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Summary

This review surveys the biological activities of an alpha-fetoprotein (AFP) derived peptide termed the Growth
Inhibitory Peptide (GIP), which is a synthetic 34 amino acid segment produced from the full length 590 amino acid
AFP molecule. The GIP has been shown to be growth-suppressive in both fetal and tumor cells but not in adult
terminally-differentiated cells. The mechanism of action of this peptide has not been fully elucidated; however, GIP
is highly interactive at the plasma membrane surface in cellular events such as endocytosis, cell contact inhibition and
cytoskeleton-induced cell shape changes. The GIP was shown to be growth-suppressive in nine human tumor types
and to suppress the spread of tumor infiltrates and metastases in human and mouse mammary cancers. The AFP-
derived peptide and its subfragments were also shown to inhibit tumor cell adhesion to extracellular matrix (ECM)
proteins and to block platelet aggregation; thus it was expected that the GIP would inhibit cell spreading/migration
and metastatic infiltration into host tissues such as lung and pancreas. It was further found that the cyclic versus linear
configuration of GIP determined its biological and anti-cancer efficacy. Genbank amino acid sequence identities
with a variety of integrin alpha/beta chain proteins supported the GIP’s linkage to inhibition of tumor cell adhesion
and platelet aggregation. The combined properties of tumor growth suppression, prevention of tumor cell-to-ECM
adhesion, and inhibition of platelet aggregation indicate that tumor-to-platelet interactions present promising targets
for GIP as an anti-metastatic agent. Finally, based on cholinergic studies, it was proposed that GIP could influence
the enzymatic activity of membrane acetylcholinesterases during tumor growth and metastasis. It was concluded
that the GIP derived from full-length AFP represents a growth inhibitory motif possessing instrinsic properties that
allow it to interfere in cell surface events such as adhesion, migration, metastasis, and aggregation of tumor cells.

Introduction

Some of the most potent growth inhibitors known are
peptide fragments derived from abundant plasma or
extracellular matrix (ECM) proteins that themselves
do not inhibit growth. The containment of a class of
growth modulatory peptide segments within the struc-
ture of various circulating body proteins (their intrin-
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sic peptides) appears to be a recurring theme in the
field of signal transduction and growth regulation. A
recent example was an occult (cryptic) binding site for
tenascin on the fibronectin molecule [1]. The encrypted
tenascin binding site was only detectable on proteolytic
fibronectin fragments and when fibronectin was in an
extended configuration. The fibrinogen receptor bind-
ing site on the platelet surface serves as another ex-
ample of an encrypted binding site within a full-length
protein [2].

Human alpha-fetoprotein (HAFP) is a tumor-
associated fetal protein synthesized in fetal liver, yolk
sac, and hepatomas [3—5]. HAFP has a molecular mass
of 69 KDa and is largely alpha-helical, comprising
three domains of nearly 200 amino acids (aa) each.
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This fetal protein also contains an encrypted peptide
segment that is growth suppressive in its action [6]. In-
terestingly, in its native form, HAFP displays mostly
growth-enhancing properties, regardless of whether the
tissue is of fetal or cancer origin; thus, HAFP at physio-
logical/pharmacological dose levels has been reported
to enhance tumor growth [7-10]. Moreover, HAFP has
been shown to possess pro-angiogenic properties that
enhance neovascularization and growth in both fetal
and tumor tissue [11,12]. Recent findings also indi-
cate that HAFP can stimulate the expression of certain
oncogenes (c-Fos, c-Jun, and n-Ras) which, in turn, en-
hances the proliferation of human hepatocellular car-
cinoma cells [13]. Human AFP, in vitro, has recently
been shown to functionally impair dendritic cells in-
ducing dysfunction and apoptosis of antigen processing
cells (APCs). This latter report provided a mechanism
by which hepatoma cells could escape immunological
surveillance [14].

It was previously reported that a 34-amino acid pep-
tide segment in the third domain of AFP can transiently
bestow a growth suppressive property upon the full-
length AFP molecule, in contradistinction to its growth
enhancing properties [6]. A synthetic 34-mer peptide
isolated from the third domain of HAFP encompasses
a sequence stretch that normally lies buried in a molec-
ular cleft in native HAFP (see Figure 1). This epitope
cannot be detected using commercially available anti-
sera to HAFP and requires an antibody distinct from
monoclonal antibodies raised against full-length folded
HAFP for its detection [15,16]. This encrypted peptide
segment was initially discovered through its sequence
similarity with members of the heat shock protein fam-
ily (i.e., HSP-70) that are associated with (1) steroid re-
ceptor complex binding, and (2) transient protein fold-
ing/unfolding in the endoplasmic reticulum. Thus, ex-
posure of the 34-mer exposed segment on HAFP might
represent a folding intermediate form of the fetal pro-
tein (5). Indeed, this exposed peptide segment on the
full-length HAFP molecule meets the described qualifi-
cations for being a folding intermediate protein marker
as recently described [17]. An isolated synthetic pep-
tide of this 34 mer amino acid segment has been termed
the Growth Inhibitory Peptide (GIP; batch production
#P149). It has now been demonstrated that the GIP was
capable of growth suppression in a multitude of human
tumors, both in vitro and in vivo [18]. In that latter
report, it was proposed that the GIPs (including frag-
ments) exert their anti-proliferative effects by serving
as decoy ligands for G-coupled growth factor receptors.

Thus, the mechanism of growth inhibition by the GIPs
could be linked to a G-protein MAP kinase uncoupling
mechanism in the course of signal transduction from
the cell surface [18].

In a previous paper, it was demonstrated that the GIP
was both an estrogen-and cytoskeleton-associated pep-
tide capable of cellular uptake and cytoplasmic (per-
inuclear) localization [19]. It was observed that the
GIPs were active at the cell surface plasma membrane
which influenced cellular shape, form, immune agglu-
tination, and peptide aggregation. Since cell shape and
form are related to cytoskeletal events and microtubule-
associated proteins, these cell-surface activities pro-
vided clues that the GIPs might be further capable of
modulating cellular adhesion/attachment events. Fur-
thermore, both native AFP and its derived GIP have
been previously implicated with erthyrocyte agglu-
tination and platelet aggregation as well as tumor
cell adhesion to extracellular matrix proteins [5,20—
22]. Therefore, the cell aggregation and adherence
activities of GIP will be reviewed in light of its
growth arrest properties in both human and murine
cancers.

In the present review, several mammalian models
of in vivo and in vitro oncogenic growth are summa-
rized giving an overview of GIPs as growth inhibitors.
Secondly, the results of various bioassays are surveyed
which demonstrate that GIPs can inhibit and/or inac-
tivate biological phenomena such as platelet aggrega-
tion, cell spreading, membrane enzyme activity, and
cellular adherence involving integrins and tumor cells.
Thirdly, a GenBank search was conducted to identify
integrin, platelet, and ECM proteins that show amino
acid sequence identity to short sequences from GIP
[23]. Thus, this review focuses on the effects of GIP
on neoplastic cell growth, and progression, adherence,
and metastasis, in hopes of identifying GIP’s molecu-
lar and cellular targets; this should aid in elucidating
mechanisms of action of GIP regarding tumor growth
inhibition and metastatic arrest.

Peptide synthesis, characterization, and properties

All peptides were synthesized by F-MOC chemistry us-
ing an Applied Biosystems 431A peptide synthesizer
(Foster City, CA) as previously described [24-27] and
purified on reverse phase high pressure liquid chro-
matography (HPCL). Control peptides included: a hu-
man albumin-derived peptide demonstrating sequences
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Cyclized Form

Cyclized Sequence

Amino Acid #1

Amino Acid Amino Acid
#445-479 #590

NH>1  DOMAIN-1

| DomAIN-2 |

| | DOMAIN-3}-COOH

Human Alpha-Fetoprotein
(HAFP AA#1-590)
Growth Inhibitory Peptide
(AA# 445-479)

P149 (A A# 447-479) —»[LSEDKLLACGEGAADIIIGHLCIRHEMTPVNPGV)|

P149a (A A# 447-458) —|LSEDKLLACGEG

P149b (A A# 459-472) ————————» [AADIIGHLCIRHE

P149c (A Aft 472-479)

» [EMTPVNPGV

P192 (AA# 511-550) KDFIHKQGVALQTMKQELINLVKELVEPQIEAVADFSGLL

P263 (AA# 440-473) HPEAKRMPCAEDYLSVVLNQLCVLEHKTPVSDRV

P327 (AA# 447-479) GINHLPSDAVGTAIEVMPCLRDGKLCIGAEHIEL

Figure 1. Panel-A: The cyclic version of, P149c the 34-mer Growth Inhibitory Peptide (GIP), is displayed in Panels A and A1 as a non-solvent
computer model (See Ref. [48]). Al shows the cyclized amino acid sequence. Panel-B. The three domains of human alpha-fetoprotein are
shown in a bar configuration showing the 590 amino acid full-length protein. The telescoping segment displayed, from amino acids #445-477,
is depicted in its single letter code amino acid sequence together with the three fragment constituents of P149 comprising P149a, P149b, and
P149c. Control peptides P192, P263, and P327 constitute the bottom three peptides (see Ref. #6). The minimal energy computer non-solvent
model of the cyclic peptide was kindly provided by Dr. Curt Brennerman, Dept. of Chemistry, Rensselaer Polytechnic Institute, Troy, NY.

which are located on a homologous amino acid stretch
to GIP (P263), and a scrambled aa version of the P149
peptide termed P327 (Figure-1). Smaller peptide frag-
ments of the 34-mer P149 (GIP) were also synthesized
representing an amino terminal segment (P149a, 12 aa),
a middle segment (P149b, 14 aa) and a carboxy ter-
minal segment (P149c, 8 aa). In addition, Ovalbumin
peptides were obtained from Sigma Chemical. Finally,
an aspartic acid to aspargine (Asp — Asn) mutated
peptide (P187) was employed as an aa- modified GIP
for comparison of inhibitory activities. For other con-

trol peptides employed, see amino acid sequences in
Reference #6.

The biochemical/biophysical studies of the 34 aa
P149 revealed a peptide with a molecular mass of 3573
Da determined by electrospray ionization mass spec-
troscopy [24-26,28]. The far UV circular dichroism
(CD) displayed a negative maximum at about 201 nm
and indicated the presence of S-sheets/turns (45%) and
other ordered structures in equal (45%) proportions,
with the remaining structures composed of «-helices
(10%) [26-28]. Both Fourier infrared spectroscopy
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and GCG computer modeling software further con-
firmed the presence of a largely 8-sheet structure for the
peptide (Figure 1). A cyclic version of P149 was syn-
thesized and computer modeled as displayed in Figure-
1A together with the single-letter amino acid code se-
quences of GIP, its fragments, and the control peptides
described above.

Comparison of peptide amino acid sequences

The aa sequences of all the GIP-peptides, P149, P149a,
P149b and P149c were compared with protein se-
quences derived from the GenBank databases (Table 1)
using the GCG (Wisconsin Program) FASTA sequence
comparison software and criteria described in detail
elsewhere [23,29]. Matches were found largely with
proteins associated with integrins, the extracellular ma-
trix (ECM) proteins, metalloproteinases, clotting fac-
tors, and adhesion proteins (Table 1). Matches were
also found with integrin-associated ECM ligands such
as collagen, laminin, fibronectin, and fibrinogen as well
as with the integrin «/f chain proteins such as a1, 83,
o183, and ay By [30]. The integrins serve as receptors
for ECM proteins and are known to participate in cell
adhesion and migration (spreading) activities. Further-
more, GenBank matches were found with a number of
blood clotting factors, which are also capable of in-
teracting with the integrins. Finally, matches were also
made with platelet-associated proteins, such as the Von
Willebrand Factor and intergrin «,,83 which are in-
volved in platelet activation, aggregation, and the action
of metalloproteinases [31] Thus, P149 shows aa iden-
tity/similarity to integrins, platelets, ECM and blood
clotting factors, all of which are involved in cell-to-
cell and cell-to-ECM interactions.

Mouse Ascites mammary tumor

A mouse-induced mammary tumor 6WI-1 of adenoa-
canthoma (squamous) origin was obtained as described
[32]. The growth suppression of the mammary ascites
tumor by P149 and its fragments P149A, P149B and
P149C, and control peptides, was determined in non-
estrogen supplemented assays which measured tumor
cell growth and ascites accumulation of 6WI-1 mam-
mary tumors transplanted in NYLAR/nya mice [15,
18]. Tumor cell inocula included doses of 0.3, 1.0, and
3.0 x 10° cells which produced host mortality at 12—
14 days being lethal in 100% of the animals. Following

peptide dose titration studies [15] mice inoculated with
6WI-1 mammary cells were injected with a previously
determined optimal dose of 1.0 ug peptide per day, or
saline (controls) for 11 days. On day 12 following in-
oculation, the total accumulated ascites fluid volume
and tumor cells in the peritoneal cavity of each ani-
mal were harvested and the total ascites cell count was
determined [15].

Inoculation of mice at any of the three cell doses
led to an increase in body weight from 25 g (day 0)
to approximately 45 g by day 12, due to the accu-
mulation of tumor cells and ascites fluid in the in-
traperitoneal cavity. An average cell count in the ac-
cumulated ascites fluid on day 12 was greater than 108
cells/ml with a total ascites volume of 20 mls in the
body cavity. Tumor cell proliferation in this model has
been reported to correlate with the volume of ascites
fluid accumulated [15,18]. It was observed that the dose
of 1 png/day P149 for 11 days suppressed the tumor-
associated body weight gain (significant, p < 0.05) at
the two higher cell doses and totally suppressed body
weight increase at the lowest cell dose (Figure 2). Mice
in the totally suppressed group lived an additional 30
days until sacrificed. The P149 or its fragment P149C,
but not P149A or P149B significantly suppressed the
accumulation of both cells and ascites fluid volume at
the highest cell dose (Figure 3; Table 2). Thus, the anti-
tumor activity of P149 in the mouse mammary isograft
was demonstrated by the peptide’s suppression of ap-
proximately 45% of tumor cell proliferation and ascites
fluid accumulation (3 x 10° inocula) as compared to the
vehicle control (Figure 3). A scrambled peptide version
of the GIP (P327) totally lacked anticancer activity in
the mouse mammary isograft model (data not shown).
As an alternative model of the 6WI-1 mammary tumor
in adult mice, an inoculum of 1.0 x 10° tumor cells
injected into 15-day old mouse pups provided a 6-day
rather than a 12-day assay, and replicated the same tu-
mor growth suppression by P149 (Table 2). Note that
the P187 (Asp — Asn) mutated peptide showed slightly
less growth inhibitory potency in the mouse pup model
than did the original P149 peptide.

The peptide and non-peptide treatments in the 6WI-1
mouse mammary tumor studies were further compared
by histopathological analysis of hematoxylin/eosin
stained paraffin-blocked tissue sections (Table 3). It
was readily apparent that the mammary tumor cells
were highly invasive to many organs and tissues within
the body cavity. Surprisingly, the liver, spleen, and
kidney showed no apparent metastasis, invasion, or
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Figure 2. The serial transplantation in NYALAR mice of isograft 6WI-1 murine mammary tumor ascites cells is depicted at 3 different dose
inocula. A and Al: a graph of three grouped body weight measurements over 11 days and a non-tumor treated animal are indicated, respectively;
B and B1: a graph of three different dose dependent body weight increases over 11 days and an ascites-laden breast tumor inoculated mouse are
indicated, respectively; C and CI: a graph of three different dose dependent body weight measurements and a GIP treated mouse at 0.3 x 10°

cell inocula are indicated, respectively.

infiltration possibly due to their dense organ encap-
sulation. In contrast, the most extensive organ inva-
sion and infiltration of tumor cells occurred in the
retroperitoneal interface of the pancreas. The tumor
was also selective for the parietal and pelvic peri-
toneum, especially the retroperitoneal serosa and fatty
tissues surrounding the uterus, ovary, and kidney.
Mammary tumor cells were identified in all treat-
ment groups with a pattern of decreasing metastatic
infiltration in the following order; non-peptide

>scrambled peptide >GIP (Table 3). While large tu-
mor masses were observed in the non-peptide treated
group, and high-to-moderate tumor infiltrates were
observed in the scrambled peptide-treated group,
the GIP-treated groups displayed only minimal tu-
mor infiltrates together with foci of lymphoid cells
representing a host inflammatory response. Thus,
the P149-treated mice could easily be distinguished
from the saline and control peptide treated animals
(Table 4).
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Figure 3. The growth suppressive activity of P149 linear peptide in the mouse mammary tumor isograft is demonstrated by the peptide’s
suppression of tumor cell proliferation and ascites fluid accumulation at a dose inoculum of 3x 10° tumor cells. asterisk = significant difference

at P < 0.05; P263 = control peptide; GIP = P149; GIP fragments = P149a, P149b, and P149c (see legend to Figure-1).

Effect of P149 on tumor cell lines

The initial report of an anticancer effect of P149 was
reported in an estrogen-dependent contact-inhibition in
vitro assay employing the human breast cancer MCF-7

cell line [6]. The P149 peptide suppressed the accumu-
lation of tumor cell foci formed as a result of breast
cancer cells which clump together due to loss of con-
tact inhibition (Table 2). The suppression of estrogen-
induced foci by P149 was extremely potent, displaying

Table 2. Comparison of the biological activities of growth inhibitory peptide (P149) and its three peptidic fragments are compared in various
tumor and non-tumor in vivo and in vitro mammalian models.

Peptide segment/cell

(%) Inhibition of activity

.. P149 P149a P149b P149c P263 P192 Ref.
activity
1. 6WI-1
A. Body weight 48 22 31 44 13 0 [15,18,30]
B. Cell proliferation 50 28 34 45 5 0
C. Acites volume 42 21 26 39 10 0
D. Pup ascites model 56 (50) 21 32 29 0 0
E. Peptide combination NA P149a,b 44 0 0
2. Kidney tumor growth 70 25 50 19 0 0 [30]
3. MCF-7 foci formation 68 (20) 33 31 45 0 0 [19,30]
4. Platelet agglutination 90 40 95 0 0 0 [20,21]
5. Uterine growth 39 28 22 42 0 0 [18,30]
a. Enzymatic fragments NA 24 19 44 0 0
6. Cell adhesion 65 ND 58 56 0 0 [5]
7. Estrogen fetoxicity 73 63 67 37 0 0 [28]

P149 = 34 mer Growth Inhibitory Peptide (GIP), () parentheses indicates P187 activity; P149a = 12 mer aminoterminal of GIP; P149b = 14
mer midpiece of GIP; P149¢ = 8 mer carboxyterminal GIP; MCF-7 = human breast cancer glandular cells; Pup =16—18 day immature mouse.
Peptide combination = P149a and P149b were injected together. P263 = homologous human albumin peptide; P192 = carboxy terminal peptide
stretch from the third domain of HAFP. For % inhibition activities, see individual references.
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Table 4. The growth-suppressive effects of P149 (2-day vs 6-day screening results*) are displayed for multiple types of Human

Tumor Cell Cultures*.

2-day assay 6-day assay

Tissue of origin Cell line Tissue

human-derived designation tumor type Conc. (molar) (%) Growth inhibition Conc. (molar) (%) Growth inhibition

1. Colon KM-12 AC 10-2-107! 10-20 1075-1077 75
HCC-299 AC 107! 20 1073,1077 80
Colo-205 AC 102 10 1073 10
HCT-116 AC 1072,10°! 15 1071077 75

2. Ovary OVCAR-3 AC 1072 20 107°-1077 80
SK-OV-3 AC 1072,10°! 10 1071077 60
IGROV1 AC 107! 10 107°-10"7 75
OVCAR-4 AC 102,107 20 1071077 85

3. Breast MCF-7 AC 1072 20 107°-10~7 80
MDA-MD-231 AC 1072,10°1 25 107 only 80
MDA-MD-435 AC 107! 20 107°-10=7 70
BT-549 AC 1072,10°! 15 107°-10~7 2540
T-47D AC 10~ 10 1073 25

4. Prostate PC-3 AC 107! 5 107°-10"7 80
DU-145 AC 107! 10 1075-1077 90

5.Non-small cell HOP-62 CA 102,107 30 1071077 75

Lung NCI-H226 CA 1072 5 1073 5-10

NCI-H460 CA 1072 30 1071077 80

6. Melanoma UACC-62 Epithelial  1072,107"  15-20 1074-1077 80
SK-MeL-5 Squamous 1072 5 1073 10
SK-MeL-2 Squamous 1072, 10~! 20 1075-1077  50-75
UACC-257 Squamous 1072 20 1075-10"7  75-80

7. Central nervous  SF-295 CA 1072,10°1  20-25 107°-10~7 80

system SE-539 CA 1072, 10 1073 15-20

U-251 CA 1072, 15 107°-10=7 45
SNB-75 CA 1072,10°" 10 107%-10=7 50

8. Kidney TK-10 Renal CA  1072,107! 20 1074-10"7 85
RXF-393 Renal CA 107! 30 107%-10~7  45-50
ACHN Renal CA 1072 20 10°7-1077 80
CAK-1 Renal CA  1072,107' 15 1075-10"7  50-75

9. White blood cell K-562 Leukemia 1072,10~! 5 1077 45
Molt-4 Leukemia 1072 5 NA 10-15
CCRF-CEM  Leukemia 1072 5 1073 5-10

Cells were exposed to the peptide for two or six days, fixed, and stained with sulforhodamine-S. None of the cell lines were

estrogen-dependent for growth.
AC = adenocarcinoma, CA = Carcinoma

*National Cancer Institute Therapeutics Screening Program, Bethesda, MD, used with permission. Data derived from Reference

[15] and [18].

peak inhibitory doses at 1071° to 10712 M concentra-
tions. Following that initial study, summary findings
on P149 by the National Cancer Institute Therapeu-
tics Drug Screening Program (Bethesda, MD) were
disclosed (Table 5). These results detailed the in vitro
studies of the GIP challenge against cell culture lines
representing a variety of human cancers [18]. In a 2
day versus 6-day comparative proliferation assay (em-
ploying sulforhodamine staining), the P149 peptide ap-
peared to be cytostatic (non-cytotoxic) against 38 of the
60 cancer cell lines, representing nine distinct cancer

cell types which included prostate, breast, and ovarian
cancers (Table 4). In subsequent reports, the effective
use of the GIPs against various breast cancers was de-
scribed in numerous studies involving breast cancer
cells both in vivo and in vitro (Figure 4) (15). The
P149 peptide (0.5 pg/day release pellets) also inhibited
the in vivo growth of human breast cancer GI-101 cells,
anon-estrogen-dependent, p53-responsive, tamoxifen-
resistant ductal carcinoma transplanted as a xenograft
in nude mice [33,34]. In these latter studies, time re-
lease pellets of P149 were administered for a 60-day
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Table 5. Platelet-associated integrins alpha and beta subunits were compared to Growth Inhibitory Peptide (GIP) amino acid stretches.

Integrin Cell/tissue P149 Platelet Tumor/tissue
subunits and distribution of ECM/cell GIP amino fragments aggregation expression of
original names  integrins binding ligand acid sequence stretch (includes overlaps) inhibition (%) integrins
o2 B1: Epithelium Coll, platelet GEGAADIIIG; P149a, b >90 Animal
VLA-2 Endothelium HLCIRHEMTPVNPG P149b, ¢ mammary
(GPla) Leucocytes platelets carcinomas,
human breast
cancers
asB1: Endothelium, FBN, platelet DIIIGHLC P149b >70 During growth
VLA-5 (GPlc) hepatocytes, platelets and tumori-
genesis
aefr: Most cells, epithelium, LAM, platelet GEGAADIII; P149a, b >80 Breast, liver,
VLA-6 endothelium platelets DIIGHLC P149b lung
carncinoma
aribBa: Granulocytes, FBN, FIB, LSEDKLLACGEGAA; P149 >96 Required for
Major Platelet monocytes, VTN, VWF  GHLCIRHE P149a 30-40 platelet
Receptor megakaryocytes, TSP P149b >90 aggregation
platelets
oy B3 Osteoclasts FIB, VTN, EDKLLAC P149a, >70 Melanoma and
VTN receptor endothelium FBN, FBG, GHLCIRH P149b angiogenesis
fibroblasts COLL, VWF,
TSP

The GIP and Its Segments were then listed according to their platelet aggregation percent inhibition in lieu of their respective extracellular matrix

ligands.

Abbreviations: Coll-collagen; FBG-fibrinogen; FBN-fibronectin; FIB-fibrin; LAM-laminin; TSP-thrombospondin; VTN-vitronectin;
VWEF-von Willebrand’s factor; *-amino acid single letter code. Integrin data derived from References 5 and 30.

duration. In another study using a 30-day time-release
pellet, P149 suppressed the in vivo growth of estro-
gen dependent growth of MCF-7 human breast can-
cer xenografts in nude mice using a pellet release rate
of 0.25 ug peptide/day (Figure 4). In accompanying
cell culture cytostatic assays, P149 suppressed by 50—
80% the growth of four of five human breast cancer
cell lines maintained in non-estrogen supplemented
cell culture media, thus demonstrating an estrogen-
independent mode of growth inhibition [15,18].

In the in vivo nude mouse xenograft studies, P149
was effective as a growth suppressing agent (70% in-
hibition) in the GI-101 breast tumor model even after
withdrawal of peptide exposure. The GI-101 treated
animals that had received the P149 pellet implant for
60 days, survived for 45 days after peptide depletion.
At 105 days, the mice were sacrificed and the tu-
mor volumes were recorded as an indicator of growth.
When the remaining mice on P149 treatment were
compared to sham controls, 3 of 4 surviving animals
continued to display 40-50% tumor growth suppres-
sion. In another in vivo tumor study, nude mice were
implanted with MDA-MB-231 (Non-estrogen recep-
tor ER) breast tumor cells, and similarly treated with

P149 time-release pellets. These tumors showed only
minor growth suppression (30%) in vivo during ad-
ministration of the 60-day GIP implants, resembling
the results of the sulforhodamine in vitro assays, in
which 30-40% growth suppression was seen. How-
ever, histopathological analysis following autopsy on
day 105 (after GIP depletion) revealed that the tumor-
bearing nude mice that received the P149 implants
displayed metastases on an average of 1.5 nodules
per lobe of the lung compared to 4.25 nodules/lobe
in the lung of control tumor-bearing mice (5 mice/
group).

In order to determine whether P149 was cyto-
static or cytotoxic, an ATP-based assay was per-
formed which measured the decrease in cytosolic ATP
during drug (peptide) treatment. This ATP lumines-
cence assay has long been employed to distinguish
between cytostatic versus cytotoxic chemotherapeu-
tic sensitivity of drugs [35-37]. Since cells maintain
their ATP concentrations nearly constant under phys-
iological conditions, metabolic disturbances (i.e., in-
jection of toxic agents) will result in a gradual de-
crease of the total amount of cellular ATP. In contrast,
cell death is accompanied by a rapid and complete
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Figure 4. Two different human breast cancer cell lines were assayed both in vivo and in vitro using the cyclic and linear versions of P149 peptides.
Panels A: An in vivo study of cyclic P149 was performed using E2-dependent MCF-7 xenograft in nude mice. The mice received both estradial
and P149 peptide time release pellets over 30 days. The inset in panel-A depicts the same peptide studied in vitro using sulforhodamine-B growth
inhibition assays. Panels B An in vivo study employing P149 linear peptide was conducted in nude mice implanted with estrogen-independent
GI-101 human ductal cancer cells using P149 peptide time release pellets over 60 days. The inset in panel-B shows the same peptide studied in
vitro using sulforhodamine-B growth inhibitors assays. Note that even though the in vivo assays showed similar curves, the in vitro dose response
of the linear peptide required three log dose increases in concentration to produce a similar effect to the cyclic peptide.

loss of ATP. After incubation of the cell cultures
for 6 days, cytosolic ATP was extracted, stabi-
lized, and quantitated from a standard curve pro-
duced from Berthold LB-96P luminometer readings
using a luciferin-luciferase counting reagent. The ATP-

bioluminescence assay of both MCF-7 cells and GI-
101 cells exhibited a cytosolic decrease of ATP in P149
treated mice compared to both peptide-treated and con-
trol peptide treated cells. The results displaying the
difference in cytosolic ATP over a 6-day period were
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Figure 5. The growth suppressive activities of the oligomeric forms of P149, cyclic versus linear, are depicted in various in vitro and in vivo
models. Biological activity was determined by three growth-associated bioassays, namely; Panel-A and A1) an immature rodent uterine bioassay;
Panel-B and B1) an in vitro MCF-7 foci assay, and Panel-C and C1) an in vitro tumor cell cytostatic assessment. Results show that the linear
peptide was highly dose effective in the mouse uterine assay (A1), and the MCF-7 foci-assay (B1), but not the in vitro cytostatic-assay (C1);
while the cyclic configuration performed poorly in the uterine (A) and foci-assays (B), but extremely well in the in vitro cytostatic assays (C).

See text for details. Scrambled peptide = P327.

deemed consistent with the presence of a cytostatic
(rather than cytotoxic) mode of growth inhibition at
peptide doses of 1078 to 107! M, (see Figure 4, Panel
insets).

The oligomeric forms of GIP used in the cytostatic
assays also showed differences in their dose effects.
The cyclic form of GIP (Fig. 1) is a disulfide-bridged
cyclic monomer in solution, whereas GIP in the lin-
ear configuration is known to exist as a trimer [24—
26]. Using three different human cancer cell lines
(breast, prostate, kidney), it was demonstrated that
the monomeric cyclic form of the peptide produced
80-90% growth inhibition over a range of 107> to

10~7 M, as assessed by the sulforhodamine 6-day as-
say (Figures 4 and 5). In comparison, the same three
cancer cell lines produced growth inhibition at only
10~ M and 10~ M, which rapidly declined there-
after when the linear peptide was utilized. The cyclic
monomeric form is depicted in Figure 1 and the linear
form was described in detail in Ref. [19]. The linear
peptide is known to be in the trimer/hexamer config-
uration [24], and eventually a higher-order polymer
state may be attained after prolonged storage of the
phosphate-buffered saline (PBS)-solubilized peptide.
It is also apparent in Figure 5(b), that the cyclic ver-
sus the linear version of P149 produced different dose
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responses when applied to the E2-dependent MCF-7
cell foci assay showing an inhibitory effect with low
concentrations of linear but not cyclic peptide [6]. A
third example (Figure 5(a)) is the E2-activated imma-
ture mouse uterine growth assay, in which the cyclic
peptide was only marginally growth inhibitory, while
the linear peptide achieved nearly 60% inhibition [18].
It can be deduced from these data that the oligomeric
form of the GIP will determine the most effective
growth inhibitory concentrations for the peptide in a
given dose-dependent assay.

It was next deemed necessary to determine whether
the various segments of P149 exhibited tumor sup-
pressive capabilities similar to those of the 34-mer
GIP. The linear GIP was used since the fragments
did not form cyclic compounds for comparison. In
a study employing a human kidney tumor cell line,
it was further demonstrated that linear P149 and its
linear fragments (P149 a,b,c) demonstrated individ-
ual growth inhibitory capabilities. For example, while
the 34-mer P149 displayed nearly 80% growth inhi-
bition of this tumor at 5 x 10~% M, fragments P149b,
P149a and P149c showed lesser potencies, of 50, 25,
and 20%, respectively (Table 2). As in previous ani-
mal models, the fragments of P149 displayed less bi-
ological activity than did the entire 34-mer peptide
[18,19]. It was obvious that the inhibitory potency
of the whole P149 was not the sum of its peptidic
segments.

Cell adhesion assays

Human AFP possesses short amino acid stretches that
have sequence identity with a variety of ECM Proteins
[5,18,30]. Therefore, P149 was subjected to cell adhe-
sion studies involving some of the principal ECM pro-
teins. The various ECM proteins were adsorbed to mi-
crotiter plates and screened for their abilities to serve as
substrata for enhanced breast tumor cell adhesion com-
pared to non-ECM matrix microtiter plates. Following
crystal violet staining, the ECM proteins differed in
their abilities to serve as attachment surfaces for two
breast cancer cell types, the human MCF-7 and the
murine 6WI-1 lines (Figure 6A). The mouse mammary
6WI-1 tumor cell attachment ranged from 20 to 60%
for all ECM protein matrices, with laminin demonstrat-
ing the greatest adhesion capability (60%). Fibrinogen
ranked second as an adhesion protein, with fibronectin
and the collagens closely following. Non-protein at-

tachment agents such as gelatin, chondroitin sulfate,
and poly-lysine exhibited somewhat reduced cellular
adhesion (20—40%) relative to the ECM proteins. In the
studies using the MCF-7 cells, most of the ECM pro-
teins were capable of supporting tumor cell adhesion to
some extent. Cell adhesion in the MCF-7 cells ranged
from 20 to 58%, with fibronectin achieving the highest
proportion of attachment. While laminin supported lit-
tle MCF-7 cell attachment (<5%), collagens I and IV
displayed from 30 and 50%, and with fibrinogen dis-
played 20%. Interestingly, P149 (10ug/ml) itself was
capable of supporting 20 to 25% cellular adhesion with
both tumor cell types. The GIP was a slightly weaker
agent of tumor cell attachment than was gelatin, chon-
droitin sulfate, and poly-lysine.

The adhesion of MCF-7 and 6WI-1 cells either in
the presence of peptide or in peptide-free medium
was then assayed on ECM-coated microtiter plates,
with 3ug of soluble P149/well used as a competitive
inhibitor (Figure 6(b)). The P149 was added to the
wells immediately after the cells were dispensed and
the mixture was then incubated as described [38]. The
P149 peptide was capable of inhibition of cell adhesion
to most of the ECM proteins in both tumor cell lines
(Figure 6). Inhibition of mouse and human tumor cell
adhesion was roughly equivalent on the plates with col-
lagen 1V, fibrinogen, fibronectin, and thrombospondin;
however, cell adhesion inhibition was significantly
different for laminin, collagen-I, and vitronectin when
the two tumor types were compared. Human MCF-7
cells, in the presence of P149 displayed substantial
inhibition to vitronectin-induced adhesion while
mouse tumor cells failed to respond. Likewise, mouse
6WI-1 cells demonstrated peptide inhibition of laminin
adhesion, whereas MCF-7 cells failed to adhere to
laminin. Overall, the P149 peptide, in the presence
of tumor cells, was found to competitively inhibit
MCF-7 and 6WI-1 cell attachment by 40-50%. Thus,
P149 was found capable of eliciting various degrees of
adhesion inhibitions, dependent on the type of ECM
protein coating the wall of the microtiter plate and also
the tumor cell type involved (monolayer vs. ascites-
derived). It was also found that an albumin 34-mer
peptide control (P263) was not capable of inhibiting
tumor cell adhesion, and that rabbit anti-P149 peptide
antibodies completely blocked the adhesion inhibition
effect (not shown). Also, the addition of high Ca?t
levels to the culture medium failed to influence either
ECM adhesion to the microliter plates or the peptide
inhibition of tumor cell adhesion to the ECM matrices.
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Figure 6. Panel A: The cellular adhesion of cancer cells to extra-cellular matrix (ECM) proteins and GIP is displayed for both human MCF-7
breast cancer cells and for murine 6WI-1 ascites-adapted-mammary tumor cells. The cellular adhesion assay was performed in 96-well microtiter
plates and the wells were pre-coated with 100 microliters of each of the above-mentioned ECM proteins for 24 hours, tumor cells added, and
the plates were then incubated at 37°C. While 6WI-1 cells usually required only 2—4 hours incubation for adhesion, MCF-7 cells required
24 hours for attachment following cell trypsinization and plating. The plates were washed twice with Hank’s Saline, fixed in 0.5 mL of 37%
formaldehyde, stained with crystal violet and read at 570 mm on a microplate reader. Note that GIP can provide a matrix attachment surface for
tumor cell adhesion and that rabbit antibodies to GIP decreases tumor cell adhesion.

Panel-B: The P149 inhibition of cellular adhesion of cancer cells to extra-cellular matrix (ECM) proteins plus GIP is displayed for both human
MCE-7 breast cancer cells and murine 6WI-1 ascites mammary tumor cells. The cellular adhesion assay was performed in 96-well microtiter
plates and the wells were pre-coated with 100 microliters of each of the above-mentioned ECM proteins for 24 hours as previously determined.
After adding tumor cells, the plates were then incubated at 37°C for various time intervals as above (Panel-A). The plates were washed twice
with Hank’s Saline, fixed in 0.5 mL of 37% formaldehyde, stained with crystal violet and read at 570 mm on a microplate reader.
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It was also demonstrated that P149 subfragment
possessed anti-cell adhesion capabilities (Table 2).

Tumor cell migration and spreading

The P149 treated, untreated and ovalbumin peptide-
coated coverslips were placed in individual 24-well
microtiter plates for assessment of MCF-7 cell spread-
ing and migration [38,39]. Results of the cell spread-
ing/migration studies revealed that the P149 coated
surfaces caused inhibition of cell spreading over a con-
centration range, which peaked at 10 pg/ml (Figure 7).
The cells, unable to migrate, and spread, displayed
distorted morphology such as star-shaped configura-
tions, cytoplasmic spiking, surface spiny spheres, and
extended cytoplasmic processes, as well as low cell vi-
ability. These data support the findings from the cell
adhesion studies described above and re-affirm that
P149 is implicated in cell surface activities and cell-to-
ECM interactions related to integrin involvement pos-
sibly with basement membranes, interstitial surfaces,
and connective tissues.

Inhibition of Cell Migration by GIP
versus Ovalbumin Peptide Control

70
W cr

- [ ovalbumin

50

40
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Figure 7. MCF-7 breast cancer cells were cultured for 3—4 days
(80% confluence) in order to study tumor cell attachment, migration
and spreading. The MCF-7 cells grown to confluence were harvested
using trypsin digestion; the separated cells were resuspended in DCS.
One day prior to cell seeding, glass coverslips were incubated in
P149 or ovalbumin peptide concentrations extending from 0.1 pg/ml
to 1000 pg/ml. MCF-7 tumor cells were seeded at 3 x 10° cells/well
and incubated for 24 hours on the coverslips. Using the Crystal Violet
stain, 100 microliters of 37% formaldehyde was then added to each
well for 5 minutes for cell fixation onto the plates, the wells were
washed twice, and 200 microliters of Crystal Violet staining solution
was added, washed and dried. The coverslips were examined under
light microscopy (see text).

Most cells (including cancer cells) need to attach and
subsequently spread on the ECM substrate for proper
growth, function, and survival [40]. In tissue forma-
tion, cells attach to one another and to the meshwork
of the ECM, in a process mediated by the family of in-
tegrin proteins. Normal epithelial cells often undergo
inappropriate apoptosis when deprived of ECM attach-
ment [41]. Cell growth and survival on substratum
(matrix) attachment has been termed anchorage de-
pendence [41,42]. In cell culture, this linkage occurs
at specialized membrane structures referred to as fo-
cal adhesions, consisting of clusters of integrins that
are firmly bound to the ECM interface [42,43]. More
loosely bound focal contacts, characteristic of epithe-
lial tissues, probably permit some flexibility and cell
movement. These integrin clusters serve as attachment
points for intracellular actin stress fibers on the cy-
toplasmic surface of the plasma cell membrane, thus
influencing cell shape. It is also at such focal points
(see above) that integrins can trigger signaling path-
ways that cross-talk with growth-factor, cytokine, and
kinase pathways [44], the latter include the focal adhe-
sion kinase (FAK) [45,46]. Such cascade interactions
are reportedly linked to G-proteins and the tyrosine ki-
nases of the src family. It has also been reported that
tissue-derived cells that spread and then flatten appear
to thrive, whereas cells that retain an overall rounded
form fail to survive [43]. Depending on the integrin
heterodimer involved, differing anti-apoptotic effects
of cell spreading have been delineated and described
[45,47,48]. These reports revealed that following the
ECM determination of cell morphology, cell shape was
a major factor in determining subsequent cell growth
and survival. It has been reported in a previous study
that P149 can alter both cell shape and form [19]. Thus,
it appears that therapeutic intervention at the integrin-
ECM interface (as P149 might perform) could provide
a means of altering the cell signals responsible for the
balance between cell death and cell survival.

Platelet aggregation (in vitro)

The GIPs were assayed for human platelet aggregation
through measurement of their degree of light trans-
mission with an aggregometer, using stirred human
platelet suspensions in a reaction vessel [49,50]. Fol-
lowing the addition of agonist, activation of platelet
aggregation proceeds in a multi-step process. As a first
step, activators cause the platelets to change shape



inducing a slight decrease in light transmission. As
aggregation proceeds, the platelets form increasingly
larger clumps, leading to an increase in light transmis-
sion throughout the reaction vessel. The light trans-
mission increases progressively as aggregation begins,
and reaches a plateau when aggregation is maximal.
The aggregation profile can be further divided into two
phases: (a) primary aggregation, which is an immediate
and reversible process; and (b) secondary aggregation,
which is irreversible and is associated with granule re-
lease and thromboxane generation. The secondary ag-
gregation phase, depending on the agonist, liberates
arachidonate for thromboxane A, formation [50,51].
In the data below, P149 is shown to be capable of af-
fecting all phases of platelet aggregation.

The platelet cytoskeletal-induced response to acti-
vation first produces a shape change from the dis-
coid to the sphenical form which initiates the aggre-
gation step, in which increasingly larger clumps are
formed. As discussed above, the GIP has been previ-
ously shown to influence cytoskeletal activation lead-
ing to changes in both cell shape and form [19]. The
shape change also induces expression of pro-coagulant
and phospholipid receptor activities; these in turn in-
duce inositol phospholipids to increase the turnover of
phosphatidic acid [49]. In the event of a blood vessel
rupture, for example, the release of agonists from se-
creted granules activates blood platelets to manifest the
discoid-to-spheroid shape change, and to send out long
filopodial extensions from the platelet cytoplasm. The
agonists further cause (1) the centralization of platelet
cytoplasmic organelles, (2) release of platelet granules,
and (3) formation of a “hemostatic plug” to prevent fur-
ther blood loss from the blood vessel rupture [49].

Platelet activators, such as adenosine diphosphate
(ADP), induce shape changes just prior to the pri-
mary and secondary aggregation [52]. The GIP was
capable of inhibiting the shape change in the platelet re-
sponse (Figure 8). Platelet shape and form are dictated
by the submembraneous plasma membrane cytoskele-
ton, composed mainly of actin/myosin filaments [53].
ADP induces the change in cell shape through a cy-
toskeletal (mechanical) force-driven redistribution of
organelles within the platelet cytoplasm. In a previous
report, P149-interaction with the plasma membrane cy-
toskeleton and microtubule polymerization has been
documented in several models, including elements of
a-tubulin and actin filaments [19]. The polymerization
of actin causes actin filament formation, which in turn
induces a conformational change in the platelet cell-
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surface fibrinogen receptor («;,83). The fibrinogen
binding domain is concealed on the surface of resting
platelets, and addition of platelet activators (i.e. ADP,
arachidonic acid (AA), Collagen) exposes such sites
[52]. As stated earlier, a conformational change in the
HAFP molecule also serves to expose the hidden GIP
site in a similar manner [15].

The ability of P149 and its fragments were next indi-
vidually examined for their abilities to inhibit platelet
aggregation in an assay using fresh citrated human
platelet-rich plasma (PRP) from healthy volunteers.
The peptides were dissolved in 0.15 M NaCl contain-
ing 2.5 x 10° platelets/ml. The various platelet ago-
nists used as activating agents were ADP at 3uM final
concentration, collagen at 2 to 5 ug/ml PRP, AA at
300 uM and epinephrine (Epi) at 5 uM. When con-
centrations of ADP were added to the platelet-rich
plasma, the two phases of aggregation fuse to give a
large aggregation response that does not reverse. P149
was able to dramatically inhibit the secondary ADP-
induced aggregation response. The P149 peptide (100-
300 wg/PRP) inhibited ADP induced platelet aggrega-
tion by 90-95%; while at 10 g P149, inhibition did
not occur (Figure 8; Table 6). It was shown that the
P149b midpiece peptide, containing a von Willebrand
Factor sequence identity, also inhibited ADP-induced
aggregation, in a reaction with an initial slight delay,
followed by a 80-90% inhibition that was not as dra-
matic as P149 itself. Further characterization of the
ADP-induced inhibition by P149 included a titratable
decline in surface-expressed CD62 (P-selectin) fluo-
rescent staining of ADP-activated platelets assayed by
flow cytometry. The P-selectin protein is a 140 KDA
platelet surface marker induced by thrombin and is
expressed on platelets, endothelial cells, and megakary-
ocytes [52]. Platelet selectin mediates platelet and neu-
trophil adhesion to endothelial cells during the adherent
and rolling stages of neutrophil migration along the in-
ner vascular endothelial wall. It is of interest that GIP
also has been shown to inhibit agonist-induced throm-
bin and tissue-factor responses in immature rats [6,19]
(Table 3).

When collagen was used as an activator of platelet
aggregation, P149 (1001g) was capable of inhibiting
>90% of the collagen-induced secondary aggregation
response (Table 6). However, no significant inhibition
was observed with P149c¢ for both collagen and ADP-
activated platelets. Both P149a and P149b were capable
of inhibiting by >70-80% the platelet aggregation in-
duced by ADP and collagen. Thus, the latter fragments
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Figure 8. The platelet aggregation study is depicted in treatments involving 0.5 ml of normal human platelet-rich plasma (PRP) with varying
amounts of P149 or P149b using 2.5x 10° platelets per reaction vessel. After 2 minutes of stirring to obtain temperature equilibrium at 37°C,
adenosine diphosphate (ADP) was added to the reaction vessel A: ADP incubated with P149 inhibited all phases of the platelet aggregation; B:
P149b inhibited 70% of platelet aggregation; C: platelet aggregation by P149 as measured by CD62P (P-selectin) fluorescence quenching by
means of flow cytometry.

of P149 (P149 a,b) were capable of inhibiting platelet The third type of platelet activation was induced
aggregation to a lesser extent than intact P149; how- by AA whose aggregation reaction commenced im-
ever, the P149 fragment aggregation inhibitions were mediately after addition of AA to the reaction ves-
significant considering that P149c was totally inactive sel (Table 7). Moreover, addition of P149 or P149b

(Tables 2 and 6). (shown in Figure 9) resulted in complete aggregation
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Table 6. A summary of percent inhibition of human platelet secondary aggregation induced by various acti-
vation agents is listed for Alpha-fetoprotein Derived Growth Inhibitory Peptides and control peptides.

Inhibition (%) of platelet aggregation

Adenosine diphosphate Archaridonic acid Collagen Epinephine

Inhibitory peptide (ADP) (AA) (COL) (EPI)

P149 (34-mer) 100 >95 No effect
P149a (12-mer) 3040 10-20 75 No effect
P149b (15-mer) 95-98 100 70-80 No effect
P149c¢ (8-mer) No effect No effect No effect No effect
oy AP (pos.control) 85-90 100 90 No effect
P263 (Homology control) 80-90 Shape change only 60-80 No effect
P192 (neg. control) No effect No effect No effect No effect
Ristocetin (positive control) 100 100 100 100

ADP = 2.5 uM; AA =0.3 mM; Collagen =2 pg/ml; EPI = epinephrine

P149 peptides were effective inhibitors in separate activation (agonist) experiments. P149 = Growth Inhibitory
Peptide; P149a, P149b, P149c = Fragment of Growth Inhibitory peptide (see Table 1). ap AP = peptide se-
quence from a-antiplasma; P263 = human albumin peptide segment; P192 = peptide sequence from HAFP
molecule carboxy terminal end of P149. Ristocetin-a bacterial protein employed as a positive control for platelet

aggregation inhibition.

Table 7. Biological/Biochemical activities of Growth Inhibitory Peptide (P149) exhibiting cross-reactivity in various species, organs, and
tissues.

Organism, class Organ and/or Reference
Biological/Biochemistry activity or species tissue Effect or action citation
1. Estrogen induced organ growth Rats, mice Uterus Growth suppression [6,18,19,25,26,]
2. Cell-to-cell contact inhibition Human (MCF-7) Breast cancer Suppression of cell foci [18,19]
3. Esterase enzyme activity Rat Uterus Suppresses esterase activity [6]
4. Fetal growth retardation Chick, mouse Whole body Induces retardation [28]
5. Amphibian metamorphosis Frog Tail fin epidermis, Inhibits differentiation [81]
connective tissue
6. Insect ecdysis Brineshrimp Shell hatching Inhibition [18]
7. Insulin fetotoxity Chick fetus Musculo-skeletal system  Inhibition [28]
8. Estrogen fetotoxicity Mouse fetus Whole body Inhibition [28]
9. Aromatase enzyme activity Rat Liver microsomes Suppresses aromatase acivity  [19]
10. Platelet aggregation human vascular platelets Inhibits aggregation [18,19]
11. Cancer growth Mouse, rat human  Breast cancer cells Growth inhibition [18,19]
12. Fetal malformation Chick fetus Whole body Birth defect suppression [18,28]
13. Acetylcholinesterase Torpedo eel Soluble tissue Inhibits soluble [18,19]
(Ache) activity extracts Ache activity
14. Estrogen receptor-o Human Recombinant Binding to «-ER [15,19]
binding receptor receptor
15. Cortisone induced Mouse pup Whole organ Growth suppression [82a,82b]
Splenic Growth
16. Estradiol binidng Human Purified peptide Binding to GIP (P149b) [15,19]
17. Litter size Mouse newborn Whole body Inhibits reduced litter size [19,28]
18. Ovarian HCG-growth stimulation =~ Mouse pup Whole body Suppresses growth of ovary [19,82a,82b]
19. Tumor ascites fluid Adult mouse Body cavity fluid Suppression of fluid [15,18]
accumulation
20. Red blood cell (ABO system) Human Erythrocytes Blocks Hemoagglutination [19]

P149 =34 mer GIP; P149b = 13-mer midpiece GIP, ABO =red blood cell antigens; ER = estrogen receptor.
Ref. #82a = Mizejewski, G. J. Growth inhibitory peptide, United States Patent 5, 674, 842, U.S. Patent Office Filing US00567 484A, Oct. 7,
1997.
Ref. #82b — 82b Mizejewski, G. J. Methods of using growth inhibitory peptides. United States Patent 5, 707, 963, U.S. Patent Office Filing
US005707, 963A, Jan. 13, 1998.
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Figure 9. The enzymatic activity of acetylcholinesterase (Ache) in isolated membrane preparations is depicted using either N-butanol (Panel-
A) or P149 (Panel-B) as enhancing agents. The Ache-associated membrane vesicles were isolated from Torpedo eel electric organ extracts
as described [79]. The effect of P149 on Ache-enriched membranes was an enhancement of enzyme activity greater than that obtained with
n-butanol, an established enhancing agent. Note that both alcohol and GIP undergo an initial rise, peaking, and gradual decrease, at increasing
concentrations. Control Ache activity was set at 100%. Panel-A is taken from Ref. [79] with permission.

inhibition for several minutes until Epi, which was
non-GIP reactive, was added to the incubation bath.
Complete platelet aggregation then occurred, achieving
nearly 100%. This indicated that Epi employed differ-
ent Non-GIP reactive cell surface receptors sites for
platelet aggregation. Further confirmation of the P149
inhibition of AA-induced aggregation was shown by

fluorescent quenching of CD62P platelet surface mark-
ers in association with AA-activated platelets.

The secondary step of platelet aggregation lib-
erates AA and initiates its subsequent metabolism.
Thromboxane A; is produced form AA, causing irre-
versible platelet aggregation and contraction of vas-
cular bronchial smooth muscle [54]. P149 was a



potent inhibitor of AA-induced platelet aggregation
which causes the transformation of cyclo-oxygenases
to endoperoxidases. Collagen also induces products
of the cyclo-oxygenase pathway but its mode of ac-
tion does not involve a primary aggregation step.
The release of platelet granules is associated with
the secondary phase of aggregation. Platelets release
four types of granules: (1) a-granules which con-
tain fibrinogen, fibrinectin, and thrombospondin; (2)
coagulation-factor granules; (3) dense granules con-
taining serontonin, ATP, ADP, and Ca*t ions; and
(4) peroxisomes containing catalase—associated phos-
phatases. Epinephrine, unlike ADP, does not cause a
shape change and does not require the primary aggre-
gation step.

The GIP platelet aggregation inhibition data are
listed in Table 6, along with sequence homology to
platelet-expressed integrin alpha/beta chains and these
chains’ specific ECM binding ligands. It was apparent
that the full-length P149 showed the greatest inhibitory
potencies toward the various activating agents which
included collagen, ADP, and AA. However, P149a and
P149b also exhibited notable inhibitory capabilities.
In contrast, the carboxy-terminal P149c fragment ap-
peared to lack inhibitory capabilities regarding platelet
aggregation. It was not surprising that the P149¢c was
devoid of this inhibitory capability, since GenBank
identities were not detected in this sequence of GIP,
unlike P149a and P149b (Table 3; Table 7).

Tumor-induced platelet aggregation

Tumor cell-induced platelet aggregation is a required
step leading to metastasis, as first described by Gasic
in the early 1970s [55]. Tumor cells in the vasculature
are frequently observed in complexes with platelets,
and this association together with the hypercoagula-
ble state of malignant disease, appears to be essen-
tial for successful metastasis [55,56]. The ability of tu-
mor cells to induce platelet aggregation is widespread
among cancers including breast carcinoma, colon ade-
nocarcinoma, lung carcinoma, melanomas, and others
[57]. Platelet participation in the metastatic process is
thought to result from a) direct binding of platelets to
tumor cells, and (b) the release of soluble activating
agents from the tumor cells. These agents would in-
clude the classical platelet aggregation activators such
as ADP, cathepsin B, thrombin-like proteinases, colla-
gen, and tissue factor-generated thrombin [58]. Thus,

Review of AFP-derived peptides 461

platelets act to facilitate all of the intermediate steps
of transvascular metastasis including tumor cell re-
tention and arrest, subendothelial interaction, and ex-
travasation from the microvasculature. Blockage at
these platelet events could retard or reduce tumor cell
metastasis. As noted above, P149 is capable of in-
hibiting tumor cell adhesion to the ECM and platelet
aggregation, both of which are required for successful
metastasis.

Previously, a wide array of 30-50 aa peptides derived
from true viper and pit viper venoms, termed disin-
tegrins, have been shown to disrupt integrin function
and serve as potent inhibitors of platelet aggregation
[56]. A disintegrin motif also constitutes a portion of
the protein molecules belonging to the ADAM family
of metalloproteinases [60], which number among
the GenBank matches with P149 in Table 1. The
viper-associated disintegrin peptides are hemostasis-
disrupting factors that are readily distinguished from
the cobra-like venoms, which act as neurotoxins. Sim-
ilar to P149 (GIP), some disintegrins can produce
growth suppression in tumors [61]. Most disintegrins
contain the RGD (Arg-Gly-Asp) cell adhesion recog-
nition sequence, are rich in cysteine, and function
to block platelet aggregation. Inhibition results from
steric blockage of the binding of the GPIIa/IIIb platelet-
integrin binding to ECM proteins such as fibrinogen
and von Willebrand’s factor [62—64]. Since most disin-
tegrins possess the RGD sequence, they are capable of
further inhibiting the adhesive functions of other RGD-
dependent integrins such as «,8s (vitronectin recep-
tors) and «sf;, a fibronectin receptor [57,65]. How-
ever, by comparison with the integrins, other amino
acid adhesion sequences such as Lys-Gly-Asp, may
also be operational in the disintegrins. P149 contains
the sequence Gly-Glu-Gly (GEG) which is also present
in many disintegrins and plays a role in platelet ag-
gregation inhibition (Table 5). Thus, P149, similar to
disintegrins, may represent lead molecules for design-
ing novel and potent compounds with clinical value in
the inhibition of platelet aggregation and the block-
age of the tumor-induced platelet aggregation stage
of metastasis. Disintegrins bind to integrins and block
their actions, suppressing cancer cell growth and ad-
herence to blood vessel walls and thereby reducing
metastasis [60]. Since P149 has been shown to suppress
tumor growth and inhibit cell adhesion, it can be pro-
posed that P149 exercises a disintegrin-like action on
cancer cell metastasis. Thus, disintegrin-like peptides
(i.e. GIP) could constitute a class of chemicals whose
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therapeutic potential for metastasis has not yet been
fully realized.

Tumor acetylcholinesterases and GIP

Acetylcholinesterases (Ache) are enzymes that hy-
drolyze the substrate acetylcholine, preventing over-
stimulation of cholinergic receptors. Although largely
localized at cholinergic synaptic sites, cholinesterases
such as Ache have been identified in skin, lung, esopha-
gus, liver, placenta and red blood cells, but not in blood
plasma [66,67]. Cholinesterases have also been impli-
cated in the process of tumorigenesis, displaying both
cholinergic and non-cholinerigic actions, which are as-
sociated with mitotic events, cell energy/metabolism,
and regulation of divalent cation (Na’>*, Ca’*, K>*)
transmembrane passage [67—69]. The enzymatic ac-
tivity of Ache is increased in tumors such as breast,
ovarian and bladder cancers, leukemias, glioblastomas,
meningiomas, and brain neoplasmas. During tumor
growth and progression, Ache genes are amplified and
the protein products are abnormally expressed, dis-
playing altered isoforms (variants) and glycosylation
patterns [70-72]. Breast cancer epithelia synthesize
Ache in the cytoplasmic compartment; Ache is then
transported and inserted into the plasma membrane an-
chored to the glycolipid glycophosphidylinositol [73].
In comparison to normal breast epithelia, breast can-
cer cells exhibited 1.9 times the Ache enzymatic ac-
tivity (1.61 and 3.09 mU/mg respectively). Increased
cell proliferation, the hallmark of cancer cells, gen-
erates mitosis-associated events that further induce
overexpression of Ache. Such events can include: (1)
estrogen-induced transcription; (2) ER binding to the
gene estrogen response element (ERE) (3) muscurinic
receptor stimulation of Sp-1 and Egr-1 synthesis; and
(4) cytokine stimulation of interleukin-1b production
[74-T77].

The enzymatic activities of Ache in metastatic foci,
in contrast to solid tumors, at first appears to be de-
creased. Interestingly, the Ache enzymatic activity of
breast tumor metastases in auxiliary lymph nodes were
5 times lower in cancerous than in normal lymph nodes
tissue [78]. However, the Ache activity in metastatic
cell infiltrates was not really significantly different than
in the cancer tissues of origin (3.90 and 3.09 mU/mg
respectively). Thus, the apparent decrease has been at-
tributed to a “dilution” bystander cell effect. This is
because much of the constitutive cell population of

the lymph node tissue mass is composed of highly-
reactive Ache cells of myeloid lineages (such as B-
cells, monocytes, and follicle dendritic cells) which are
engaged in immune and inflammatory activities. Ache
enzymatic activity is known to be amplified in cells
of the erythroid and myeloid series, many of which
populate the lymph nodes [77,78]. Thus, the Ache ac-
tivity in metastatic cancer cells give the appearance
of decreased activity which is really not the case. Fur-
thermore, Ache oligomeric forms from metastatic cells
are composed only of monomers and dimers, while
the Ache in normal lymph nodes include additional
tetrameric and asymmetric forms [71,78]. Overall, it
was determined that both the content and composition
of Ache systems (i.e., nicotinic/muscurinic receptors,
choline acetyltransferase, and Ache forms) were pro-
foundly altered after invasion of lymph nodes by neo-
plastic cells.

In a corollary model to the cholinesterase presence
in cancers cells, the enzymatic activities of Ache was
determined in the presence of GIP using non-cancer
isolated membrane preparations of Ache. The Ache
associated-membrane preparations were derived from
the electric organ of Torpedo eel extracts [79]. The
activities of Ache were determined in acetylcholine
receptor-enriched eel membrane vesicles as previously
described [80]. Since Ache is synthesized in breast cell
cytoplasm and undergoes plasma membrane insertion,
Ache electric organ membrane vesicle preparations can
provide a model of isolated Ache membrane activ-
ity in response to P149. In the studies using the tor-
pedo eel membrane vesicles, it was demonstrated that
Ache membrane activity was significantly enhanced
with P149 present in the reaction vessel. The GIP ef-
fect on Ache membrane vesicle activity was titratable
over a series of concentration points with peak en-
hancement at 10 x10~7 M (Figure 9). Control solu-
tions consisted of compounds of organic alcohols (i.e.
N-butanol) which are known to influence Ache activity.
Moreover, P149 was found to be as potent an enhanc-
ing agent than was N-butanol under comparable exper-
imental conditions. It can be proposed that P149 either
(1) promotes Ache activities directly, (2) binds to Ache
substrates; or (3) neutralizes non-specific and/or other
broad-spectrum esterases that compete with Ache. In
this regard, P149 has also been demonstrated to affect
esterase activity in the postnatal rat uterus (Table 7)
[6]. The P149-enhanced membrane activity of Ache
indicated possible involvement of GIP with the mem-
brane (vesicle) lipid bilayer itself. This can be deduced
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from findings of previous studies [79,80] which showed
that action of the higher alcohols (i.e. n-butanols) in-
creased the membrane fluidity of the membrane vesi-
cles; thus, lipid solubility and molecular size were
deemed to be factors important for the alcohols to insert
into the membrane lipid domains [80]. The observation
that the vesicle Ache activity was enhanced by P149
again confirmed that GIP is indeed highly reactive at
membrane interfaces; that is, it is a membrane-reactive
agent.

Concluding statements

It is evident from the present review, that the AFP-
derived GIP (P149) is a major participant in tumor
cell surface interactions. Clearly, GIP is a capable sup-
pressor of tumor proliferation in both rodent and hu-
man cancer models. It was also shown that GIP’s bi-
ological activity is dependent on its oligomeric state,
specifically its trimer (linear) as compared to monomer
(cyclic) configuration. In studies using a cell adhesion
assay, it was demonstrated that P149 inhibited tumor
cell adhesion against a variety of ECM proteins, many
of which serve as basement membrane and clotting con-
stituents. P149-coated coverslips were also employed
to show that tumor cell attachment, migration, and
spreading were negatively influenced by AFP peptides.
In assays using activated platelet suspensions, P149
was shown capable of blocking all phases of platelet ag-
gregation against a variety of agonists. Finally, the use
of isolated membrane preparations possessing Ache as
a reporter enzyme showed that GIP was an active par-
ticipant at membrane vesicle interfaces. Overall, the
inhibition by P149 of cell surface activities such as
tumor cell adhesion, migration, and platelet-binding
would serve to seriously impair the ability of tumor
cells to spread and metastaze.

Although the mechanism of GIP’s tumor growth sup-
pression has been proposed as receptor blockage of
G-protein linked signal transduction, the precise mode
of action has yet to be fully elucidated (Figure 10). The
suppressive mechanism of action of GIP must be at a
level common to a variety of cell types since nine types
of tumor cells were growth-suppressed (Table 5). Previ-
ous studies have also shown that the growth inhibitory
property of P149 crosses species barriers and is ob-
served in amphibians, birds, and mammals including
man and rodents (Table 7). These observations sug-
gest an inhibitory mechanism of action of P149 that is

common to many different kinds of animal cells [81].
These shared events of GIP’s action appears to occur
primarily as cell surface activities being representative
of cell adhesion, migration, aggregation, agglutination,
cytoskeletal-mediatated cell shape and form, and endo-
cytosis. Such conserved actions indicate that GIP ap-
pears to be a plasma membrane-active agent that can
interrupt or disable integrin-associated and platelet de-
pendent physiological actions on tumor growth, pro-
gression, and metastasis.
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