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Inhibition of puromycin-induced apoptosis in breast cancer cells by IGF-I
occurs simultaneously with increased protein synthesis”
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The objective of the following work was to study the apoptosis inducing effect of puromycin in MCF-7 breast cancer cells
and compare this effect with cycloheximide and emetine, 2 other inhibitors of protein synthesis. We also wished to
investigate if the apoptosis modulating effect of insulin-like growth factor-1 (IGF-I) was similar for the 3 inhibitors.

An immunological assay, quantifying mono- and oligonucleosome fragments and morphological criteria after nuclear
staining, were used to study apoptosis. Protein synthesis was measured by incorporation of *H-leucine in the cells, and
solution hybridization and Western blot were performed to estimate IGF-I receptor m-RNA and IGF-I receptor protein
respectively.

Puromycin at 0.5 pg/ml induced a high level of apoptosis in MCF-7 breast cancer cells, although there was still a non-
negligible amount of synthesized protein. In the case of cycloheximide and emetine, apoptosis occured when protein
synthesis was almost completely blocked. IGF-I at a concentration of 10 ng/ml significantly reduced the level of apoptosis
induced by puromycin, emetine, or cycloheximide. We also noticed a parallel increase in *H-leucine incorporation when
apoptosis induced by puromycin was lowered as an effect of IGF-I, in contrast to cycloheximide and emetine where IGF-
I reduced the apoptosis level without increasing the *H-leucine incorporation. At a higher concentration of puromycin
(5.7 pg/ml), which blocked protein synthesis, IGF-I at 10 ng/ml did not reduce apoptosis. The level of IGF-I receptor
m-RNA was not influenced by the use of a concentration of puromycin (0.5 pg/ml) inducing a high degree of apoptosis.

These results suggest, that reduction of puromycin-induced apoptosis by IGF-I occurs simultaneously with increased
protein synthesis, in contrast to emetine and cycloheximide. Furthermore it would appear that puromycin-induced apop-

tosis is not caused by reduced levels of IGF-I receptors.
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Apoptosis is a cell death process, which involves a series
of well-organized events, requiring active cell participation
and is vital during tissue differentiation and remodelling [3,
19, 39]. Furthermore apoptotic cell death is an important
feature in tumor growth regulation [24]. Cancer treatment
with chemotherapy and y-irradiation kills target cells, pri-
marily by inducing apoptosis [20]. Apoptotic cell death is
normally executed through the cascade-like activation of
caspases, which are intracellular cysteine proteases. The
action of the caspases results in morphologic apoptotic char-
acteristics, including chromatin condensation, DNA frag-
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mentation, nuclear shrinkage and formation of apoptotic
bodies, which are phagocytosed by neighbouring cells [3,
19]. The addition of IGF-I and other different growth fac-
tors can abolish or reduce cell death in different systems [2,
14,21, 46]. IGF-I, which is a polypeptide hormone, binds to
its transmembrane receptor on the surface of target cells
[12]. This event is followed by an activation of intracellular
signaling pathways, especially those involved in mitogenesis
and differentiation [12].

On a number of occassions apoptosis has been shown to
be suppressed by inhibitors of messenger RNA or protein
synthesis, such as actinomycin D and cycloheximide respec-
tively [7, 40]. In other situations these inhibitors have no
blocking effect; Specific examples include apoptosis of tar-
get cells induced by cytotoxic T-lymphocytes [11], apoptosis
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of macrophages induced by gliotoxin [48], apoptosis in tu-
mor cell lines induced by mild hyperthermia [45], and apop-
tosis caused by the absence of integrin-mediated signals
[47]. However, puromycin and other inhibitors of protein
synthesis have been shown to induce apoptosis in some
normal and neoplastic cell populations [15, 30, 31, 42].
Furthermore the rate of protein synthesis is rapidly down-
regulated in mammalian cells following the induction of
apoptosis in different ways [6]. In this work we examined
induction of apoptosis in MCF-7 breast cancer cells by pur-
omycin, a potent inhibitor of protein synthesis, and com-
pared its effect with 2 other inhibitors of protein synthesis,
emetine, and cycloheximide, each one inhibiting macromo-
lecular synthesis via separate and distinct mechanisms [1,
18].

Material and methods

Material. Puromycin, cycloheximide, emetine, pepsin,
and DAPI solution were purchased from Sigma Chemical
Co. (St Louis, Mo, USA). Rnase, and proteinase K were
purchased from Roche diagnostics scandinavia AB (Stock-
holm, Sweden). IGF-I was donated by Kabi/Pharmacia
(Stockholm, Sweden), and *H-leucine, was purchased from
Amersham International (Amersham, UK).

Cellculture. MCF-7 breast cancer cells were obtained
from American type culture collection (Rockville, MD,
USA). The cells were maintained as monolayers at 37 °C
in an atmosphere containing 5% (vol/vol) CO, and cultured
in Dulbeccos modified Eagles medium (DMEM), supple-
mented with 10% heat inactivated fetal calf serum (FCS),
200 IU/ml of penicillin, and 200 pug/ml of streptomycin. The
cells were grown in flat bottomed plastic vials and passaged
once a week. Chemicals, solutions, and the equipment used
for cell cultures were purchased from GIBCO BRL Life
technologies (T#éby, Sweden), unless otherwise stated.

Apoptosis quantifying method. Cells were seeded in a 24-
well tissue culture plate at a density of 40000 cells/well in 1
ml of ordinary culture medium. After 3 days of incubation,
the culture medium was discarded, and the cells were incu-
bated for 24 h with culture medium containing no serum. At
the end of the incubation period, the culture medium was
poured off and new medium containing IGF-I, insulin, and
inhibitors of protein synthesis in different combinations was
added for another 48 h as indicated for each experiment.
When the last incubation period was completed, the incu-
bation medium was saved and centrifuged in order to sedi-
ment any floating cells in the medium. The remaining cells
in the bottom of each well were scraped off with a plastic
device. All of the MCF-7 cells were combined into one
sample. We used a cell death detection Elisa kit (Roche
diagnostics scandinavia AB, Stockholm, Sweden) to quan-
tify apoptosis [52]. Briefly, in the first incubation step, anti-

histone antibodies were fixed adsorptively on the wall of
a microtiter plate module. During the second incubation
step, the nucleosomes contained in the sample became
bound via their histone components to the immobilized
anti-histone antibody. In the third incubation step, anti-
DNA-antibodyperoxidase reacted with the DNA-part of
the nucleosome. The amount of peroxidase retained in
the immunocomplex was determined photometrically at
a wave length of 405 nm with an ELISA plate reader (An-
thos IT; Anthos Labtec Instruments, Salzburg, Austria) with
2,2’-azino-di-(3-ethylbenzthiazoline sulfonate) (ABTS) as
a substrate.

The annexin V/propidium iodide method for apoptosis
detection, where annexin V binds to phosphatidylserine on
the external surface of apoptotic cells, is considered to be
reliable and registers apoptosis reatively early [49]. How-
ever, according to some authors, this method detects only
a minority of apoptotic cells [49], and is considered as not
suitable for quantification/semiquantification of apoptotic
cells. Another way to detect apoptosis is by visualization by
agarose gels of the characteristic DNA laddering of oligo-
nucleosomal fragments [51]. This analysis requires the ex-
traction of DNA from a large number of cells and can not be
used to quantitate apoptosis.

Apoptotic cells are smaller in size than normal cells due
partly to nuclear condensation. They can therefore after
fixation and propidium iodide staining be quantitatively de-
tected as hypodiploid cells in flow cytometric histograms
where they appear as a peak to the left of the GO/G1 peak
[34]. The TUNEL (Terminal dUTP Nick End-Labeling)
technique detects cell nuclei containing fragmented DNA.
This assay is well accepted and widely used for detection of
apoptotic cells. However, TUNEL staining can not always
distinguish apoptotic and necrotic cells [41].

Measurement of >H-leucin incorporation. Cells were cul-
tured as described earlier. Two hours before the end of the
48 h incubation period with different reagents present, 1
uCi/ml of *H-leucine was added to each well. At the end
of the incubation period, the cell culture medium was saved.
The cell monolayer was washed once with 1 ml of 4 °C
phosphate buffered saline (PBS) (PH 7.3) and three times
with 4 °C 5% trichloroacetic acid (TCA). All washing fluids
were added to the saved culture medium and in the fluid
remaining cells were sedimented by centrifugation. The cell
pellet was treated with PBS and TCA as described earlier
and a solution containing 5% sodium dodecyl sulfate,
20 mM Na,Cosz, and 2 mM ethylenediaminetetraacetat
(EDTA) was added. The lysed cells were transferred to
a scintillation vial together with 10 ml of scintillation fluid
(Ultima Gold; Packard Instrument Company, Meriden,
Conn., USA) for subsequent counting in a beta scintillation
counter (1214 Rackbeta; LKB Wallac, Abo, Finland).

DAPI-staining of MCF-7 cells. Cells were grown in plas-
tic Petri dishes with a diameter of 35 mm (Labdesign, Stock-
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holm, Sweden), until a confluent monolayer was esta-
blished. The culture medium was then discarded and the
cells were incubated for 24 hours with medium containing
no serum, whereafter new medium, containing puromycin
at 0.5 pg/ml, IGF-I at 10 ng/ml, or a combination of puro-
mycin at 0.5 pg/ml and IGF-I at 10 ng/ml, was added for
another 48 h. After this last incubation period the medium
was poured off. The cells were fixed with 4% formaldehyde,
washed twice with PBS (PH 7.4) and stained with DAPI
(diamidino-2-phenylindole) 50 nM for 10 minutes. The spe-
cimen was mounted with Vectashield with DAPI (Immun-
kemi, Stockholm, Sweden) and the cells were examined by
fluorescence microscopy (Nikon Eclipse E 800; Bergstrom
Instruments, Stockholm, Sweden) at a magnification of
400x.

Quantitation of IGF-I receptor m-RNA. Cells were
seeded in ordinary medium in Petri dishes with a diameter
of 100 mm until confluence was established. The cells were
then incubated for 24 h in serum free medium, whereafter
incubation with puromycin at defined times and concentra-
tions was initiated. Total nucleic acids (TNA) were pre-
pared from cell cultures according to the method of
DURNAM and PALMITER [13]. Briefly, floating cells were har-
vested from medium by centrifugation for 5 min at 3000 rpm
(Beckman spinchrome R; Instrument AB, Bromma, Swe-
den) and solubilized together with the remaining cells in the
Petridishes in 4 ml of sodium dodecyl sulfate (SDS) contain-
ing buffer and homogenized with a polytron PT 1020 350 D
(Kinematica GmbH, Lucerne, Switzerland). The samples
were digested with proteinase K and extracted with phenol
and chloroform. The TNA were then precipitated with 2
volumes of 70% ethanol. The total DNA concentration
was measured by fluorometry according to the method of
LABARCA and PAIGEN [26]. The concentration of mRNA was
determined using [**S]-UTP labeled RNA probes. The hu-
man IGF-I receptor probe was complementary to a 379 bp
fragment coding for part of the az-subunit of the receptor
[35]- The probes were prepared according to the method
of MELTON et al [32], and were hybridized to TNA samples at
70 °Cfor 16-18 hours. Hybridization was performed in 40 ul
of 0.6 M NaCl, 20 mM Tris-HCI (PH 7.5), 4 mM EDTA,
0.1% (w/v) SDS, 7.5 mM dithiothreitol (DTT), 25% (v/v)
formamide; 10000 cpm of [*>S]-UTP labeled probes were
used per incubation. The samples were exposed to Rnases,
the hybrids were subsequently precipitated with 100 ul 6M
trichloroacetic acid and collected on glass microfibre filters.
Radioactivity was measured in a liquid scintillation counter
(1214 Rackbeta; LKB Wallac, Abo, Finland) and compared
to standard curves constructed from synthetic RNA stan-
dards, which were complementary to the probes.

IGF-I receptor protein. MCF-7 cells were grown in 75 cm?
vials (Corning Labdesign, Té4by, Sweden) until a confluent
monolayer was established. The cells were then incubated
for 24 h with serum free medium. At the end of the incuba-

tion period the culture medium was poured off and serum
free medium with or without puromycin at 139 ug/ml was
added for another 24 h. After this last incubation period,
loosened cells in the culture medium were sedimented by
centrifugation and analyzed separately from adherent cells.
Lysis buffer containing 20 mM Tris-HCL (PH 7.5), 150 mM
NaCl, 5 mM EDTA, 0.5% sodium deoxychelate, 0.5-1%
Triton X-100, 1.5 pg aprotinin/ml, 1.5 ug leupeptin/ml and
1 mM phenylmethylsulfonylfluorid was added to the cell
fractions. Two and a half ul of a rabbit polyclonal IGF-I re-
ceptor fS-subunit antibody (Santa Cruz Biotechnology Inc.,
Santa Cruz, CA, USA) was added to cell lysate containing
1 mg protein. After 2 h incubation at 4 °C 50 ul protein
A Sepharose (Pharmacia-Upjohn, Uppsala, Sweden) in
0.1% bovine serum albumin in lysis buffer was added. The
mixture was kept over night at 4 °C during gentle rocking.
The immunoprecipitate was washed 3 times with cold lysis
buffer. The pellet was dissolved in 50 ul reducing buffer [27],
whereafter the solution was boiled for 3 minutes. Twenty-
five ul of this solution was put on a SDS-7.5% polyacrylamid
gel electrophoresis and then transfered to a polyvinyl-di-
fluoride membrane. The membrane was probed with the
same polyclonal IGF-I receptor antibody (primary anti-
body) as described earlier. As a secondary antibody we used
an anti rabbit antibody coupled with peroxidase. Detection
was carried out with the ECL system (Amersham Pharma-
cia Biotech AB, Uppsala, Sweden). If the primary antibody
was excluded in the Western blot analysis no protein band
corresponding to the IGF-I receptor level could be de-
tected.

Statistical analysis. Statistical calculations were per-
formed using the unpaired two-tailed Student’s t-test, or
with one-way analysis of variance (ANOVA); p values
<0.05 were considered significant.

Results

Effect of cycloheximide and emetine on induction of apop-
tosis with or without IGF-I1. MCF-7 breast cancer cells were
treated with cycloheximide at 50 pg/ml and emetine at 2 ug/
ml respectively. After 48 h incubation, both inhibitors in-
duced an apoptosis level significantly above the control va-
lue (Fig. 1A). If IGF-1 was present, together with one of the
inhibitors during the 48 h incubation period, the apoptosis
levels were reduced to approximately the control value (Fig.
1A).

Effect of IGF-I on >H-leucine incorporation in the pres-
cence of emetine or cycloheximide. MCF-7 brest cancer cells
were treated with cycloheximide at 50 pg/ml and emetine at
2 ug/ml for 48 h. Two hours prior to end of incubation, *H-
leucine was added to the cells. The *H-leucine incorpora-
tion was reduced to about 8% of the control value after
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Figure 1A. Quantitation of apoptosis in MCF-7 cells after treatment with
cycloheximide (CHX), emetine, and IGF-1. MCF-7 cells were incubated for 2
or 3 days with ordinary culture medium, and otherwise handled as described
in the materials and methods section. CHX (50 pg/ml), emetine (2 ug/ml),
and IGF-I (10 ng/ml) were present during the last 48 h of incubation, where-
after apoptosis was quantified as described in the materials and methods
section. Each value represents the mean +SD of triplicate wells; “p at least
<0.05 in comparison with control; Student’s t-test. The experiment was re-
peated once with similar results.
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Figure 1B. Effect of cycloheximide (CHX), emetine, and IGF-I on SH-leu-
cine incorporation in MCF-7 cells. The cells were handled as described in the
materials and methods section. CHX (50 ;:g/ml), emetine (2 ;g/ml), and IGF-
I (10 ng/ml) were present during the last 48 h of incubation. Two hours before
the end of incubation 1 Ci/ml of *H-leucine was added to each well. Each
value represents the mean +SD of triplicate wells of 1 of 2 representative
experiments. The mean control value corresponds to 4047 cpm; ~p <0.001 in
comparison with control; Student’s t-test.

3 Bl Control *
[0 Puromycin 0.5pg/ml
2,5 B Puromycin 139ug/mi

Apoptosis (absorbance)

24h

1h 3h 6 h

48h 72h 96h

Figure 2. Kinetics of apoptosis in MCF-7 cells after puromycin treatment.
MCEF-7 cells were handled as described in the materials and methods section.
Puromycin (ug/ml) was present at the indicated times, and concentrations.
Each value represents the mean +SD of 2 or 3 different experiments, each
one performed with duplicate or triplicate wells; “p at least <0.05 in compar-
ison with the control value at the indicated times; Student’s t-test.

treatment with only cycloheximide or emetine (Fig. 1B). If
cycloheximide or emetine was combined with IGF-I at 10
ng/ml, the protein synthesis was unaffected in comparison
with only cycloheximide or emetine (Fig. 1B).

Kinetics of induction of apoptosis with 2 different concen-
trations of puromycin. We compared the kinetics of apop-
tosis between 2 different concentrations of puromycin, to
investigate whether a higher concentration would cause
a faster induction of apoptosis in MCF-7 breast cancer cells.
From 24 h and onwards there was a significant increase of
the apoptosis levels for the 2 puromycin concentrations in
comparison with the control value at the indicated times
(Fig. 2). The largest absorbance ratio between treated and
control cells was measured after 48 h for 0.5 ug/ml of pur-
omycin (Fig. 2). Puromycin at 139 pg/ml induced apoptosis
levels rather similar to those induced by 0.5 pug/ml (Fig. 2).

In a separate experiment, we measured the apoptosis
induction of puromycin at 139 ug/ml after 72 and 96 h. After
72 h we registered an absorbance ratio between puromycin
(n=6; Absorbance mean value=2.490; Standard devia-
tion=0.127) and control (n=3; Absorbance mean va-
lue=1.769; Standard deviation=0.077) of 1.4. This number
is evidently lower than any absorbance ratio between pur-
omycin and control cells registered from 24 h and onwards
in Figure 2. After incubation with puromycin at 139 ug/ml
for 96 h, the absorbance ratio between treated (n=4; Absor-
bance mean value=2.029; Standard deviation=0.282) and
control (n=2; Absorbance mean value=2.224; Standard de-
viation=0.081) cells was lowered to 0.9. However, at this
time point we noticed that a vast majority of the puromycin
treated cells had disrupted membranes, and thus showed
signs of necrosis.

Morphological changes in MCF-7 cells after treatment
with puromycin. We examined the cells after nuclear stain-
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ing in order to confirm an apoptotic cell morphology. After
treatment with 0.5 pug/ml of puromycin for 48 h, MCF-7 cells
showed typical apoptotic features after DAPI-staining with
condensed chromatin with a perinuclear arrangement (Fig.
3B). The control cells exhibited nuclei with a rather homo-
genously arranged chromatin (Fig. 3A). In a few cells con-
densed chromatine was, however, visible (Fig. 3A). If MCF-
7 cells were treated with IGF-I at 10 ng/ml combined with
puromycin at 0.5 ug/ml for 48 h, a minority of cell nuclei
exhibited condensed chromatin (Fig. 3C). However the vast
majority of the cells exhibited nuclei with rather homoge-
nously arranged chromatin (Fig. 3C). If MCF-7 cells were
treated with only IGF-I at 10 ng/ml for 48 h, all cells exhib-
ited nuclei with homogenously arranged chromatin (Fig.
3D).

Effect of puromycin and IGF-I on induction of apoptosis.
In order to investigate the apoptosis modulating effect of
IGF-I in MCF-7 breast cancer cells after treatment with
puromycin for 48 h, we first measured the apoptosis level
at a puromycin concentration of 0.5 ug/ml without IGF-1. At
this concentration we registered a high level of apoptosis
(Fig. 4A and Fig. 2) and the addition of IGF-I at 10 ng/ml
reduced this level to about the control value (Fig. 4A). On
the other hand the addition of IGF-I at 10 ng/ml to a about
10 times higher puromycin concentration (5.7 ug/ml) did not
reduce the apoptosis level although IGF-I alone signifi-
cantly reduced the grade of apoptosis in comparison with
the untreated control (Fig. 4B).

Effect of puromycin on the *H-leucin incorporation in the
prescence or abscence of IGF-1. MCF-7 breast cancer cells
were treated with puromycin for 48 h. At 2 h before the end
of incubation *H-leucine was added to the cells. Puromycin
ata concentration of 0.5 ug/mlreduced the protein synthesis
to 34% of the control value (Fig. 4C). This effect was abol-
ished when IGF-I (10 ng/ml) was added to the incubation
medium (Fig. 4C).

Puromycin at 5.7 ug/ml and 139 pg/ml reduced the pro-
tein synthesis to 4% and 12% of the control value respec-
tively, but the addition of IGF-I did not change the level of
*H-leucine incorporation (Fig. 4D). IGF-I alone increased
the protein synthesis to 196% of the control value (Fig. 4D).
Thus, puromycin at 5.7 and 139 pg/ml reduced the protein
synthesis to the same level as cycloheximide and emetine at
the indicated concentrations (Fig. 4D and Fig. 1B).

Quantitation of IGF-I receptor m-RNA at different time
points after treatment with puromycin at 0.5 pg/ml and 139
ug/ml. We wished to investigate if there were any differ-
ences in the amount of IGF-I receptor m-RNA after treat-
ment of MCF-7 breast cancer cells with puromycin at 0.5 ug/
ml and 139 pg/ml during different periods. For this purpose
we measured IGF-I receptor m-RNA after hybridization

between *3S-UTP labelled RNA probes and total nucleic
acids from the cell sample. The amount of IGF-I receptor m-
RNA was determined between 1 and 72 h after incubation
with puromycin at 0.5 pg/ml and 139 ug/ml (Fig. 5A). At
a concentration of 0.5 pug/ml, the level of IGF-I receptor m-
RNA was not significantly changed during the whole treat-
ment time (Fig. 5A). At a concentration of 139 ug/ml, how-
ever, the amount of IGF-I receptor m-RNA was
significantly reduced already after 24 h and this level was
preserved during the later time points (Fig. 5A).

IGF-I receptor protein. In an attempt to correlate the
reduced amount of IGF-I receptor m-RNA after puromycin
treatment at 139 ug/ml to protein levels, we performed
a Western blot analysis of IGF-I receptor protein after pur-
omycin treatment at 139 ug/ml for 24 h. The experiment was
repeated twice. Each sample consisted of a supernatant
fraction containing loosened cells and another fraction con-
taining cells adherent to the bottom of the Petri dishes. In
the puromycin treated samples, the vast majority of cells
were located in the supernatant fraction, and vice versa
for the untreated control sample. Consequently, proteins
in the puromycin sample originate from loosened cells in
the cell growth medium and proteins in the control sample
originate from cells adherent to the bottom of the Petri
dishes. On two occasions, we noticed a weaker protein band
in the puromycin treated sample, as shown in Fig. 5B. In
another experiment the IGF-I receptor protein band was
not detected in the puromycin treated sample.

Discussion

In presented work we investigated the apoptosis inducing
effect of puromycin, a potent inhibitor of protein synthesis,
in MCF-7 breast cancer cells, and compared its effect with
cycloheximide and emetine, 2 other inhibitors of protein
synthesis.

Cycloheximide at a concentration of 50 pg/ml increased
the apoptosis level and the addition of IGF-I reduced this
level to approximately the control value (Fig. 1A). These
results are in agreement with those of other authors [14, 15].
When testing emetine at a concentration of 2 ug/ml, with or
without IGF-I, the same pattern as with cycloheximide
treatment could be observed (Fig. 1A). Both drugs reduced
the protein synthesis to about 8% of the untreated control
(Fig. 1B). Cycloheximide inhibits peptidyltransferase and
emetine inhibits ribosomal translocation along the mRNA
template [1, 18]. Thus, both drugs act in a rather similar way
by inhibiting protein synthesis at the level of the transfer
reaction.

In the case of cycloheximide and emetine, it would seem
reasonable to assume that the induction of apoptosis is
caused by inhibition of protein synthesis [14]. IGF-I abol-
ished the induction of apoptosis caused by cycloheximide or
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Figure 3. DAPI-staining of MCF-7 cells treated with puromycin and/or IGF-I. MCF-7 cells were handled as described in the materials and methods section.
Puromycin (0.5 g/ml) and/or IGF-I (10 ng/ml) was present during the last 48 h of incubation, whereafter the cells were DAPI-stained. Untreated control cells
(A). Puromycin (0.5 yg/ml) (B). Puromycin (0.5 xg/ml) and IGF-I (10 ng/ml) (C). IGF-I (10 ng/ml) (D).
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Figure 4A. Quantitation of apoptosis in MCF-7 cells after treatment with
puromycin, and IGF-I. MCF-7 cells were handled as described in the materi-
als and methods section. Puromycin (0.5 pg/ml), and IGF-I (10 ng/ml) were
present during the last 48 h of incubation, whereafter apoptosis was quanti-
fied as described in the materials and methods section. Each value represents
the mean +SD of triplicate wells. The experiment was repeated with similar
results. “p at least <0.05 in comparison with control; Student’s t-test.
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Figure 4B. Quantitation of apoptosis in MCF-7 cells after treatment with
puromycin and IGF-1. MCF-7 cells were handled as described in the materi-
als and methods section. Puromycin (5.7 ug/ml), and IGF-I (10 ng/ml) were
present during the last 48 h of incubation, whereafter apoptosis was quanti-
fied as described in the materials and methods section. Each value represents
the mean +SD of triplicate or quadruplicate wells of 1 of 2 representative
experiments; p at least <0.05 in comparison with control; Student’s t-test.
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Figure 4C. Effect of puromycin, and IGF-I on *H-leucine incorporation in
MCEF-7 cells. The cells were handled as described in the materials and meth-
ods section. Puromycin (0.5 yg/ml), and IGF-I (10 ng/ml) were present dur-
ing the last 48 h of incubation. Two hours before the end of incubation 1 .Ci/
ml of *H-leucine was added to each well. Each value represents the mean
+SD of triplicate wells of 1 of 2 representative experiments. The mean con-
trol value corresponds to 2852 cpm. ““p <0.001 in comparison with control;
Student’s t-test.
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Figure 4D. Effect of puromycin, and IGF-I on *H-leucine incorporation in
MCEF-7 cells. The cells were handled as described in the materials and meth-
ods section. Puromycin (yg/ml), and IGF-I (10 ng/ml) were present during
the last 48 h of incubation. Two hours before the end of incubation 1 ;Ci/ml of
*H-leucine was added to each well. Each value represents the mean +SD of
quadruplicate wells of 1 of 2 representative experiments. The mean control
value corresponds to 1513 cpm. ““p<0.001 in comparison with control; Stu-
dent’s t-test.
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Figure 5A. Quantitation of IGF-I receptor mRNA in MCF-7 cells after pur-
omycin treatment. MCF-7 cells were handled as described in the materials
and methods section. Puromycin (1g/ml) was present at the indicated times
and concentrations, whereafter the amount of IGF-I receptor mnRNA was
determined as described in the materials and methods section. Each value
represents the mean of 3 different experiments each one performed on
pooled duplicates. For each time point, a control value, also performed on
pooled duplicates, was determined. Statistics were calculated using ANOVA
(Fisher) (*p<0.05, Mp<0.01 in comparison with control. #p<0.05 in compar-
ison with puromycin 139 yg/ml).
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Figure 5B. Estimation of IGF-I receptor protein in MCF-7 cells after Wes-
tern blotting. MCF-7 cells were treated with puromycin at 139 yg/ml for 24 h
and otherwise handled as described in the materials and methods section.
The band at the arrow corresponds to the IGF-I receptor protein. Control
cells, adherent cell fraction (a). Control cells, supernatant fraction (b). Pur-
omycin treated cells, adherent cell fraction (c). Puromycin treated cells,
supernatant fraction (d).

emetine, although the protein synthesis was not affected
(Fig. 1A and 1B). This is in agreement with earlier results
for cycloheximide and MCF-7 cells, where the depressive
effect on cell death, caused by insulin and IGF-I, has been
assumed to be at a posttranslational level [14]. GEIER et al.
suggested that IGF-I would maintain a certain protein mo-
lecule critical for cell survival [14-16]. When puromycin at
0.5 pug/ml induced a high grade of apoptosis, we did not
notice a negligible amount of protein synthesised (Fig. 4A
and 4C), which is why lack of some critical protein molecule
does not seem plausible. When apoptosis was measured in
HL-60 cells after treatment with cycloheximide or actino-
mycin D, the latter drug caused higher levels of apoptosis,
although the inhibition of protein synthesis was significantly
lower in comparison with cycloheximide [30]. Puromycin,
but not cycloheximide and emetine, inhibits protein synth-
esis by causing premature release of truncated peptide

chains [1, 18]. The truncated peptide chains have the poten-
tial of competing with the natural substrates of the ubiquitin
dependent pathway including cyclins, p53, c-myc, and c-fos
in the degradation [5, 9, 37] and an accumulation of these
could interfere with cell cycle transitions and apoptosis [9].
DAVIDOFF and co-workers have shown that low doses of
puromycin (0.5 pg/ml), in contrast to an equimolar concen-
tration of cycloheximide (0.25 ug/ml), gave an increased
accumulation of HL-60 cells in G2-phase and induction of
apoptosis, although the inhibition of protein synthesis was
about 50% for both puromycin and cycloheximide [9].
Furthermore, a preceding G2- arrest has been found to be
linked to a subsequent induction of apoptosis in cells ex-
posed to certain cytostatics [28, 44]. When we checked the
apoptosis level, at different concentrations of cyclohexi-
mide, emetine and puromycin which gave a protein synth-
esis inhibition of about 50% , only puromycin showed values
significantly above the control level (Data not shown). Pur-
omycin at 139 pg/ml and 5.7 pg/ml reduced the protein
synthesis to about the same level as cycloheximide and eme-
tine at the indicated concentrations, but the addition of
IGF-I neither decreased the grade of apoptosis nor in-
creased the protein synthesis (Fig. 4B and 4D). Thus, in
the case of puromycin, a reduction of the apoptosis level,
caused by IGF-I, seems to parallel an increase of the protein
synthesis, in contrast to cycloheximide and emetine, where
the protein synthesis was not affected (Fig. 1B).

Aminopeptidases hydrolyze N-terminal amino acids of
oligopeptides [8]. Puromycin-sensitive aminopeptidase is
localized in the cytoplasm and the nucleus and associates
with microtubules and the spindle apparatus during mitosis
[8]. Puromycin competitively blocks the action of certain
aminopeptidases in contrast to cycloheximide and thereby
induces apoptosis at concentrations without affecting pro-
tein synthesis [8]. The apoptosis inducing capacity of puro-
mycin might therefore only partially be caused by reduction
of the protein synthesis. The inhibiting effect of aminopep-
tidases, and other side effects according to earlier discussion
might also contribute. Cycloheximide does not affect mito-
chondrial protein synthesis [29] in contrast to puromycin,
which at least in certain eukaryotic cells inhibits mitochon-
drial protein synthesis [33]. Thus, in the case of puromycin
and MCF-7 cells, there might be a reduction of mitochon-
drial protein synthesis, which might lead to the release of
mitochondrial cytochrome c¢ and loss of mitochondrial
membrane potential. Cytoplasmic cytochrome c could then
act together with Apaf-1 and caspase 9 to activate caspase 3,
which in the end would induce apoptotic cell death [17].

If the protein synthesis was not completly blocked by
puromycin, the addition of IGF-I restored the protein
synthesis and the degree of apoptosis to about the untreated
control level. The addition of IGF-I could hereby increase
the synthesis of the puromycin-sensitive aminopeptidases,
leading to restoration of the apoptosis level. One major
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signaling pathway activated by the activated IGF-I receptor
is through its interaction with insulinreceptor substrate 1 or
2 leading to activation of phosphatidylinositol 3-kinase and
AKT [10, 22]. Activated AKT phosphorylates and inacti-
vates several proteins, which are involved in apoptosis [50].
A primary target is the Bcl-2 family member BAD. In its
non-phosphorylated state, BAD locates at the mitochon-
drial membrane where it interacts with Bcl-2 and prevents
Bcl-2 from performing its antiapoptotic functions [50]. Ac-
tivated AKT also can prevent the initiation of the caspase
cascade through phosphorylation and inactivation of cas-
pase 9 [23]. There are some reports indicating that the acti-
vated IGF-I receptor may modulate the level of expression
of the anti-apoptotic proteins BcL-XL and Bcl-2 by increas-
ing or maintaining the protein levels after different apopto-
tic stimuli [36, 43]. The failure of IGF-I to affect protein
synthesis and apoptosis induction at puromycin concentra-
tions of 5.7 ug/ml and 139 pg/ml could be explained by pur-
omycin concentrations above levels effectively inhibiting
protein synthesis at a vast majority of available ribosomes.
At these puromycin concentrations, when protein synthesis
was completly blocked, lack of some critical protein could
contribute to apoptosis induction. However this possible
contribution is probably small or non-existent because the
apoptosis levels at 139 ug/ml and 0.5 ug/ml (protein synth-
esis not completely blocked) were rather similar (Fig. 2).
Furthermore, induction of apoptosis in mammalian cells
causes rapid down-regulation of protein synthesis [6]. This
inhibition occurs at the level of polypeptide chain initiation
and is accompanied by phosphorylation and caspase-de-
pendent cleavage of different initiation factors [6]. Thus
many different circumstances can contribute to puromy-
cin-induced inhibition of protein synthesis and puromycin-
induced apoptosis. The amount of IGF-I receptor m-RNA
was not affected when a puromycin concentration of 0.5 ug/
ml was used (Fig. 5A), suggesting that induction of apopto-
sis is not via a reduced amount of IGF-I receptors [38].
However, at a puromycin concentration of 139 ug/ml there
was a significant decrease of IGF-I receptor m-RNA (Fig.
5A), suggesting a reduced amount of IGF-I receptors. The
Western blot analyses of the IGF-I receptor protein after
puromycin treatment at 139 pg/ml for 24 h, are in support of
areduced amount of IGF-I receptors (See result 3.8 and Fig.
5B). A reduced amount of IGF-I receptors can of course not
be excluded as a cause of increased apoptosis, but this does
not seem plausible because the apoptosis levels for 0.5 ug/ml
and 139 ug/ml of puromycin were rather similar after 48 h
(Fig. 2). However a reduced amount of IGF-I receptors
could contribute to the failure of IGF-I to affect protein
synthesis at a puromycin concentration of 139 pg/ml (Fig.
4D). The amount of trypan blue stained cells after 48 h
incubation with 139 pg/ml and 0.5 pug/ml of puromycin re-
spectively was about the same (Data not shown), indicating
that the absence of effect of IGF-I at a puromycin concen-

tration of 139 ug/ml was not caused by an increased amount
of dead cells.

Finally, as a possible future clinical application, we would
like to mention protein synthesis targeting as a component
of amultimodal approach in cancer treatment [4], combined
with blockage of IGF-I receptor signaling. Reduction of
IGF-I receptor signaling could be performed by use of
a growth hormone receptor antagonist, which competes
with native growth hormone for the growth hormone recep-
tor and prevents the functional receptor dimerization [25].
This process is critical for growth hormone signal transduc-
tion and IGF-I synthesis and secretion [25].

In conclusion puromycin induces apoptosis in MCF-7
breast cancer cells at a concentration where there is still
a non-negligible amount of protein synthesized in contrast
to cycloheximide and emetine, where the protein synthesis
is highly repressed at apoptosis inducing concentrations.
IGF-I reduces the apoptosis level after puromycin treat-
ment, but this effect occurs in parallel to increased protein
synthesis, also in contrast to cycloheximide and emetine,
where the protein synthesis is not affected. These differ-
ences might be explained by the specific way in which pur-
omycin affects protein synthesis, and/or other side effects
than the inhibition of protein synthesis according to earlier
discussion.

We thank Susanne THUNHOLM and Roja JAMALLI for excellent
technical assistance.
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