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Abstract
The effects of vasoactive intestinal peptide camptothecin (VIP-CPT) conjugates were investigated
on breast cancer cells and cells transfected with VIP receptors (R). (Ala2,8,9,19,24.25.27, Nle17,
Lys28)VIP, (A-NL-K)VIP, was synthesized and Lys28 was coupled to a linker, N-methyl-amino-
ethyl-glycine, L2, which formed a carbamate bond with CPT. The resulting (A-NL-K)VIP-L2-CPT
was cytotoxic for MCF7 breast cancer cells, which have VPAC1-R, with IC50 values of 380 and 90
nM using the MTT and clonogenic assays, respectively. (A-NL-K)VIP, (A-NL-K)VIP-L2 and (A-
NL-K)VIP-L2-CPT inhibited specific binding of 125I-VIP to 3T3 cells transfected with VPAC1-R
with IC50 values of 1.9, 56 and 126 nM respectively. In contrast, (A-NL-K)VIP, (A-NL-K)VIP-L2
and (A-NL-K)VIP-L2-CPT inhibited specific binding of 125I-Ro25-1553 to 3T3 cells transfected
with VPAC2-R with IC50 values of 3.9, 3162 and 2690 nM respectively. (A-NL-K)VIP, (A-NL-K)
VIP-L2 and (A-NL-K)VIP-L2-CPT caused increased cAMP after addition to MCF7 cells. 125I-(A-
NL-K)VIP-L2-CPT was internalized by MCF7 cells at 37°C but not 4°C. These results indicate that
(A-NL-K)VIP-L2-CPT is a VPAC1-R agonist which is cytotoxic for breast cancer cells.
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1. Introduction
Breast cancer, which kills approximately 40,000 women annually in the United States, utilizes
numerous growth factors to stimulate proliferation. Approximately 30% of breast cancer
tumors over-express Her2/Neu, a tyrosine kinase [7]. Patients, with amplified Her2/Neu, can
be treated with the monoclonal antibody Herceptin [44]. Herceptin delays progression of breast
cancer in 90% of the treated patients, allowing time for treatment with other agents such as the
chemotherapeutics adriamycin and taxol [47]. Approximately half of the breast cancer tumors
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express the estrogen receptor, and these patients can be treated with the anti-estrogens
tamoxifen or raloxifene [10]. There is a need, however, to develop additional modes of
treatment for patients whose tumors are estrogen receptor and Her-2/Neu negative.

The vasoactive intestinal peptide (VIP) receptor (R), in addition to Her-2/Neu and the estrogen
receptor, is a molecular target for breast cancer. High densities of VPAC1-R and mRNA are
present in all breast cancer cells tested [15,45,48]. VIP, which is a 28 amino acid peptide, binds
with high affinity to VPAC1-R and VPAC2-R [18,22,41]. VIP is structurally related to pituitary
adenylate cyclase activating polypeptide (PACAP), which binds with high affinity to
VPAC1-R, VPAC2-R and and PAC1-R [1,38,42]. VPAC1-R, VPAC2–R and PAC1-R interact
with a stimulatory guanine nucleotide binding protein after activation by agonist, resulting in
increased adenylyl cyclase activity [28]. The elevated cyclic AMP causes activation of protein
kinase A, resulting in the phosphorylation of protein substrates such as CREB [46]. This causes
increased expression on nuclear oncogenes such as c-fos or c-jun, leading to elevated levels of
vascular endothelial cell growth factor [3]. Using in vitro autoradiographic techniques,
VPAC1-R has been detected in numerous tumors including neuroblastoma as well as bladder,
breast, colon, liver, lung, stomach, thyroid, uterus and prostate cancer [40]. VPAC2-R
predominates in gastric leimyomas, whereas PAC1-R is abundant in glioblastoma, adrenal and
pituitary cancer [39].

The overexpression of VIP receptors, as well as other cell surface receptors, is increasingly
being used to develop new drugs for the treatment of cancer patients. VIP receptor antagonists
such as VIPhybrid or (N-Stearyl1, Nle17)VIP not only inhibit the proliferation of lung and
breast cancer cells [17,34], but they potentiate the cytotoxicity of chemotherapeutic agents
[14,31]. The overexpression of peptide receptors by the tumor can be used for receptor-targeted
delivery of peptide receptor cytotoxic agents [35]. Previously, we reported that VIP-ellipticine
(E) conjugates were cytotoxic for lung and breast cancer cells [26]. VIP-LALA-E was
internalized by cancer cells containing VPAC1-R, and subsequently metabolized by proteolytic
enzymes. The cytotoxic ellipticine (E), which was released after proteolytic metabolism of the
VIP-E conjugate, inhibited topoisomerase enzymes leading to cellular cytotoxicity. In the
present study we have extended these studies and synthesized VIP-camptothecin (CPT)
conjugates which have a novel carbamate linker with a built-in nucleophile associated releasing
group, L2. [11,27,33]. After receptor-mediated endocytosis, (Ala2,8,9,19,24.25.27, Nle17, Lys28)
VIP-L2-camptothecin ((A-NL-K)VIP-L2-CPT) is metabolized by cytochrome P450 enzymes,
releasing CPT. Our results show that (A-NL-K)VIP-L2-CPT is a selective VPAC1-R agonist,
which is cytotoxic for breast cancer cells.

2. Materials and Methods
2.1 Materials

The following cells and materials were obtained from the sources indicated: BALB 3T3 (mouse
fibroblast), T47D and MCF7 (human breast cancer) and SupT1 cells were from American Type
Culture Collection (ATCC), Rockville, MD; Dulbecco’s minimum essential medium
(DMEM), phosphate-buffered saline (PBS), Roswell Park Memorial Institute (RPMI-1640),
trypsin-EDTA and fetal bovine serum (FBS), from Biofluids, Rockville, MD; G418 sulfate
from Life Technologies, Inc., Grand Island, NY; Na125I (2200 Ci/mmol) was from Amersham
Pharmacia Biotech; CPT, formic acid, ammonium formate, disodium tetraborate, 4-
(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4-H-pyran (DCM); 2-
dimethylaminoisopropyl chloride hydrochloride (DIC); 1-methyl-2-pyrrolidinone (NMP);
dimethylaminopyridine (DMAP); soybean trypsin inhibitor, bacitracin, leupeptin, 4-(2-
aminoethyl)-benzenesulfonyl fluoride (AEBSF), poly-L-lysine and triton X-100 were from
Sigma-Aldrich, St. Louis, MO; 1,2,4,6-tetrachloro-3α,6α-diphenylglycouril (IODO-GEN)
from Pierce Chemical Co., Rockford, IL; VIP and Ro25-1553 were purchased from Bachem,
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Torrance, CA; AG 1-X8 resin from Bio-Rad, Richmond;[3-(4,5 dimethylthiazol-2-yl)-2.5-
diphenyl-2H-tetrazolium bromide] (MTT) and iodo-nitrotetrazolium violet was from Sigma
Chemical Co., St. Louis, MO; Agarose was purchased from FMC Corp., Rockford, ME.

2.2 Cell culture
MCF7, SupT1 and T47D cells were cultured in RPMI-1640 medium containing 10% heat-
inactivated FBS (Life Technologies, Rockville, MD). Cells were split weekly 1/20 with
trypsin-EDTA. Balb 3T3 cells stably expressing human VPAC1-R or VPAC2-R were made as
described previously [21] and were grown in DMEM supplemented with 300 mg/liter of G418
sulfate. Cells were mycoplasma free and were used when they were in exponential growth
phase after incubation at 37°C in 5% CO2, 95% air.

2.3 Preparation of peptides
(A-NL-K)VIP, which is an analog of the selective VPAC1-R agonist,
(Ala2,8,9,11,19,24,25,27,28)VIP, was synthesized using solid phase techniques. The VIP-CPT
conjugates were synthesized by coupling the CPT to the Lys28 of (A-NL-K)VIP-L2 as
described previously [19]. The product (A-NL-K)VIP-L2-CPT had >97% purity, by
preparative HPLC (C18 silica), mass spectrometry and amino acid analysis. 125I-VIP, 125I-(A-
NL-K)VIP-L2-CPT and 125I-Ro25-1553 (Ro) had specific activities of 2200 Ci/mmol, were
prepared as previously described [19]. The radiolabeled peptides were separated using a C18
Sep-Pak (Waters Associates, Milford, MA) and fractions with the highest radioactivity were
pooled, neutralized with 0.2 M Tris buffer (pH 9.5) and stored with 0.5% bovine serum albumin
(w/v) at −20°C.

2.4 Binding of 125I-labeled VIP-related peptides
Binding was performed as described previously [21]. The standard 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 inhibitor, 1% amino
acid mixture, 0.2% (w/v) bovine serum albumin (BSA), and 0.05% (w/v) bacitracin. BALB
3T3 cells stably expressing human VPAC1-R (0.3 × 106), VPAC2-R (0.03 × 106), SupT1 or
T47D cells were incubated with 50 pM 125I-labeled ligand at 22°C for 60 min. Aliquots (100
μl) were removed and centrifuged through 300 μl of incubation buffer in 400 μl microfuge
tubes at 10,000 ×g for 1 min using a Beckman micro-centrifuge 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 μM 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 (KaleidaGraph) and the Cheng-Prusoff equation [5].

The internalization of 125I-(A-NL-K)VIP-L2-CPT was investigated. 125I-(A-NL-K)VIP-L2-
CPT (0.1 nM) was incubated with MCF-7 cells at 4°C for 2 h in PBS containing 2% BSA and
200 μg/ml bacitracin in the presence or absence of 1 μM VIP. One of the plates was incubated
at 37°C for 5 min. The plates were washed in cold PBS containing 2% BSA and 200 μg/ml
bacitracin three times to remove free 125I-(A-NL-K)VIP-L2-CPT. The cells were treated with
150 mM NaCl/100 mM acetic acid for 5 min at 4°C. The supernatant, which contained
radiolabeled peptide bound to the cell surface, was counted. The cells, which contained
radiolabeled peptide that was internalized, were dissolved in 100 mM NaOH and counted in a
gamma counter.

Moody et al. Page 3

Peptides. Author manuscript; available in PMC 2009 September 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.5 Cyclic AMP assays
Cyclic AMP assays were conducted by radioimmunoassay. NCI-H1299 cells in 24 well plates
were incubated with VIP-CPT conjugates in the presence of 250 μl of SIT medium containing
50 μM IBMX, 1 mg/ml bacitracin and 1% BSA for 5 min at 37°C. After 5 min, the samples
were treated with 250 μl of cold ethanol. The samples were mixed and stored at −80°C until
assayed. The samples were assayed in duplicate by radioimmunoassay (New England Nuclear,
Boston, MA). The mean value ± S.D. of 4 determinations were calculated.

2.6 Proliferation assays
Growth studies were performed using the [3-(4,5dimethylthiazol-2-yl)-2,5-diphenyl]-2H-
tetrazolium bromide (MTT) assay [24]. MCF7 human breast cancer cells (104/well) were
placed in SIT medium (100 μl) and various concentrations of (A-NL-K)VIP-L2-CPT, (A-NL-
K)VIP or (A-NL-K)VIP-L2 added. After 4 days, 15 μl (1 mg/ml) of MTT was added. After 4
h, 150 μl of DMSO was added. After 16 h, the optical density at 570 nm was determined using
an ELISA reader. The proliferation rates were calculated from the OD readings with various
concentrations of VIP-CPT conjugate using the untreated cells as 100.

The effects of VIP-CPT conjugates on the growth of MCF7 cells were investigated using a
clonogenic assay. The base layer consisted of 3 ml of 0.5% agarose in SIT medium containing
5% fetal bovine serum in 6 well plates. The top layer consisted of 3 ml of SIT medium in 0.3%
agarose, VIP-CPT conjugates and 5 × 104 MCF7 cells. Triplicate wells were plated and after
2 weeks, 1 ml of 0.1% p-iodonitrotetrazolium violet was added and after 16 hours at 37°C, the
plates were screened for colony formation; the number of colonies larger than 50 μm in
diameter were counted using an Omnicon image analysis system.

3. Results
3.1 (A-NL-K)VIP, (A-NL-K)VIP-L2 and (A-NL-K)VIP-L2-CPT bind to cells containing VPAC1-R
or VPAC2-R

125I-VIP and 125I-Ro25-1553 (Ro) were examined by radioreceptor assay for their ability to
interact with human cancer cells and cells stably transfected with human VIP receptors (Fig.
1). 125I-VIP bound specifically to 3T3 cells stably transfected with VPAC1-R (total binding
was 5057 ± 263 cpm and nonspecific binding was 225 ± 27 cpm) and VPAC2-R,
whereas 125I-Ro bound specifically to 3T3 cells stably transfected with VPAC2-R (total
binding was 2945 ± 176 and nonspecific binding was 220 ± 107 cpm) but not VPAC1-R.
Also, 125I-VIP bound specifically to T47D breast carcinoma cells (total binding was 1127 ±
52 cpm whereas nonspecific binding was 68 ± 5 cpm), which have VPAC1-R [19],
whereas 125I-Ro bound with high affinity to SupT1 cells (total binding was 764 ± 39 cpm and
nonspecific binding was 15 ± 1 cpm), which have VPAC2-R [21].

(A-NL-K)VIP inhibited specific binding of 125I-Ro with high affinity to cells containing
VPAC2-R or 125I-VIP binding to cells containing VPAC1-R. Little specific 125I-Ro binding
to 3T3 cells or SupT1 was inhibited by 0.1 nM (A-NL-K)VIP, but almost all specific binding
was inhibited by 100 nM (A-NL-K)VIP (Fig. 1, bottom). The IC50 values for (A-NL-K)VIP
and 3T3 containing VPAC2-R or SupT1 cells were 1.9 ± 0.1 or 4.3 ± 0.2 nM respectively.
Similarly, (A-NL-K)VIP inhibited specific 125I-VIP binding to 3T3 cells containing VPAC1-
R with an IC50 value of 1.9 ± 0.1 nM (Fig. 1, top). Surprisingly, (A-NL-K)VIP inhibited
specific 125I-VIP binding to T47D cells with an IC50 value of 0.13 ± .01 nM. These results
indicate that (A-NL-K)VIP binds with high affinity to cells containing either human VPAC1-
R or VPAC2-R.
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The ability of (A-NL-K)VIP-L2 or (A-NL-K)VIP-L2-CPT to bind to cells containing
VPAC2-R or VPAC1-R was investigated. Specific 125I-Ro binding to 3T3 cells containing
VPAC2-R was inhibited by (A-NL-K)VIP-L2 or (A-NL-K)VIP-L2-CPT with IC50 values of
372 ± 15 and 589 ± 23 nM, respectively (Fig. 1, bottom). Similarly, specific 125I-Ro binding
to SupT-1 cells was inhibited by (A-NL-K)VIP-L2 or (A-NL-K)VIP-L2-CPT with IC50 values
of 3162 ± 126 and 2690 ± 800 nM, respectively. Specific 125I-VIP binding to 3T3 cells
transfected with VPAC1-Rs was inhibited by (A-NL-K)VIP-L2 or (A-NL-K)VIP-L2-CPT with
IC50 values of 56 ± 2 and 126 ±11 nM, respectively (Fig. 1, top). Specific 125I-VIP binding to
T47D cells was inhibited by (A-NL-K)VIP-L2 or (A-NL-K)VIP-L2-CPT with IC50 values of
13.2 ± 0.7 and 39.8 ± 2.3 nM, respectively. Similar results were obtained using MCF7 cells
which have VPAC1-R. (data not shown). These results indicate that (A-NL-K)VIP-L2 and (A-
NL-K)VIP-L2 CPT bind with 5–30 fold higher affinity to cells containing VPAC1-Rs than
cells containing VPAC2-Rs.

125I-(A-NL-K)VIP-L2-CPT bound specifically to MCF7 cells. Table 1 shows that at 4°C, most
of the specific 125I-(A-NL-K)VIP-L2-CPT bound to the cell surface and only 22.1% was
internalized. In contrast at 37°C, most of the specific 125I(A-NL-K)VIP-L2-CPT bound to
MCF7 cells was internalized (61.8%). Similar results were obtained using 125I-(A-NL-K)VIP
and MCF7 cells (data not shown).

3.2 (A-NL-K)VIP, (A-NL-K)VIP-L2 and (A-NL-K)VIP-L2-CPT are VPAC1-R agonists
The ability of VIP-CPT conjugates to elevate cAMP was investigated in MCF7 breast cancer
cells, which have VPAC1-R [48], by radioimmunoassay. Table 2 shows that addition of 10 nM
VIP to MCF7 cells increased the cAMP 7.4-fold from 7 to 52 fmol. Forskolin, which interacts
with Gs resulting in maximal adenylyl cyclase activity, increased the cAMP 10.9-fold from 7
to 76.3 fmol. (A-NL-K)VIP, (A-NL-K)VIP-L2 and (A-NL-K)VIP-L2-CPT (1000 nM)
increased the cAMP in MCF-7 cells 10.1-fold, 8.3-fold and 8.7-fold respectively. These results
indicate that (A-NL-K)VIP, (A-NL-K)VIP-L2 and (A-NL-K)VIP-L2-CPT are VPAC1-R
agonists.

3.3 (A-NL-K)VIP-L2-CPT inhibits the growth of breast cancer cells
The ability of VIP-CPT conjugates to inhibit the growth of MCF7 cells was investigated. Using
the MTT assay, 30 nM (A-NL-K)VIP-L2-CPT had little effect on proliferation, whereas 1000
nM (A-NL-K)VIP-L2-CPT strongly inhibited MCF7 proliferation (Fig. 2). The IC50 value was
380 nM for (A-NL-K)VIP-L2-CPT, whereas (A-NL-K)VIP had little effect on MCF7 growth
at concentrations up to 1000 nM. Similarly, (A-NL-K)VIP-L2 did not affect MCF7
proliferation (data not shown). These results indicate that (A-NL-K)VIP-L2-CPT inhibits the
growth of breast cancer cells.

Using the clonogenic assay, (A-NL-K)VIP-L2-CPT reduced MCF7 proliferation with an
IC50 value of 90 nM (Fig. 3). In contrast, (A-NL-K)VIP had little effect on MCF7 growth.
Similarly, (A-NL-K)VIP-L2 had little effect on MCF7 colonies (data not shown). Figure 4
shows that a large number of robust MCF7 colonies formed in the absence (Fig. 4A) or presence
of 30 nM (A-NL-K)VIP-L2-CPT (Fig. 4B). In the presence of 100 or 300 nM (A-NL-K)VIP-
L2-CPT, MCF7 colonies were smaller and absent (Fig. 4C and 4D, respectively). These results
indicate that (A-NL-K)VIP-L2-CPT but not (A-NL-K)VIP or (A-NL-K)VIP-L2 is cytotoxic
for MCF-7 cells.

4. Discussion
VIP-like peptides are autocrine growth factors for some cancer cells [30]. Pre-pro-VIP and
pre-pro-PACAP mRNA are present in lung cancer cells [16]. Also, VIP and pro-VIP
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immunoreactivity are present in lung cancer cells [25]. PACAP mRNA and immunoreactivity
are present in breast cancer biopsy specimens. Pre-pro-PACAP but not PACAP-38
immunoreactivity was present in peri-tumoral and tumoral breast tissues as well as alveolar
epithelial cells and leukocytes in connective tissue [12]. Fully processed VIP-like peptides and
their precursors have biological activity [9].

Basic amino acids of VIP such as Arg14, Lys15 and Lys21 may interact electrostatically with
acidic amino acids such as Glu36 on the VPAC1-R [36]. Substitution of Ala for VIP amino
acids at positions 1, 6, 12, 14 or 23 reduced binding affinity to VPAC1-R by over 2-orders of
magnitude [19,36]. Substitution of Ala for VIP amino acids at positions 3, 5, 7, 10, 15, 20 or
21 reduced binding affinity to VPAC1-R by over 1-order of magnitude [19,36]. The analog
(Ala2,8,9,11,19,24,25,27,28)VIP is a potent VPAC1-R agonist that is resistant to degradation
[20].

VIP receptors were detected in 68 of 68 breast cancer biopsy specimens, as determined using
in vitro autoradiographic techniques [40]. Specific 125I-VIP binding was displaced by a
selective VPAC1-R agonists but not Ro25-1553, a VPAC2-R agonist. Some arterial vessels in
the smooth muscle also had VPAC1-R and VPAC2-R. By RT-PCR, mRNA for VPAC1-R was
detected in 20 out of 20 breast cancer biopsy specimens whereas VPAC2-R mRNA was only
present in 45% of the samples [29]. By immunocytochemistry, VPAC1-R and VPAC2-R were
present in ductal and glandular epithelial cells both in the normal and malignant breast in 13
patients [13]. Immunoreactive VPAC1-R and VPAC2-R were present in carcinomatous tissue
at the stromal level in leukocytes. Because 100 nM VIP, increases adenylyl cylase activity in
breast membranes, the VIP receptors are biologically active.

Breast cancer VIP receptors bind radiolabeled VIP with high affinity [48]. Ala was substituted
for VIP amino acids at non-essential positions 2,8,9,19,24,25,27, Nle was substituted at
Met17 and Lys substituted at position 28 for conjugation to CPT. The resulting (A-NL-K)VIP
bound with high affinity to VPAC1-R and VPAC2-R. (A-NL-K)VIP bound with higher affinity
(Kd = 0.1 nM) to T47D cells than 3T3 cells transfected with VPAC1-R (Kd = 1.9 nM). This
may result because T47D cells have fewer receptors (resulting in less ligand internalization
and degradation) or have less guanine nucleotides (GTP impairs VIP receptor binding).
Addition of L2 or L2-CPT to the Lys28 ε-amino group reduced the affinity of binding by
approximately 1-order of magnitude to VPAC1-R and 2-orders of magnitude to VPAC2-R.
Previously, we found that VIP and VIP-E analog had IC50 values of 10 and 100 nM using cells
containing VPAC1-R [26]. The results indicate that position 28 of VIP or the C-terminal of
VIP can be modified with retention of high affinity binding. Because addition of (A-NL-K)
VIP, (A-NL-K)VIP-L2 or (A-NL-K)VIP-L2-CPT to MCF7 cells increased cAMP, each of the
VIP analogs functioned as VPAC1-R agonists. 125I-(A-NL-K)VIP-L2-CPT was internalized
by MCF7 cells at 37°C but not 4°C. In other cellular systems, peptide-CPT conjugates are
rapidly internalized after binding to cell surface receptors [23,32].

VIP-CPT or VIP-E conjugates may be internalized after binding to VPAC1-R by receptor-
mediated endocytosis. After targeting to lysosomes, VIP-LALA-E may be metabolized by
endopeptidases, which degrade amide bonds. In contrast, (A-NL-K)VIP-L2-CPT is
metabolized by P450 enzymes which metabolize carbamate bonds [4]. P450 enzymes are
present in numerous human tumors including breast, colon, kidney, liver, lung and prostate,
as well as to be up-regulated by human tumors [37]. A major difference, however, is that E
targets topoisomerase II, whereas CPT targets topoisomerase I. Because (A-NL-K)VIP-L2-
CPT is more resistant to degradation by proteases than is VIP-LALA-E, it is better at killing
MCF7 cells.
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VIP-CPT conjugates inhibited the proliferation of MCF7 cells. In the MTT assay, (A-NL-K)
VIP-L2-CPT at 300 and 1000 nM significantly inhibited MCF7 proliferation, whereas (A-NL-
K)VIP or (A-NL-K)VIP-L2 did not. In the clonogenic assay, (A-NL-K)VIP-L2-CPT
significantly inhibited MCF7 proliferation at 100, 300 and 1000 nM, whereas (A-NL-K)VIP
or (A-NL-K)VIP-L2 did not. The clonogenic assay may be more sensitive than the MTT assay,
because MCF7 cells are exposed to VIP-CPT conjugates for 2 weeks as opposed to 3 days.
Theses results indicate that CPT is essential for VIP-chemotherapeutic conjugates to kill breast
cancer cells, however, it is also possible that VIP-chemotherapeutic conjugates will be
cytotoxic for normal cells having high densities of VPAC1-R.

Prodrugs are being used to decrease drug associated side-effects and enhance tumor
cytotoxicity [6]. A wide spectrum of prodrugs have been developed, however, the use of ligands
for hormone/growth factor receptors that are overexpressed by tumors has received
considerable attention [8]. Recent studies report that bombesin, luteinizing hormone-releasing
hormone, somatostatin and VIP receptor ligands can be coupled to cytotoxic agents or
radiolabels and have potent antitumor effects [2,32,35,43]. The results of these studies with
other peptide receptors, as well as the present study with VIP indicate that the chemotherapeutic
cytotoxic analogs coupled to peptide receptor ligands can be developed that are biologically
active. These analogs not only allow receptor-targeted delivery but hydrolyzed release of the
cytotoxic agent within the cancer cell. The availability of peptide-chemotherapeutic analogs
such as the VIP-CPT conjugates should allow a better assessment of this approach using in
vivo models.
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Abbreviations
VIP  

vasoactive intestinal peptide

CPT  
camptothecin

PACAP  
pituitary adenylate cyclase activating polypeptide

(A-NL-K)VIP 
(Ala2,8.9.19.24.25.27, Nle17, Lys28) VIP

Ki  
inhibitory constant

L2  
N-(N-methyl-amino-ethyl)-glycine carbamate

IP  
inositol phosphate

RPMI  
Roswell Park Memorial Institute

SIT medium 
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RPMI-1640 containing 3 × 10−8 M sodium selenite, 5 μg/ml bovine insulin and
10 μg/ml transferrin

MTT  
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide]

VPAC1-R  
VIP-1 receptor

VPAC2-R  
VIP-2 receptor

PAC1-R  
PACAP receptor
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Figure 1.
VIP-CPT conjugate binding. (Top) The ability of (A-NL-K)VIP (■), (A-NL-K)VIP-L2-CPT
(●) and (A-NL-K)VIP-L2 (◆) to inhibit specific 125I-VIP binding to T47D and 3T3 cells
containing VPAC1-R was determined. (Bottom) The ability of (A-NL-K)VIP (■), (A-NL-K)
VIP-L2-CPT (●) and (A-NL-K)VIP-L2 (◆) to inhibit specific 125II-Ro25-1553 binding to
SupT1 and 3T3 cells containing VPAC2-R was determined. The mean value ± S.D. of 3
determinations is indicated. This experiment is representative of 4 others
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Figure 2.
MTT assay. The ability of varying doses of (A-NL-K)VIP-L2-CPT (■) and (A-NL-K)VIP
(◆) to inhibit MCF7 proliferation was determined. The mean value ± S.D. of 8 determinations
is indicated; p < 0.05; * using Student’s t-test. This experiment is representative of 2 others.
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Figure 3.
Clonogenic assay. The ability of varying doses of (A-NL-K) VIP-L2-CPT (●) and (A-NL-K)
VIP (■) to inhibit MCF7 proliferation was determined. The mean value ± S.D. of 3
determinations is indicated; p < 0.01, **; p < 0.05; * using Student’s t-test. This experiment is
representative of 3 others.
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Figure 4.
Effect of (A-NL-K) VIP-L2-CPT on MCF7 cells. The ability of 0 (A), 30 nM (B), 100 nM (C)
and 300 nM (D) (A-NL-K) VIP-L2-CPT to inhibit MCF7 proliferation was determined. This
experiment is representative of 3 others.
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Table 1
(A-NL-K) VIP-L2-CPT internalization by MCF7 cells.

Temperature % Internalization

4°C 22.1 ± 2.0

37°C 61.8 ± 4.1

The % specific binding of 125I-(A-NL-K)VIP-L2-CPT that was internalized was determined at 4°C or 37°C. The mean value ± SD of 3 determinations
each repeated in triplicate is indicated.
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Table 2
Ability of VIP-CPT conjugates to elevate cAMP in MCF7 cells.

Addition cAMP, fmol

None 7.0 ± 2.0

VIP, 10 nM 52.2 ± 6.0

(A-NL-K)VIP, 1000 nM 70.5 ± 7.2

(A-NL-K)VIP-L2, 1000 nM 58.3 ± 4.4

(A-NL-K)VIP-L2-CPT, 1000 nM 60.8 ± 7.3

Forskolin, 50 uM 76.3 ± 3.1

The agents were added to MCF7 cells for 5 min at 37°C. The mean value ± S.D. of 4 determinations each repeated in duplicate is indicated. This experiment
is representative of 2 others
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