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Inhibition of experimental U-118MG glioblastoma by targeted
cytotoxic analogs of bombesin and somatostatin is associated with
a suppression of angiogenic and antiapoptotic mechanisms
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Abstract. Human gliomis express receptors for bombesin and
somatosiatin that can be used for trgeted chemotherapy. In
thie present study, the efficacy and the mechanism of action of
eytatoxic bombesin analog AN-213, and cylotoxic semateseatin
analog AN-238 were tnvestegated m U1 ISMG heman
ghioblastemas xenoprafied mie nude mice. The expression of
vasculir endothelil growth Fretor (VEGE) and the apopiotic
markers Bel-2 and Bax was analyzed by Westesn blotting, Tix
toxacity was evitluated by measuning leukocyie levels and hody
weights. Treatment with AN-215 or AN-238 reduced wmor
growth by ~50%. and dimnished the levels of VEGE by 45 amd
T35, respeetively. The relittive ratie ¢f 8¢l-2 10 Bax proteins
wis decreased by ~U0%. indicating a net apopiolic gmn aml
efficacy of treatment, Specilic receptors for bombesin and
somittostatin were found in U 1IEMG wmaors, Our resulls
sugpest thint targeted cytotoxic annlogs, AN-215 and AN-238,
could he wseful for the treatment of human glichlastomas.

Introduction

Malignant glioblasiomas represent the moest common type of
primary bramn temors n adults 1.2}, Surgery, radiation, and
chemotherapy are of limited effectivencss in the treatment of
thiis discase. Therefore. new therapeutic strategies must he
explored (£.2).

New approsches to improve the efficacy of chemotberapy
and radiotherapy are hased on targeling cylotexic agems or
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radionuelides o specific ceceptors expressed on tumor sites
(3,43 Low grade ghobiasiomas (astrocylomas), expaess high
alfinity receptors for the newrohormones bombesind/gastran
releasing peptide (GRP) and somatostatin {5-8), Consequently,
amitlogs of these peptides could be used for targeted tumor
therapy. The feasitility and efficacy of such o tacgeted therapy
of brun tomors were demonstrated by Meelo er af (2), who
successiully treated patienis with astrocytomas by a loco-
regtonal infuston of a “'Y-labeled dermvative of the somata-
staten actapepade, octrecaide. Recently, we developed a cyto-
toxic analog ef Bombesin AN-215 and a cylotoxse hybrd of
sontatostaiin AN-238 {0y the sugeted therapy of vanous wmes
1hat cxpress receptors for these peptade hormones, We also
demonstrated the ineneased efficacy of these analogs over 1w
eytoroxic rdical 2-pyrrelinodoxosubicin {AN-201), winch they
contun (4, 1125 AN-201 s 5 supeeactive devivative of
doxorubicin (DOX) and is 300 1000 times mose patent in vivre
i s parent compeansd, and nen-crossaesisant with DOX
(13-13) In view of the resistunce of brun tumors 10 chemo-
thezapeatic agents mehudiag DOX, the targenng of AN-201
1o brain tumoes may be especially advantageous (8), This has
been demuonstrated recemly in U-37 MG human glioblastemas,
which did not respond 1o therpy with a cyiotoxse sematastatin
analog contamning DOX, bat AN-238, containing AN-20,
caused the shrinkage of even large U-87 MG tumors, 604-
D0 mm* i size (5), In ancther study, we Showed 1t reatment
with eylotoxic bombesin analog AN-215 ulso significantly
inhihited the growth of U-87 MG wmors (16). In the present
mvestigation, we tested ancther model of human glioblastona,
U-1ISMG. that can be grown in nude mice. in order o further
evaluate the efficacy of rgeied chemotherapy of brain tumaoss
with AN-23K and AN-215.

e neovasculanzation plays a critical rele in the growth
of tumess {17), and the angicgenic lwtor vascular endethelial
growth fagtor (VEGEF) was documented 1o be involved in
this process (381 The everexpression of VEGFE has been
demonsteated n vaniows cancers ineluding briun tumors {18),
and shown to be & pegative prognestic factor in paticnes with
lung, breast, ind gastric cancers {18).

Apoptosis piays an important function in the cell homen-
stases, and s mhibition could contribute o tumorigenesis,
The members of the Bel-2 fnly exent s msjor role in the
regulation of apeplosis, seting either as inhihitors {e.g. Bal-2,
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Belxl, Mel- B or promoters (¢.¢. Beloxs, Bay, Bak, Bad) (19)
An increase in the ratio of antiapoptotic and proapoptotic
Bel-2 tamily proteins through an overexpression of Bel-2
and/or down-regulation of Bax, has been correlated with a paor
prognosis for panents with bram tumoers (20.21),

We evaluated the antitumor effects and the oxcty of
targeted cytotoxic bombesin and somatostatin analogs and
the pon-targeted evtotoxic agent AN-201 in nude mice beanng
xenografted U-118MG human glioblastomas. Because the
mechamsm of action of eytotoxie peptde anatogs 15 not fully
understood, we investigated the effect of these compounds on
VEGF and apoptotic markers such as Bel-2 and Bax

Materials and methods

Peprides and cvtotoxic agents. The cylotoxic somatosiatin
analog AN-238 was synthesized by coupling | molecule of
2-pyrroline-DOX-14-O-hemiglutarate to the NH, terminus of
|Lys{{luorenvimethoxycarbonyl)* |RC-121, followed by de-
protection and purification (11), Cytotoxic bombesin analog
AN-215 was prepared by a simifar procedure (10) The
eviotoxic radical, AN-201 was synthesized as described (15).
Bombesin antagonist RC-3095 und somatostatin analog RC-
121 were synthesized in our laboratory using standard peptide
chemstry, For the injection, the cytotoxie compounds were
dissolved in 20 pl of 0.01 N acetic acid and diluted with 6%
(weight/volume) squecus D-manmitol (Sigma, St Lows,
MO).

Cell fine and animals. Human glioblastoma cell line U-
118MG, obtained from American Type Culture Collection
(Manassas, YA), was culured in Dulbeceo modified Eagle's
medium supplemented with 1046 fetal bovine serum, penicilhin
and streptomycin. Male athymic nude mice (Ner nu/ng) were
obtained from the National Cancer Institute (Frederick Cancer
Research und Developmeny Center, Frederick, MDY}, and
maintained under pathogen-hmited conditions. To obtain donos
animils with tumors, 2 nude mice received s, inpections
of cell suspension containing 2x107 U- 1 18MG cells. The
developed wmors were dissected and minced, and 3 mm?*
picces of tumor lissue were transplanied s.c 10 both flank
areas of the experimental animals, When the tumors became
measurable, control and experimental groups were formed with
amimals bearing tumors about the same size. Tumor volumes
and body weights were measured every 4 days Antitumor
activity of the compounds was evaluated by calculation of
tumot growth reduction (TGR) using the following formula;
TGRF = 100-100 x (T-1M(Cc), where 1 s the volume of treated
tumors at the beginning of therapy. T is the volume of the same
wmors at the end of the experiment, ¢ is the volume of controls
at the start of treatment, and C 15 the volume of controls ar the
end of the experiment. Thirty-six days after treatment, mice
were sacriiiced, and various organs were removed and weighed,
The number of white blood cells (WBC) was determuned by
using the Unopette microcollection kit (Becton Dickinson,
Franklin Lakes, NJ) Tumors were excised, weighed, snap-
frozen and stored at -70°C until further analyses. All animal
experiments were reviewed by the institutional animal care
and use committiee and were performed in accordance with
instituttonal guidelines for animal cire.,
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Figure | Changes m tumor volumes 1o nude mice bearing subcatancous
xemagrafls of U1 IEMG ghobigstomas dunng therapy with Gtotoxs peptide
anadugues AN-215 and AN-23%, and cyratonic radcal AN-20H as well as
mastures of AN-201 with RC-309% or RC- 121 Data represent means + SE.
Pl (18, Tpei O], and " 008 vy, control,

Experimental pretocel, The experiment was started when
wmors had grown 1o approximately SO mm in volume. Mice
were divided nto groups containing 8 animals cach, and
received single injections of 200 nmol/kg of the compounds
mto the jugular vemn as follows; Group i, control, vehicle
solution, group 2. AN-201: group 3, unconjugated mixture of
AN-201 and bombesin/GRP antagonist RC-3095; group 4,
AN-215: group 5, unconjugated mixture of AN-201 and
somatostaun carner RC-121; and group 6, AN-238.

Receptor binding uyravs The hinding characteristics of
receptors for somatostatin and bombesin/GRFP were deter-
mined 1 tumor membrane fractions of control and treated
animals. For o vitro binding studies, radioindination of
[Tyr'|bombesin and somatostatin analog RC-160, and
separation of the monoindinated radioligands by high-
performance liquid chromatography were performed {22,23).
To choracterize membrane receprors for bombesin'GRP and
somatostatin, ligand competion assays were performed, based
on binding of the radiolabeled ligands to wmor membrane
homogenates {22.23), The ligand PC compuierized curve-
fiting program was used 10 determine the type of receptor-
binding, dissociation constant (K,) and maximal binding
capacity (B,..) of the receptors (22,23),

Western biatting assays, Protein-matched samples (40 ug/lane)
were separated by sodium dodecy| sulfate-polyacrylamide
gel electrophoresis (129% SDS-PAGE). Proteins were immuno-
detected on mitrocellulose membrines using a chemilumin-
escence detection system (Amersham, Ardington Heights, [L),
The membranes were ncubated overnight a2 4°C in 5% non-fat
dry milk in TBS. Tween, The blots were probed with polyclonal
antibodies (1:10001 to VEGF (1-147), Bax {N-20), and
monoclonal antihody (1 1000) (o Bel-2, belore the incubation
with hosseradish peroxidase-conjugated secondary antibodies
{all from Santa Cruz Biotechnology, Santis Cruz, CA) and the
exposure 10 the chemiluminescence substrate. The protein
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Table I Effects of therapy with ¢ylotoxic peptide analogues AN-215 and AN-238, and cytotoxse radical AN-201 as well as
mixtures of RC-3045 or RC-121 with AN-201 on growth of U-| 18MG human glioblastomas xenografted in nude mice.

Groups Tumor werght Final tumor TGR WRC
(g) volumne (mm'} {0}

Control 1564113 744345 0.0028.0 I540042.926
AN-215 L) 44 379£95 54.0£8.6" 130041920
AN-234 0.9040.07+ 302452 63.0£11.6" 1600 800
AN-201 1.3620.11 663 +U6 12.0£1.9 13,50042,025
AN-20] + RC-3095 1. 51£0.05 B46495 RS 14,9042 300
AN-201 + RC-121 134015 SKO102 24 (29 12,9041 950

*p<005 and "p<0.01 vs. control. TGR, tumor growth reduction. “WRC was defermined on day 36 at the end of the study.

Table 1. Binding charactenstics of receptors for bombesin/GRP and somatostatin on membranes of U-118MG human

glioblastomas.
Bombesin/GRP receptors Somatostiatin receplors
K-l Bvul K-I B-n
(M) (fmol/mg protein) (nM} (fmol/mg protein)

Control 1.3240.07 493 53831 Control 6.79+0 35 29424409
AN-215 1.78+0.12 44792492 AN-238 6.1240.23 277.2+48 4
AN-200 1.2840.09 48832725 AN-201 5098+107 304.2453.6
AN-201 + RC-3095 1484011 507.2464.3 AN-201 + RC-121 6.9410.58 28154233

Binding assays were performed with radiolabeled [Tyr* [bombesin or RC- 160, as described in Materials and methixts. K. dissociation

constant; B,,... maximal binding capacity.

hands were quantified by normalizing the signals of different
proteins to B-actin signal (1:2000, Santa Cruz) using the Kodak
EDAS 2%) imaging system with Kodak 1D Image Analysis
Software (Kodak, Rochester NY),

Statistical analyses. The SigmaStat Software was used for the
statistical analysis of data. Results were evaluated by one way
ANOVA and the Bonferront am! Fisher tests. Results were
considered stanistically sigmficant when p<(1.0§

Results

Effects of therapy on U-118MG glioblustoma in vive. Treat-
ment of nude mice bearing U-118MG tumors with eytotoxic
hombesin analog AN-215 nearly stopped fumor growth for
ahout 16 days (p<0.001}. After day 20, the inhibitory effect on
tumor volumes lessened, but a significant suppression (p<0.05)
in the tumor weight and final wmor volume compared to
controls was still observed on day 36, at the end of the study
(Fig. | and Table 1). The tumoe growth reduction after AN-215
was 54% (p<0.01), compared to contrals (Table 1), Therapy
with cytotoxic somatostatin analog AN-238 also initially
produced a very strong inhibition (p<0,(N11), virtually

nullifying tumor growth for about 20 days. The suppressive
effect of AN-238 continued at o somewhat lower rate and the
final tumor volume and weight were significantly {p<0,05)
reduced, compared 1o contrels. The tumor growth reduction
rate was 63% (p<0.001) after treatment with AN-238. No
significant inhibitory effects were observed in response to cyto-
toxac radical AN-201. and mixtures of AN-201 with bombesin
antagonist RC-30Y5. or somatostatin carner RC-121 at the
same doses (Fig. 1 and Table 1), No significant differences in
the WBC count were observed in any of the treatment groups
compared to controls (Table T). Sigmficant (p<0.05) losses of
body weights of about 10% were observed in all treated
groups on day 4 after Ireatment, but one week later, the body
weights in all the animals almost completely recovered.

Recepror-tinding studies, Radiolabeled [Tyr'|bombesin was
bound to a single cluss of specific, high affinity receptors for
bombesin/GRP i U-118MG human glioblastoma tumors
(Table IT). Using radiwiodinated somatostatin analog RC- 160
as a radioligand, high affinity receptors for somitostatin were
also detected n all wmors investigated (Table 1T). Treaiment
with AN-215 and AN-238 did not change significantly the
hinding charactensties of receptors compared to controls,
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Figure 2 (Al Westemn blotting for VEGF i U-11KMG globlastora (#)
Levels of VEGF protein expressed a5 a percentage of conteol The
expenments were done s inphiide. Dats are expressed a5 means £ 5§
*p<0.05 vs. control

Effects of cvtoroxic compounds on the expression of VEGF in
/-1 18MG human glioblastoma. VEGF expression in U-
118MG tumors wits investigated hy Western blot analysis, The
levels of VEGF protein were reduced sigmficantly {p<0.05) by
45% In the group receving AN-215 and by 73% in the AN-
238 -reated group. compared to controls {Fig. 2). On the
contrary, the cytotoxae radical AN-201, and mixtures of AN

201 andd bombesin antagonist RC-3095, or somatostatin carrier
RC-121, had no effect on the kevel of VEGE i U-118MG
tumers (Fig, 2),

Modulation of the expression of Bel-2 and Bax proteins
tumory treated with cytotoxic compounds. The levels of Bax
and Bel-2 proteins i U | IBMG wmors were determimed by
Western blot analysis, As shown in Fig. 3. the levels of Bel-2
were significantly {(p<0.08) decreased hy treatment with all
three cytotoxse compounds. AN-215, AN-238 and AN-201,
while the levels of Bax protein were significantly (p<h.5)
mereased by AN-201 und AN-238. Treatment with the eyio-
toxic bombesin analog AN-215 also clevated the Bax protein
levels by 434 but 1his effect was not significant statistically.
In all three groups, the matio of the Bel-2 o Bax proteins, which
15 a parameter of a net apoplotic gan, was about Y% lower
than the control values, indicating the effectiveness of
reatment, No significant effecis on the levels of Bel-2 and
Bax were observed after administration of the mixtures of AN-
201 with RC-3095 or RC-121 (g 1)

Discussion

The presently available treatment modahiues for malgnant
glioblastomas, mcluding surgery combined with radiotherapy
or chemotherapy, are of limited effectiveness (2.9) The
resastance of glioblastoma cells to radio- or chemotherapy is
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among the reasons or the low response tates. To improve the
efficacy ani Tower the toxienty of systemic chemotherapy we
developed targeted cytotoxic analogs of somatpstaun and
hombesin (10,11,13). Previously, we demonstrated the efficacy
of these apatogs on xenogralts of U-87 MG human gho-
blastomi 1n nude mice, which express receptors for both
formuones (8.16), The non-targeted cytomoxic radical,
pyrroline-DOX (AN-201), contained in these conjugates, wis
ineflective, despite the foct that st can kil cells thar ase resistant
1o DOX (8.13.15.16). In these studies, we demonstrated that
the tnereased effectivencss of AN-215 and AN-238 compared
1 AN-201 was due to targeling to receplors for somatostatin
and bombesin expressed on U-R7 MG tumhors. That largeting
resulis i a local accumulation of radiosctivity in the tumors
(241, was demonsirated with radiolabeled bombesin and
somatostiatin analogs i experimental animal models, and n
patients with various bombesin/GRP and somatostatin
receptor positive cangery. Similarly, the targeting ol
cytotgsie conjugates can lead to an mereased concentration
of the cytotoxie agent m umor Hssie

In the present study. we tested the antnumor effects of AN
115 and AN-238 on senngrafts of U-118MG human glio-
hlastoma.  which we found high atfinay receptors for
hombesindGRE and somatostann by ligand competition issays.
Both AN-238 and AN-215 showed a very strong inhibitory
effect on tumor growth, in the first 2.3 weeks ot treatment,
Each analog wis still prexdoeing significant lumor suppression
twi weeks Tater, ot the teemination of the study. [n contrast, 1he
non-taraeted eviotoxie agent, AN-201 and mixtures of AN-201
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with bombesin antagonist RC-30495. or somutostatin
nctapepide RC-160 were meffectve. These results ire similar
1o those obluned previously with the U-87 MG tumors 18,161,
The “straight’ bombesin and somatostatn analogs RC-30m8
and RC-121, respectively, used i the study o the unconjugated
mixtures with AN-201 were administered very low doses
and only ance at the beginming of the study, and therefore
bormonal offects on the tumors were nnt anticipated. 1t hax
been shown previously that hormonal therapy with somato-
statin and bombesin analogs can influence brain wmors, bat
only atter long-1erm administration of high doses of these
pepudes (11,25). No signs of toxicity were observed 1n any of
the treatment growps os determined by measurements of body
weights and WBC counts, demonastrating that the antitumor
effects were obtained without causing u seyere toxicity-related
stress to the animaly,

In this experiment, wnd in the previous work with the U-87
MG nuxlel, we have shown thal the high efficacy of hoth AN-
215 and AN-238 is due 10 a targeted dehivery of the analogs
10 their respective receptors (8.16). To further investigile
the mechanism of action of the cytotoxic peptide analogs, we
evaluated the effects of treatment on the levels of certarm
proteins involved in the growth of ghoblastomas, Neo-
vascutarization plays o erucial role in the development of brain
tumors, and VEGE was peoposed as one of the major Angio-
genie factors mvolved (26). Glioblastomas express high
levels of VEGE, which is often up-regulated during the pro-
gression of the disease (27.28), It was demonstrated that the
inhibition of the expression of VEGF causes a suppression of
lumorigenicity of ghoblastoma cells in immunodeficien:
mice (29}, Thus, in this study we investigated the effects of
AN-Z15 and AN-238 on the expression of the VEGF protesn.
Our results reveal that therapy with AN-215 and AN-238
vauses a significunt reduction in the expression of VEGF
protein i U-LIBMG wimors, indicating that the mechanism
of action of these analogs mvolves the suppression of
angiogenests,

An overexpression of the anti-apoplotc Bl -2 protein his
heen shown 1o enhance cellufar survival by snhzbiing
programmed cell death (300, und the rato of the Bel-2, and pro-
apoptotic Bax protein is positively correlated with o poor
prognosis for patients with beaun tumors (20,21). Because most
chemotherapeutic agents induce cell death through apoptatic
frechanisms (30), we investigated the expression of the Bel-2
and Bax proteins afier therapy with eviotoxic anilogs in
I 18MG tumors. Our results show that admintstration of
targeted cytotoxic analogs AN-21S and AN-238. as well as
eytotoxic radical AN-201 down-regulates the expression of the
Bel 2 profein by about B5%. In addition, the levels of the Bax
protein were significantly increased in the groups trealed with
AN-238 and AN-201, AN-215 also raised the Bax protein level
by 435 but this was not statistically sigmificant. However. the
ratio of the Bel-2 and Bax leyels was reduced in all these
groups by about 90% compared (o cuntrols. A low Bel-2:Bax
ratio is an imdicator of a net apoprotic gain and 4 eooad
prognosss for the patiears (20,21) When AN-201 wus
administered 10 a physical mixture with bambesin antagonist
RC-3095 or sumatostatin octapeptide analog RC-160, different
effects were observed than when AN-201 was ipected alone
As this was noted in the case of both mixtures and in 1wo
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htferent studies with the Bel-2 and (he Bax proteins; we
assume thisgt AN-201 might bave been inagtvisted by RC-3085
e RC 121 in the mexture 1t s conceivable that the fatent
Aldehyde Function w the pyrtoling molety of AN-201 (15)
furmed an aldehvde -ammoma adduct with the free AminG
Zroups present in the two peptides, masking and mactivating
the reactive fuactionality in AN-201,

The fact thal AN-201 had no sigmficant effect on the tumor
volumes und weights indicates that suppression of the Bel-2:
Bax rano alone may aot be enough 1o inhibit the growth of
LETISMG tumoes. While cytotoxie sadical AN-201 had no

effect on the levels of the angiogenic growrh factor, VEGF,

hoth AN-215 and AN-238 significantly suppressed its
expression, The antiangiogenic effects of AN-215 and AN-
238 may he explumed by a direct effect of the analogs on
endathelial cells of new hlnod vessels that express receplony
for somatostatin and binding sites for bombesin (24,31,32)
These results mdicate that targeted cylotosic somatostatin
anulog AN-238 and Bombesin conjugate AN-215, produce an
antungiogenic effect by o down-regulation of VEGE cxpression
s well as & stong decrease in the relative ratio of the apoptotic
proteny Bel-2:Bux teading 1o an inhibition of growth of the
U1 IEMG ghioblastomas

In conclusion, this study in U-118 MG model of gho-
hlastomas xeaopralied into nwde mice extends the findings on
effectiveness of targeted cytotoxic bombesin analog AN-215
and somatestatin analog AN-238 lor therapy of briaun tumaors.
Qur work also shows that the targeted cytotoxac analogs act
by decreasing the lovels of the angiogenic VEGF protein, and
reducing the rano of the apoptotic Bel-2 and Bax proteins. The
results of this study, and our previous nvestigations provide
4 rationale for the use of cytotoxse anulogs AN-215 and/for
AN-238 for the treatment of patients with brain tumors
expressing receplirs for bombesin/GRP and somaiostatin. Both
targeted cytotoxic agents e scheduled for ¢linkeal trials in the
near future.
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