the three cancer
cell lines, against which the latter drug was also tested (Table 1).

To determine whether the Lan-7-induced growth inhibition
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Fig. 3 Induction of apoptosis by Lan-7 in 2008 cells. Values represent
the means (bars, SD) for 5-10 experiments. The extent of apoptosis
produced by each of the Lan-7 concentrations tested, as well as the
positive retinoic acid (RA)/cisplatin (DDP) control, was significantly
greater than that observed in untreated cultures (P < 0.001).

was correlated with its ability to induce apoptosis in cancer
cells, the fraction of apoptotic 2008 cells was determined fol-
lowing a 24-h exposure to increasing concentrations of Lan-7. A
1-h exposure to cisplatin 40 uM in combination with 10 um
ATRA was used as a positive control for the methodology
employed in determining the fraction of apoptotic cells (24, 27).
The cisplatin/ATRA combination resulted in 15% apoptotic
cells at 24 h. As shown in Fig. 3. Lan-7 produced a concentra-
tion-dependent increase in the percentage of apoptotic cells
measured after 24 h of exposure that reached 60% at a concen-
tration of 40 wM. Thus, there was good agreement between the
ability of Lan-7 to inhibit proliferation as measured by the
sulforhodamine B assay and its ability to induce apoptosis for
the 2008 cell line.

If Lan-7 is to be useful as a chemotherapeutic agent, then
it must demonstrate selective toxicity for malignant cells rela-
tive to that for dose-limiting normal tissues. At the present time,
the dose-limiting toxicity of Lan-7 in vivo is not known. How-
ever, hematopoeitic progenitor cells and their proliferating prog-
eny in the bone marrow are often the dose-limiting normal cells
for cytotoxic agents. Fig. 4 shows the effects of continuous
exposure to Lan-7 at concentrations of 20, 30, and 40 uM on the
ability of the GM-CFUs, E-BFUs, and mix-CFUs present in the
population of peripheral blood hematopoeitic stem cells to pro-
liferate over a period of 14 days to form colonies in methylcel-
lulose in a total of three experiments performed with triplicate
cultures for each drug concentration. Even at a concentration of
40 uM, Lan-7 produced only a small reduction in GM-CFUs and
no significant effect on E-BFUs or mix-CFUs. The number of
colonies formed expressed as a percentage of those in the
untreated control cultures was 81.4 *= 10.3 (mean * SD) for the
GM-CFUs, 93.6 = 18.3 for the E-BFUs, 121 * 6.1 for the
mix-CFUs, and 100.5 * 7.3 for total colonies of all types. One
additional experiment was carried out at a Lan-7 concentration
of 80 uM. This concentration of Lan-7 reduced GM-CFU col-

OCFU-GM 0 BFU-E ECFU-MIX

Colonies Formed (Percent of Control)
3

Total Colonies (Percent of Control)

20 30 40
Lan-7 (uM)

Fig. 4 Cytotoxicity of Lan-7 to normal human hematopoietic progen-
itor cells. Values represent the means (bars. SD) from three independent
experiments performed with duplicate cultures. A, effect on colony
subtypes; B, effect on total colony numbers.

onies to 74.8% of control, and mix-CFU and total colonies to
71.7 and 70.8% of control, respectively. To exclude the possi-
bility that Lan-7 was inactivated by binding to methylcellulose,
20 uM Lan-7 was incubated with methylcellose under the con-
ditions used for the hematopoietic progenitor culture and free
drug concentration was measured by HPLC following separa-
tion from the methylcellulose by ultrafiltration. Lan-7 binds
nonspecifically to the ultrafiltration membrane, and in the ab-
sence of methylcellulose, the concentration in the ultrafiltrate
was 9.7 = 6.7% of that in the unfiltered standard. In contrast,
when methylcellulose was present, the concentration in the
ultrafiltrate was increased an average of 5.5-fold to 65.2 *
10.2% of that in the unfiltered standard. Thus, rather than
sequestering Lan-7, the methylcellulose increased its free con-
centration by displacing it from nonspecific binding sites. De-
spite the somewhat different types of assays used (growth rate
versus clonogenic), these data indicate that Lan-7 is very much
less toxic to hematopoeitic precursors than to the four tumor cell
lines tested.

As a first step toward elucidation of the mechanism by
which Lan-7 inhibits growth and causes apoptosis, its effect on
cell cycle phase distribution was examined in 2008 cells. Fig. 5
shows that exposure to 30 uM Lan-7, a concentration 1.8 times
the ICs,, had no detectable effect on the cell cycle phase
distribution with up to 72 h of exposure. Similarly, TT-232 also
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Fig. 5 Effect of Lan-7 on the cell cycle phase distribution. Human
ovarian carcinoma 2008 cells were exposed to Lan-7 at 30 uM, and cells
were harvested at 24, 48. and 72 h. Duplicate cultures were analyzed for
each time point.

did not have an effect on the cell cycle phase distribution of
2008 cells (data not shown). These results suggest that neither
drug triggers the G,, S, or G, phase checkpoints activated
commonly by other types of chemotherapeutic agents that cause
cellular injury.

Mutant cell lines with specific deficiencies in the ability to
repair DNA were used to determine whether Lan-7 and TT-232
toxicity was mediated by DNA damage. Loss of the ability to
carry out DNA double-strand break repair results in hypersen-
sitivity to -y-radiation and radiomimetic drugs such as bleomy-
cin, whereas loss of DNA mismatch repair results in resistance
to some types of platinating (28, 29) and methylating agents (30)
as well as 6-thioguanine (31). xrs-6 cells have a defect in the
Ku80 gene that impairs repair of double-strand breaks in DNA;
these cells are hypersensitive to vy-radiation. Complementation
of the genetic defect by insertion of a wild-type copy of Ku80 on
an expression vector restores radiation sensitivity to normal
(32). Fig. 6 shows a comparison of the sensitivity of xrs-6 and
xrs-6/Ku80 cells to Lan-7 and TT-232 and demonstrates that
there was no difference in the survival curves, suggesting that
these agents do not cause double-strand DNA breaks. Human
colon carcinoma HCT116 cells are deficient in DNA mismatch
repair due to mutations in both alleles of h(MLHI; mismatch
repair proficiency is restored in the HCT116+ch3 subline com-
plemented by insertion of an extra chromosome 3 carrying a
wild-type copy of hMLHI. Likewise, human HEC59 endome-
trial carcinoma cells are mismatch repair deficient due to mu-
tations in both alleles of hAMSH2, and proficiency is restored in
the HEC59+ch2 subline into which an extra copy of chromo-
some 2 has been inserted carrying a wild-type copy of hMSH2.
Fig. 7 shows that, whereas Lan-7 and TT-232 demonstrate
somewhat different potencies against the HCT116 versus
HECS59 cells, there was no difference in sensitivity to either
agent as a function of mismatch repair proficiency versus defi-
ciency, suggesting that these drugs do not cause adduct forma-
tion in DNA recognized by the mismatch repair system.

P-glycoprotein serves to extrude many types of chemother-
apeutic agents and some types of small peptides from the plasma
membrane and cytosol (33), and over-expression of P-glycopro-
tein is a major determinant of sensitivity to many types of drugs

(34). Wild-type KB-3-1 human cervical carcinoma cells express
essentially no P-glycoprotein, whereas cells of the KB-GRC1
subline, into which an expression vector containing the mdr/
gene has been inserted, express high levels and are highly
resistant to drugs that serve as substrates for the P-glycoprotein
pump (35). Fig. 8 shows the survival curves for the KB-3-1 and
KB-GRCl cells following exposure to increasing concentrations
of Lan-7. The cytotoxic concentration range for Lan-7 was quite
narrow (32-40 pMm), and the KB-GRC-1 cells were slightly
more sensitive than KB-3-1 cells to growth inhibition by Lan-7;
the IC,,, was 37.0 = 0.4 pM for the KB-3-1 cells and 34.0 = 0.6
M for the KB-GRC1 cells. These results are consistent with the
hypothesis that Lan-7 is not a substrate for the P-glycoprotein
pump. A separate experiment was performed to document per-
sistence of resistance to vinblastine in the KB-GRCI cells, and
>250-fold resistance was again observed, consistent with pre-
vious experiments from this laboratory (data not shown: Ref.
35).

DISCUSSION

Lan-7 is a novel type of structural SMS analogue based on
the use of a lanthionine rather than a disulfide intramolecular
bridge. The results reported here indicate that Lan-7 shares with
TT-232 the ability to inhibit the proliferation of cell lines
representative of several different common types of human
malignancies with greater potency than octreotide (11). As has
been established previously for TT-232 (36), Lan-7 kills cells
via apoptosis. In the human ovarian carcinoma 2008 cell line, it
produced increasing degrees of apoptosis over the same con-
centration range required to reduce cell proliferation measured
in the sulforhodamine B assay. suggesting that Lan-7 is capable
of activating the caspases responsible for executing the apop-
totic program (37).

A central question regarding Lan-7 and TT-232 is
whether their cytotoxicity is mediated via interaction with
one or more of the known SSTRs or whether it is mediated
either through some other cell surface receptor system or
interaction with an intracellular target. Five SMS receptor
subtypes, SSTR,-SSTRs, have thus far been identified (2),
and they differ with respect to their ability to mediate anti-
proliferative effects in response to exposure to various SMS
analogues (38). It was demonstrated recently that at least one
of these receptors does mediate a change in cell proliferation:
expression of SSTR, in NIH 3T3 cells resulted in growth
inhibition due to the activation of SMS secretion that then
bound to the SSTR, on the cell surface and slowed prolifer-
ation via an autocrine loop (39). Expression of SSTR,,
SSTR,, and SSTR,; mRNA has recently been demonstrated in
a variety of primary human tumors by in situ hybridization.
Among the 55 tumors studied, 22% expressed SSTR, mRNA,
60% expressed SSTR,, and 25% expressed SSTR; mRNA
(40). Thus, it is possible that the cell lines used in the studies
reported here expressed SSTRs and that the effects of Lan-7
and TT-232 were mediated by binding to these receptors.
However, the concentrations of Lan-7 and TT-232 required to
inhibit cell proliferation were 2-3 orders of magnitude higher
than the K, for the binding of SMS to these receptors,
suggesting that if one or more of the SSTRs are involved in
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triggering apoptosis, their affinities for Lan-7 and TT-232 are
well below those for SMS. Preliminary studies have in fact
confirmed that the binding affinities for Lan-7 to all of the
cloned SSTRs is >1 pm.* Additional studies are needed to
better define the binding affinity of Lan-7 for each of the
SSTR subtypes.

A high degree of selectivity for effects on tumor cells is
an essential requirement for an anticancer drug. Because
myelosuppression is the dose-limiting toxicity for many an-
tiproliferative chemotherapeutic agents, we undertook to as-
sess the cytotoxicity of Lan-7 to human hematopoeitic pre-
cursors and found that it produced minimal effects at
concentrations that were quite cytotoxic to all four human
tumor cell lines included in this study. This is encouraging, in
particular because to be scored, a single stem cell must divide

*T. Reisine, personal communication.

TT-232 (uM)

through at least five generations in the presence of the drug
to be scored in the colony-formation assay used in this study.
The lack of toxicity of Lan-7 to human hematopoietic pre-
cursors is consistent with the lack of toxicity of TT-232 in
mice (11). However, some caution is appropriate, because
this type of in vitro comparison has only limited value in
assessing therapeutic ratio in vivo.

It is of some interest that Lan-7 induced apoptosis with-
out producing disruption of cell cycle phase distribution. The
cellular injury produced by the great majority of cytotoxic
drugs that work by triggering apoptosis also results in acti-
vation of one or more cell cycle checkpoints that mediate
arrest of progression in G,, S, G,, or M phase. Lan-7 appears
to be unique in that it can activate the apoptotic mechanism
without concurrently activating the major cell cycle check-
points. This is consistent with our observation that cells with
two types of deficits in DNA repair do not demonstrate
hypersensitivity to Lan-7. Although none of these experi-
ments establish definitively that Lan-7 does not work by
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Fig. 8 Effect of overexpression of P-glycoprotein on the cytotoxicity
of Lan-7. W, parental KB-3-1 cells: O, P-glycoprotein-overexpressing
KB-GRC-1 cells. Data points represent the means (bars, SD) for three
or four individual experiments, each conducted with triplicate cultures.

altering some aspect of DNA function or metabolism, the fact
that most drugs that damage DNA also trigger cell cycle
checkpoints, and the lack of an effect of loss of two types of
DNA repair mitigates against this possibility.

Ku was originally identified as a nuclear autoantigen com-
plex detected by antibodies found in the serum of patients with
rheumatoid arthritis and collagen vascular diseases (41). One of
its functions is to bind to broken or gapped DNA (42, 43), but
a recent study has also, somewhat enigmatically, identified the
M, 86,000 subunit of Ku as a receptor to which SMS and its
analogues, such as octreotide, bind at nonamolar concentrations
(44, 45). There was no significant difference in the growth
inhibition pattern produced by Lan-7 or by TT-232 in the xrs-6
versus xrs-6/Ku80 cells, and thus, it may be concluded that
Ku80, although shown to be bound specifically by SMS ana-
logues, may not be a physiological molecular target for Lan-7.

The mdrl gene product P-glycoprotein is a plasma mem-
brane protein that functions as a multidrug transporter capable
of effluxing a variety of antineoplastic agents, such as vinblas-
tine and paclitaxel (46). P-glycoprotein can also transport small
peptides out of the cell (33), and this was the basis for deter-
mining whether high-level expression of P-glycoprotein could
mediate resistance to Lan-7. The results indicated that the KB-
GRCI1 cells, which express a high level of P-glycoprotein, were
no more resistant to Lan-7 than the KB-3-1 cells that do not
express P-glycoprotein at all. Thus, assuming that Lan-7 must
enter the cell or the plasma membrane to cause injury, it appears
that Lan-7 is not a substrate for the P-glycoprotein efflux pump.
This increases the attractiveness of Lan-7 as a potential chemo-
therapeutic agent, because it would be expected to circumvent
clinical resistance mediated by P-glycoprotein.

A number of important issues remain to be addressed
regarding the potential of Lan-7 as a chemotherapeutic agent;
however, the information available at this time is encouraging
and mandates further commitment to the development of this
class of drugs.
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