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ABSTRACT

c-Myc is a nuclear protein with important roles in cell transformation,

cell proliferation, and gene transcription. It has been previously shown
that a 14-amino acid (aa) modified peptide (H1-S6A,F8A) derived from
the helix 1 (HI) carboxylic region of c-Myc can interfere in vitro with
specific c-Myc DNA binding. Here, we have linked the above Myc-derived
14-aa peptide to a 16-aa sequence from the third helix of Anlennapedia
(Int). It has been repeatedly reported that this 16-aa Antennapedia peptide

is able to cross mammalian cell membranes and to work as a vector for
short peptides.

Using fluorescent (dansylated or rhodaminated) peptides, we have
shown that the fusion peptide with the Antennapedia fragment (Int-Hl-
S6A,F8A) but not the c-Myc derived fragment alone (H1-S6A,F8A) was
capable of internalization inside MCF-7 human breast cancer cells. Int-
H1-S6A.F8A and H1-S6A.F8A were the only two peptides capable of
inhibiting coimmunoprecipitation of the c-Myc/Max heterodimer in vitro.
We have treated (continuously for 10-11 days) MCF-7 cells with four
different peptides: Int, H1-S6A,F8A, Int-Hl-S6A,F8A, and Int-Hlwt [a
peptide differing from Int-Hl-S6A,F8A by 2 aa (S6 and F8) in the HI
region]. In intact MCF-7 cells, Int-Hl-S6A,F8A was the only active pep

tide capable of inducing the following biological effects: (a) inhibition of
cloning efficiency on plates; (In inhibition of cell growth and induction of
apoptosis in subconfluent/confluent cells; and (c) inhibition of transcrip
tion of two c-Myc-regulated genes (ODC and p53). Int-Hl-S6A,F8A was
active in the 1-10 /i\i range.

Int-Hl-S6A,F8A may represent a lead molecule for peptidomimetic
compounds that have a similar three-dimensional structure but are more

resistant to peptidases and, therefore, suitable for in vivo treatment of
experimentally induced tumors.

INTRODUCTION

Human c-myc is one of the most widely studied proto-oncogenes. It

is the best characterized member of the m\c family, which encodes
short-lived nuclear phosphoproteins of Mr 64.000 and MT67,000 ( 1).
The c-Myc protein plays a central role in the regulation of cell growth

and differentiation (2), and its aberrant overexpression is associated
with carcinogenesis. c-Myc is thought to be involved in transcription
because it has a COOH-terminal basic-helix-loop-helix zipper domain

that is common to a large class of transcription factors (3). Other
proteins involved in the c-Myc network, Max and Mad family mem
bers, are in this category. c-Myc heterodimerizes, in vitro and in vivo,

with Max, its exclusive dimerization partner interacting through the
helix-loop-helix zipper domain (4, 5), whereas the basic region dis-
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plays site-specific DNA binding with the E-box consensus sequence
5'-CACCACGTGGTG-3' (6, 7).

Draeger and Mullen (8) have proposed an approach for interfering
with DNA binding of c-Myc in vitro. They have characterized a short
peptide derived from the HI3 region (H1-S6A.F8A) that interacts with

and alters the DNA binding of a recombinant c-Myc. The mechanism
of inhibition involves the binding of the H1-S6A.F8A peptide with the
COOH-terminal 92 residues of c-Myc. Two aa substitutions (S6A and

F8A) at nonconserved residues confer a greater helicity to this peptide
and increase its heterodimeric interaction with c-Myc (8).

Here, we investigate the ability of this peptide fused to an inter
nalization sequence (Int) derived from the third helix of the Antenna
pedia homeodomain (9) to prevent Myc-Max heterodimerization in

vitro and to translocate through biological membranes in a breast
cancer cell line (MCF-7). Moreover, we demonstrate that this fusion
peptide (Int-H 1-S6A.F8A) but not a fusion peptide without the two aa
substitutions (Int-Hlwt) is capable of inhibiting cell growth of MCF-7
cells and the transcription of two c-Myc-responsive genes that display
c-Myc/Max-binding sites in their promoters.

MATERIALS AND METHODS

Synthesis and Purification of Peptides. The peptides were synthesized
on an Applied Biosystem 430 synthesizer (Foster City, CA) using N-(9-

fluorenyljmethoxicarbony as the protective group for aminic residues and
1-hydroxybenzotriazole, 2-( 1W-benzotriazol-1 -yl)-1,1,3,3-tetramethylurni-um-
hexafluorophosphate. and /V.iV-dicyclohexyl-carbodiimide as activators of car

boxylic residues. Cleavage of peptides from the resin and purification were as
described by De Gioia et al. (10). The peptides were estimated to be >98%
homogeneous by analytical HPLC after purification. The aa sequences and

substitutions in the peptides were as follows: Int, RQIKIWFQNRRMKWKK;
H1-S6A.F8A, NELKRAFAALRDQI; Int-H 1-S6A.F8A. RQIKIWFQNR-

RMKWKKNELKRAFAALRDQI; and Int-Hlwt, RQIKIWFQNRRMK-
WKKNELKRSFEALRDQI. Substituted aa are underlined. In peptide Int-

Hlwt, amino acids S and F, indicated with double underlining, are the two
original aa present in the H l region of human c-Myc.

Investigation of Peptide Internalization with Fluorescent Peptides. Int-
H1-S6A.F8A and H1-S6A.F8A peptides were dansylated (conjugation of a
dansylic group at the COOH-terminal region) and purified by HPLC according
to Salmona et al. (11). Dansylated Int-H 1-S6A.F8A and H1-S6A.F8A (each at

100 JU.M)were incubated for 4 h in the presence of complete medium and
peptidase inhibitors (aprotinin. 1 pig/ml: leupeptin. 10 /Â¿g/ml).The cells were
examined with a Zeiss Fluorescence Microscope using a lamp IOOW (HBO
100W/2 OSRAM), an excitation cutoff at 365 nm. an emission cut-on at 395

nm, and a X40 Zeiss Neofluar objective.
lnt-Hl-S6A.F8A and H1-S6A.F8A peptides were also rhodaminated (con

jugation of a rhodamine B group at the NH,-terminal region) and purified by

HPLC by the Company TIB MOLBIOL (Genoa, Italy; purity. >90%). The
terminal COOH group was amidated.

Rhodaminated Int-Hl-S6A.F8A and H1-S6A.F8A (each at 10 JAM)were

' The abbreviations used are: HI, helix 1: aa, amino acid(s); HPLC, high-performance
liquid chromatography; GST, glutathione S-transferase: DAPI. 4'.6-diamidino-2-phe-

nylindole: RT-PCR. reverse transcriptase-PCR; ODC. ornithine decarboxylase; GAPDH,
glyceraldehyde-3-phosphate-dchydrogenase.
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incubated for 4-6 h in the same experimental conditions described above. The
excitation cutoff was at 543 nm, and the emission cut-on was at 580 nm.

Preparation of MycC92 and MaxC124. The plasmids pGEX 2T and
pGEX 3X for overexpression of MycC92 (COOH-terminal 92 aa) and
MaxC124 (COOH-terminal 124 aa). were a gift from Dr. K. Blackwell (Center

for Blood Research of Massachusetts, Boston, MA).
GST-MycC92 fusion protein and GST-MaxC124 fusion protein were over-

expressed in the BL21 Escherichia coli cell line at 37Â°Cby induction with

isopropyl-ÃŸ-D-thiogalactoside (0.5 mM) after growing the cells to an AHmnmof

0.8. The fusion proteins were purified from bacterial lysates by affinity
chromatography using glutathione-Sepharose 4B.

Coimmunoprecipitation Analysis. GST-MycC92 and GST-MaxC124

proteins were used in the Coimmunoprecipitation analysis with the peptides
described above. Ten fig of proteins in the presence of 15 /J.Mof peptides were
mixed and diluted in 150 /il of ice-cold PBS containing either anti-Max
polyclonal C-17 antibody or the control anti-CDC2p34 polyclonal antibody
(H-297; 2 fig for each probe, both from Santa Cru/ Biotechnology). Samples
were rotated at 4Â°Covernight, and 20 n\ of protein A-Sepharose beads (Santa
Cruz Biotechnology) were added for another 2 h at 4Â°C.Subsequently. Sepha-

rose beads were sedimented and washed 5 times in 1 ml of PBS. Immunopre-
cipitates were analyzed by SDS-PAGE (12%), transferred onto a nitrocellulose
filter, and probed with anti-Myc monoclonal (9E10) antibody (Santa Cruz

Biotechnology). 9E10 antibody was revealed with a secondary horseradish
peroxidase-conjugated polyclonal rabbit antimouse antibody (ECL detection;
Amersham International. Buckinghamshire. England). Five fig of GST-
MycC92 were also loaded directly on a SDS-polyacrylamide (12%) gel,

together with molecular weight markers (ICN Biomedicals, Opera (Milan),
Italy). GST-MycC92 is indicated in Fig. 5 (arrow). As expected, the M, is
-37,000.

Survival Studies. MCF-7 cells (human breast carcinoma) were obtained

from American Type Culture Collection (Manassas, VA) and maintained in
RPM1 1640 supplemented with 10% PCS (Life Technologies, Inc.) and 10 mM
glutamine. Growth inhibition was tested by colony formation assay. Cultures
were trypsinized for 3 min and an essentially monocellular suspension was
obtained by passing the trypsinized cells through a 25-gauge needle. MCF-7
cells (2 X 10'Vwell) from an exponentially growing culture were plated in

triplicate in six-well tissue culture plates, 24 h before the first treatment. Cells

were exposed to different concentrations of peptides for a total of three
treatments at days 1, 4, and 7. At each treatment, the medium was substituted
with fresh medium. Colonies were stained with orcein and counted 11 days
after seeding. Colonies containing >100 cells were scored at X 10 magnifica
tion using a dissecting microscope. Each experimental point was determined in
triplicate with three replicate controls; these experiments were repeated at least
twice.

Growth curves of treated and control cells, seeded at 2 X IO4 cells/well

(<Â£= 3.5 cm) and treated as above, were obtained by means of an hemocy-

tometer count and the trypan blue dye exclusion test. Cells were counted daily.
Flow Cytometry and Microscopic Analysis. Cells (1.2 x 10') in expo

nential growth were seeded in an area of 78.5 cm2 ( 1500 cells/cm2), and treated

at days 1, 4, and 7 after seeding with 10 UM lnt-HI-S6A.F8A. Int-Hlwt, Int.
and H l -S6A.F8A peptides; untreated cells were used as a control. At day 8. the

floating cell fractions were collected by mild centrifugation, whereas adherent
cells were gently trypsinized, harvested, and collected by centrifugation for
DNA content analysis. The cells were fixed and. after staining with propidium
iodide, were subjected to analysis by a fluorescence-activated cell sorting

analyzer (Coulter). To evaluate nuclear morphology of treated cells in respect
to controls, microscopic slides of cells treated as above were obtained. Briefly,
collected cells were cytocentrifuged. fixed on slides with 70% ethanol, air-

dried, and then stained with DAPI (0.5 fig/ml). After two to three rapid washes
in PBS. coverslips were mounted with Mowiol 4-88 (Hoechst, Frankfurt/

Main, Germany) and observed in a Zeiss Photomicroscope III equipped for
epifluorescence (Carl Zeiss, Oberkochen. Germany). Fluorescent images were
recorded on Kodak films. In each experiment, we counted 100 cells/slide (three
different slides). Independent experiments were performed in triplicate (blind
observations).

RT-PCR Analysis. The mRNA from treated or untreated cells was isolated

using the QuickPrep Micro mRNA Purification Kit (Pharmacia) and quantified
spectrophotometrically. About 1(X) ng of mRNA from each sample were
reverse-transcribed in a 20-fil volume reaction using oligo(dT)s as primers and
following manufacturer's instructions (Gene Amp RNA PCR Kit; Perkin-

Elmer). The primers used for ODC (sense, 5'-GAG CAC ATC CCA AAG
CAA AGT-3'; antisense, 5'-TCC AGA GTC TGA CGG AAA GTA-3')
amplified a fragment of 364 bp (12, 13); the primers for p53 (sense, 5'-ATT
TGA TGC TGT CCC CGG ACG ATA TTG AAC-3': antisense, 5'-ACC CTT
TTT GGA CTT CAG GTG GCT GGA GTG-3') amplified a fragment of 900
bp (14. 15); and the primers for GAPDH (sense. 5'-GGTCAT CCC TGA GCT
GAA CG-3'; antisense, 5'-TTC GTT GTC ATA CCA GGA ATT G-3')

amplified a region of 295 bp. The PCR was carried out in a 100 Â¿Â¿1volume
containing 0.5 /Â¿Meach oligodeoxynucleotide primer. 200 /XMeach dNTP. 1.5
mM magnesium chloride, and 2.5 units of Taq polymerase (Perkin-Elmer). The
samples were processed in a 2400 thermal cycler (Perkin-Elmer) through 26
cycles consisting of 30 s at 94Â°C(denaturation). 30 s at 57Â°Cfor ODC. 65Â°C
for p53. 58Â°Cfor GAPDH (annealing), and 1 min at 72Â°C(elongation). The

amplification products (15 ;ul) were analyzed by electrophoresis on a 1.5%
agarose gel stained with ethidium bromide.

RESULTS

The dansyl group was a weak fluorescent chromophore, and we
were forced to work at 100 /AMconcentrations. Cells incubated with
100 JU.MInt-Hl-S6A,F8A dansylated peptide were often found to be

less dispersed on the plastic and more rounded, a possible indication
of short-term toxic effects. They tended to show a much stronger
fluorescence than did cells incubated with 100 Â¡IMH1-S6A.F8A

peptide. Fluorescence was initially more intense in the cytoplasm and
gradually involved the nuclear area as well. With the H1-S6A.F8A

dansylated peptide, the much weaker fluorescence tended to remain
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Fig. 1. Cell growth inhibition of MCF-7 cells exposed to Int-H I-S6A.F8A (A), Ini (B). and H1-S6A.F8A (O peptides 1 day after cell seeding. Cells were treated with the peplides

on days 1, 4, and 7. Colonies were counted 11 days after seeding. The results reported in the figure arc the average of two independent experiments performed in triplicate. Columns,
percentages of the cloning efficiencies measured in conlrol cells; bars. SD.
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Fig. 2. Cell growth inhibition of MCF-7 cells exposed to Int-Hlwt and Int-H 1-
S6A.F8A pcptidcs. starting 1 day after cell seeding. Cells were treated with the peptides
on days I. 4. and 7. Colonies were counted 11 days after seeding. The results reported in
the figure are the average of two independent experiments performed in triplicate.
Columns, percentagesof the cloning efficiencies measured in control cells: burn. SD.

confined to the cytoplasmic area. Overnight incubation in the same
experimental conditions gave the same type of results. The fluores
cence of rhodaminated peptides was much stronger than the fluores
cence of dansylated peptides. It was, therefore, easy to work at 10 /MM
concentrations. The different behavior of the two peptides was even
more clear-cut, and at 10 /Â¿M.no evident morphological alterations of
the fluorescent cells incubated with rhodaminated Int-Hl-S6A,F8A

were observed.
Cell growth inhibition of the H1-S6A.F8A peptide fused to the

internali/.ation sequence of Antenna/ledici (Int) was determined by the
colony formation assay. MCF-7 cells were treated at days 1, 4, and 7
after cell seeding with 1, 3.16, and 10 /MMInt-Hl-S6A,F8A. Hl-
S6A.F8A, Int. and Int-Hlwt peptides (see "Materials and Methods").

As shown in Figs. 1 and 2, peptide Int-Hl-S6A,F8A but not peptides
Int, H1-S6A.F8A, and Int-Hlwt was able of inducing a strong inhi

bition of cloning efficiency. At a concentration of 10 /MM.cloning
efficiency was inhibited at the level of 91.3 or 94.5%, as measured 11
days after seeding (results of two independent experiments, each
performed in triplicate). The response was concentration dependent
and the ICS(,calculated for Int-Hl-S6A,F8A peptide was 5.9 /MM.The
activity of Int-H l -S6A.F8A peptide was not due to the sum of the two

separate peptides, which remained totally inactive (data not reported).
It was specific for Int-H l -S6A.F8A peptide because Int-H 1wt also did

not influence cell growth.
Growth curves of treated cells are reported in Fig. 3: they show a

significant reduction of growth of Int-H l-S6A,F8A-treated cells in
respect to an untreated control cell population and Int-H Iwt-treated
cells. During the first 6-7 days, the growth rate was similar for control

cells, cells treated with the inactive peptide, and cells treated with the
active peptide, but after about 9-10 days of incubation, cells treated
with Int-H 1-S6A.F8A peptide reached a saturation density about half
(~62,000/cm2) the saturation density reached by control cells or cells

treated with the inactive Int-Hlwt peptide (~115,000/cnr).
We had noticed that, ~8 days after seeding and subsequent treat

ments with peptide Int-H 1-S6A.F8A, a significant number of cells

were present floating in the supernatant. We performed, therefore, the
following experiment: 120,000 cells were seeded at day O in a 10-
cm-diameter Petri dish (~1500 cells/cm2). We grew control cells and

cells treated at days 1, 4, and 7 with four peptides: Int, H1-S6A.F8A,
Int-Hlwt, and Int-H 1-S6A.F8A. For all of them, we used a 10 JU.M

concentration. Eight days after seeding and treatment, in control cells
we counted 2.3 X IO6 cells (~29,000/cm2, average count of two

independent homogeneous experiments), and practically 100% of the
cells were adherent to the plastic. In cells treated with the Int-H 1-
S6A.F8A peptide, we counted 1.1 x IO6 cells (-14,000/cnr) adher

ent to the plastic, but we could also count 0.3 X IO6 cells floating in

the supernatant (â€”27% floating cells and â€”¿�73%adherent cells; al

ways the average count of two homogeneous independent experi
ments). This growth rate approximately corresponds to the growth rate
illustrated in Fig. 3 (in which we had seeded initially â€”¿�2000cells/
cm2). At day 8. after seeded MCF-7 control cells had made â€”¿�4.3

doublings, MCF-7 Int-H l-S6A.F8A-treated cells had made approxi

mately 3.6 doublings (not considering that additional floating cells
could have disintegrated in the supernatant). In both cases, these
values are clearly below the maximum saturation densities observed
in Fig. 3, for control and Int-H l-S6A,F8A-treated cells, respectively.

In exactly the same experimental conditions described above, we
examined adherent and floating cells by flow cytometry DNA anal
ysis. All these experiments were performed in triplicate. The results
obtained are shown in Table 1 and Fig. 4. Only when cells were
treated with peptide Int-H 1-S6A.F8A could floating cells be counted

in the supernatant. In all five cases, when adherent cells were exam
ined, a negligible amount of hypodiploid cells could be observed, and
cell cycle distribution was not significantly changed. In the case of
Int-Hl-S6A,F8A peptide, in which 25-30% of the cells could be

found in the supernatant, a very high number of hypodiploid cells or
fragments was counted by flow cytometry (â€”48%). For the remaining
â€”¿�52%of nonhypodiploid cells, the G,-S/G,-M distribution was not

significantly different from the cell cycle distribution of the adherent
cells (all five different situations shown in Table 1). In Fig. 4, we
report the results of the flow cytometry analysis from a typical
experiment, which is one of the three independent experiments con
sidered in Table 1.

The nuclear morphology of adherent and floating cells, after treat
ment with different peptides, was examined by staining with DAPI
(see "Materials and Methods"). The results obtained are shown in

Table 2. In adherent cells, the number of morphologically apoptotic
cells was always almost negligible, without significant differences
among untreated cells and cells treated with the different peptides, as
listed in Table 2. In the case of floating cells, their percentage was
dramatically elevated for Int-Hl-S6A,F8A-treated cells (see also Ta

ble 1). However, when we looked at the qualitative morphology of

1200

Time (Days)
Fig. 3. Growth curves of MCF-7 cells exposed to IO /AM lnt-HI-S6A,F8A and

Int-Hlwt peptides. Cells were treated with the peptides on days I. 4. and 7. The
experiment was repeated twice in triplicate. X. untreated: O. Int-H 1 wt: â€¢¿�.Int-H I-
S6A.F8A.
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Table 1 Cell cycle distribution of control ami peplide-treated (IO Â¡utat days I. 4. and
7) cells, examined at dav 8 bv flow c\'tomt>Iry DNA analysis

Hypodiploid(<7r)Control"Int"H1-S6A.F8A"Int-Hlwt"Int-HI-S6A.F8A(adherent

fraction,â€”¿�73%)Int-Hl-S6A.F8A(floating

fraction, -27%)1.631.611.81.51.048.3Â±Â±Â±Â±Â±Â±0.20.010.170.280.27.6G,61.760.962.256.562.427.7(%)

S (%) G2/M(%)Â±Â±Â±Â±Â±Â±9.19.09.32.68.53.2212220.125.320.513.6Â±Â±Â±Â±Â±Â±7.27.27.41.16.22.015.615.515.816.615.510.3Â±

2.0Â±
2.3Â±
1.8Â±2.0Â±2.3Â±5.19

" No measurable number of cells floating in the supernatant.

cytocentrifuged floating cells, we could notice that, even in the case of
inactive peptides (Int and H1-S6A.F8A) and control cells, the very

few floating cells were always significantly altered in morphology.
The drift toward a clear apoptotic nuclear morphology (areas of
condensed chromatin at the periphery of the nucleus with margins still
recognizable or chromatin granules in a nuclear area with margins not
clearly detectable) was much more dramatic for Int-Hl-S6A,F8A-

treated cells, as expected (Table 2).
To test the efficacy of our peptides to prevent Myc-Max interac

tions and, thus, influence the transcriptional activity of Myc, we
performed coimmunoprecipitation experiments (Fig. 5). GST-
MycC92 and GST-MaxC124 proteins were expressed in E. coli and
isolated with glutathione cross-linked-beaded agarose. An equimolar
(6.5 /XM)mixture of GST-MycC92 and GST-MaxC124 proteins was
incubated overnight in the presence of peptides and then coimmuno-
precipitated with anti-Max antibody. We found that GST-MaxC124
associated with GST-MycC92 protein. We found that Myc-Max com

plexes were recovered equally in the absence (Lane I) or presence
(Lane 3) of Int peptide or Int-Hlwt peptide (Lane 5). Stability of

Myc-Max complexes was much weaker in the presence of Int-Hl-
S6A,F8A peptide (Lane 2) or H1-S6A.F8A peptide (Lane 4). In all

cases, peptide concentration was 15 JUM.We could not see any
GST-MycC92 after using control unrelated CDC2p34 antibody (Lane

6). This experiment was repeated three times with similar results.
We also investigated the more direct effect of Int-Hl-S6A,F8A on

the transcription of c-Myc-dependent genes. The ability of Int-Hl-

S6A,F8A peptide to inhibit specifically the transcriptional activity of
c-Myc was evaluated by assaying the mRNA expression of some
genes known as direct targets of c-Myc. c-Myc-responsive genes
include ODC and p53 tumor suppressor gene, both displaying c-Myc/
Max-binding sites in their promoters (12-14). MCF-7 cells were
treated with 10 JUMInt-Hl-S6A,F8A, H1-S6A.F8A, Int, and Int-Hlwt

Table 2 Morphological evaluation hy DAPI staining of apoplosis: evaluation of
nuclear morpholog\ of MCF-7 cells treated (under the same conditions as those in

Table I) with different peptides
Each value, expressed in arbitrary units, is the mean Â±SD of three determinations.

Normal nuclear Slightly altered Apoptotic nuclear
Type of treatment morphology nuclear morphology morphology

Int-Hl-S6A,F8(adherent)Int-Hl-S6A.F8A
(floating)"Int

(adherent)Int
(floating)"H1-S6A.F8A
(adherent)H1-S6A.F8A
(floating)"Untreated

cells(adherent)Untreated
cells (floating)"96.517.793.547.493.649.296.02.121.410.5321.253.5811.541.2667.2Â±6.7027.73.746.05.444.43.729.3Â±

2.12Â±0.41Â±

17.92Â±
3.30Â±8.99Â±

1.19Â±
8.343.554.62.86.61.06.40.31.413.530.153.330.465.510.083.6Â±3.10

"As already indicated in Table 1. although, in the case of Int-Hl-S6A.F8A-treated
cells. 25-30% of the cells were floating in the supernatant and could be sedimented and
counted: it was not possible to sediment and count the percentage of floating cells in the
case of Int- and HI -S6A.F8A-treated and control cells. However, even in these last three
cases, it was possible to cytocentrifuge small numbers of floating cells and analyze their
morphology.

00042835.HB4 FL3 PBBODIb C 06042936. HM FL3 PftBODlb INT Hl MMHHT

W
t

g
a
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l'
Ã¼

40.

Fig. 4. An example of the flow cytometry anal
ysis described in Table I. A, control cells, ÃŸ,Int-
Hl-S6A,F8A-treated adherent cells. C Int-HI-
S6A,F8A-treated floating cells. A. hypodiploid
cells. 1.6%;G,, 58.3%; S, 30.3%: G,-M, 11.4%.B,
hypodiploid cells. 1.8%: G,. 57.5%: S, 27.0%;
G2-M, 15.5%. C hypodiploid cells, 49.6%; G,,
26.4%; S. 12.3%: G,-M, 11.7%.
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Fig. 5. Coimmunoprecipitation of GST-MycC92 and GST-MaxC!24 proteins with

Max specific antibody. The ge! (transferred on a nitrocellulose filter) was immunoblotted
using as a prohe an anti-Myc monoclonal antibody (see "Materials and Methods"). Lane

1. Myc + Max complex: Lane 2, Myc + Max complex incubated with Int-H 1-S6A.F8A;

Lune 3. Myc + Max complex incubated with Ini; Lane 4. Myc + Max complex incubated
with H1-S6A.F8A: Lane 5. Myc + Max complex incubated with Int-Hlwt: Lane 6,
Myc + Max complex coimmunoprecipetaled with anti-CDC2p34 unrelated antibody;
Lane 7, GST-MycC92 protein loaded directly on the gel. Right. GST-MycC92 protein was
run on the same type of SDS-polyacrylamide (12%) gel, together with molecular weight

markers (Coomassie blue staining).

peptides for 16 and 48 h. Expression levels of ODC and p53 mRNAs
from treated and untreated cells were determined by RT-PCR analy
sis. Although Int-Hl-S6A,F8A led to a strong decrease in mRNA
expression of ODC and p53 48 h after treatment (Fig. 6), Hl-

S6A.F8A and Int peptides alone did not show any inhibition of
transcriptional activity of c-Myc (Fig. 6). We obtained the same
negative results with Int-Hlwt peptide (Fig. 6). The protocol for
RT-PCR was designed to measure the levels of ODC and p53 relative

to the expression of the endogenous internal standard gene CAPDH in
a linear region. GAPDH mRNA levels were totally unaffected by the
four peptides (Fig. 6). This experiment was repeated three times with
similar results.

DISCUSSION

Cell cycle progression and cellular transformation induced by c-

Myc depend on its heterodimerization with Max and on DNA binding,
strongly suggesting that transactivation of target genes is a prerequi
site for its transforming abilities (12-16). Consequently, the inhibition
of c-Myc transcriptional activity seems to be a powerful method of

inhibiting proliferation of cancer cells. It appears to be of great
importance for the future development of new useful drug-like mol

ecules, which could be more efficient alternatives to the use of
antisense oligonucleotides.

It has been shown, in several different experimental conditions, that
proliferation of MCF-7 cells is linked with levels of c-Myc expression

(17).
Draeger and Mullen (8) have assayed in vitro HI and leucine zipper

peptides from the basic helix-loop-helix zipper domain of c-Myc and

Max as potential inhibitors of c-Myc DNA binding. H1-S6A,F8A
peptide from the HI of c-Myc with two aa substitutions (Hl-

S6A.F8A) was found to inhibit DNA binding in vitro, with a mech
anism revealing a correlation between helicity and inhibition. The
same authors did not observe a complete displacement of recombinant
c-Myc from DNA by the substituted peptide, indicating that the
Hl-S6A,F8A-Myc complex probably maintained a reduced but not

null affinity for the specific DNA sequence.
Using recombinant c-Myc and Max proteins, we were able to show,

in Coimmunoprecipitation experiments, that both Int-Hl-S6A,F8A
and H1-S6A.F8A but not Int and Int-Hlwt were able to inhibit
Myc-Max interaction. A 15 JUM concentration of both Int-H 1-
S6A,F8A and H1-S6A.F8A peptides could completely inhibit Myc-

Max Coimmunoprecipitation, whereas at the same concentration, both
Int and Int-Hlwt were completely inactive.

We wanted to verify if the Int peptide from Antennapedia was
working as an internalization vector for H1-S6A,F8A peptide, as
described by several authors for other fusion peptides (18-21). We

used peptides made fluorescent by the addition of a dansylic group at
the COOH-terminal region or, alternatively, a rhodamine B group at
the NH2-terminal region. As reported in "Results," for both types of

fluorescent probes, Int-Hl-S6A,F8A was capable of entering the
incubated cells much more easily than H1-S6A.F8A, thus confirming,
even in our case, what had been already reported for different Anten-

napedia fusion peptides of similar size.
To better understand the mode of action of Int-H l -S6A.F8A pep

tide, we have investigated whether the growth inhibition effect shown
by colony formation assay and growth curves was due to a specific
decrease of the transcriptional activity of c-Myc protein or to other

aspecific events occurring after peptide treatment.
It is known that ODC. a gene encoding a rate-limiting enzyme in

the synthesis of polyamines, is regulated by c-Myc in vivo via an
E-box sequence (13). Another gene displaying a c-Myc/Max consen

sus binding sequence in its promoter is the tumor suppressor gene p53
(14). To characterize the inhibition mechanism of Int-H 1-S6A,F8A

peptide, the expression levels of mRNAs from ODC and p53 were
analyzed and compared with the expression of a gene not regulated by
c-Myc (GAPDH). GAPDH mRNA levels were totally unaffected by
the four peptides Int, Int-Hl-S6A,F8A, H1-S6A.F8A, and Int-Hlwt

(Fig. 6). The results demonstrated that there is a marked inhibition of
ODC and p53 mRNA expression only after treatment with Int-H 1-
S6A.F8A peptide but not Int or H1-S6A.F8A, excluding the possibil
ity that the two separated peptides (Int or H1-S6A.F8A) may have any

biological effect on this cellular system. Additional experiments were

1 2 3 456 7 8 9 10 11

Fig. 6. RT-PCR analysis of MCF-7 cells untreated

(Lanes I. 4. and 7) or treated for 16 h (Lune 2) or
48 h (Lane 3) with IO UM Int-Hl-S6A.F8A; for 16 h
(Lane 5) or 48 h (Lane 6} with 10 U.M Int-Hlwt

peptide; for 16 h (Lane 8) or 48 h (Lane 9) with 10
JIM Int peptide; or for 16 h (Lane 10) or 48 h (Lane
11) with 10 UM H1-S6A.F8A peptide. The experi

ments were repeated at least three times with very
similar results.

ODC

364 bp

p53

900 bp

GAPDH

295 bp
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done to verify whether the decrease of the c-Myc-related genes
expression was due to a specific inhibition of c-Myc transcriptional
activity or to other events occurring after Int-Hl-S6A,F8A peptide

treatment, able to interfere with the cell cycle regulation mechanisms
through an indirect, non-c-Myc-specific effect. To this purpose, we
repeated the same experiments with an Int-Hlwt peptide without aa

substitutions, and this peptide was inactive in cell survival experi
ments and in Myc-related gene expression. In conclusion, the inhibi
tion of c-Myc transcriptional activity was evident 48 h after treatment
with the active peptide. Int, H1-S6A.F8A, and Int-Hlwt appeared

completely inactive.
Cell growth inhibition experiments of the Int-Hl-S6A,F8A peptide

on MCF-7 cells did not reveal any massive and rapid toxic effect
except for high concentrations of peptide: with 50 JUM Int-Hl-

S6A,F8A, we obtained a survival fraction of 32%, compared with
controls, already 72 h after treatment (data not shown). With more
moderate concentrations (between 1 and 10 /MM),we could observe,
instead, a dramatic loss of cloning efficiency. A clearly reduced
"saturation density" was also observed after a prolonged treatment,

with a concentration of active peptide of 10 P.M.These data seem to
indicate a partial reversion of the malignant phenotype or, at least, a
decrease of malignancy, rather than a gross toxic effect (like chemo
therapy) of the active peptide. Our experiments on the mode of action
of Int-Hl-S6A.F8A, i.e., coimmunoprecipitation and specific inhibi
tion of transcriptional activity of c-Myc, are in agreement with a role
of Int-Hl-S6A,F8A in reverting the characteristics of malignant phe
notype via its specific interference in c-Myc/Max complex formation.
Even in terms of cloning efficiency and inhibition of growth, Int-Hl-

S6A,F8A was again the only active peptide. Especially interesting
were the results observed 8 days after a continuous treatment of
exponentially growing cells. Only cells treated with the Int-Hl-

S6A.F8A peptide showed a significant percentage of floating cells
(â€”30%), and of these floating cells, â€”¿�50%appeared to be apoptotic

cells. That c-Myc inhibition has only a delayed (not abrupt) effect on

cell growth was observed also by Leonetti et al. (22), treating human
melanoma cell lines with antisense oligonucleotides for 4 days. Some
other peptide-derived molecules that display antiproliterative effects

have already been described. Using short peptides derived from
pl6CDKN2/INK4A (^ j^WAF. (,g Â¿Q^ QJ. p53 (21)> other aMhms

have reported an inhibition of cell cycle progression in different cell
line systems. In all cases mentioned above, the range of biologically
active potency (between 20 and 40 JU.M)was slightly higher than the
one observed in our experiments.

In conclusion, we have shown that the modified peptide Hl-

S6A,F8A, linked to an internalization sequence from Antennapedia,
was able to specifically block Myc-Max interaction in vitro, c-Myc

activity as a transcription factor, and, consequently, cell growth in the
MCF-7 cells, a breast cancer cell line that is known to be c-Myc
dependent for growth and proliferation (17). Int-Hl-S6A,F8A but not
Int-Hlwt was able to inhibit cell proliferation and the activity of
c-Myc as a transcription factor.

Int-Hl-S6A,F8A-derived peptide-like molecules, maintaining a

similar tridimensional structure but resistant to the peptidases and,
perhaps, more potent on a molar basis, could have antineoplastic
properties in cancer diseases aberrantly expressing c-Myc or in dis

eases in which expression is important for cell proliferation.
An example of a three-dimensional structure that could be similar

to our Int-Hl-S6A,F8A peptide but resistant to the peptidases could be
a retro-inverso peptide (a peptide consisting of D-forms of aa in the

inverted order: Refs. 23 and 24).

ACKNOWLEDGMENTS

We are grateful to G. Frigerio for skillful secretarial assistance. The primers
for p53 amplification were kindly provided by Dr. A. Inga.

REFERENCES

1. Hann, S. R., King. M. W.. Bentley, D. L.. Anderson. C. W., and Eisenman. R. N. A
non-AUG translational initiation in c-myc Exon l generates an N-terminally distinct
protein whose synthesis is disrupted in Burkitt's lymphomas. Cell. 52: 185-195.

1988.
2. Meichle. A.. Philipp. A., and Eilers. M. The function of Myc proteins. Biochim.

Biophys. Acta, II14: 129-146, 1992.
3. Landschulz. W. H.. Johnson, P. F.. and McKnight, S. L. The ieucine zipper: a

hypothetical structure common to a new class of DNA binding proteins. Science
(Washington DC). 240: 1759-1764. 1988.

4. Blackwood. E. M.. and Eisenman, R. N. Max: a helix-loop-helix zipper protein that
forms a sequence-specific DNA-hinding complex with Myc. Science (Washington
DC). 251: 1211-1217. 1991.

5. Blackwood. E. M., LUscher. B.. and Eisenman, R. N. Myc and Max associate in vivo.
Genes Dev.. 6: 71-80. 1992.

6. Blackwell. T. K.. Kretzner. L.. Blackwood, E. M., Eisenman. R. N.. and Weintraub.
H. Sequence-specific DNA binding by the c-Myc protein. Science (Washington DC).
250: 1149-1151, 1990.

7. Blackwell, T. K., Huang. J., Ma, A.. Kretzner. L., Alt, F. W., Eisenman. R. N., and
Weintraub. H. Binding of Myc proteins to canonical and noncanonical DNA se
quences. Mol. Cell. Biol.. 13: 5216-5224, 1993.

8. Draeger. L. J., and Mullen, G. P. Interaction of the bHLH-zip domain of c-Myc with
Hl-type peplides. J. Biol. Chem., 269: 1785-1793, 1994.

9. Derossi, D., Joliot. A. H.. Chassaing, G.. and Prochiantz. A. The third helix of the
Anteniiiipeiliti homeodomain translocates through biological membranes. J. Biol.
Chem.. 269: 10444-10450, 1994.

10. De Gioia. L.. Selvaggini. C.. Ghibaudi. E.. Diomede. L.. Bugiani. O., portoni. G..
Tagliavini. F.. and Salmona. M. Conformational polymorphism of the amyloidogenic
and neurotoxic peptide homologous to residues 106-126 of the prion protein. J. Biol.
Chem., 269: 7859-7862. 1994.

11. Salmona. M.. Mussini, E., Pocchiari. F.. and Beggolin, G. Determination of dipep-

tides in protein hydrolyzates for total parenteral nutrition. J. Chromatogr.. 246:
334-339, 1982.

Mori, M., Honda, M., Shibuta, K.. Baba, K., Nakashima. H.. Haraguchi. M.. Koba, F.,
Ueo, H., Sugimachi, K.. and Akiyoshi, T. Expression of ornithine decarboxylase
mRNA in gastric carcinoma. Cancer (Phila.), 77 (Suppl.): 1634-1638, 1996.
Bello-Fernandez. C, Packhan. G.. and Cleveland. J. L. The omithine decarboxylase
gene is a transcriptional target of c-Myc. Proc. Nati. Acad. Sci. USA. 90: 7804-7808,

1993.
Roy, B.. Beamon. J.. Balint. E.. and Reisman. D. Transactivation of the human p53
tumor suppressor gene by c-Myc/Max contributes to elevated mutant p53 expression
in some tumors. Mol. Cell. Biol.. 14: 7805-7815, 1994.

Flaman, J. M.. Frebourg. T., Moreau, V.. Charbonnier. F., Martin, C., Chappuis. P..
Sappino, A. P.. Limacher, J. M.. Bron, L.. Benhattar. !.. Tada. M.. Van Meir, E. G.,
Estreicher, A., and Iggo, R. D. A simple p53 functional assay for screening cell lines,
blood, and tumors. Proc. Nati. Acad. Sci. USA, 92: 3963-3967. 1995.
Amati, B.. Brooks, M. W., Levy, N., Littlewood, T. D., Evan. G. I., and Land. H.
Oncogenic activity of the c-Myc protein requires dimerization with Max. Cell. 72:
233-245, 1993.
Nass. S. J.. and Dickson R. B. Defining a role for c-Myc in breast tumorigenesis.
Breast Cancer Res. Treat., 44: 1-22, 1997.
Benfanti, M.. Taverna. S.. Salmona. M., D'Incaici, M., and Broggini. M. p21WAF1-

derived peptides linked to an internalization peptide inhibit human cancer cell growth.
Cancer Res., 57: 1442-1446, 1997.
Fahraeus. R.. Paramio. J. M.. Ball, K. L.. Lain, S., and Lane, D. P. Inhibition of pRb
phosphorylation and cell-cycle progression by a 20-residue peptide derived from

CDKN2/.NK4A Cm BM g. g4_9, , Q%

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

pl6C

Ball, K. L., Lain, S., Fahraeus, R.. Smythe. C., and Lane, D. P. Cell-cycle arrest and
inhibition of Cdk4 activity by small peptides based on the carboxy-terminal domain
of p21WAFI. Curr. Biol., 7: 71-80, 1996.

Selivanova. G.. lotsova, V., Okan. !.. Pritsche. M.. Strom. M.. Groner. B.. Grafstrom,
R. C., and Wiman K. G. Restoration of the growth suppression function of mutant p53
by a synthetic peptide derived from the p53 C-terminal domain. Nat. Med., 3:
632-638, 1997.

22. Leonetti, C., D'Agnano. !.. Lozupone, F., Valentini. A., Geiser, T.. Zon. G.,

Calabretta, B., Citro, G.. and Zupi, G. Antitumor effect of c-myc antisense phos-
phorothioate oligodeoxynucleotides on human melanoma cells in vitro and in mice.
J. Nati. Cancer Inst. (Bethesda), 88: 419-429. 1996.

23. Cannona, A. K.. and Juliano. L. Inhibition of angiotensin convening enzyme and
potentiation of hradykinin by retro-inverso analogues of short peplides and sequences
related to angiotensin I and bradykinin. Biochem. Pharmacol., 51: 1051-1060. 1996.

24. Benkirane, N.. Guichard. G.. Van Regenmortel. M. H., Briand. J. P., and Muller. S.
Cross-reactivity of antibodies to retro-inverso peptidomimetics with the parent protein
histone H3 and chromatin core particle. Specificity and kinetic rale-constant meas
urements. J. Biol. Chem., 270: 11921-11926. 1995.

3659

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/16/3654/2467455/cr0580163654.pdf by guest on 19 M

ay 2023




