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Abstract: Alpha-fetoprotein (AFP), known largely as a growth-promoting agent, possesses a growth-inhibitory motif re-
cently identified as an occult epitopic segment in the third domain, The present study reviews the multiple biological ac-
tivities of this AFP-derived peptide segment termed the Growth Inhibitory Peptide (GIP), which is a 34-amino acid frag-
ment taken directly from the full-length 590 amino acid molecule. The GIP segment has been chemically synthesized, pu-
rified, characterized, and subjected to a variety of bioassays. The GIP has a proven record of growth suppression in both
fetal and tumor cells, but not in normal adult cells. Even though the mechanism of action has not been completely eluci~
dated, GIP participates in various biological activities such as endocytosis, angiogenesis, and cytoskeleton-induced/cell
shape changes. In this review, a survey of the functional roles of the GIP is presented which encompasses multiple organi-
zational levels of GIP involvement, including the 1) organism, 2) organ, 3) tissue, 4) cell, 5) plasma membrane, 6) cyto-
- plasm, and 7) the nucleus. At the cell membrane interface, the actions of GIP are discussed concerning cell aggregation,
agglutination, adhesion, and migration in light of GIP serving as a possible decoy ligand and/or soluble receptor. Regard-
ing cytosolic activities, GIP has been reported to inhibit various cytoplasmic enzyme activities, modulate apoptotic events,
and regulate cytoplasmic signal transduction (MAP kinase) cascades. Concerning the nuclear compartment, GIP is capa-
ble of complexing with the estrogen receptor and binding estradiol, but does not affect estradiol-induced estrogen receptor
transcription. In overview, efforts were made to review the multiple biological activities reported for GIP in order to pri-
oritize likely physiological activities and present an updated consensus of functional roles for this AFP-derived peptide.
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A) INTRODUCTION

Alpha-fetoprotein (AFP) is a tumor-associated fetal
mammalian glycoprotein present during ontogenic and on-
cogenic growth [1, 2]. Human (H) AFP is secreted by the
yolk sac and fetal liver during pregnancy, but can be re-
expressed in adult teratomas, hepatomas, and yolk sac tu-
mors of the ovary [3, 4]. In the clinical laboratory, HAFP has
been employed as a tumor and gestational age-dependent
fetal defect marker with dual utility as a screening agent for
neural tube defects and aneuploidies [5, 6] , and as a serum
tumor marker for liver, yolk sac, and germ cell cancers. In
recent years, AFP has been determined to be a growth factor
for both fetal and tumor cells {7, 8] and enhances growth in
both cellular environments. HAFP is a 70-kDa single-
polypeptide chain containing 3-5% carbohydrate; it exhibits
a triplicate domain structure configured by intramolecular
loops dictated by disulfide bridging, resulting in a helical V-
or U-shaped structure first demonstrated by Luft and his as-
sociates [9].

During folding and unfolding of newly synthesized poly-
peptides in the endoplasmie reticulum, chaperoned proteins
can pass through multiple transient or intermediate forms
(resembling a molten globular phase) prior to attaining their
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final tertiary structure [10]. During folding of proteins des-
tined for secretion, hydrophobic amino acid residues are
tucked into the protein’s interior crevices, while hydrophilic
residues predominate on the protein’s exterior surfaces
which provides solubility in serum compartments [11, 12].
This inner hydrophobic/outer hydrophilic structure has been
described for HAFP in which compactly-folded globular
proteins are packaged and processed through the trans-Golgi
network and exocytosed (secreted) to the extracellular fluid
environment. The vast majority of serum proteins, such as
HAFP, circulate as compactly folded forms in the vascular
and interstitial fluids until stress/shock environments. ate
encountered [13]. Then, some proportion of these compactly
folded proteins have the propensity to partially unfold and
assume a molten globular intermediate form, especially dur-
ing transmembrane passage, exposure to high ligand con-
centrations, and stress/shock environments.

Human AFP has been reported as a serum protein capa-
ble of assuming a molten globular configuration following
exposure to stress/shock environment and excessive on-and
off-loading of ligands [10, 14]. This often occurs following
activation of a “hot spot” on a protein; the hot spots are char-
acterized as buried within the molecule and being tightly
packed [15]. It is the third domain of HAFP that contains the
growth inhibitory peptide (GIP) amino acid (AA) segment
that lies encrypted in the protein’s native, compactly folded
form [16]; this site is thought to become accessible via a
conformational change involving a rotational hinge [17]. The
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encrypted growth inhibitory peptide (GIP) epitope on HAFP
is not dectable using present day commercial polyclonal or
monoclonal antibodies. This hidden site has been shown to
be decrypted by partial unfolding of the native full-length
protein following exposure of the fetus to stress/shock envi-
ronments [18, 19]. The 34-amino-acid sequence of the occult
segment, produced as a synthetic peptide has been purified,
characterized, and assayed for biological activity [16, 20-22].
The major property of the 34-mer synthetic peptide was
found to be growth suppressive in both neonatal and tumor
cells; hence the name, Growth-Inhibitory Peptide growth
inhibitory peptide (GIP). The synthetically produced version
of the 34-mer peptide segment in its initial batch production
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was designated as number P149, and this number ID has
been equated to GIP in the present manuscript. The P149
fragment was further subdivided into segments and synthe-
sized as three separate fragments: 1) an amino-terminal 12-
mer peptide termed P149a; 2) a 14-mer midpiece peptide
labeled P149b; and a carboxy-terminal 8-mer designated
P149c (see Fig. 1). All control peptides used in this study
[16, 18] [3] have either already been described and/or are
listed in the abbreviation codes on the title page of this re-
port.

Since the discovery of GIP in 1993 in the author’s (GIM)
laboratory and its subsequent published findings in 1996 [23]
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Fig. (1). Panel-A: The linear version (A and A1) of the 34-mer Growth [nhibitory Peptide (GIP) is displayed in Panels A and A1 as “elec-
tron “cloud and stick” computer models, respectively (See Ref. #48). Panel-B. The three domains of human alpha-fetoprotein are shown in a
bar-configuration representing the 590 amino acid full-length protein. Panel-C: The telescoping segment displayed, from amino acids #445-
477, is depicted in its single letter code amino acid sequence on the 3-domain structure of HAFP with the three fragment constituents of P149
comprising P149a, P149b, and P149¢c on HAFP domain-3. The minimal energy non-solvent stick computer models of the linear peptide were
kindly provided by Dr. Curt Brennerman, Dept. of Chemistry, Rensselaer Polytechnic Institute, Troy, NY.
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[16], a multitude of biological activities has since been de-
scribed for this AFP derived synthetic peptide. Even though
growth inhibition of fetal and tumor cells has been consis-
tently demonstrated, other non-growth functional activities
have been described [3, 20]. Such biological roles of GIP
have been observed and documented at various organiza-
tional levels from the organism to the cell including even
subcellular events. It is the purpose of the present review to
categorize, list, prioritize and survey these varied biological
activities in order to assess and elucidate the fundamental
role(s) in which AFP-derived peptides function. Thus, the
varied activities that were surveyed will be evaluated in or-
der to determine the fundamental activities of this peptide.
The multiple activities will be grouped in order to determine
trends and patterns that point to the more prominent func-
tions. The survey will encompass the following organiza-
tional levels: 1) the organism; 2) organ; 3) tissue; 4) cell; 5)
cell surface; 6) cytoplasm and 7) the nucleus. Ultimately, the
goal of this present review was to examine the various ac-
tivities of GIP to determine mechanisms of action so that
molecular targets could be identified for therapeutic use in
human diseases. Since GIP was first recognized as an occult
epitope on the unfolded HAFP molecule, some of the bio-
logical activities described in the present review will refer to
both the 34-mer synthetic GIP itself as well as the same GIP
segment inclusive on the full-length (590 AA) HAFP mole-
cule itself (i.e., transformed AFP). A direct comparison be-
tween the 34-mer synthetic version of GIP and the GIP site
exposed on the full-length AFP molecule (transformed AFP)
will be discerned when appropriate. See Fig. 1 for GIP to
HAFP spatial relationships and for amino acid sequence
stretch comparisons of P149a, P149b, and P149c¢, and Table
2 for GIP to HAFP activity comparisons.

B) AMINO ACID SEQUENCE MATCHES

The GIP amino acid sequence was subjected to a FASTA
search in the Genbank (GCG Wisconsin Program) database
(Table 1). FASTA employs a Z-based statistics algorithm in
order to demonstrate similarities (relationship) between pro-
tein and/or peptide amino acid sequences. The statistical
significance of analyzing short peptide sequences (<30
amino acid) from GCG criteria has been presented elsewhere
[24, 25]. In brief, a word score of 1 to 2 is employed with a
default set at 2.0 and above. With the word score set, an E-
value is generated by the program; a value between 1 and 10
is considered significant. Thus, only short peptide sequences
that scored within the appropriate E-values were selected for
presentation in Table 1.

The GCG search found identity/similarity sequence
matches to angiogenesis-associated compounds such as FGF
receptor, IL-1b, TGF-B, and non-receptor chemokine Ip-10.
Other matches for cytoskeléten-associated protein, including
gephyrin, neurofilaments, ankyrins, cadherin, and the motor
filament kinesin, have been previously reported [3]. These
amino-acid matches provide evidence that the P149 peptides
contain short recognition cassettes for cytoskeletal involve-
ment and/or docking. The Ache receptor matches further
lend credence to the proposal that AFP-peptides might be
involved in the activation of cell shape changes [4]. Matches
with cell adhesion-related proteins were also found which
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included collagen XIII, collagen 1V, laminin, chondrotin
sulfate proteoglycans, fibrinogens, and fibronectin [3]. The
GenBank matches in the programmed cell death portion of
this review appear to reflect matched sequences of apoptosis
regulatory proteins on the P149-peptide. Such proteins en-
compass the bcl-family of proteins, cysteine aspartases
(caspases), annexins, and tumor necrosis factor-o.. The
P149a and P149b fragments provided the best sequence
match to the bcl-2 protein. Searches for enzyme-associated
proteins aligned with GIP also revealed AA identities with
ATPases, kinases, synthases, and P450 enzymes. Finally,
identities/similarities were identified with transcription-
associated factors such as Hox, c-myc, forkhead and PAX.

C) BIOLOGICAL LEVELS OF ORGANIZATION

Both HAFP and its derived Growth inhibitory peptides
are active at multiple levels of biological organization rang-
ing from the organism to the cell. Several examples of bio-
logical action will be cited at each level with accompanying
tables and figures to more fully substantiate the activities of
HAFP and GIP. Table 2 exemplifies the GIP to transformed
HAFP relationship. During the last decade, 2 multitude of
studies have established full-length AFP as a growth regula-
tor during tumor growth and progression [26-29]. Research
findings now support the concept that full length AFP is
largely a growth-enhancing agent by means of a cyclic
AMP-protein kinase A activation pathway [30-32] [9, 11-
14]. Indeed, if HAFP were a negative regulator of growth,
few pregnancies would ever come to full term. However,
growth is a complex process that requires fine - tuning, util-
izing both up-and down-regulation to function correctly
during a defined period or event, including both pregnancy
and cancer. Although sustained growth of the fetus is re-
quired for full-term pregnancy to be achieved, the fetus en-
counters situations that require periods of temporary or pro-
longed growth cessation, such as differentiation and preven-
tion of organ/tissue overgrowth [32]. Thus, fetal growth may
require a temporary cessation until homeostasis is gradually
achieved or until compensated signal transduction pathways
are reestablished.

In its native form, HAFP displays mainly growth-
enhancing properties, regardless of whether the tissue is of
fetal or neoplastic origin; not surprisingly, AFP at physio-
logical/pharmacological dose levels has been reported to
enhance tumor growth [7, 31, 33]. Moreover, native HAFP
has been shown to possess pro-angiogenic properties that
enhance neovascularization and growth in both fetal and
tumor tissue [34]; [35]. Reports also indicate that HAFP can
stimulate the expression of certain oncogenes (c-Fos, c-Jun,
and n-Ras) to enhance growth of human hepatoma cells [36].
However, HAFP has been shown to inhibit platelet aggrega-
tion and erythrocyte hemagglutination, properties also ex-
hibited by GIP [37, 38]. Such reported properties suggest
that the molten globule form of the full-length HAFP mole-
cule exists in a blood circulating form; this form has been
detected and identified and was named “transformed AFP
(tAFP)” [25]. The tAFP is an unfolded mrolecular form in
which the GIP epitope lies exposed on a conformationally -
altered form of HAFP. This transformed version of HAFP
might have future utility as a tumor and fetal defect marker.
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Tablel. Genebank (FASTA)Matching of Amino Acid (AA) Sequences from AA #445-480 of Human Alpha-fetoprotein (AFP) with
Conserved Sequences to Angiogenesis, Enzymes, and Transcription-Related Proteins

I. Angiogenesis Related Percent (%) Percent
Identity/ (%)
Similarity Total
Hum AFP #445 LSEDKLLACGEGAADIIIGHLCIRHEMTPVNPGVG 100/100 100
Fragment P149 P1l49%a P149b P14%c
Mus IL-1B EDRLYV C XGADVXPVGELCRLKLHFLDFYLYV 36/18 54
Hum CYRG61 LVVXTLLHC EG EAXPKAPGVL 45/18 63
Hum TGF-03 LSEDQLL 86/0 86
Col. Liv. Annexin-I LSDEKLLL 63/25 88
Rab TNF-& ASENGVLX A VSPGSL 44/25 69
Hum IL-4 LLASGLL PE HLCLND 47/12 59
Hum IL-2 IXSITIVGHL 56/11 67
Hum Bld Factor XIII QSXIIVGHL 55/33 89
Hum Bld Factor VIII IQSIIVGHL 63/13 76
Hum Bld Factor IX IQSIIVGHL 63/25 88
Hum o, BIFN Recept. IQSIIVGHL 63/25 88
Hum IFN-o CISISNQPVNPRS 46/8 54
Chemokine IP-10 CISISNQPVNPRS 46/8 54
Mus FGF Recept. KOQOMTPANPGOQ 60/20 80
II. Enzyme-Related
Xenopus ATPase LSCTRLIAC 56/22 78
Hum Cas Kin-o ILLPCGEGA 78/0 78
BOV Cas Kin-II VLLPCGEG 78/0 78
Rat Creat. Kin-P SLLPCSEG 63/13 76
Hum 6-P04 Fruc Kin ILLLCGESG 67/0 67
Hum B-acetyl G.A.T LTGEGQAD LTLVSPGL 57/25 82
Bov. 6-P04 Fruc Kin 3 LCGEGTXD 71/14 85
Artemia ATPase-6 AANIIAGHL 78/11 89
ATP synthase-A AANLTAGHLLTIY 50/25 75
Coumarin P450 IIMAYICIR 56/33 89
Nitric Acid Synthase CIQHGNTPGNGR 58/8 66
Mus Aspart AT EMSPGGPGS 66/22 83
III. Transcription Related
Por. Hox 2.4 CSICELLYCGES®G 58/8 66
bcl-2 complex ESETKLC ITIVFHLCI 66/13 79
Hum Rel I-KB GCGGGLGE 38/38 76-
Hum C-myc IIVGHLCW 75/13 88
Mus bcl-2 (@) GHRCVRTPLIPCPPG 47/20 67
Nuclear FTZ-F1 KPTPISPGY 40/30 70
Mus WnT-7A HTPVRPGYV 60/20 80
Hum Forkhead EMTPVDPGYV 60/10 70
Hum PAX-3 IMTPVDPGV 70/10 80
Hum TFIID PMTPATPGS 50/20 70
Hum Src-tyr EMAPIWPGA 50/20 70

Abbrevatives: Table-1 Aspart. AT = aspartate aminotransferase; Bcl-2 = B-cell lymphoma; BOV = bovine; Cas Kin = casein kinase; Col. Liv = parasite organism; Creat = creatine;

CYR61 = connective tissue growth factor; FGF = fibroblast growth factor; Forkhead =

transcription factor; FTZ-F1 = AFP transcription factor; GAT = galactosylaminyltransferase;

Hox = homeodomain protein; Hum = human; IFN = interferon; 1L = interleukin; IP-10 = interferon induced chemokine; Mus = mouse; PAX = homeodomain protein; PO, Fruc =
phosphor fructor; Rab = rabbit; Rel IKB = NFKB inhibitor protein; SRC = kinase related complex; TFIID = transcription factor-IT; TGF = transforming growth factor; TNF = tumor

necrosis factor; Tyr = tyrosine; Wnt = wingless oncogene product.

D) THE ORGANISM LEVEL

Metamorphosis and embryonic differentiation are two
biological processes that include histogenesis and organo-
genesis as integral components of each process. In the pre-
sent review, the inhibition by GIP on the hatching of brine-
shrimp cysts, frog metamorphosis, and chick embryo devel-
opment will be surveyed.

D1) The Brine Shrimp Bioassay

Some metazoans, like the arthropods and nematodes,
share the characteristic of periodic molting or ecdysis and
hence are referred to as the ecdysozoans. In the molt-
ing/ecdysis process, embryos are released as a gastrula, en-
closed in a hard shell-like capsule (cyst) that enters diapause,
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Table2. Comparison of Biological Activities between Growth Inhibitory Peptide (34-amino acids) and Transformed and Non-
transformed Human Full-Length Alpha-Fetoprotein (590 Amino Acids)
Growth (GIP) Inhibitory Human Alpha-fetoprotein (AFP) Refs.
Biological Activity Peptide
Transformed Non-Transformed
1. E2-induced uterine growth (rodents) Inhibits growth Inhibits growth No effect 16,52, 53,
107, 110

2. E2-induced fetotoxicity Reduces deaths Reduces deaths No eﬂ'éct 18
3. E2-induced MCF-7 foci formation (Hu- Inhibits foci Inhibits foci No effect 16, 18, 36
man)
4. T3-induced tail resorption (Amphibian) Inhibits Resorption Inhibits Resorption No effect 3,19
5. Ascites fluid accumulation (volume & Reduces fluid and cell Slight reduction in fluid & No reduction in fluid & 3,16,25
cell number) number cells cells
6. Breast cancer growth (rat) Inhibits growth Inhibit growth No effect 25,52
7. E2 Receptor binding (Hum) Binds (10°M) Not significant No effect 3,25
8. Platelet aggregation (Hum) Inhibits aggregation Not known Inhibits aggregation 3,38
9. Insulin toxicity (chicks) Reduced Slight reduction Not done 3,18
10. Fetal mortality (Mice) Reduces deaths Reduces deaths Slight reduction 3,18
11. Fetal malformation (Chick) Defects Reduced Defects retarded No effect 3,18
12. Growth retardation (Chick) Growth Retarded Slightly retarded No effect 3,18
13. Litter size (Mice) Prevents Litter reduction Prevents Litter Reduction No Effect 3,18,27
(E2-induced reduction)
14, Estrogen toxicity (Mice) Reduces Reduces No effect 18,27

a reversible state of dormancy [39]. Metabolic activity in the
.diapause cysts is extremely low and those embryos are re-
markably resistant to physiological stress for extended: peri-
ods of time. The ecdysis-associated steroids, such as 20-
hydroxyecdysone, are steroid ligands of the DNA-binding
transcriptional factors (nuclear receptors) that control devel-
opment, molting, segmentation, and metamorphosis in in-
sects and arthropods [40]. One such transcription factor is
the HOX homeoprotein; another is the beta FTZ-F1 tran-
scription factor (Table 1), which also serves as a nuclear
factor for the induction of the HAFP gene in mammals [41,
42]. The mutation or disruption of these nuclear factors re-
sults in incomplete molting and dysfunctional metamorpho-
sis. Mutation of other nuclear receptors leads to uncoupling
of the molting/ecdysis process from subsequent metamor-
phosis in the ecdysozoans. The Brineshrimp test (crustacean
bioassay) is a simple and inexpensive phototaxic assay that
has been used to determine cytotoxicity versus cytostasis of
animal and plant chemicals on mammalian tumors such as
mouse leukemias [39, 43, 44]. The brine shrimp, Artemia
salina, exhibits an oviparous (diapausal cyst production)
mode of reproduction. The diapausal cysts are hatched by
placing them in sea water at ambient temperatures under
photoperiods of 10 hr and 14 hr of light/dark cycles for 72 hr
[45-47]. Following ecydysis, the hatched larvae (nauplii)
swim about vigorously in 60-mm diameter petri dishes con-
taining 10 ml of sea water. The incubation dishes contain

preweighed amounts of P149 to obtain peptide concentra-
tions ranging from 1 mg/ml to 100 pg/ml per dish. Dishes
were examined twice daily for time of a) hatching b) larval
emergence, and c) the active larval swimming stage (Fig.
2A). After 72 hr, the developmental stages of Artemia in the
dishes are recorded as total unhatched cysts remaining,
emerged larvae, and number of the swimming larvae nauplii.
The P149 peptide was found to inhibit the hatching stage of
Artemia salina in a dose-dependent manner; nauplial mortal-
ity rates at 72 hr were not affected. Although hatching takes
12-24 hrs, larval emergence and nauplial swimming requires
72 hr, Artemia hatching was the stage most susceptible to
treatment with both cyclic and linear P149 peptides (Fig 3A
and B; Table 3-1). The hatching of brine shrimp was about
70% in untreated groups. Cyclic P149 cyst hatching suppres-
sion was comparable to the linear P149 (~ 40% inhibition),
while the scrambled peptide was similar to the non-treated
control (Fig 3; Table 3). It was evident by 72 hr, that the
Artemia bioassay represented only P149 hatching inhibition.

D2) AFP Peptide Inhibits Frog Metamorphosis

Stage 25 developing Rana catesbiana bullfrog tadpoles
were employed to study thyroid-induced tail loss metamor-
phosis [19]. Results showed that untreated tadpoles had a
mean tail loss of about 8% over 5 days, while tadpoles
treated with 300 ng/ml of triiodothyronine (Ts) lost 32% of
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A Effect of GIP on Larval Hatching of Brine Shrimp Cysts

B Antiangiogenic Effect of GIP on Chick Chorioallantoic
Membrane (CAM) Blood Vessels

Fig. (2). Whole organism bioassay of brine shrimp cyst hatchability and analysis of chick fetal angiogenesis are depicted. Panel — A: The
hatching, larval emergence, and naupliu swimming stages are shown in panels A1, A2, and A3, respectively. Note that the GIP inhibited the
hatching of the cysts from 12 to 18 hrs of incubation in seawater. Pictures were adapted, modified, and reformatted into a composite picture
derived from website eeob.iastate.edu. Panel-B: Assay of blood vascular formation (angiogenesis) in the chorioallantoic membranes (CAM)
of the chick embryo/fetus is shown. Panel-B1: Normal angiogenic development of the blood vessel network of the 6-day chick fetal CAM is
displayed. Panel B2: Placement of a Teflon disk, coated with GIP, is depicted during blood vessel tubulogenesis at incubation day-6. The
GIP-coated Teflon disk is 14mm in diameter. A blanched area (under the disk) on the CAM is observed at day 9 after disk removal. See text

narrative for method details and references.

their tail mass (Fig. 4A). This difference was substantial af-
ter 3 days of T treatment. Human AFP, at a concentration of
70 ng/ml, completely inhibited the T; induced tail loss when
AFP was preincubated with T; for 1.0 hr. Other mammalian
proteins (at 70 ng/ml concentrations), including mouse and
human albumin, bovine fetuin, transferrin and alpha-1-acid
glycoprotein, failed to inhibit tail reduction by T; (Table 3
#2). When AFP and T, were added separately to the tadpoles
without co-reagent incubation, inhibition was not observed
suggesting that HAFP must be T3-transformed to have an
effect or that HAFP somehow nullified the T; effect.

Similarly, tadpoles exposed to the purified P149 com-
" pletely abrogated the tail resorption response similar to that

observed with transformed full-length HAFP (Fig. 4A).
Moreover, the P149 peptide displayed a dose response while
the scrambled version of the same peptide had no effect [19].
The P149 peptide-inhibited response mimicked that of the
full length transformed HAFP at a concentration of 33 ng/ml.
In summary, the P149 peptide appeared to account for most
of the inhibitory response demonstrated by full-length AFP.

D3) GIP Inhibits Chick Fetal Insulin Toxicity Producing
Growth Restricted Fetuses

The chick embryo fetal toxicity assay for insulin was
performed as described by Landauer and Bliss [48, 49] with
the initial injection of insulin on day one. On day 8, treated
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A Percent (%) Brineshrimp Hatchlng In GIP and Contro! Groups

Percent (%) Cysts Hatched

0 ‘| o P 2
Non P237 P149 P149 HAFP P149b P211
Treated Scram Linear Cyclic
Treatment Group
B Dose Response of GIP on Brineshrimp Hatchabllity
80

Percent (%) Cysts Hatched

(1,816) Non-treated Contro}

o
o

Peptide Titration (pg/mi)

Fig. (3). The effect of GIP on the Brine shrimp bioassay of cytotoxicity/cytostasis is depicted. As noted, GIP is not cytotoxic and affects only
hatchability stages of the brineshrimp cysts. Panel-A: The percent (%) brine shrimp hatching in seawater is shown using non-treated and
treated cysts. Peptide-tréated groups encompassed linear, cyclic, scrambled (P237) and P149 fragment peptides. It is evident that both linear
and cyclic, but not GIP fragments, inhibit about 40% of brine shrimp hatchability. Panel-B: A dose response histogram of the GIP treatment
on brine shrimp hatching is displayed. It is evident that GIP elicits an abrupt but stepwise dose response from 1.0 mg/ml down to 10 ng/ml.
An optimal concentration of GIP required for hatching inhibition would be 50 pg/ml.

and non-treated eggs were opened and examined; crown- of nearly one-third of the fetuses after 7 days of incubation
rump measurements and body weights were recorded. Chick [18]. Fetal malformations were observed in these chicks;
fetuses were developmentally staged in accordance with the with defects including dwarfism, cyclopia, orbital agenesis,
criteria of Hamilton [50]. The assay for chick fetal toxicity and micromyelia. Accompanying these fetal defects, growth
and malformations using insulin alone resulted in the death retardation was also observed in the insulin-injected treat-
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Table3. The Organism Level. Summary Activities of HAFP and Growth Inhibitory Peptides (GIP) in Various Growth and Devel-

opment Assays

Bioassay Type/Name Peptide Biological Response/Activity
Inhibition, Suppression Enhancement, Activation Minimal or No Effect Not Tested
1. Brineshrimp Hatchability P149In P237 HAFP P149b, P211, P237 P149a
P149 cy
2. Frog tail Resorption HAFP None P237 P149cy, P149b, P149b,
PI49In P149c
3. Chick Insulin Toxicity HAFP None P237 P149cy, P149b, P149a,
P149 In P149c
4. Mouse Estrogen Toxicity HAFP, P149a, P149 1, None P237 P149 cy
P149b, P149c
5. Bactericidal test, E. Coli None None P149 In, P237 P149 cy, P149b, P149a,
P149¢
6. Fruitfly larval development None None P149 In, P237 P149 cy, P149b, P149a,
P149¢

HAFP = human alpha-fetoprotein.

Growth Inhibitory Peptide (GIP) = 34-mer peptide designated P149.
P149 ¢y = 34 mer cyclized version of GIP.

P149 In = 34 mer linear version of GIP.

P149 a = |2 mer-aminoterminus of GIP.

P149b = 14 mer-midpiece report of GIP,

P149¢c = 8 mer-carboxyterminus of GiP.

P237 = 34 mer-scrambled amino acid version of GIP,

ment group (Fig. 4B; Table 3 #3). In comparison in chicks
injected with HAFP or P149 plus insulin, the fetal death
rates were reduced by 60%, respectively. The presence of
fetal malformations was also substantially reduced in the
HAFP plus/insulin group and in the P149 peptide
plus/insulin group. Fetal defects were observed only in
treatment groups that received either insulin alone or insulin
in combination with proteins or peptides. In comparison,
growth restriction occurred in the HAFP plus insulin group
and in the P149-peptide plus insulin group, which exhibited
a retardation rate nearly 1.5 times that of insulin alone. The
total body weights and crown-rump lengths served to con-
firm the observations of congenital malformations and
growth retardation among the treatment groups. Thus, it was
shown that transformed HAFP and/or P149 could decrease
fetotoxicity and congenital malformations, at the expense of
growth retardation, in developing chick fetuses.

D4) GIP and the Murine Estrogen Fetotoxicity Assay

High doses of E; injected into 16-day pregnant mice pro-
duce fetal death in approximately 30% of the affected new-
borns as compared with a 2% death rate in the saline-treated
controls [18]. However, if estrogen injections were immedi-
ately preceded by injections of transformed HAFP or P149,
the death rate of fetuses was reduced to less than 10% (Fig
4C). Injection of the scrambled version of the P149 peptide
following - estrogen -injection did not reduce the newborn
death rate, nor did injection of unincubated (untransformed)
native HAFP. However, if HAFP was first transformed by
incubation with E, (tAFP) for 1.0 hr prior to injection, the
presence of the transformed HAFP reduced rates to 12-15%.

When peptidic subfragments (P149a, P149b, and P149c) of
the GIP were separately assayed following E, injection,
P149a and P149b produced effects comparable to P149,
while P149c was slightly less effective (Table 3 #4). Ad-
ministration of estrogen had no effect on body weight, as
previously reported [18], but it did result in reduced litter
size. P149 and its fragments protected against litter-size re-
duction. Although the protection by P149 fragments against
litter reduction approached that of P149, no individual AFP
fragment protected as well as the full-length 34-mer GIP
[18].

D5) P149 Peptide Effect on Bactericidal Tests Using E.
coli

The P149 peptide was tested for bactericidal activity by a
modification of the Minimum Bactericidal Activity Test for
antibiotics (GJM’s unpublished data). Mueller-Hinton broth
and agar were used for testing. The organism employed was
Escherichia coli ATCC 25922. A stock solution of 1 mg
substrate/ml of broth was utilized. In summary, no inhibition
of growth, stimulation of growth, or killing of bacteria was
detected using P149 peptide (Tables 3 #5). Thus, it was con-
cluded that P149 does not possess inherent antimicrobial
activity; that is, GIP does not demonstrate antibacterial pep-
tide activity against E. coli in culture [51].

D6) Effect of GIP on Drosophilia Development

As in the E. coli experiments (see above), the testing of
GIP influence on Drosophilia development also displayed no
effects. The P149 peptide in solution (1 mg/gram dry weight)
was added daily to the food during a period of 13 days.
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Fig. (4). Three whole organism bioassays using GIP are displayed in Panels A, B, and C. In each instance, GIP (P149 peptides) was adminis-
tered to the organism via injection or environmental exposure. Panel-A Photograph of four representative. tadpoles. Treatments were as indi-
cated in the photograph labels. Note that full-length AFP and GIP blocked the triiodothyronine (T3) effect and were similar to the non-treated
tadpole controls. Panel B: Three representative chick fetuses are displayed from the various insulin treatment groups. Observe that the insulin
plus P149-treated fetus is a smaller but normal fetus. A) Non-treated control; B) Insulin plus P149; C) and insulin alone (eye orbital agenesis).
Panel-C: Biopsied body cavity exposure of mice treated with saline, GIP plus E2 and E2 alone. Note that the P149 (PEP) plus E2 treatment
prevented E2-induced fetotoxicity. E-2 alone-treated groups resulted in 30% fetal estrogen toxicity and evacuation of uterine chamber (see
_text for details).

During this time, complete developmental cycles (egg to could be discerned between the treatments versus the control
adult) occurred in both experimental and control bottles. group at the time interval tested (Table 3-6).
However, no observable changes in Drosophlia development
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D7) An Organism Level Overview of GIP Exposure

At the structural level of the organism, GIP was demon-
strably active in modifying apoptosis, morphorgenesis, dif-
ferentiation, larval molting, fetal toxicity, and teratogenicity.
The larval hatchability of brineshrimp cysts was blocked by
more than 40% in the GIP-treated groups. GIP inhibited am-
phibian tail resorption, a process which encompasses both
apoptosis and differentiation. The teratogenic impacts of
high insulin and estrogen concentrations in the chick and
mouse fetus/embryo were also blunted by GIP administra-
tion. However, GIP was not bactericidal against E. coli and
had no effect on fruit fly development. Thus, it is evident
that the environment in which the organism exists can be
highly influenced by the presence of GIP.

E) THE ORGAN LEVEL

AFP-Peptides Inhibit Cell Growth and Proliferation in
Normal Uterine Tissues:

E1) In Vivo Mouse Uterine Growth Bioassay

An immature mouse uterine bioassay to measure the
growth regulatory properties of AFP and its derived peptides
was previously developed in the author’s (GIM) [52-55]
laboratory. AFP-Peptides (P149) and its fragments P149a
and P149c were found to suppress estradiol-induced uterine
growth (Table 4 #1). In contrast, P149B did not substantially
affect uterine growth. Control peptides consisting of the
scrambled P237, and an albumin homologue of P149 (P263)
also did not inhibit uterine growth [16]. It is of interest that
the P149 peptide suppressed uterine growth by transformed
human, mouse, and rat full-length AFP. In a previous report
using the uterine growth assay, P149 peptide failed to inhibit
E2 stimulated growth in the presence of high concentrations
of divalent cations, (0.17 gm/L) such as calcium, manganese,
and magnesium; in contrast, inhibition was synergistically
improved by the addition by anti-integrin antibodies [3].
These results (both the antibody and cations) indicate that
integrin-mediated cell surface events somehow play a role in
an interaction of P149 with the surface of uterine cells. Anti-
AFP- peptide antibodies nullified the inhibitory effect of
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P149, as did divalent cations, suggesting a cell-surface steric
hindrance and/or an ion-associated blockage event [3].

E2) In Vivo Adult Mouse Uterine Growth Bioassay

The uterine assay applied to the immature mouse pups
was modified for use in adult mice [56]. Timed pregnancies
(vaginal plug) were employed to obtain groups of pregnant
mice which delivered at the same time intervals. At postnatal
day 18, nursing mice were culled from their pup litters and
isolated for 14 days to allow for serum prolactin reduction.
After this period, normalized uterine-to-body weight ratios in
PBS-treated mice were established. Using 2.5 ug E2, a
UT/BW ratio increased 2.5 times the baseline value at 24 hrs
following E2 injection (Table 4 #2). When GIP was titrated
over a range of 100 pg to 0.1 pg peptide injected per mouse,
uterine growth inhibition attained 61% over this dose range.
Thus, the results were comparable and as effective as the
inhibitory growth suppression observed with P149 in the
immature uterine assay (See Section E1 above).

E3) GIP Effect on Partial Hepatectomy of the Mouse
Liver

The P149 peptide was administered to adult mice imme-
diately following partial hepatectomy, which surgically re-
moves two-thirds of the liver mass [57-59]. During the first 3
days, the mice received doses of GIP from 50 ng to 200 pug
per mouse. On the 4th day following surgery, the animals
were injected with H’-thymidine and sacrificed 3 hrs later;
portions of the remaining liver were removed, fixed, and
prepared for histochemical autoradiography [59] and [60].
After an appropriate time exposure, the slides were devel-
oped for autoradiography and the tissues stained with H & E;
for mitotic indices, parallel slides were examined under light
microscopy for both mitotic figures (histopathology) and
radiographic silver grains representative of cell division (Ta-
ble-#4, Fig. 5). Elevated serum AFP concentrations normally
follow initiation of hepatocellular proliferation. Serum AFP
levels rise on day-1, peak 3 days follow partial hepatectomy
[60, 61], and return to normal by 8 days. Results revealed
that the liver parenchymal cells of the GIP-treated livers
were substantially growth-suppressed compared to regener-

Table4. The Organ Level: Summarized Activities of Human Alpha-fetoprotein (HAFP) and Growth Inhibitory Peptide (P149) in
Various Growth and Development Assays
Bioassay Type/name Peptide Biological Response/Activity
Inhibition, Suppression Enhancement, Activation Minimal or no effect Not tested
1) immature rodent HAFP, P149a, MAFP, P192 P149 cy, P237, P263, P149b None
uterus RAFP, P149¢ ‘
2) adult mouse uterus HAFP, P149 In P192, P149b P237, P263, P14%b P149cy
P149a, P149¢
3) mouse liver regen- P1491In None P237 P149cy, P149a, P149b,
eration P149¢

AFP = alpha-fetoprotein; P192=HAFP carboxyterminal third domain.

H = human; M = mouse; R = rat; P263 = human albumin homolog,
* For other peptide number designations see footnotes to Table-3.
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ating liver cells not treated with GIP (Table 4-3). It is evident
in (Fig. 4) that GIP growth-suppressive effect was specific
for the liver parenchyma cell population rather than the
stromal connective tissue cells (see figure legend).

GIP treatment following Partial Hepatectomy

Mean Liver Cell Number/Field
8
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Fig. (5). Following partial hepatectomy in adult mice, GIP was
administered in a dose response fashion. Autoradiographic analysis
of mitotic figures in parallel with H&E stained tissues were counted
employing light microscopic analysis of mouse hepatectomized
liver sections. As shown in the figure, increasing amounts (50 to
200 pg) of GIP decreased the number of dividing parenchymal cells
while non-parenchymal cell numbers could not be adequately dis-
criminated from those of hepatectomized control (non-GIP treated)
cells. Non-parenchymal cells included Kupffer cells, connective
tissue cells fibroblasts, blood vessel and sinus endothelia, and bile
duct lining cells. Parenchymal cells included liver hepatocytes, Oat
cells, and peribiliary duct cells.

E4) An Organ Level Overview of GIP Treatment

At the structural level of the organ, GIP was shown to be
effective in modulating steroid-induced neonatal and adult
organ growth and differentiation; in addition, adult organ
regeneration was greatly affected. Inhibition of estrogen-
induced growth in the uterus of the immature mouse pup was
clearly inhibited (40-50%) by GIP and its peptide fragments.
Growth suppression (60%) of the adult uterus was also sup-
pressed in post-lactation cycling female mice. Finally, ad-
ministration of GIP in adult mice during the post-surgical
period following liver ablation displayed growth suppression
in the regenerating hepatic tissues. Thus, it is apparent that
administration of GIP in conditions affecting specific target
organs can be highly effective in influencing those organ
responses.
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F) THE TISSUE LEVEL

F1) Alpha-fetoprotein Derived Peptides as Anti-
Angiogenic Agents

Angiogenesis, the formation of new capillaries from pre-
existing blood vessels, is required for growth of solid tumors
and during pregnancy, wound healing, tissue repair, placen-
tation, and embryonic development [62]. The process is
composed of complex, multi-step stages, encompassing four
major events: 1) cell migration, 2) proliferation of cells (en-
dothelial), 3) cell survival, and 4) vessel tube assem-
bly/formation [63] The examples cited in this review will
refer to blood vessel formation in cancer and vasculogenesis
in normal developing cells. Vasculogenesis is regulated by
multiple factors, which may include the secretion of chemi-
cal agents (proteins, peptides, prostaglandins, etc); these
promote the stepwise progression of events leading toward
and inducing neovascularization. Such agents are termed
pro-angiogenic factors (PAF) in contrast to their opposing
agents, the anti-angiogenic factors (AAFs). The PAFs can
include various families of growth factors (Table 1) such as
transforming growth factor-1 (TGF), basic fibroblast
growth factor (FGF), vascular endothelial growth factor
(VEGF), platelet derived endothelial growth factor (PDGF),
insulin growth factor (IGF)-I1, and a recently described ECM
growth factor termed CYR61 [64]. This CYR6I protein is a
secreted ECM growth factor that both induces and promotes
angiogenesis [65]. Additional agents that function as PAFs
can include nitric oxide, insulin, hypoxia, and molecules that
act directly on vascular endothelial cells. Thus, angiogenic
factors fall into two subgroups: (i) those that act directly on
endothelial cells to stimulate migration and mitogenesis, and
(ii) those that act indirectly on host tumor and/or normal
cells to induce endothelial growth factors for these activities.

The activities that underlie the progression toward angio-
genesis are subcomponents of the four stages (described
above) leading to successful neovascularization in tissues,
tumors, and wound granulomas. These subcomponent events
of pro-angiogenesis occur in cells which involve the follow-
ing structures and activities: basement membranes, adherent
cells of the ECM constituents, cytoskeleton-induced cell
shape changes, cell aggregation, receptor clustering, ECM
interaction with integrins, and involvement with cell prolif-
eration, differentiation, and survival [66-68]. Antagonism of
the above subcomponent constituents qualifies a compound
as an anti-angiogenic factor (AAF). Inhibition of most of
these angiogenic events would prevent the assembly of en-
dothelial cells into capillary tubes, i.e., tubulogenesis, the
endpoint of the angiogenic process and the fourth step of the
process. That is, without the first three stages of angiogene-
sis (cell migration, proliferation, and cell survival), capillary
vessel tube assembly does not ensue. These data demonstrate
that the P149 peptides display all properties of the subcom-
ponents and direct activities of anti-angiogenic factors in
both normal and cancer tissues. The first three events con-
cerning GIP have been previously addressed [3, 14], and the
fourth event (blood vessel formation or inhibition) is pre-
sented below.
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A. The Chick Allantoic Membrane Assay (In Vivo) of Egg
Shell Membrane Vascularization

The chick allantoic membrane (CAM) assay is a measure
of blood vessel capillary structure formation of the inner
membrane of the chicken eggshell membrane [69]. Thus, the
CAM assay is a rapid screening method of measuring angio-
genesis in a living system. The chorioallantoic membrane
system emerges on incubation day 3-5, and its vessels subse-
quently grow throughout the inner surface of the egg shell,
which encompasses the yolk sac and the embryo unit (Fig.
2B). The CAM assays are best conducted at the 6-9 day in-
cubation period just prior to the embryo-to-fetus conversion.
Changes in patterns, density, and size distribution of the
CAM vessels are recorded by planometric measurement.
Values were calculated as percentage of control using FGF
stimulation as the positive control in accordance with meth-
ods developed by Folkman and others [66].

As listed in (Table 5-1), the cyclic GIP preparation in-
hibited the angiogenic response in chick eggs substantially;
this occurred at molar concentrations of 1.0 to 10 uM. While
the cyclic P149 inhibited 95%, the linear P149 version was
only capable of 40% inhibition of angiogenesis. The peptide
fragment of P149c, (last 8 amino acids) and P149b (middle

- 14 amino acids) also displayed varied results. The P149¢c
fragment was similar to the cyclic 34-mer showing >90%
inhibition, whereas, the mid-piece (P149b) was largely inac-
tive (20%). Finally, the albumin control peptide P263 and
the carboxyterminal AFP fragment (P192) were both found
to be unreactive.

B. GIP and Tumor Angiogenesis

The 34-mer GIP and several of its fragments have also
been assayed for their anti-angiogenic properties in tumor
angiogenesis models using the CAM assay in chick eggs
[70]. In the CAM assay, mouse C5B1 melanomas were im-
planted on the egg shell membranes on incubation day 6, and
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observed 72 hr later for angiogenic patterns surrounding and
attaching to the tumor surface (Table 5-2). Angiogenesis is
induced by means of basic FGF application according to the
above published protocols. The results indicated that the
cyclic GIPs were capable of 95-100% inhibition of tumor
vascular ingrowth compared to FGF-positive controls estab-
lished with the transplanted tumor. The carboxy-terminal
fragment of GIP P149¢ also produced 90-95% inhibition,
while the mid-fragment peptide piece P149b was essentially
non-active (<20% inhibition). Finally, upon inspection of the
chick fetuses subjected to GIP exposure, no developmental
side-effects (harmful or otherwise) were discerned in treated
as compared to sham-control fetuses.

In summary, the data derived from both the CAM blood
vessel assay and the CAM-tumor assay clearly demonstrate
that the GIP disulfide-bridged cyclic version, and to a lesser
extent, the linear version, are antiangiogenic factors. Since
the GIP has amino acid sequence identity to the chemokine
factors (chemical attractant cytokines), it is conceivable that
GIP and its fragments serve as angiogenic inhibitors
(chemokine mimics or decoys) by blocking chemoattractant
stages of the angiogenesis process. Decoy ligands are de-
fined as binding agents that attach to receptors but do not
elicit a physiological response.

F2) A Tissue Level Overview of GIP Treatment

At the structural level of the tissues, angiogenesis pro-
vided an excellent example of GIP’s modification of biologi-
cal responses. Since the total process of angiogenesis re-
quires cell migration, proliferation, survival, and tubulogene-
sis, present results indicated that GIP greatly influenced one
or more of these stages. Indeed, it was evident that GIP
blocked tubulogenesis in that vascular branching and anas-
tomoses were absent from the tissue treatment areas. It will
also be demonstrated in subsequent sections of this report
(Section G), that GIP suppresses not only cell migration,

Table5. The Tissue Level: Summarized Activities of Growth Inhibitory Peptide (P149) in Normal Blood Vessel and Tumor Angio-
genesis using the Chick Chorioallantoic membrane (CAM) assay*. Percent Inhibition of Blood Vasculature Formation on
Chick Embryo Extra embryonic Membrane is displayed for P149, its Fragments, and Control Peptides
Peptide Tested: # Designation Angiogenesis Inhibition (%)
Normal Blood Vessel (CAM) Angio- Tumor Blood Vessel Angiogenesis**
genesis
1. P149 linear 40 45
2. P149 cyclic 95 95-100
3. P149b (P232) 20 20
4. P149c (P211) 90 90-95
5. P263 (ALB) 0 ‘ 0
6. P192 (CT-AFP) 0 0
7. P237 (Scram) 0 0

*¥N=5 each per experiment; AFP = alpha-fetoprotein; ALB = albumin (human); CT-AFP — carboxy terminal end of AFP (human); Scram = scrambled peptide of P149 amino acid

sequence.
** = mouse melanomas (see text).
For peptide number designations, see footnotes to Table-3.
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proliferation, and survival but also cellular ECM adherence
of tumor cells. Thus, GIP is demonstrably active in inhibit-
ing tissue developmental events as evident by the blockage
of blood vessel neogenesis.

G) THE CELL LEVEL
G1) Peptide P149 Affect Cell Shape
Cytoskeletal Alternations

The cytoskeleton of a cell determines the shape of a cell,
much as the metal tubes of a camping tent dictate its shape
and form [71]. Integrins (osB1), in turn, are responsible for
the anchorage-dependent attachment to the ECM substratum,
which reinforces the cell infrastructure [72]. Because the two
systems are linked, if the attachment is weak, the cells may
round up (change shape) in preparation for detachment and
subsequent migration. Epithelial and endothelial cells are not
capable of proliferating when denied attachment; eventually

they undergo a programmed cell death called anoikis [23].

The cytoskeletal elements such as actin micro-filaments,
motor filaments such as dynein, kinesin, and the intermediate
filaments such as ankyrin and other neurofilaments, act in
concert to induce changes in cell shape [73]. The focal adhe-
sions and other endocytotic signaling (kinases) in the cell
membrane dictate which changes in cell shape can occur.
Data in previous reports and Table 6 demonstrate that the
AFP-peptides can induce changes in cell shape by alteration
of the microenvironment that the cell inhabits [16].

Astroglial cells may modulate neural signals by physi-
cally changing the extracellular space in the central nervous
system. A GIP study was reported in which astroglial cells
changed their morphology following exposure to the AFP-

Table 6.
Various Growth and Development Assays
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peptides [4]. In that report, astroglial cell cultures were pre-
pared from four brain regions: cerebellum, hippocampus,
cortex, and brain stem. Astroglial shape change was elicited
by the P149 peptide in three of the four brain regions. No
response was observed from astroglial cells derived from the
brain stem. The largest number of cells reacting to the GIP
was observed in the hippocampal cultures. An intermediate
number of cells responded in the cerebellum, while the few-
est cells reacted in the cortical cell cultures. Overall, dose-
dependent responses of GIP were observed in cerebellar,
hippocampal, and cortical cultures, with ECsp values calcu-
lated for these responses to GIP of 30, 3, and 3 nM respec-
tively (Table 6-1).

G2) Inhibition of Cell Migration or Spreading in vitro by
AFP-Peptides

Cell adhesion receptors and their ligands, i.e., ECM pro-
teins, provide the traction and stimulus for the migration and
spreading of cells [74]. Cell migration depends on a delicate
balance between cell adhesion and cell detachment factors.
In general, most cells, including tumor cells, use adhesion
molecules to execute cell migration; that is termed cell
spreading in cell culture [75]. The integrins mediate migra-
tion of adherent cells such as fibroblasts, epithelial cells, and
tumor cells on the ECM. Migration of cells occurs on weak
or moderately attached cells, whereas strong cellular attach-
ment tends to immobilize the cells. Cell migration requires
multivalent binding of integrins to a matrix bound ligand
such as collagen, laminin or fibronectin [76]. Integrins are
internalized during cell migration; the integrins are taken in
at the trailing edge of the cell and re-inserted at the leading
edge in a calcium-dependent fashion. This process results in

The Cell Level: Summarized Activities of Human Alpha-fetoprotein (HHAFP) and Growth Inhibitiory-Peptides (P149) in

Bioassay type/name Peptide Biological Response/Activity
Inhibition, Suppression Enhancement, Activa- ’ Minimal or No effect Not tested
tion
1). Cell shape and form P149 In None P237 HAFP, P149¢c
P149cy, P149b, P149¢
2) Cell migration and spreading Pi491In None Ovalbumin HAFP, P149a, P149cy,
P149b, P149¢c
3) Cell foci formation P149 In, HAFP, P149c None P237, P149a, P149b P192, P263
4) Cancer cell proliferation P149In, P149a, P149cy, None P237 P192, P263
a) in vitro P149b, P149¢
b) in vivo P149In, P149¢ None P237 P149a, P149b, P149c
¢) ascites tumor P149 In, P149c None P149cy, P149a, P149b P192, P263
5) Cell death and rescue (apoptosis) HAFP, P149In None P237 P149a, P149b, P149¢
6) Immuno-regulatory Response None P149In P237 P149cy, P149a, P1490b,
a) T-cell P149¢
b) B-cell None P149In P237 P149c

* For other peptide number designations, see footnotes to Table-3,
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the cell being moved forward, much as the track-belt propels
a military tank. Of course, cell-to-cell adhesion is also in-
volved in the process utilizing integrins. Whether a given
cell remains stationary or migrates depends on the coopera-
tion and cross-talk between the various types of adhesion
receptors [77]. AFP-peptides appear capable of disrupting
the cross-talk between integrins and other adhesion receptors
[78].

Analysis of a coverslip cell migration assays revealed
that the P149 peptide, at a coating concentration of 1jig/ml to
5.0 pg/ml, inhibited more than 60% of the MCF-7 cancer
cells’ spreading and migration over the surface of the cover-
slips (Table 6 #2). This effect exceeded the ovalbumin con-
trol peptide by 3-fold. Microscopic observation revealed that
the MCF-7 cells did not uniformly spread over the surface of
the coverslip, but they only were observed to form islets of
cells having jagged cytoplasmic processes. The cells that
were unable to migrate displayed distorted morphology such
as star-shaped configurations, cytoplasmic spiking, surface
spiny spheres, membrane ruffling, and extensions of cyto-
plasmic processes concomitant with low cell viability. In
comparison, ovalbumin inhibited only 10-20% of the cell
spreading.

G-3) AFP-Peptide Inhibition of Estrogen-Induced Focus
Formation of MCF-7 Breast Cancer Cells

Human breast cancer cells (MCF-7) in cell culture tend to
lose. their contact inhibition properties when exposed to
physiological concentrations of estrogen (10°*M). While an-
chorage dependence of cell growth appears to be an integrin-
related process, it appears that contact inhibition is mediated
through cell-cell adhesion molecules such as cadherin and
catenin [79]. In the MCF-7 cells, estrogen exposure releases
the constraints by catenin stimulated cells, to allow unre-
strained migration; the cells stack-up to form mounds termed
foci; these can be quantitated via a colony counter. In the
absence of estrogen, cell proliferation stops after the cultures
establish cell-cell contact, and thus no foci are found. Thus,
the MCF-7 focus assay has been used for the evaluation of
the peptide for antiestrogenicity properties [16]. MCF-7
cultures were fed four times (with peptide) over the 14 days
of culture with varying concentrations of peptide (10°-10"
M) in estrogenic DFs medium, which contains high levels of
endogenous E; (5% fetal bovine serum supplemental). Re-
sults indicated that both HAFP and P149, at 10™''to 10"°M,
were capable of suppressing cell focus accumulation by
nearly 70% while HAFP produced nearly 75% inhibition
(Table 6-3). Slight estrogenic enhancements of the focal re-
action were also noted with HAFP and to a lesser extent, GIP
at 10°M [16].

G4) Fluorescent Localization of GIP on Tumor Cell Sur-
faces and in Cytoplasm

Previous reports using MCF-7 cells indicated that both
P149 and HAFP, when supplied to the cell culture, first
bound to the cell surface and then migrated into the cyto-
plasm; they thereafter accumulated in the perinuclear regions
of the endoplasmic reticulum [20, 80]. Two different types
of fluorescence were observed when the cells were viewed
(Fig. 6 A). First a diffuse, flowing fluorescence was seen on
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the cell surface and throughout the cytoplasm. This was later
also seen in the perinuclear area, immediately surrounding
the nucleus (Fig. 6A). The second type of fluorescence was
seen as a particulate, punctate granular fluorescence. This
particulation was also found surrounding the nucleus, in the
cytoplasm, and on the cell surface. The punctate fluores-
cence of AFP-peptide on the cell surface is indicative of cell
surface peptide and/or receptor clustering. Due to the fact
that both diffuse and punctuate types of fluorescence were
observed on the cell surface and in the cytoplasm, it was
concluded that the added P149 AFP peptide readily binds to
the MCF-7 cell surface and is apparently endocytosed.
Pulse-chase studies confirmed that GIP uptake does indeed
occur in the MCF-7 cells [20]. Since the peptide localized in
the cytoplasm in about 1.0 hr and the fluorescence ultimately
appeared to be perinuclear, it was conceivable that vesicle-
bound (endosome) peptide was transported from the cell
surface in an endosome, which could fuse with the endo-
plasmic reticulum (ER) for deposition in the perinuclear re-
gion of the ER; the perinuclear region of the cell is known to
be continuous with the lumen of the ER. Many internalized
cargo peptides localize to the perinuclear spaces for com-
partmentalization, sequestration, and storage [20, 81]. It was
interesting that the binding and the uptake of HAFP in iso-
lated hepatoma cells exhibited similar fluorescence patterns
(Fig. 6B).

G5) AFP-Peptides Can Suppress Cancer Cell Prolifera-
tion Both In Vivo and In Vitro

The AFP-peptides are capable of suppressing cancer
growth both in vitro and in vivo. Cancer cell growth is prom-
ulgated and maintained by continued growth factor receptor
stimulation from the extracellular milieu. Growth factor re-
ceptors are cell surface transmembrane proteins; many of
which are G-protein coupled signal transduction pathways
linked to kinase enzymes. Some are coupled to tyrosine,
serine/threonine, and MAP-kinase cascades that regulate the
molecular switches for mitosis, and hence, cell proliferation.
The blunting or uncoupling of the receptor from its signal
transduction pathway can set up a blockade of the cell to
prevent further growth stimulation. In the physiological
process called “desensitization”, a cell can become refractory
to persistent agonist stimulation, and can shut down its
binding/internalization mechanisms to peptides, hormones,
cytokines, kinins, and other agonists. Cancer cells are like-
wise susceptible to agonist desensitization; thus, receptor
ligand peptides can be employed as decoy drugs to induce a
persistent state of desensitization by continuous drug ad-
ministration. Such a compound (i.e., GIP) would constitute a
physiological, non-toxic growth suppressor for cancer cells
that commonly employ cell surface receptors linked to G-
coupled signal transduction pathways (see Concluding
Statements). In theory, this should include many cancer cells
regardless of tissue origin.

If the growth of cancer cells can be inhibited regardless
of tissue type or origin, then a common mechanism of sup-
pression is probably involved. The synthetic P149 Peptide
exhibits antagonist activity, in contrast to the variable ago-
nist activity of the full-length AFP molecule. An in vifro
growth suppression assay was performed which utilized sul-
forhodamine-B as a measure of cultured cell viability [20].
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Immunofluorescent Localization of Growth Inhibitor Peptide (GIP) in Tumor Cells

Fig. (6). Inmunofluorescent Localization of P149-Peptide and HAFP in random MCF-7 tumor cells are displayed. In order to localize the
AFP-peptide on and within MCF-7 cells, the cells were stained by immunofluorescent methodology [20]. Panels Al, to A4, displays P149
peptide on the MCF-7 cell surfaces and periphery, in cyplasmic polar distributions, and heavily distributed throughout the entire cytoplasm
including the perinuclear region. HAFP localized in mouse BW7756 hepatoma cells are shown in a single cell suspension which display
similar localization to the P149 peptide.exposed to MCF-7 monolayers (Panels Bl to B4).

GIP was subsequently tested in vivo in nude mice trans-
planted subcutaneously with GI-101 and MCF-7 cells whose
growth was monitored by tumor volume [81]. Results of the
sulforhodamine-B assay demonstrated that cyclic GIP-
induced cytostasis occurred in estrogen (E)-msensmve hu-
man MCF-7 cancer cells at doses ranging from 107 to 10*M
(Fig. 7A). The cell culture screen concurrently revealed that
linear GIP suppressed breast cancer growth in the GI-101
cell line, w1th growth suppression ranging up to 80-40% at
doses of 107 to 10”M GIP. The dose response followed an
inverted U-shaped curve, which is often seen in animal and
human bioassays. Finally, in vivo studies showed that GIP
repressed growth of the GI-101 xenograft by 70% over a 60-
day period, while the MCF-7 tumor showed growth inhibi-
tion of 60-70% over a 30-day period [78]. These data signi-
fied that GIP induces cytostasis in human breast cancer cells
both in vivo and in vitro, possibly desensitizing the growth
response of both E-sensitive and insensitive human breast
cancer cells (Table 6-4). It was further proposed that the GIP
serves as a decoy ligand for G-protein receptors that desen-
sitize or uncouple extracellular receptor kinases (ERK),
thereby disrupting the growth response to various map
kinase protein-to-protein cascades of cellular proliferation
[20].

Tumor Suppression and Ascites Reduction in the Mouse
Mammary Tumor 6WI-1

In the 6WI-1 mouse mammary ascites tumor assay, in-
jection of mice with 3 x 10° tumor cells in 0.2 ml volumes
leads to a 2-fold increase in body weight by day 12, due to
the accumulation of cells and ascites fluid in the intraperito-

neal cavity [25]. The average cell count in the accumulated
ascites fluid on day 12 was 20 x 10® cells/ml. Mouse mam-
mary tumor cell number has been reported to be proportional
to ascites fluid volume over the 12-day period [82]. It was
observed that the suppression of tumor-induced body weight
gain (via ascites fluid and tumor cell increases) was signifi-
cant (p < 0.05) at GIP doses of 1.0 g peptide per day (Fig.
7B, Table 6-4C). At this concentration, linear P149, but not
cyclic P149, suppressed the accumulation of both tumor cells
and ascites fluid. Tumor growth and ascites fluid accumula-
tion were suppressed by approximately 40% when the linear
GIP peptide was administered at high inoculum doses. From
these experiments, it can be deduced that P149 peptide can
inhibit vascular permeability, as indicated by measurement
of total ascites fluid, since plasma fluids pool and accumu-
late from leaky capillaries in the body cavity.

G6) GIP Effect on Apoptosis

The epithelial/endothelial cell can respond to its envi-
ronment by attachment or detachment by cellular adhesion
mechanisms. Cells that detach from their substratum often
round up and do not participate in cell proliferation but be-
come subject to cell death (anoikis). Programmed cell death,
or apoptosis, is a physiological process of cellular demise
rather than necrosis or autophagy, (the latter is cell death due
to lysis, infection, or inflammatory disease). During embry-
onic/fetal development, cellular apoptosis occurs in the proc-
ess of forming cavities, vessels, and ducts during histogene-
sis-and organogenesis. Organs such as the thymus gland
normally involute via apoptosis at time of maturation in hu-
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Fig. (7). The growth suppressive activities of GIP (P149) and control peptide are depicted in MCF-7 human breast carcinoma and mouse
mammary tumors. The growth suppressive activities of the isoforms of P149, cyclic versus linear, are depicted in the in vitro model of the
MCF-7 human breast cancer cells and the in vivo model of the 6WI-1 mouse ascites tumor. Panel-A. Results indicate that the linear peptide
was effective at high concentrations (10, 10°M) against the MCF-7 human breast cancer cell lines, while the cyclic linear P149 showed the
best growth inhibition against MCF-7 cells at lower ( 10'8M) concentrations 0 = P149 peptide; W = scrambled peptide. Panel-B: NYLAR/Nya
mice were inoculated with 3x10° 6WI-1 mouse mammary adenoacanthoma tumor cells. An inoculated control group received daily injections
of saline while the treatment groups received different P149 and control peptides (ug day) for 12 days. The growth suppressive activity of the
linear but not the cyclic P149 in the mouse mammary tumor isograft is demonstrated by the peptide’s suppression of tumor cell proliferation
and ascites fluid accumulation. Use of the linear, but not the cyclic peptide, was statistically significant (asterisk) at P<0.01; P263 = control

peptide; GIP = P149.

mans. Full-length HAFP has been shown capable of induc-
ing apoptosis in various cancer cell lines [83]. For survival,
cells undergo rescue from apoptosis by activation of a gene
family of proteins called bel-2 [14] [23]. Thus, there is deli-
cate balance between cell death and survival, regulated by
different families of proteins. The P149 peptides described in
this review are capable of affecting the cell death/rescue bal-
ance in various cells.

P149-Peptides Can Affect Apoptosis Induced by full-length
HAFP

The synthetic P149 peptide, shares an amino acid identity
with an anti-apoptotic protein Bcl-2, which rescues cells
from apoptosis. Human B-lymphoma cell line Raji, which is
highly sensitive to HAFP-mediated apopotasis, was used to -
assess biological activity of the P149 peptide [84]. The P149
AFP-peptide was tested as to whether it could modulate
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apoptosis induced by full-length HAFP. Raji cells were pre-
treated for 1.0 hr with 10“M P149 peptide, and thereafter
various doses of pure HAFP were introduced into the same
cultures. It was found that P149 peptide clearly inhibited
AFP-mediated cell apoptosis, showing 2.5-fold decrease of
the total cytotoxic effect in comparison with pure HAFP.
Control scrambled peptide p237 had no effect on the AFP-
mediated programmed cell death. These data indicate that
AFP-peptide could specifically modulate AFP-mediated
apoptosis by interfering with intracellular mechanisms of the
signal transduction pathway. It is conceivable that GIP can
bind or complex with HAFP to modulate the uptake and
function of the full-length fetal protein (see binding studies
in Sections H9 and H10).

Flow Cell Apoptosis with
Gamma Radiation
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P149 Peptides Alone Can Influence Apoptotic Events

In a second set of experiments, GIP and apoptosis were
assayed by in vitro flow cytometry in isolated human lym-
phocyte, monocyte, and thymocyte cell populations (Table
6-5, Fig. 8A and B). Apoptosis can be induced either by dex-
amethasone administration or by gamma irradiation. The
effect of AFP-peptide involvement was assayed in non-
tumor cell suspensions incubated overnight at 37°C in dex-
amethasone or after exposure to gamma radiation in the
presence of 10°M to 107'°M peptide. Following flow cy-
tometric analysis, it was found that P149 enhanced apoptosis
in irradiated thymocytes, but not in lymphocyte or monocyte
cell populations [3]. This suggests that P149 can be a cell
radiosensitizing agent. In summary, it was revealed that

Flow Cell Apoptosis with
Dexamethasone Treatment
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Fig. (8). Effect of GIP (P149) on murine thymic Cell Apoptosis is displayed. Left Side Gamma-irradiated thymocytes plus GIP at 103 to 10
%M; Right Side: dexamethasone plus GIP at the same doses. Note that prior cell irradration in conjunction with GIP treatment induced
apoptosis while GIP plus dexamethasome treatment yielded results similar to dexamethasone alone. The cell fragmented region represents

cells having undergone apoptosis.



90  Current Protein and Peptide Science, 2006, Vol 7, No. 1

AFP-peptide had no effect on dexamethasone-treated cell
populations, showing that P149-induced apoptosis can be
induced in thymocytes after exposure to gamma-radiation;
however, it also interferes with HAFP initiated apoptosis
[84].

G7) Analysis of the Inmuno-Regulation of Human Al-
pha-Fetoprotein and GIP

The immunoregulatory functions of GIP were assessed in
two assays designed to study its effect on immune function.
First, the HAFP and GIP activities were studied by ConA-
induced proliferation of murine spleen lymphocytes in vitro
[85]. The proliferative response was measured by [H3]-
thymidine T-cell incorporation. ConA-induced lymphocyte
proliferation was suppressed by 60% when purified full-
length HAFP (50 pg/ml) was used alone. The influence of P-
149 on ConA-induced proliferative T cell response was
analyzed and results indicated that titrated P-149 had no
suppressive activity and lacked a dose response; however, it
produced a slight enhancement over controls at all dose lev-
els (data not shown). Second, experimentation with P149
was performed to include both T-cell (Con-A) and B-cell
(PWM) responses using lymphocyte blast transformation
assays [86]. It was apparent from these latter assays that both
P149 and P187 showed a slight enhancement but no dose
response to both T-cell and B-cell lectin-induced prolifera-
tion (data not shown). In contrast to HAFP, immunosuppres-
sion was not observed in any of the P149 preparations (Table
6-6).

G8) A Cell Level Overview of GIP Exposure

At the structural level of the cell, GIP was shown to be an
effective altering agent of the cell cytoskeleton system which
influences cell spreading and matrix attachment. In this re-
gard, GIP was found to significantly modulate responses
such as cell shape, migration, contact inhibition, and prolif-
eration. In addition, GIP was found to affect apoptosis, im-
munoregulation, and radiosensitization of cells of the im-
mune system. Overall, GIP was capable of influencing many
situations whereby cancer cells attempt to adapt or adjust to
different environments.

H) THE CELL SURFACE LEVEL

H1) AFP-Peptide Inhibition of Human Platelet Aggrega-
tion

Method:

Platelet Aggregation inhibition (PAI) was analyzed using
AFP-peptides and its subfragments in freshly prepared hu-
man platelet rich plasma (PRP) preparations as previously
described [78]. The three platelet aggregation agonists used
were adenosine diphosphate (ADP), arachidonic acid, (AA)
and collagen-II (Col-II) at 5 puM in platelet rich-plasma
(PRP). The doses were “threshold doses”, which titrated as
the minimal agonist concentrations that elicited full platelet
activation in vitro (i.e., platelet shape change, aggregation,
and granule secretion). Peptide at 0.30 mg/m| PRP inhibited
ADP induced platelet aggregation by 93%; at 0.1 mg/ml no
inhibition was detected however, at 0.3 mg/ml, P149 peptide
inhibited collagen-induced platelet aggregation by 96%, at a

I}

Mizejewski and Butterstein

collagen concentration of 2 pLg/ml PRP (Fig. 9A, B). No sig-
nificant inhibition was observed with peptide P149¢c, but
peptides P149a and P149b at 1.0 mg/ml inhibited both ADP
and collagen to an extent similar to that as seen with peptide
P149. The P149b subfragment effects on ADP-induced ag-
gregation were also studied. While inhibitions of aggregation
were not as dramatic as those of other agonists, inhibition
did occur in the 125 pg of P149b per reaction vessel.

A Effect of GiP on Platelet Aggregation
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Fig. (9). Panel A: A platelet aggregation study is depicted in treat-
ments involving 0.5 ml of normal human platelet-rich plasma with
300 ug of P149 suspended in 2.5x10° platelets per reaction vessel.
After 2 minutes of stirring to obtain equilibrium at 37°C, adenosine
diphosphate (ADP) was added to the reaction vessel (Panel-A left
side): ADP incubated with P149 inhibited all phases of platelet
aggregation; Panel A Right side: P149 inhibited platelet aggrega-
tion by collagen in a similar fashion to ADP. Studies employed the
use of an optical-based aggregometer. Panel-B: CD62P flow cy-
tometry fluorescence quenching by P149; ADP alone and ADP plus
P149; inset: arachionic acid (AA) and AA plus P149a showing
aggregation diminution.

A second study involved treatment of 0.5 ml of the nor-
mal PRP with arachionic acid (Aa) and 300 pg of the AFP-
peptide preparation (Fig. 9B, inset). After 2 min stirring for
temperature equilibration at 37° Aa (10uL) was added. At
this time, no aggregation occurred (100% inhibition), and
even when a second 10 pl of Aa was then added, no aggre-
gation took place. This inhibition was 100% complete; how-
ever, when 10 Ll epinephrine (non GIP-reactive) was added,
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an immediate aggregation reaction occurred. Ristocetin con-
trols, used as a positive aggregation control, also showed
100% aggregation of the platelets (Table 7-1). In summary,
these results show that the 34-mer AFP peptide and two of
its subfragments (P149a, P149b) are capable of PAI (Table 7
#2).

H2) AFP-Peptides Influence Erythrocyte Aggregation/

Agglutination

The P149-peptides have been shown to influence,
modulate, and regulate various molecular and cell aggrega-
tion events (Table 7 #2). Although similar to receptor clus-
tering, these events occur either in intracellular or extracel-
lular settings. Antibodies to red blood cell (RBC) antigens
such as the ABO cell surface antigens offer an example of
the agglutination of circulating RBCs in the bloodstream.
Proteins or peptides that interact with the RBC surface
would naturally interfere with or obstruct antigen-antibody
reactions at the cell surface. In a previous study, the P149
peptide was admixed with A-type RBC and anti-A antibody
serum, diluted in a titration series, and incubated for 30 min
[3]. Results indicated that the P149-peptide, at 150-600
pg/ml, inhibited RBC agglutination over a range of five se-
rial dilutions greater than control tubes. That is, the GIP in-
hibited RBC antibody-induced agglutination at 2-fold dilu-
tions: 1:32, 1:64, 1:128, 1:256 and 1:512 at which point the
control was negative (Table 7 #2). These results indicate that
the AFP-peptide can inhibit or interfere with cell-to cell (cell
surface) agglutination exhibited by erythrocytes.

H3) AFP-Peptides Can Inhibit Cellular Adhesion of
Breast Tumor Cells to Various ECM Proteins

A) Tumor Cell Adhesion to ECM Proteins

A recent study screened various human ECM proteins for
inhibition or enhancement of tumor cell adhesion in the

Table 7.
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presence of P149 peptide and its fragment [3]. The adhesion
was utilized as a means to assess whether the peptide could
influence or modulate tumor cell attachment to a protein
substratum or matrix. The GIP was subjected to cell adhe-
sion studies employing ECM proteins (Table 7). Various
ECM proteins were adsorbed to microtiter plates and
screened for their ability to serve as a substratum for en-
hanced tumor cell adhesion, as compared to non-coated mi-
crotiter plates. The ECM proteins differed in their ability to
serve as attachment surfaces for two breast cancer cell lines
human MCF-7 and murine 6WI-1. The mouse mammary
6WI-1 tumor cell attachment occurred up to 60% for all
ECM protein matrices, with laminin demonstrating the
greatest adhesion ability. Fibrinogen ranked second as an
adhesion protein, with fibronectin and the collagens close
behind. The non-ECM protein attachment factors such as
gelatin, chondroitin sulfate, and polylysine exhibited some-
what decreased cellular adhesion in comparison (20%-40%)
to the ECM proteins (not shown). By use of MCF-7 cells,
most ECM proteins were found capable of supporting tumor
cell adhesion to some degree. Cell adhesion in the MCF-7
cells also occurred up to 58%, with fibronectin achieving the
highest percent cell attachment. While lamii.in supported
little MCF-7 cell attachment (<5%), collagens I and IV
ranged from 30 to 50%, and fibrinogen displayed 20%. In-
terestingly, the AFP peptide (10 pug/ml) itself was capable of
supporting about 25% cellular adhesion with both tumor cell
types. The attachment of GIP approached that of the adhe-
sion matrices such as gelatin, chondroitin sulfate, and poly-
lysine which ranged from 30 to 35%.

B) GIP Inhibition of Tumor Cell Adhesion to ECM Pro-
teins

Cell adhesion inhibition via P149 peptide was found to
be 4-fold higher in human tumors than in the murine breast

The Cell Surface Level: Summarized Activities of Human Alpha-fetoprotein (HAFP) and Growth Inhibitory Peptide

((P149) in Various Cell Surface/Membrane Interactions

Process/Activity Studied

Peptide Biological Response/Activity

extracts

P149b, P149c

Inhibition, Suppression Enhancement, Activation No effect Not tested
1) platelet aggregation HAFP, P149In, P149a, None P149c, P237 P149cy
P149b

2) Erythrocyte agglutination P149 In None P237 P149cy, P149b, P149a,
P149c

3) Cell adhesion to ECM (Inhi- P149 In, P149b P149 In, P149b P149c, P237 P149cy, P149a

bition)

4) Tumor cell Immunofluores- None P149 In P237 P149cy, P149b, P149a,

cence P149c

5) Uptake by MCF-7 whole P192 HAFP, P149 In P149 In, P149a, P149cy, P149cy, P149b, P149a,

cells P149b, P149¢c P149c

6) Binding to HAFP receptor None HAFP P149 In, P149a, P149cy, P237

P192 = HAFP carboxyterminal 3% Domain

ECM = extra-cellular matrix

*For other peptide designation, see footnotes to Table-3.
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cancer cells, and occurrence of inhibition was less frequent
in the mouse tumor cells (Table-7 #3). The AFP peptide was
capable of cell adhesion inhibition in all major ECM proteins
in both tumor cell lines. Cell adhesion inhibition was some-
what equivalent between human mouse tumor cells in colla-
gen I, collagen 1V, fibrinogen, fibronectin, and throm-
bospondin; however, inhibition was significantly different in
laminin and vitronectin, between the two tumor cell lines
[78]. Human MCF-7 cells were found to display peptide-
induced inhibition to vitronectin, while mouse tumor cells
failed to respond to this ECM. Likewise, mouse 6WI-1 cells
demonstrated peptide-induced inhibition to laminin adhesion
but MCF-7 did not respond to this ECM protein. Finally, it
was observed that albumin and scrambled peptide controls
were not capable of cell adhesion inhibition (see Ref. #78 for
details).

H9) Competitive Uptake of GIP and HAFP by MCF-7
Whole Cell Suspensions

The uptake of GIP and HAFP by MCF-7 cells has been
previously demonstrated by histological procedures [3, 20].
A receptor for HAFP on the surface of MCF-7 cells has been
reported, as were methods for its study [87]. The bind-
ing/uptake of radiolabeled HAFP in the presence of various
AFP peptides (P149, P187, P192) was performed (Table-7
#5). The P149 peptides, at 1.0 pg/ml, demonstrated enhanced
HAFP uptake/binding compared to '“’I-HAFP alone. In con-
trast, the P192 peptide segment showed reduced binding of
'Z1.HAFP at the same concentration; however, scrambled
peptides did not inhibit or enhance (data not shown). Thus, at
the same concentration, peptide P192 inhibits binding to the
MCF-7 cells acting as an antagonist, while P149 enhances
such binding serving as an agonist. The mechanism of the
enhanced uptake of HAFP in the presence of GIP is thought
to be receptor-mediated endocytosis; this is, a concentration-
dependent event. Two possibilities for enhanced uptake ex-
ist. First, GIP itself could bind directly with HAFP and both
be bound to the cell as a molecular complex (see Section G-
4). Alternatively, P149 peptides may induce clustering of
cell surface G-coupled receptors; receptor clustering is
known to facilitate binding and uptake of ligands at cell sur-
faces. Binding of a G-coupled receptor (GPR30) to a GIP
fragment has been shown to be plausible by computer mod-
eling [88].

H10) GIP Binding Studies to the HAFP Receptor Using

MCF-7 Membrane Extracts

A cell surface receptor for HAFP has been isolated and
purified from the surface of human breast cancer cells
(MCF-7) and is found on other cancer cell types [89]. Both
high (10°M) and moderate to low (10°M) affinity sites have
been reported, with binding site numbers (N) ranging from
2000/cell to 100,000/cell. In the initial publication describing
GIP in 1996, it was suggested that GIP was capable of bind-
ing to the HAFP receptor, which had previously been de-
tected and measured on cell membranes of human breast
cancers [87, 90]. However, only recently have attempts been
made to confirm or refute the hypothesis that GIP utilizes the
HAFP receptor to gain entrance into cells via endocytosis
(Table 7 #6).
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By use of microtiter plates coated with MCF-7 cell AFP
receptor-enriched membrane preparations (50 x 10°
cells/ml), biotinylated HAFP (B-AFP) was found to bind to
the walls of AFP-receptor coated microtiter plates. By means
of strepavidin-horseradish peroxidase-ABTS, color changes
were monitored at 492-nm wavelength, and optical density
(0.D.) was determined for each well. When using a B-AFP
solution of 500 pg/ml, non-labeled HAFP was titrated in 3-
fold dilutions from 50 pg/ml to 1.9 pg/ml and displaced la-
beled AFP with the non-labeled form. Linear P149, P149b,
P149c, or cyclic P149 when employed as competitive bind-
ing agents, did not exhibit binding inhibition or enhancement
to the MCF-7 receptor (Table 7 #6). In summary, it was
clearly demonstrated that linear GIP, its fragments, and its
cyclic version do not displace the binding of B-AFP to the
putative HAFP receptor, whereas full-length HAFP does.
Although GIP has been shown to be highly reactive at vari-
ous cell surfaces, it does not appear to bind the AFP recep-
tor-rich membrane preparations derived from MCF-7 cells
(see Section H-9).

H11) A Cell Surface Level Overview of GIP Administra-
tion

At the structural level of the cell surface, especially the
plasma membrane GIP was demonstrated to be highly inter-
active, even to the point of membrane bilayer disturbance.
For example, GIP was demonstrated to inhibit platelet ag-
gregation, red blood cell hemagglutination, as well as tumor
cell adhesion. Fluorescent antibody studies employing anti-
GIP antiserum clearly localized GIP at the cell surface in
both punctate and diffuse patterns. Although GIP was able to
inhibit the binding of HAFP to the plasma membrane of
MCEF-7 tumor cells, GIP itself did not bind to the canonical
human AFP receptor. These data clearly assign a crucial
function to GIP at the plasma membrane interface, possibly
related to bilipid disturbance.

I) THE CYTOPLASMIC LEVEL

11) Interaction of Peptide P149 with Acetylcholinesterase
Enzymes

The activity of Ache (EC 3.1.1.7) was assayed by means
of a Lambda 4B UV/visible spectrophotometer (Perkin-
Elmer), according to a modified Elman procedure using
acetylthiocholine iodide (ATC) as substrate [91]. The en-
zyme activity was monitored at 412 nm by following the
increase of yellow color produced from thiocholine when it
reacted with the dithiobisnitrobenzoate ion. The specific ac-
tivity of Ache, which was obtained on the basis of the rate of
hydrolysis (umol of product/min. mg of protein or units/mg
of protein), was calculated on the basis of an extinction coef-
ficient of the yellow anion (13.6 mMem™) (92).

As shown in Table-8 #1, the soluble Ache enzyme activ-
ity was inhibited using linear P149 peptide. The specific ac-
tivity of Ache, in the presence of the P149 peptide based on
the ATC hydrolysis reaction, immediately decreased at 10
"M peptide concentrations, and then gradually rose but never
attained the activity of the control enzyme (Table 8-1, Fig.
10A and A1). It has been shown that n-butanol, as a positive
control, displays a strong inhibitory reaction [92]. These
studies indicated that GIP was as potent an inhibitor as N-
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Table 8. The Cytoplasmic Level: Summarized Activities of Human Alpha-Fetoprotein (HAFP) and Growth Inhibitory Peptides
(P149) in Various Enzymatic and Cytoskeletal Reactions
Process/Activity Stadied Peptide Biological Response/Activity
Inhibition, Suppression Enhancement Activation No Effect Not tested
1) Soluble Ache enzyme Pl1491n None P237 P149 cy, P149b, P149a,
activity P149c
2) Rat liver microsomal P149 In, P192 None P237 P149cy, P149b, P149a,
P450 Aromatase Activity pl49c
3) Tissue factor induced P149in None P237 P149cy, P149b, P149a,
thrombin formation P149c¢
4) Microtubule Polymeriza- None Pl149 In P237 P149cy, P149b, P149a,
tion ‘ ! Pl49¢c
P192 = HAFP carboxyterminal 3" domain
Ache = acetylcholinesterase
*For other peptide number designations, see footnotes to Table-3.
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Fig. (10). The effect of GIP on three separate cytoplasmic enzymes systems is depicted. Panel-A Effect of P149 on the enzyme activity of

“soluble acetylcholinesterase (ACHE) is displayed. Soluble enzyme was isolated from electric organs according to the reports described in the

text (11, 16, 26). Note that GIP (P149) imposes a competitive inhibitory effect on the soluble Ache enzyme even greater than the N-butanol
antagonist control agent (top panel). Panel-B; The effects of the P149 peptide on Rat Warfarin Metabolism in Rat Liver Microsomes were
studied. The HPLC hydroxylated product profiles are depicted in Panels B and B1. Note that P149 reduced enzymatic hydrolysis of warfarin
by 29 to 43% while the P192 peptide hydrolysis inhibition of warfarin ranged from 5 to 28% (P192 not shown). Panel-C: Effect of P149 Pep-
tide on Estrogen-induced uterine tissue factor formation is displayed. Rats, 18-20 days old, were injected with 1pg E2 in 2% alcohol in saline
(0.3 ml) and peptide (P149) was injected either just before the E2 or 1 hour before the saline. The TAME activity is displayed as specific
activities, cpm/jLg protein/min (see text) and increases in E, compared to control-treated animals. However, E, plus peptide treated groups
decreased enzyme activity by 33% compared to the E; only group. Panel C: The effect of GIP in that rat immature uterine assay significantly
displays growth suppression in uterine tissues (30-40%) at 24 hours. Panel C1: Tissue factor/thrombin-induced esteropeptidase is clearly re-
duced in the uteri of rats by injection of P149 1.0 hr prior to E2 administration and measured at 3 hrs post injection. Note that suppression of
uterine organ growth (24 hr assay) in Panel C can be predicted at 3.0 hrs by the reduction of TAME activity (Panel Cl1).
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butanol under comparable experimental conditions. It can be
proposed that P149 either 1) inhibits Ache activities directly,
2) binds to Ache substrates, 3) neutralizes non-specific
and/or other broad-spectrum esterases (from the tissue ex-
tract) that compete with the Ache enzyme, or 4) serves as a
decoy enzyme (binds without activation).

12) Effects of P149 peptide on Rat Warfarin Metabolism
by Rat Liver Microsomes

The P149 peptide showed sequence similarity to the cy-
tochrome P450 (aromatase) enzymes; one of the target sub-
strates of this enzyme family is warfarin. A high-pressure
liquid chromatographic (HPLC) assay of warfarin and all its
known metabolites was employed as a model to analyze the
effects of GIP on microsomal P450 aromatase enzyme and
its substrate, warfarin [93]. A HPLC analysis of warfarin and
its diastereoisomeric alcohols and 4°-, 6-, 7-, 8- and benzylic
hydroxylated metabolites was accomplished using a CI8
reverse-phase column.

Rat liver microsomal aromatase extracts were prepared
by modified methods from a previously published report
[93]. A typical HPLC separation of the synthetic metabolites
of warfarin exposed to microsomal P450 enzymes is illus-
trated in (Fig. 10 (Panels B and B1), Table 8 #2). A compari-
son of the HPLC elution profile of the synthetic warfarin
metabolites with that of the products of the microsomal me-
tabolism of warfarin indicates that P149 peptide, and to a
much lesser extent P192, was capable of reducing the hy-
droxylated metabolites of the warfarin substrate in the rat
microsomal extracts. The P149 peptide significantly reduced
all of the hydroxylated (4-OH, 6-OH, 7-OH, 8-OH) products
as shown in the post-elution profile (Panel B), while the
P192 control peptide affected only the 6-and 8-OH products,
while slightly influencing the 4-and 7-OH elution profiles
(Table 8 #2). The P149 peptide suppressed the warfarin hy-
droxylated product turnover from 29-41%, (Panel-B), while
the control P192 peptide suppressed such turnover from 5-
28% (not shown). These results suggested that GIP either 1)
inhibits P-450 enzymes directly, 2) binds to P450 substrates,
or 3) serves as a decoy enzyme for the substrate. It is of in-
terest that rat AFP binds warfarin [94].

I3) Effect of P149 Peptide on Estrogen-induced Uterine
Tissue Factor-Thrombin Induction

The immature rat uterus responds to a single injection of
estrogen with immediate increases in wet weight and protein
content (3-5 hr), nucleic acid and protein synthesis, and the
initiation of two waves of cell division at 15 and 24 hr [95].
An increase in prothrombin-associated proteins is one of the
early responses and occurs within 3 hr of estrogen admini-
stration, coinciding with an imbibition of water and an ac-
companying influx of plasma proteins into uterine tissues
[96, 97]. Thus, the administration of 0.5 pg 17B-estradiol
(E;) to immature rats initiates a series of biochemical
changes in the uterus that lead to cell hypertrophy and hy-
perplasia within 24 hr [98]. An early step is the binding of E,
to nuclear receptors; such responses occur within a few
hours after binding, and include synthesis of specific pro-
teins and increased specific activity of certain coagulation-
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related enzymes [99]. The present enzyme of interest is a
cytoplasmic estrogen-dependent arginine esteropeptidase.

Tissue factor (TF), a ubiquitous protein present in high
concentrations in placenta and to a lesser extent in brain,
lung, and kidney [100], was identified as a procoagulant in
the immature rat uterus were it activates prothrombin and
Factor X to clot normal plasma. TF is an integral membrane
glycoprotein that binds blood clotting factors VII and VIla.
The complex TF:VIla catalyzes the activation of blood clot-
ting factor X to Xa; the latter participates in the prothrom-
binase reaction that yields thrombin (8, 9), a key enzyme in
clot formation (fibrinogenesis)., An arginine-dependent es-
teropeptidase serves as the key enzyme in this latter reaction.
It is of interest that GIP displays amino acid sequence simi-
larity to blood factors VIII, IX, and XIII (Table 1).

The tissue factor-induced enzyme activator (esteropepti-
dase) was quantitated using a modification of the assay de-
scribed for the esterase enzyme assay, named the tosyl-L-
arginine-O-methyl ester (TAME) assay [99]. The effect of
the P149 on activity in the TAME esterase assay has been
previously described [16] and is listed in Table 8 #3 and Fig
10C and C1. TAME activity in cytosols from E2-treated
animals was similar to that of the untreated control uterine
tissues. However, in the E2-treated animal cytosols, P149
peptide administration reduced TAME activity by 33%. Ad-
dition of the peptide (100 ng/assay) directly into the assay
tubes had no influence on TAME activity.

14) GIP Influence on Intracellular Aggregation/ Polym-
erization of Intracellular Cytoskeleton Proteins

Microtubules have been implicated in the uptake, secre-
tion, and degradation of fetal proteins in the liver (23) and in
hepatoblastomas [101] [102]. The microtubules comprise a
family of filamentous proteins that form the cytoskeletal
framework for mammalian cells [103]. Microtubules such as
o~ and B-tubulins, gephyrins, and ankyrin contribute to spin-
dle formation during mitotic and meiotic cell division [104]
[105]. Drugs such as taxol (from the bark of the yew tree)
interfere with spindle formation at the onset of cell mitosis,
by enhancing tubulin polymerization, which is required for
cell proliferation [106]. Taxol has served as an effective can-
cer therapeutic agent in clinical trials. Compounds that
mimic and/or bind to microtubule-associated anchor proteins
and enhance polymerization might also be involved. Micro-
tubule—associated proteins (MAPs) are chemical agents that
either enhance or inhibit such polymerization. Finally,
chemicals that affect intracellular cytoskeletal filaments can
also influence the formation of focal adhesions at the cell
membrane crucial for angiogenesis.

Microtubules in the non-dividing cells are stabilized and
stored in bundles of polymerized subunits in the cytoplasm
(Fig. 11). Agents such as taxol function to enhance tubulin
polymerization, thus removing tubulin from spindle forma-
tion in preparation for cell division. Polymerized microtu-
bules are unavailable for the formation of mitotic spindles;
hence, cell proliferation is prevented. When AFP-peptide is
added to a purified preparation of c.-tubulin (from chick em-
bryo extracts) and subjected to measurements of specific
viscosity (Fig. 11), peptide P149 (1.0 pg/ml) was found to
enhance o-tubulin polymerization by 3-fold over control
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(tubulin -snly) solutions [3]. Other control protein/peptides
did not demonstrate this property and behaved similarly to
tubulin alone (Table 8 #4). These data would suggest that
AFP-peptide either binds a-tubulin or serves as a microtu-
bule-associated protein to initiate a polymerization reaction
on o.-tubulin in vitro (see Cytoskeletal-related study in Sec-
tion G-1).

Effect of GIP on Tubulin Polymerzation at the Electron Microscope Level
and Plotted as Specific Viscosity

Fig. (11). Alpha-tubulin polymerization is depicted as the single
stranded (Panel-A) to the 13-stranded protofilament conversion
(Panel-B) using electron microscopy (see arrows). Electron micro-
graphs were prepared by Dr. George Smith (Union College) with
magnification of: A = 24,000X; B = 156,000X. Inset Panel-A: Spe-
cific viscosity readings of non-activated alpha-tubulin alone, Inset
Panel-B; Specific viscosity readings of alpha-tubulin in the pres-
ence of 1000 ng/ml of P149 peptide. Note the 3-fold increase in
tubulin polymerization when P149 is added to the reaction vessel.

15) A Cytoplasm Level Overview of GIP Treatment

At the structural level of the cytoplasm, GIP was deter-
mined to be a modulator of certain cytoplasmic-associated
enzyme and cytoskeleton events. GIP robustly inhibited
soluble Ache enzyme activity comparable to known alcohol
inhibitors such as n-butanol. Furthermore, GIP interacted
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with microsomal P450 aromatases possibly serving as a sub-
stitute or competitive substrate. In the formation of Tissue
Factor (TF) induced thrombin, GIP was capable of inhibiting
33% of the thrombin inductive capability of TF. Finally, GIP
was shown to increase by 5-fold the o-tubulin polymeriza-
tion reaction in a taxol-like fashion. Overall, present data
indicates that GIP has a notable impact on cyplasmic reac-
tions involving enzymes and the cytoskeleton microtubule
systemi. '

J) THE NUCLEAR LEVEL

J1). Estrogen Receptor (ER) Binding to GIP and Its
Fragments

To determine whether the estrogen-sensitive growth sup-
pression of GIP might be due to the interference with the
estrogen receptor-E2 interaction, the affinities of these pep-
tides for ERo, were determined [18, 25]. Results of the ER-
binding assay demonstrated that P149 (ICs, = 8 x 10° M)
and P149A (ICso = 9 x 107 M) competed with *H-E, for
ERo binding, whereas P149B and P149C did not compete
(Table-9). This result indicated that the major ERe binding
site in P149 resides on the P149a amino acid fragment and
that these peptides, similarly to antiestrogens such as ta-
moxifen, interfere with the ER-ligand interaction. The bind-
ing GIPs exhibited 1000-fold lower affinity for ERo. than E;
(ICso = 3 x 10” M) or tamoxifen (ICso = 5 x 10" M). Various
other peptides, including two different natural full-length
AFP preparations, served as controls and exhibited no bind-
ing to ERa. (Table 9). Peptide H-1, a modified P149 with
amino acid substitutions in the P149B region, did not com-
pete for ERa-binding, suggesting that an AA substitution of
VYASKYV for IIIGHL in P149 may have altered the confor-
mational state, thus preventing the P149A fragment of P149
to bind ERo. Additional ER-binding experiments were per-
formed to analyze the simultaneous effect of two peptide
fragments on ER-binding, and to determine whether the ER-
binding property of P149 could be reconstituted by mixing
the three fragments. When equimolar concentrations of two
peptide fragments were allowed to compete with *H-E, for
ERo. binding, P149C neither interfered with ERo-binding of
P149A, nor did it disrupt the enhanced *H-E; —binding ob-
served with P149B. However, the presence of P149B neu-
tralized the ability of P149A to bind ERa.. Furthermore, the
equimolar amounts of P149A, P149B, and P149C did not
exhibit the ER-binding property of either P149 or P149A.

The P149b peptide exhibited enhanced binding of *H-E2
in the assay. To understand the mechanism for increased
binding of "H-E; in reaction mixtures containing ERa and
P149B and to confirm that P149B did indeed bind E,, the
ability of P149B and other peptides to bind *H-E; in the
presence or absence of ERo. or full-length AFP was exam-
ined. P149B, but neither P149 nor a P192 control peptide,
bound *H-E, (Table 9). The concentrations giving compara-
ble binding of *H-E, to ERa; and P149B were 1.25 x 10° M
and 1.6 x 10 M, respectively. In contrast, full-length native
AFP alone did not bind *H-E,.

J2). The Effects of GIP on the Transcriptional and Pro-
liferative Effects Due to Estrogen

Estrogen acts to promote DNA synthesis in the MCF-7
human breast cancer cell line via its interaction with high
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Table 9. Nuclear Level: Estrogen Receptor and Estradiol Binding to Full Length Human alpha-fetoprotein (HAFP). Growth In-
hibitory Peptide, and Various Control Peptides Compared to the Human Estrogen Nuclear Receptor (ERa). Note that
HAFP and P149¢ Does Not (P149) Participate In Any Binding Reactions
Binding Human Growth Inhibitory Peptides Human Human Alpha-fetoprotein
Ligands Estrogen Albumin
Employed | Receptor
Alpha P149 P149 P149a P149b P149¢c P263 Native HAFP NH,-HAFP Carboxy-
(H-1) 1-590 Amino-Ter- - terminal
Amino Acids minus (H-2) HAFP
(P192)
Human NA Binding Non Binding | Binding Non-Binding | Non-binding | Non-binding | Non-binding | Non-binding Non-binding
Estrogen (8x10°M) (5x10°*M)
Receptor o
17-Beta Binding Non-Binding | Non-Binding | Non-Binding | Binding Non-Binding | Non-Binding | Non-Binding | Non-Binding Non-Binding
Estradiol (1x10°M) (2x10°M)
Tamoxifen | Binding Non-Binding | Non-Binding | Non-Binding | Non-Binding | Non-Binding |Non-Binding | Non-Binding | Non-Binding Non-Binding
(5x10°*M)

NA = nonapplicable
*For peptide number #designations, see footnotes to Table-3.
H-1, VYASKYV was substituted for IIJGHL on the 34-mer GIP

H-2, (denotes) amino acids #8 to 39 on the full length HAFP molecule with a sequence of EYGIASILDSYQCTAEILADLATIFFAQFVQ

levels of estrogen receptor. Previous reports have indicated
that estrogen, acting through the estrogen receptor, is capable
of inducing the mitogen-activated protein kinase (MAPK)
cytoplasmic signaling cascade [107]. In the present study,
AFP-derived peptides were used to determine the influence
of such kinase cascades on the growth factor induced and
estrogen-mediated mitogenesis. In a second study using ER-
mediated transcription, cells were lysed after 24 hr of stimu-
lation, and luciferase activity was determined using a dual-
luciferase reporter assay system. Thus, the first assay exam-
ined the effects of the peptide on cell cycle progression in
MCF-7 cells treated with estrogen, and EGF, IGF-1, or
bFGF growth factor. The second assay examined the effect
of the peptide on the ability of estrogen to stimulate ER-
mediated transcription in MCF-7 cells. The P149 peptide had
no effect on either system. Thus, no dose response occurred,
and only a trend toward E2-mediated enhancement by P149
was observed.

It was evident that GIP showed only a trend toward en-
hancement of E2-induced transcription in two different as-
says described in the “nucleus” section above as well as the
contact inhibition assay in Section G-3. Both were systems
in which GIP was added to cells in culture. As shown in
Section H-7, fluorescent studies of GIP in cultured MCF-7
cells resulted in cytoplasmic and perinuclear localization,
without nuclear membrane penetration and translocation.
However, at the onset of mitosis, nuclear membranes are
dissolved in vivo, allowing free access to the nuclear DNA
transcription machinery. Since GIP has been reported to
slightly enhance contact inhibition during E2-induced MCF-
7 cell proliferation (Table 6 #3), it is possible that P149 pep-
tides are in contact with nuclear components at early pro-
phase stages in cells that were not arrested in G1/S. The
slight trend of E2-induced cell proliferation enhancement
(Section G-3) was observed in cell culture experiments, but
peptide concentrations greater than 107 M were required.
The slight enhancement could also have been due to the se-

quence identity of GIP with High Mobility Group proteins
which are known to enhance binding of ER to the ERE [24,
108]. In previous reports utilizing full-length HAFP, E2-
induced growth enhancement could only be achieved using
freeze/thaw denatured proteins [109] [110]; however, such
trials were not performed using GIP preparations. It is of
interest that E2-occupied ER has been shown to inhibit cell
proliferation [111], and that overexpression of the ERa in -
endometrial cells can result in growth inhibition and anti-
angiogenesis [112]. '

J3) A Nucleus Level Overview of GIP Treatment

At the structural level of the nucleus, GIP displayed sig-
nificant competitive activity with the steroid nuclear estro-
gen receptor, but had little if any effect on estrogen-
mediated/growth factor-induced mitogenesis and estrogen-
induced transcription events. This is perhaps due to failure of
GIP to engage in cytoplasmic-nuclear transport. At the ster-
oid receptor level, the 34-mer GIP and its P149a fragment
were capable of binding to the o-estrogen receptor (ER),
while the P149b fragment (alone) bound the estradiol mole-
cule itself. Interestingly, the P149¢c was devoid of any bind-
ing activity. However, the P149a fragment bound the ER at 5
x 10* M concentration, while the entire 34-mer GIP bound
the ER at 8 x 10 M. It is evident from these results that
while GIP can readily interact with the ER, GIP cannot di-
rectly influence or modulate estrogen-induced transcription
and mitogenesis.

CONCLUSIONS

As stated in the Introduction, the biological activities of
the GIP were surveyed and presented on organizational
planes from the organism to the subcellular level including
the cytoplasmic and nuclear compartments. The biological
activity at each level was assessed based on an enzyme,
hormone, or an event in which a response (qualitative or
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Fig. (12). The mechanism of decoy ligand endocytosis of the Growth Inhibitory peptide (GIP) is depicted. Metastatic cancer cells from a
blood sinus (top half of picture) exit through intracndothelial gaps to surrounding tissues. Free circulating GIP binds to an unknown cancer
cell receptor (G-coupled?) as a decoy (mimic) ligand and is endocytosed but does not activate the receptor to transduce a signal to the cell
interior. A cut-away view of the epithelial metastatic cell is shown. Labels indicate tumor cells organelles. Note that the GIP is targeted to the
endoplasmic reticulum (ER) surrounding the nucleus (perinuclear location) as described in reference #20. A candidate G-coupled receptor
could be considered to be GPR30 as reported in Reference #88. The cell diagram was modified and redrawn from Toxicology Mechanism &

Methods, 13:1, 2003.

quantitative) was recorded. The boundaries of each level are
not rigid; the potential for overlap makes it sometimes diffi-
cult to distinguish one functional level from another (i.e.,
tissue vs. organ effect). Thus, certain conclusions concerning
GIP may overlap organizational planes. At the organismal
level, GIP, placed in the surrounding environment or injected
into an animal, reduced both growth and differentiation in at
least two assays, i.e., frog metamorphosis and brine shrimp
ecdysis. In both assays, the event was either suppressed, re-
duced, displayed a cessation of events, or maintained a status
quo condition. At the organ level, GIP administration could
affect an entire uterus or liver by damping down a growth
spurt induced by a hormone or a surgical procedure. Inter-
‘estingly, GIP was strongly anti-angiogenic, affecting the

chick fetal allantoic blood and tumor vasculature. At the cell
level, exposure to GIP could influence cell shape, migra-
tion/spreading, and cell-to-cell contact inhibition. Cellular
localization of the GIP further demonstrated that the peptide
is detectable at the cell surface, in the cytoplasm, and imme-
diately surrounding the nucleus. Finally, GIP could affect
apoptosis, and could slightly enhance B-and T-cell immune
responses, but did not engage in immunosuppression,

At the cell surface, the P149 peptide showed the greatest
biological activity, by inhibiting platelet aggregation, eryth-
rocyte hemagglutination, tumor cell adhesion, uptake of
HAFP, however, it did not affect competitive binding of
HAFP to its cell surface receptor. In comparison, at the cyto-
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plasmic level, GIP interfered with several enzymes including
acetylcholinesterases, cytochrome P450 aromatases, and a
tissue factor/thrombin-induced esteropeptidase. Also, GIP
enhanced the polymerization (hence, stabilization) of o-
tubulin, a major component of the cytoplasmic microtubular
network. Finally, in the nucleus, GIP was shown to bind the
estrogen receptor but did not affect estrogen receptor tran-
scription, and failed to influence growth factor mediated E2-
induced cell proliferation.

In summary, it is difficult to rank the vast multitude of
biological activities affected by the P149 peptide. It can
readily be observed that the peptide activity is not limited by
phylum, class, genus, or species. GIP was found to be active
in cells derived from organisms ranging from crustaceans to
mammals, encompassing frogs, birds, mice, rats, and hu-
mans. The P149 peptide is not limited to cell or hormone
specificity; it encompasses growth suppression in multiple
models, such as tadpole metamorphosis, insulin-injected
chick embryos, and E2-induced toxicity in fetal mice. GIP
was also involved in suppressing several cytoplasmic en-
zyme activities. It was at the cell membrane that GIP demon-
strated its most diverse functionality, by interfering with a
variety of cell surface events. Whatever the mechanism of
action is, it probably affects a basic function of many cell
types throughout the animal kingdom. Recent data based on
immunohistochemical findings have led to the hypothesis
that GIP serves as a decoy peptide ligand for a presumed
family of G-coupled receptors [20] and [3]. A proposed
model of GIP by a G-coupled cell surface receptor is de-
picted in Fig-12 (see legend). Although the present working
hypothesis is still focused on decoy peptide receptor-
mediated endocytosis, only further research will elucidate
the precise mode of action of GIP.

FUTURE DIRECTIONS

Both biological and biochemical research endeavors,
based on the physiological activities of GIP, are currently in
progress. Future directions of present research efforts focus
on 1) mechanism of action of GIP growth arrest, and 2) GIP
therapeutic applications to cancer encompassing the devel-
opment of peptide-drug delivery systems and in vivo stor-
age/stability studies. Investigational attention is also being
directed to the nature of the peptide-to-cell surface interac-
tion and on cell-free systems which constitute the cytoplas-
mic milieu. Finally, the search for additional molecular tar-
gets of the GIP molecule and its fragments are being pursued
via Genbank identity/similarity matching, computational
identity searches (BLAST programs), and computer model-
ing of protein/peptide interactions.
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ABBREVIATIONS

AA = Amino acids

Ache = Acetylcholinesterase
AchR = Acetylcholine receptor
ADA = Arachidonic acid

AMP = Adenosine monophosphate
ATP = Adenosine tripphosphate
bel = Apoptosis rescue protein
bFGF = Basic flibroblast growth factor
Con-A = Concanavalin-A lectin
EGF = Epidermal growth factor
ECM = Extracellular matrix

EGF = Epidermal growth factor
EPR = Endoplasmic reticulum
ER = Estrogen receptor

FTZ-F1 = AFP transcription factor
FOS/Jun = Myec, Ras, oncogene products

Hox = Homeodomain protein

IGF = Insulin growth factor

PRP = Platelet-rich plasma

P187 = Asp — Asn mutant form of P149
P192 = Sequence on HAFP AA#510-550
P263 = Albumin homolog sequence of P149
P237 = Scrambled form of P149

TNF = Tumor necrosis factor.
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