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ABSTRACT
Most human tumors overexpress or ectopically express pep-
tide hormone/neurotransmitter receptors, which are being in-
creasingly studied as a means to selectively deliver cytotoxic
agents. Although a number of peptide ligand-constructs dem-
onstrate tumor cytotoxicity, the role of specific tumoral receptor
interaction in its mediation is unclear. To address this question,
we synthesized camptothecin (CPT) bombesin (Bn) analogs, in
which CPT was coupled via a novel carbamate linker, L2 [N-(N-
methyl-amino-ethyl)-glycine carbamate], that were chemically
similar but differed markedly in their potency/affinity for human
Bn receptors. We then examined their ability to interact with Bn
receptors and cause in vitro and in vivo tumor cytotoxicity.
CPT-L2-[D-Tyr6,�-Ala11,D-Phe13,Nle14] Bn (6–14) (BA3) bound
with high affinity and had high potency for all three human
Bn receptor subtypes, whereas CPT-L2-[D-Tyr6,�-Ala11,
D-Phe13,Nle14] Bn (6–14) [ D-Phe-CPT-L2-BA3] had �1400-fold

lower affinity/potency. 125I-CPT-L2-BA3 but not 125I-D-Phe-
CPT-L2-BA3 was internalized by Bn receptor subtype-contain-
ing cells. CPT-L2-BA3 displayed significantly more cytotoxicity
than D-Phe-CPT-L2-BA3 toward NCI-H1299 lung cancer cells
in both 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazo-
lium bromide and clonogenic assays and more potently inhib-
ited H1299 xenograft growth in nude mice. CPT-L2-BA3 was
also metabolically more stable than its parent peptide and
inhibited growth of a number of other tumor cell lines in vitro
and in vivo. These results demonstrate that specific tumoral
receptor interaction is important in mediating the ability of
peptide ligand-cytotoxic constructs to cause cytotoxicity. Be-
cause many tumors overexpress Bn receptors, these results
also demonstrate that CPT-L2-BA3 will be a useful agent for
delivering receptor-mediated cytotoxicity to many different hu-
man tumors.

Recently, there has been increased interest in the develop-
ment of cytotoxic antitumor agents that can be specifically
targeted to tumors using cellular receptors highly expressed
on the tumor or antigenic sites (Dubowchik and Walker,
1999; de Groot et al., 2001; Sun et al., 2002). Attempts at
specific delivery have been sought by using antibodies di-

rected against specific tumor antigens or by coupling cyto-
toxic agents to ligands that interact with receptors that
are ectopically expressed or overexpressed by tumors
(Dubowchik and Walker, 1999; Sun et al., 2000a). Peptide
receptors have received considerable attention because nu-
merous studies demonstrated that most benign as well as
malignant human tumors ectopically express or overexpress
one or more of these receptors (Virgolini, 1997; Jensen, 2000;
Kwekkeboom et al., 2000; Hoffman et al., 2001; Reubi et al.,
2002; Reubi, 2003; Schally and Nagy; 2003). Furthermore,
ligands that function as agonists at these receptors are rap-
idly internalized, thus providing a mechanism for site-di-
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rected intracellular delivery of cytotoxic agents coupled to the
agonist (Moody et al., 2004). In recent studies, receptor-
mediated tumor localization or cytotoxicity has been reported
with analogs of bombesin (Bn) (Carroll et al., 1999; Hoffman
et al., 2001; Langer and Beck-Sickinger, 2001; Schally and
Nagy; 2003; Moody et al., 2004), melanotropin (Langer and
Beck-Sickinger, 2001), leutinizing hormone-releasing hor-
mone (Langer and Beck-Sickinger, 2001; Schally and Nagy;
2003), vasoactive intestinal peptide (Virgolini, 1997), neu-
ropeptide Y (Langer and Beck-Sickinger, 2001) ,and soma-
tostatin (Kwekkeboom et al., 2000; Langer and Beck-Sick-
inger, 2001; Sun et al., 2002, 2004; Schally and Nagy; 2003;
Moody et al., 2005).

The Bn family of receptors [gastrin-releasing peptide re-
ceptor (GRPR), neuromedin B receptor (NMBR), and the
orphan receptor bombesin receptor subtype 3 (BRS3)] are
particularly attractive for the development of possible tumor-
directed cytotoxic agents because many common neoplasms
including breast, prostate, gastric, colon, ovarian, small cell,
and nonsmall cell lung cancers ectopically express or overex-
press these receptors (Reubi et al., 2002). Although this ap-
proach shows promise in a number of studies to more specif-
ically target cytotoxic agents to the tumor with lower toxicity
(Kiaris et al., 1999; Schally and Nagy, 2003), the hypothesis
that this specificity is due to tumor-specific targeting of the
cytotoxic agent due to specific interaction with the tumor
receptors has been difficult to prove, particularly with in vivo
experiments.

In the present study, we have attempted to address this
question pharmacologically by synthesizing active and inac-
tive analogs of Bn that were physicochemically similar and
were coupled to camptothecin by a novel carbamate linker
with a built-in nucleophile-associated releasing group, L2
(Fuselier et al., 2003; Moody et al., 2004, 2005). Our results
show that the active camptothecin (CPT)-Bn construct (CPT-
L2-BA3), which is a potent, fully active agonist at each of the
three human Bn receptor subtypes, binds with high affinity
and is rapidly internalized by tumors or cells possessing each
Bn receptor subtype, whereas the inactive analog (D-Phe-
CPT-L2-BA3) is not. Furthermore, in vitro and in vivo cyto-
toxicity studies demonstrate the active CPT-Bn construct
causes significantly greater inhibition of growth and inhibits
the growth in vivo of a large range of human tumors. The
active analog CPT-L2-BA3 had enhanced metabolic stability
and caused cytotoxicity in a number of human tumors as-
sessed by both in vitro and in vivo growth assays. These
results provide direct evidence that interaction with tumor
receptors is an important mechanism in mediating this en-
hanced cytotoxicity and show that this approach can deliver
receptor-directed cytotoxicity to a number of tumors.

Materials and Methods
The following cells and materials were obtained from the sources

indicated: Balb 3T3 (mouse fibroblast) and NCI-H1299 (human non-
small cell lung cancer) cells were from American Type Culture
Collection (Rockville, MD); Dulbecco’s modified Eagle’s medium
(DMEM), phosphate-buffered saline (PBS), RPMI 1640, trypsin-
EDTA, and fetal bovine serum (FBS) were from Biofluids (Rockville,
MD); G418 sulfate was from Life Technologies, Inc. (Grand Island,
NY); Na125I (2200 Ci/mmol) and myo-[2-3H]inositol (20 Ci/mmol)
were from GE Healthcare (Little Chalfont, Buckinghamshire, UK);
camptothecin, formic acid, ammonium formate, disodium tetra-

borate, 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-
4-H-pyran, 2-dimethylaminoisopropyl chloride hydrochloride, 1-
methyl-2-pyrrolidinone, dimethylaminopyridine, soybean trypsin
inhibitor, bacitracin, leupeptin, 4-(2-aminoethyl)-benzenesulfonyl
fluoride, poly-L-lysine, and Triton X-100 were from Sigma-Aldrich
(St. Louis, MO); 1,2,4,6-tetrachloro-3�,6�-diphenylglycouril was
from Pierce Chemical Co. (Rockford, IL); AG 1-X8 resin from Bio-Rad
(Hercules, CA); 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetra-
zolium bromide (MTT) and iodo-nitrotetrazolium violet were from
Sigma-Aldrich; and agarose was purchased from FMC Corp. (Rock-
ford, ME).

Cell Culture. NCI-H1299 cells were cultured in RPMI 1640 me-
dium containing 10% heat-inactivated FBS. NCI-H1299 cells were
split weekly 1/20 with trypsin-EDTA. Balb 3T3 cells stably express-
ing human BRS3 (hBRS3), human NMB receptors (hNMBRs), or
human GRP receptors (hGRPRs) made as described previously (Be-
nya et al., 1995) were grown in DMEM supplemented with 300 mg/l
G418 sulfate. All the other cell lines were from American Type
Culture Collection (Manassas, VA). Hs746T cells were grown in
DMEM with 10% FBS. LNCaP cells were maintained in RPMI 1640
medium with 10% FBS, 1% sodium pyruvate, and 1% HEPES.
DMS-53 cells were cultured in Waymouth’s MB 752/1 medium with
10% FBS. U-87MG cells were grown in DMEM with 10% FBS, 1%
sodium pyruvate, and 1% minimal essential medium nonessential
amino acids. All other cells were cultured as described previously
(Sun et al., 2004). Cells were mycoplasma free and were used when
they were in exponential growth phase after incubation at 37°C in
5% CO2 and 95% air.

Preparation of Peptides. The CPT-Bn conjugates were synthe-
sized as described previously (Moody et al., 2004). To synthesize a
possible inactive analog that was chemically and structurally very
similar to the active conjugate CPT-L2-BA3, we analyzed previously
published Bn structure-function studies (Rivier and Brown, 1978;
Moody et al., 1982; Leban et al., 1993) that suggested that insertion
of a D-Phe in position 13 for Phe would likely produce a Bn peptide
with greatly reduced affinity and potency. CPT-Bn conjugates were
purified to �97% purity by preparative high-performance liquid
chromatography (C18 silica) and characterized by mass spectrometry
and amino acid analysis. 125I-CPT-L2-BA3, 125I-BA3, and 125I-CPT-
D-Phe-BA3, with specific activities of 2200 Ci/mmol, were prepared
as described previously (Moody et al., 2004). The radiolabeled pep-
tides were separated using a C18 Sep-Pak (Waters Associates, Mil-
ford, MA) and further purified by reverse-phase high performance
liquid chromatography on a C18 column. The fractions with the
highest radioactivity were pooled, neutralized with 0.2 M Tris buffer,
pH 9.5, and stored with 0.5% (w/v) bovine serum albumin at �20°C.

Binding of 125I-Labeled Bn-Related Peptides. Binding was
performed as described previously (Mantey et al., 1997). The stan-
dard binding buffer contained 24.5 mM HEPES, pH 7.4, 98 mM
NaCl, 6 mM KCl, 5 mM MgCl2, 2.5 mM NaH2PO4, 5 mM sodium
pyruvate, 5 mM sodium fumarate, 0.01% (w/v) soybean trypsin in-
hibitor, 1% amino acid mixture, 0.2% (w/v) bovine serum albumin,
and 0.05% (w/v) bacitracin. Balb 3T3 cells stably expressing hGRPR
(0.3 � 106), hNMBR (0.03 � 106), hBRS3 (0.3 � 106), or NCI-H1299
cells were incubated with 0.05 nM 125I-labeled ligand at 22°C for 60
min. Aliquots (100 �l) were removed and centrifuged through 300 �l
of incubation buffer in 400-�l Microfuge tubes at 10,000g for 1 min
using a Beckman microcentrifuge B. The pellets were washed twice
with buffer and counted for radioactivity in a gamma counter. The
nonsaturable binding was the amount of radioactivity associated
with cells in incubations containing 50 pM radioligand (2200 Ci/
mmol) and 1 �M unlabeled ligand. Nonsaturable binding was �10%
of total binding in all the experiments. Inhibition constants (Ki) were
determined using a least-square, curve-fitting program (Kaleida-
Graph; Synergy Software, Reading, PA) and the Cheng-Prusoff equa-
tion (Cheng and Prusoff, 1973).

Internalization. Balb 3T3 cells stably transfected with hGRPR,
hNMBR, or hBRS3 were incubated with radioligands as stated un-
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der Materials and Methods for binding. Internalization experiments
were performed as described previously (Moody et al., 2004). In brief,
after the indicated incubation times, 100-�l samples were added to a
1.5-ml Microfuge tube with 1 ml of 4°C acid-stripping solution con-
taining 0.2 M acetic acid, pH 2.5, and 0.5 M NaCl to remove the
surface bound radioligand. After 5 min, the cells were pelleted, the
supernatant was removed, and the cells were washed twice with
incubation buffer. In all cases, parallel incubations were conducted
in the presence of 1 �M unlabeled ligand to determine changes in
nonsaturable binding. Results are expressed as the percentage of
saturable 125I-ligand added that is surface bound (acid-stripped) or
internalized (not acid-stripped).

Measurement of [3H]Inositol Phosphate. Changes in total
[3H]inositol phosphates ([3H]IP) were measured as described previ-
ously (Benya et al., 1995). hBRS3-, hGRPR-, or hNMBR-transfected
Balb 3T3 cells were cultured into 24-well plates (5 � 104 cells/well) in
media and then incubated for 24 h at 37°C in a 5% CO2 atmosphere.
The cells were then incubated with 3 �Ci/ml myo-[2-3H] inositol in
media supplemented with 2% FBS for an additional 24 h. The 24-
well plates were washed by incubating for 30 min at 37°C with 1
ml/well PBS, pH 7.0, containing 20 mM lithium chloride. The wash
buffer was aspirated and replaced with 500 �l of IP assay buffer
containing 135 mM sodium chloride, 20 mM HEPES, pH 7.4, 2 mM
calcium chloride, 1.2 mM magnesium sulfate, 1 mM EGTA, 20 mM
lithium chloride, 11.1 mM glucose, and 0.05% (w/v) bovine serum
albumin and incubated with or without any of the peptides studied.
After 60 min of incubation at 37°C, the experiments were terminated
by the addition of 1 ml of ice-cold 1% (v/v) hydrochloric acid in
methanol. Samples were loaded onto Dowex AG1-X8 anion exchange
resin columns (Bio-Rad), washed with 5 ml of distilled water to
remove free [3H]inositol, then washed with 2 ml of 5 mM disodium
tetraborate/60 mM sodium formate solution to remove [3H]glycero-
phosphorylinositol. Two milliliters of 1 mM ammonium formate/100
mM formic acid solution was added to the columns to elute total
[3H]IP. Each eluate was mixed with scintillation cocktail and mea-
sured for radioactivity in a scintillation counter.

Proliferation Assays. Growth studies were performed using the
MTT assay (Moody et al., 2004). CFPAC-1, DMS-53, DU-145,
Hs746T, HT-29, IMR32, LNCaP, MCF-7, MOLT-4, NCI-H69, NCI-
H1299, PC-3, SKNSH, or U-87MG human cancer cells (104/well)
were placed in SIT medium (100 �l), and various concentrations of
CPT-L2-BA3 or D-Phe-CPT-L2-BA3 were added. After 4 days, 15 �l
(1 mg/ml) of MTT was added. After 4 h, 150 �l of dimethyl sulfoxide
was added. After 16 h, the optical density at 570 nm was determined
using an enzyme-linked immunosorbent assay reader. The prolifer-
ation rates were calculated from the optical density readings with
various concentrations of CPT-L2-BA3 using the untreated cells as
100.

Clonogenic Assays. The effects of CPT-BN conjugates on the
growth of NCI-H1299 cells were investigated using a clonogenic
assay (Mahmoud et al., 1991). The base layer consisted of 3 ml of
0.5% agarose in SIT medium containing 5% fetal bovine serum in
six-well plates. The top layer consisted of 3 ml of SIT medium in 0.3%
agarose, CPT-BN conjugates, and 5 � 104 NCI-H1299 nonsmall cell
lung cancer cells. Triplicate wells were plated; after 2 weeks, 1 ml of
0.1% p-iodonitrotetrazolium violet was added, and after 16 h at 37°C,
the plates were screened for colony formation; the number of colonies
larger than 50 �M in diameter were counted using an Omnicon
image analysis system (BioLogics, Inc., Manassas, VA).

Nude Mouse Xenografts. The ability of the CPT-L2-BA3 or
D-Phe-CPT-L2-BA3 to inhibit CFPAC-1, NCI-H69, NCI-H1299, or
PC-3 tumor proliferation was investigated in vivo (Mahmoud et al.,
1991). Female athymic BALB/c nude mice (Taconic Farms, German-
town, NY), 4 to 5 weeks old, were housed in a pathogen-free temper-
ature-controlled isolation room with a diet consisting of autoclaved
rodent chow and autoclaved water given ad libitum. NCI-H1299 cells
(1 � 107) were injected into the right flank of each mouse by s.c.
injection. Palpable tumors were observed in approximately 90% of

the mice after 1 week. CPT-L2-BA3 and D-Phe-CPT-L2-BA3 (1 nmol
in 100 �l of PBS) were injected daily s.c. adjacent to the tumor or, in
the case of the studies shown in Table 2, in the flank opposite the
tumor or i.p. as indicated. The tumor volume (height � width �
depth) was determined twice weekly by calipers and recorded. The
animal studies were approved by National Institutes of Health or
Tulane University animal care and use committees.

Stability of CPT-L2-BA3. The stability of CPT-L2-BA3 in mouse
plasma was investigated by radioimmunoassay. Mouse blood was
obtained from nude mice, and after centrifugation of the red cells, the
mouse plasma was added to 100 �M CPT-L2-BA3. As a function of
time after addition of mouse plasma, 0.2 N HCl was added and the
sample frozen and lyophilized. The sample was resuspended in ra-
dioimmunoassay (RIA) buffer (0.25% bovine serum albumin in PBS),
and the amount of immunoreactive CPT-L2-BA3 was determined.
The radioimmunoassay was performed using a rabbit antibody elic-
ited against BA3 linked to keyhole limpet hemocyanin with carbodi-
imide. The BA3-carbodiimide-KLH conjugate was initially injected
s.c. into rabbits, in Freund’s complete adjuvant, followed by monthly
boosts in Freund’s incomplete adjuvant. Plasma samples were incu-
bated with rabbit anti-BA3 sera (1:1000) and 125I-CPT-L2-BA3
(10,000 cpm) added in RIA buffer. After incubation at 4°C for 16 h,
free 125I-CPT-L2-BA3 was removed by charcoal addition. The sample
was centrifuged at 1000g for 5 min, and the 125I-CPT-L2-BA3 bound
to the antibody remained in solution and was counted in a LKB
gamma counter (GE Healthcare).

Results
BA3, CPT-L2-BA3, and D-Phe-CPT-L2-BA3 Binding

and Internalization. 125I-CPT-L2-BA3 and 125I-D-Phe-
CPT-L2-BA3 were examined for their ability to interact with
cells stably transfected with human Bn receptors (i.e.,
hGRPR, hNMBR, hBRS3) (Fig. 1). For each of these three
human Bn receptor subtypes, 125I-CPT-L2-BA3 but not 125I-
D-Phe-CPT-L2-BA3 demonstrated saturable binding (Fig. 1,
top). Saturable binding of 125I-CPT-L2-BA3 was time-depen-
dent and half-maximal after approximately 3 min and max-
imal by 30 min in each Bn receptor subtype (Fig. 1, top).

The ability of human Bn receptor containing cells to inter-
nalize 125I-CPT-L2-BA3 and 125I-D-Phe-CPT-L2-BA3 was in-
vestigated. Approximately 40% of the added 125I-CPT-L2-
BA3 was internalized by cells containing hGRPR, hNMBR, or
hBRS3 after 10 min (Fig. 1, bottom). In all cases, however,
the amount of ligand internalized after a 30-min incubation
was greater than the amount internalized after a 10-min
incubation (Fig. 1, bottom). In contrast, there was no signif-
icant internalization of 125I-D-Phe-CPT-L2-BA3 in cells con-
taining hGRPR, hNMBR, or hBRS3 at 10 or 30 min (Fig. 1,
bottom). The results indicate that 125I-CPT-L2-BA3 but not
125I-D-Phe-CPT-L2-BA3 internalizes significantly in cells
containing each of the different human Bn receptor subtypes.

To determine the affinities of the various BA3 analogs for
each human Bn receptor subtype, dose-inhibition curves
were performed with each BA3 analog and 125I-BA3 for each
of the three human Bn receptor subtypes (Fig. 2). Specific
125I-BA3 binding to cells containing hGRPR was inhibited in
a dose-dependent manner by BA-3, CPT-L2-BA3, and D-Phe-
CPT-L2-BA3 (Fig. 2, top, left). The IC50 values for BA-3,
CPT-L2-BA3, and D-Phe-CPT-L2-BA3 were 0.17 � 0.01,
0.16 � 0.01, and 603 � 16 nM, respectively. Similar IC50

values were obtained using cells containing hNMBR (Fig. 2,
top, middle); however, cells containing hBRS3 (Fig. 3, top,
right) bound BA-3, CPT-L2-BA3, and D-Phe-CPT-L2-BA3
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with lower affinity (IC50 values of 8.1 � 0.3, 2.1 � 0.1, and
�3000 nM). These results indicate that for each of the three
human Bn receptor subtypes, CPT-L2-BA3 had approxi-
mately equal high affinity to BA3, whereas D-Phe-CPT-L2-
BA3 had a 400- to 3000-fold lower affinity.

BA3, CPT-L2-BA3, and D-Phe-CPT-L2-BA3 Function
as Full Agonists. To determine the biological activity of
BA3, CPT-L2-BA3, and D-Phe-CPT-L2-BA3, their ability to
stimulate phospholipase C was assessed because activation
of each of the human Bn receptor subtypes is known to
stimulate this intracellular cascade (Mantey et al., 1997). To
assess phospholipase C activation, dose-response curves for
BA3, CPT-L2-BA3, and D-Phe-CPT-L2-BA3 to stimulate
turnover of [3H]inositol phosphates was examined (Fig. 2,

bottom). BA3, CPT-L2-BA3, and D-Phe-CPT-L2-BA3 were
equally efficacious agonists stimulating a 16.1 � 2.1-, 24.1 �
1.4-, and 4.7 � 0.7-fold increase in [3H]IP in cells containing
hGRPR, hNMBR, and hBRS3, respectively (Fig. 2, bottom).
The EC50 values for BA3, CPT-L2-BA3, and D-Phe-CPT-L2-
BA3 were 2.3 � 0.1, 1.0 � 0.1, and 417 � 29 nM, respectively,
in cells containing hGRPR (Fig. 2, bottom, left). Similar re-
sults were obtained in cells containing hNMBR (Fig. 2, bot-
tom, middle). In contrast, in cells containing hBRS3, the
EC50 values for BA3, CPT-L2-BA3, and D-Phe-CPT-L2-BA3
were 15.1 � 2.0, 11.1 � 0.8, and 3260 � 210 nM, respectively
(Fig. 2, bottom, right). These results indicate that BA3 and

Fig. 1. Top, time course of binding of 125I-CPT-L2-BA3 and 125I-D-Phe-
CPT-L2-BA3 to cells containing human Bn receptors. The ability of 125I-
CPT-L2-BA3 and 125I-D-Phe-CPT-L2-BA3 to bind Balb 3T3 cells stably
transfected with hGRPR, hNMBR, or hBRS3 (0.3 � 106 cells/ml) as a
function of time was determined. Results are means � S.E.M. from at
least three experiments, and in each experiment, each data point was
repeated in duplicate. Bottom, ability of 125I-CPT-L2-BA3 and 125I-D-Phe-
CPT-L2-BA3 to be internalized by cells containing human Bn receptor
subtypes. Balb/3T3 cells stably transfected with hGRPR, hNMBR, or
hBRS3 were incubated for 10 or 30 min at 37°C with 0.05 nM 125I-CPT-
L2-BA3 or 125I-D-Phe-CPT-L2-BA3 in the presence or absence of 1000 nM
CPT-L2-BA3 or D-Phe-CPT-L2-BA3, respectively. Results are expressed
as the percentage of the saturably bound radiolabeled peptide internal-
ized. Results are mean � S.E.M. from at least three experiments, and in
each experiment, each data point was determined in duplicate.

Fig. 2. Top, relative abilities of BA3, CPT-L2-BA3, and D-Phe-CPT-L2-
BA3 to inhibit binding to cells containing human Bn receptor subtypes.
Specific binding of 125I-BA3 to cells containing hGRPR, hNMBR, or
hBRS3 was determined as a function of unlabeled BA3, CPT-L2-BA3, or
D-Phe-CPT-L2-BA3 concentration. From the dose-inhibition curves, the
IC50 was determined using the curve-fitting program, KaleidaGraph, and
the Ki was calculated using the Cheng-Prusoff equation. Results are
means � S.E.M. from at least three experiments, and in each experiment,
each data point was determined in duplicate. Bottom, ability of CPT-L2-
BA3 and D-Phe-CPT-L2-BA3 to stimulate accumulation of IP in cells
containing human Bn receptors. hGRPR-, hNMBR-, and hBRS3-trans-
fected Balb/3T3 cells in 24-well plates were labeled with myo-2[3H] ino-
sitol as described under Materials and Methods. The cells were incubated
for 60 min at 37°C with the indicated concentrations of BA3, CPT-L2-
BA3, and D-Phe-CPT-L2-BA3 in IP assay buffer, and total [3H]IP was
determined as described under Materials and Methods. Results are ex-
pressed as the percentage of stimulation caused by a maximally effective
concentration of agonist (i.e., 1 �M BA3). Control and 1 �M BA3-stimu-
lated values were: hGRPR, 396 � 50 and 6386 � 818 cpm, respectively;
hNMBR cells, 2566 � 191 and 63076 � 2636 cpm, respectively; and
hBRS3 cells, 3076 � 493 and 14618 � 432 cpm, respectively. Results are
means � S.E.M. of at least three experiments, and in each experiment,
each value was determined in duplicate.
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CPT-L2-BA3 both had high potency for activating each of the
three human Bn receptors and were �200-fold more potent
that D-Phe-CPT-L2-BA3 for each receptor subtype.

Ability of BA3, CPT-L2-BA3, and D-Phe-CPT-L2-BA3
to Inhibit Cancer Cell Growth in Vitro. The ability of
BA3, CPT-L2-BA3, and D-Phe-CPT-L2-BA3 to alter cancer
cell proliferation in vitro was investigated using human can-
cer cell lines. CPT-L2-BA3 and D-Phe-CPT-L2-BA3 decreased
NCI-H1299 lung cancer tumor growth in a dose-dependent
manner (Fig. 3). In the clonogenic assay, CPT-L2-BA3 and
D-Phe-CPT-L2-BA3 inhibited NCI-H1299 colony formation
with IC50 values of 70 and 500 nM, respectively (Fig. 3, top)
In contrast, 1000 nM BA3 had no significant effect on prolif-
eration. CPT-L2-BA3 and D-Phe-CPT-L2-BA3 inhibited the
proliferation of NCI-H1299 lung cancer cells assessed using
the MTT assay with IC50 values of 70 and 600 nM (Fig. 3,
bottom). The ability of CPT-L2-BA3 to inhibit the prolifera-
tion of a number of different human cancer cell lines was
assessed. Using the MTT assay, CPT-L2-BA3 was found to
inhibit the proliferation of breast cancer (MCF-7), colon can-
cer (HT-29), gastric cancer (Hs746T), glioblastoma (U-
87MG), leukemia (MOLT-4), lung cancer (NCI-H69), neuro-
blastoma (IMR32, SKNSH), pancreatic cancer (CFPAC-1),
and prostate cancer (PC-3, DU-145, LNCaP) cell lines with
IC50 values ranging from 33 to 2269 nM (Table 1). Cell lines
with low IC50 values such as NCI-H1299 (100 nM, Fig. 3) had
a higher density of 125I-BAO binding sites than did cells with

a high IC50 value such as NCI-H69 (1923 nM, Table 1). These
results demonstrate that a CPT-Bn conjugate can inhibit the
proliferation of numerous human cancer cell lines and sup-
port the conclusion that the inhibition is mediated by a
specific Bn receptor-mediated mechanism.

Ability of CPT-L2-BA3 and D-Phe-CPT-L2-BA3 to In-
hibit Cancer Cell Growth in Vivo. To assess the ability of
CPT-L2-BA3 and D-Phe-CPT-L2-BA3 to inhibit tumor
growth in vivo, their ability to inhibit NCI-H1299 xenograft
proliferation in nude mice was determined (Fig. 4). Palpable
NCI-H1299 tumors were present 2.5 weeks after the injec-
tion of NCI-H1299 cells s.c. (Fig. 4). CPT-L2-BA3, D-Phe-
CPT-L2-BA3 (0.8 mg/kg), and the PBS control were then
injected s.c. into nude mice three times a week. At 4.5 weeks,
animals injected with CPT-L2-BA3 had significantly smaller
tumors (679 � 141 mm3) than did animals receiving D-Phe-
CPT-L2-BA3 (1088 � 161 mm3) or PBS (1188 � 227). In
addition, at 4 weeks, animals injected with CPT-L2-BA3 had
significantly smaller tumors than did animals receiving
D-Phe-CPT-L2-BA3 or PBS (Fig. 4). In contrast, animals in-
jected with CPT-L2-BA3 had a similar body weight (23.3 �
0.5 g) relative to animals, which received D-Phe-CPT-L2-BA3

Fig. 3. Comparison of the growth effects of CPT-L2-BA3 and D-Phe-CPT-
L2-BA3 in vitro using lung cancer cell line NCI-H1299. Top, effects of
BA3, CPT-L2-BA3, and D-Phe-CPT-L2-BA3 on the proliferation of NCI-
H1299 cells were investigated using the clonogenic assay. Results are
means � S.E.M. of at three determinations. Bottom, effects of D-Phe-CPT-
L2-BA3 and CPT-L2-BA3 on NCI-H1299 cells were investigated using
the MTT assay. Results are the means � S.E.M. of eight determinations.
Each of these experiments is representative of four others, p � 0.05; �,
p � 0.01; ��, compared with control using the Student’s t test.

TABLE 1
Ability of CPT-L2-BA3 to inhibit the growth of various human cancer
cell lines

Cell Line Cancer Type IC50

nM

CFPAC-1 Pancreatic cancer 625
DMS-53 Lung cancer 828
DU-145 Prostate cancer 240
Hs746T Gastric cancer 821
HT-29 Colon cancer 2269
IMR32 Neuroblastoma 90
LNCaP Prostate cancer 92
MCF-7 Breast cancer 1705
MOLT-4 Leukemia 33
NCI-H69 Lung cancer 1923
PC-3 Prostate cancer 198
SKNSH Neuroblastoma1610
U-87MG Glioblastoma 842

The ability of CPT-L2-BA3 to inhibit the proliferation of the human lung cancer
cells was determined by the MTT assay. The mean value of eight determinations,
IC50 (nanomolar), is shown. The S.E.M. was less than 10%.

Fig. 4. Growth effects of CPT-L2-BA3 and D-Phe-CPT-L2-BA3 in vivo.
The effects of CPT-L2-BA3, D-Phe-CPT-L2-BA3, and PBS on the prolif-
eration of NCI-H1299 tumors in nude mice were investigated. Results are
means � S.E.M. of eight determinations. This experiment was represen-
tative of two others, p � 0.05; �, using analysis of variance.
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(22.9 � 0.5 g) or PBS (22.5 � 0.7 g). Likewise, high doses of
CPT-L2-BA3 (8 mg/kg twice a week) injected into nude mice
resulted in a 84% inhibition of the growth of pancreatic
CFPAC-I tumors (Table 2). When CPT-L2-BA3 was injected
i.p. into nude mice (8 mg/kg twice a week), CFPAC-I, NCI-
H69, and PC-3 tumor growth was inhibited by 55, 56, and
68%, respectively, relative to control mice injected with PBS.
These results indicate that the CPT-Bn conjugate can inhibit
xenograft growth in vivo of a number of different human
cancers.

Stability of CPT-L2-BA3. To assess the stability of
CPT-L2-BA3, we used a newly developed RIA with a rabbit
antibody that was formed against BRS3. Figure 5, top, dem-
onstrates that the RIA had high specificity for BA3 and
CPT-L2-BA3 (IC50 � 0.5 � 0.1 and 2.1 � 0.6 pmol, respec-
tively). Incubation in mouse plasma led to a progressive loss
of CPT-L2-BA3 immunoreactivity with a half-time of CPT-
L2-BA3 metabolism of 30 min (Fig. 5, bottom). By radioim-
munoassay, peak blood concentrations (10 nM) of CPT-L2-
BA3 were obtained 30 min after injection into nude mice
(T. Moody, unpublished data).

Discussion
One of the principal problems limiting novel treatments

(antisense, chemotherapeutic agents with limited solubility,
tumor-sensitizing agents, etc.) of many common tumors is
the inability to selectively target the therapy to the cancer
cell (Dyba et al., 2004). Because many human tumors over-
express or ectopically express at least one peptide hormone/
neurotransmitter growth factor receptor and in many cases
multiple receptors, this is receiving increasing attention as a
useful approach for localizing tumors by imaging modalities
and/or allowing selective delivery of cytotoxic compounds
(Schally and Nagy, 1999, 2003; Langer and Beck-Sickinger,
2001; Reubi et al., 2003). A central premise of these latter
studies is that the cytotoxic agent is being delivered specifi-
cally to the tumor by a receptor-mediated mechanism. Stud-
ies with radiolabel octreotide for imaging of breast cancer in
vivo showed imaging results correlated with the expression
of somatostatin receptors with high affinity for octreotide on
the tumor (i.e., sst2 and sst5) (Schulz et al., 2002), and
studies with neuroblastomas showed a similar correlation
(Orlando et al., 2001). Studies using somatostatin receptor
knockout mice (Hofland et al., 2003) demonstrated decreases
in 111In-penetreotide uptake in tissues that normally possess
higher densities of somatostatin receptors. Conversely, over-
expression of somatostatin receptor subtype 2 with an adeno-
viral vectors in human small cell lung tumors increased

uptake of radiolabeled somatostatin in the tumor implanted
in mice (Rogers et al., 2002). Although these results provide
evidence for the importance of a receptor-mediated mecha-
nism for radionuclide-conjugated peptide ligand uptake for
imaging, similar evidence is lacking for the possible involve-
ment of this mechanism in mediating tumor cytotoxicity with
peptide receptor agonist chemotherapeutic constructs.

In the present study, we addressed this issue using a
pharmacological approach coupled with in vitro and in vivo
cytotoxicity studies. Numerous studies demonstrate that
many common tumors overexpress or ectopically express Bn
receptor subtypes, including 44 to 100% of small cell or non-
small cell lung cancers (Guinee et al., 1994; Siegfried et al.,
1999), 57% of gastric cancers (Preston et al., 1993), 72% of
breast cancers (Reubi et al., 2002), 100% of prostate cancers
(Reubi et al., 2002), 100% of head and neck squamous cell
tumors (Lango et al., 2002), 40 to 80% of colon cancer (Guinee
et al., 1994; Carroll et al., 1999), 100% of ovarian cancer (Sun
et al., 2000b; Lango et al., 2002), and 80% of glioblastomas/
gliomas (Reubi et al., 2002). Second, many studies also dem-
onstrate that radiolabeled analogs of Bn-related peptides can
target tumors or tissues containing or overexpressing Bn-
receptor subtypes and that these analogs, if agonists, are
rapidly internalized by the tumors (Moody et al., 2004).
Third, synthetic Bn analogs coupled to various chemothera-
peutic agents (i.e., doxorubicin, camptothecin) have been
shown to cause cytotoxicity in a number of human tumors
(Kiaris et al., 1999; Schally and Nagy, 2003; Moody et al.,

TABLE 2
Inhibition of tumor proliferation in vivo
Nude mice bearing xenografts of the human tumor lines were injected twice a week
with the indicated dose of CPT-L2-BA3. Subcutaneous injections were made in the
flank opposite to the tumor implant. The tumor volume for animals treated with
CPT-L2-BA3 was compared with that of animals injected with PBS. The mean
value � S.E.M. of 11 determinations is shown.

Xenograft Injection Dose Tumor Growth Inhibition

%

CFPAC-1 8 mg/kg s.c 84 � 16
CFPAC-1 8 mg/kg i.p. 55 � 14
NCI-H69 8 mg/kg i.p. 56 � 14
PC-3 8 mg/kg i.p. 68 � 17

Fig. 5. CPT-L2-BA3 quantitation by radioimmunoassay. Top, ability of
unlabeled BA3 or CPT-L2-BA3 to compete for 125I-BA3 binding to rabbit
antisera (1:1000) generated against BA3 was investigated. Bottom, CPT-
L2-BA3 was added to mouse plasma for the indicated amount of time at
37°C. The sample was treated with boiling 2 N acetic acid and lyophilized.
The sample was resuspended and tested in the radioimmunoassay. The
mean value � S.E.M. of three determinations is indicated. This experi-
ment is representative of four others.
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2004). Fourth, each of the three subtypes of human Bn re-
ceptors (hGRPR, hNMBR, hBRS3) can be overexpressed by
different tumors; however, each Bn receptor subtype usually
has markedly different affinities for different Bn analogs
(Mantey et al., 1997). We have recently discovered a syn-
thetic Bn analog BA3 that interacts with high affinity with
each of the three human Bn receptor subtypes (Mantey et al.,
1997); thus, if a tumor expresses any of the three Bn receptor
subtypes, it will bind with high affinity. Furthermore, radio-
labeled analogs of this peptide interact with high affinity
with Bn receptors on many human tumors. Fifth, we have
recently coupled this universal Bn receptor ligand, BA3,
through a built-in nucleophile-associated releasing group
linker (L2) to the topoisomerase 1 inhibitor, CPT, and the
resultant CPT-L2-BA3 peptide not only retained high affinity
for each Bn receptor subtype but functioned as a fully effica-
cious agonist at each receptor subtype, was rapidly internal-
ized, and was cytotoxic for NCI-H1299 lung cancer cells ex-
pressing Bn receptors in both an MTT and clonogenic growth
assay (Moody et al., 2004).

A Bn analog was synthesized that was chemically similar
to the active CPT-Bn conjugate (CPT-L2-BA3) but was inac-
tive or had much reduced Bn receptor affinity. Previous Bn
structure-function studies demonstrated the importance of
the penultimate COOH-terminal amino acid (i.e., position 13
in Bn) for high-affinity receptor interaction of high potency
(Rivier and Brown., 1978; Moody et al., 1982; Leban et al.,
1993). These studies demonstrated that insertion of a
DLeu13, replacement of the Leu13 with a rigid amino acid
such as proline, or alteration of the Leu13-Met14 peptide bond
all resulted in greatly reduced receptor affinity and loss of or
reduced potency. [D-Tyr6,�-Ala11,D-Phe13,Nle14] Bn (6–14),
in which a D-Phe was substituted for the leucine in position
13, reduced potency but had identical chemical properties
(solubility, lipophilicity, electrochemical charge) to the active
peptide, BA3. 125I-D-Phe-CPT-L2-BA3 demonstrated no sat-
urable binding to cells expressing any of the three human Bn
receptor subtypes, was not internalized, and in competition
assays, D-Phe-CPT-L2-BA3 had a �1400-fold lower affinity
for each of the Bn receptor subtypes than the active analog,
CPT-L2-BA3 (i.e., 3400-fold less for hGRPR and hNMBR and
�1400 fold less for hBRS3).

A number of our results support the conclusion that spe-
cific interaction with Bn receptor subtypes is important for
mediating the tumor cytotoxicity of the active analog, CPT-
L2-BA3. First, in both a clonogenic growth assay and in the
MTT growth assay, CPT-L2-BA3 demonstrated significantly
greater cytotoxicity and was significantly more potent at
causing cytotoxicity than D-Phe-CPT-L2-BA3. Second, CPT-
L2-BA3 was significantly more potent than the inactive
analog, D-Phe-CPT-L2-BA3, at inhibiting the growth of NCI-
H1299 lung cancer xenografts in nude mice. Because CPT-
L2-BA3 and D-Phe-CPT-L2-BA3 differ principally in their
ability to interact with high affinity with human Bn receptor
subtypes, these results support the conclusion that this in-
teraction is important for the ability of CPT-L2-BA3 to cause
tumoral cytotoxicity in vitro and in vivo. Because D-Phe-CPT-
L2-BA3 had weak cytotoxicity, however, for NCI-H1299 cells,
it may slowly diffuse across the plasma membrane, as does
the hydrophobic CPT, and cause cancer cell apoptosis. CPT,
which could only be dissolved in dimethyl sulfoxide, was
cytotoxic for NCI-H1299 cells but could not be tested in vivo.

CPT-L2-BA3 specifically interacts with high affinity with
all human Bn receptor subtypes, thus increasing the possi-
bility of a specific delivery of CPT to tumoral receptor sites
containing any of the three human Bn receptor subtypes.
GRP, which has an identical heptapeptide COOH terminus
to Bn (Bunnett, 1994), has a half-life of only 1.4 min in the
circulation in the pig (Knuhtsen et al., 1984) and �5 min in
mouse plasma (Marquez et al., 2000) while being degraded
primarily by cleavage at the His12-Leu13 peptide bond and
also at the Trp8-Ala9 peptide bond at the COOH terminus
(Shipp et al., 1991). CPT-L2-BA3 had a half-life of 30 min in
mouse plasma, which exceeded the value for GRP of �5 min,
demonstrating its enhanced stability in plasma. This en-
hanced stability could be due to the substitution of Phe13 for
Leu13, which might interfere with the degradation at the
His12Leu13 peptide bond that occurs in GRP or to the cou-
pling of a moiety (i.e., CPT-L2) to the NH2 terminus, which
can effect degradation of Bn-related peptides (Shipp et al.,
1991). Secondly, we found that CPT-L2-BA3 inhibited the
proliferation of a large number of human cancer cell lines in
vitro using the MTT assay and including cancers of the
breast, colon, lung, stomach, pancreas, and prostate as well
as leukemia and glioblastoma cancer cell lines. Furthermore,
we also demonstrated that CPT-L2-BA3 inhibited the growth
of pancreatic, lung, and prostate cell lines in vivo in nude
mice and was devoid of observed toxicity at relatively high
doses.

In conclusion, our results demonstrate that D-Phe-CPT-L2-
BA3, which is chemically closely related to CPT-L2-BA3, has
a greatly reduced ability to interact with human Bn receptors
because it does not interact with high affinity or activate with
high potency any of the three mammalian Bn receptor sub-
types and is not internalized by any Bn receptor subtype.
Compared with the active analog CPT-L2-BA3, D-Phe-CPT-
L2-BA3 had a much-reduced cytotoxic effect both in vitro and
in vivo, providing support for the conclusion that specific
interaction with Bn receptor subtypes is important for medi-
ating its tumor cytotoxicity effect.
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