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Abstract

Zinc is a potent inhibitor of apoptosis, whereas zinc depletion induces apoptosis in many cell lines. To investigate the mechanisms
zinc depletion-induced apoptosis, HelLa cells were treated with the membrane permeable metal ion Gh&NBIN’-tetrakis(2-
pyridylmethyl)ethylenediamine (TPEN). TPEN decreased the intracellular level of zinc and induced apoptosis with a characteristic cellule
pattern, i.e. cell shrinkage and formation of apoptotic bodies, with DNA fragmentation and formation of a typical DNA ladder pattern.
Following TPEN treatment, caspases-3, -8, and -9 were activated and caspase target proteins, poly(ADP-ribose) polymerase, and
transcription factors were cleaved. These effects were inhibited by adding zinc to the medium. To assess the role of zinc in the activati
of the caspase cascade, we compared zinc inhibition during tumor necrosis factor alpha/cycloheximide- and etoposide-induced apoptc
with that induced by TPEN. Zinc addition partially inhibited caspase-3 activation, but not caspase-8 and -9 cleavage in HelLa cells treate
with tumor necrosis factor alpha or etoposide. These results suggest that caspase-3 is rapidly and directly activated by zinc chelation, with
a requirement for an upstream event. Caspase-3 activation is therefore the main event leading to apoptosis after intracellular zinc chelati
Finally, we conclude that cellular zinc inhibits apoptosis by maintaining caspase-3 inactive. © 2001 Elsevier Science Inc. All rights
reserved.
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1. Introduction cell lines by diverse stimuli, ranging from extracellular
signals such as TNF[6] to intracellular events such as an
Apoptosis is a programmed physiological process of cell increase in the intracellular calcium concentration [7].
death characterized by a distinct set of morphological and Moreover, during apoptosis, a sustained rise in intracellular
biochemical changes, including cytoplasmic membrane calcium concentration is necessary to activate the calcium/
blebbing, apoptotic body formation, nuclear condensation, magnesium-dependent endonuclease responsible for DNA
and chromosomal DNA fragmentation [1,2]. Apoptosis oc- fragmentation [1]. Amongst the other putative intracellular
curs in many biological events such as embryogenesis [3] mediators of apoptosis is zinc, which may interfere with the
and lymphocyte selection in the thymus [4]. Furthermore, it action of calcium [8]. First, it has been shown that zinc
is necessary for the development and homeostasis of allprevents DNA fragmentation in many cell lines, in part by
multicellular organisms, fromCaenorhabditis elegan$o inhibiting the calcium/magnesium-dependent endonuclease
humans [5]. Apoptosis can be triggered in a wide variety of [9]. Second, zinc chelation has been reported to induce
apoptosis in different cell lines [10]. Third, recent studies
indicate that zinc inhibits caspase-3, a cell death protease
* Corresponding author. Tel+33 476 63 71 16; fax:+33 476 76 56 implicated in apoptosis [11]. Finally, changes in cellular
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lecular targets such as endonucleases or caspase proteas2<. Cell culture and whole cell extract
[12].

Caspases (standing for cysteine-activated aspartate-di- HelLa cells were cultured in Opti-MEM (modified Ea-
rected proteases) are proteolytic enzymes activated by dif-gle’s medium, Life Technologies) in the presence of 5%
ferent pathways at the early stage of apoptosis, eitherheat-inactivated fetal bovine serum, but no antibiotics. Cells
through auto-activation or the proteolytic cascade [13]. Two Were treated with various inducers of apoptosis: ;3@
major pathways have been described. The caspase-8 pathl PEN, 40u.g/mL of etoposide, or 10 ng/mL of TN#plus
way mediates the TNFor FasL extracellular signal to the 10 #g/mL of Chx, with or without 100uM zinc sulfate.
mitochondria, leading to the generation of activated After 0. 1,2, 3,6, or 9 hr of treatment, 5@ 10 cells
caspase-8, cytochronterelease, and pro-caspase-9 activa- Were scraped and centrifuged B900 g for 3 min. Cell
tion [14—-16]. Activated caspases-8 and -9 are responsiblepeue’[_S were lysed by 3 cyclgs of free_ze/thawmg. After
for pro-caspase-3 and -7 activation [17]. The second path-ﬁg?;::{:gvigfggrlfz’gg?ngii 1u(i) dnr]1li?r’o4e)r’1 er']?j”gttsrg;ﬁer'
way involves chemical compounds such as etoposide which : 1 9 S
induce apontosis by direct activation of caspase-9 and thenThe protein concentration was estimated by the Pierce Pro-
indu boplosis by di vatl spase-3 an tein Assay, using BSA as the standard.
lead to the activation of caspase-3 [18]. The activation of
caspases-3 and -7 by caspases-8 and -9 seems 10 be 813 cejylar zinc content determination
essential step in the execution of apoptosis [19]. Caspase-3

is considered as an “executioner” of apoptosis since it is  The intracellular zinc was estimated by using the zinc-
responsible for the activation of the DNA fragmentation gpecific flurorogenic probe zinquin-ethyl-ester. Cells were
factor, which triggers DNA fragmentation during apoptosis jncubated with a micromolar solution of zinquin ethyl ester
[20]. Caspase-3 also cleaves several proteins such as PARfh PBS at 37° for 30 min. Then, cells were washed twice
[21], ICAD (inhibitor of caspase-activated DNAse), gelso- with PBS and observed under an inverted fluorescence mi-
lin [22], lamin [23], fodrin [24], and transcription factors croscope (excitation wavelength 365 nm, emission wave-
[25]. Caspase-3 is inhibiteid vitro by micromolar concen-  length 420 nm). The TPEN-induced zinc depletion was
trations of zinc [11]. Moreover, changes in zinc levels followed by spectrofluorometric assay on cell suspensions
induced by TPEN or zinc ionophore pyrithione can modu- (5.1 cells). Cells in suspension were treated as above, and
late caspase-3 activity in cultured cells, thereby triggering the fluorescence of 2-mL portions (2.5°klls/mL) in PBS
apoptosis in staurosporine-treated BE(2)-C cells or protect-was measured at an excitation wavelength of 365 nm and
ing them against it [26] In contrast, TFnduces a char- emission Wavelength of 480 nm in a Perkin Elmer LS 50B
acteristic apoptosis in MCF-7 cells, which lack endogenous luminescence spectrophotometer. After stabilization of the
caspase-3, demonstrating that at least one other pathwayignal, 30uM TPEN was added and the fluorescence of the
exists [27,28]. cell suspension monitored for 30 min.

We attempted herein to refine the mechanism of apopto-
sis induced by zinc deprivation and in particular, to define
more precisely the relationship between cellular zinc con-
centration, caspase-3, -8, or -9 activation, and the cleavageIa
of protein substrates such as the Sp family of transcription
factors.

2.4. Apoptosis detection and measurement

Apoptosis was evaluated using the characteristic DNA
dder pattern after electrophoresis and measurement of free
nucleosomes. DNA was isolated according to a modifica-
tion of Herrmann’s method [29]. The DNA was stained with
ethidium bromide and visualized under UV light. The mea-
surement of the amount of free nucleosomes (mono- and
2. Materials and methods oligonucleosomes) was evaluated using an ELISA kit for
detection of histone-associated DNA fragments (Roche).
Determination of the amount of nucleosomes in the culture
supernatant was also assessed to determine the occurrence
of necrosis.

2.1. Chemicals

All chemicals were reagent grade from Sigma. Molecular
biologicals were obtained from Promega, Amersham Phar-, ¢ Electrophoretic mobility shift assay (EMSA)
macia Biotech, or Roche. TN Chx, and TPEN were from
Sigma. Etoposide was from TEVA Pharma. Anti-Spl (PEP-  The method has been previously described [30]. The
2), anti-Sp3 (D20), anti-Sp4 (V20), anti-PARP, anti- gjigonucleotide probe (SACGTATTCGATCGGGGCG-
caspase-3, anti-caspase-9, and anti-actin antibodies wergsgGCGAGC and 5ACGTGCTCECCCGCCCCGATC-
purchased from Santa Cruz Biotechnology. Anti-caspase—SGAAT) was labeled by in-filling with Klenow DNA polymer-
antibody was from Calbiochem. Zinquin ethyl ester was ase (Roche). The probe was labeled with y&i of
purchased from TRC. [a-*?P]dATP and §->?P]dCTP and unlabeled dTTP and dGTP
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(Amersham Pharmacia Biotech), purified on a Sephadex G-25concentration, decreased rapidly to reach a minimum after

column (Roche) and stored at20° until use. 10 min, a level that was maintained for a further 20 min
(Fig. 1C).
2.6. Caspase activity measurement As previously observed after 9 hr of TPEN addition,

Hela cells presented the characteristic pattern of apoptosis
The caspase assay was performed by adding a specifi¢30]. During the first hours, cells began to shrink and lost
fluorogenic substrate to the cell lysate for 1 hr at 37° to their adhesion properties, then blebs appeared on mem-
determine caspase-3, -8, and -9 activities. The specific flu-branes and the nuclei condensed. After 9 hr, the formation
orogenic substrates used in the assay were: Ac-DEVD- of apoptotic bodies occurred (Fig. 1, D and E). Following
AMC (acetyl-asp-glu-val-asp-7-amido-4-methyl-coumarin, TPEN treatment, DNA fragmentation and the formation of
Becton Dickinson) for caspase-3, Ac-IETD-AMC (acetyl- atypical DNA ladder pattern at 6 hr confirmed the induction
ile-glu-thr-asp-7-amido-4-methyl-coumarin, Calbiochem) of apoptosis by zinc chelation (Fig. 2A). This was further
for caspase-8, and Ac-LEND-AMC (acetyl-leu-glu-his-asp- corroborated by a significant increase in the intracellular
7-amido-4-methyl-coumarin, Euromedex) for caspase-9. concentration of free nucleosomes after 9 hr. This internu-
The activated caspases cleave their specific substratecleosomal fragmentation of DNA was reversed efficiently
thereby releasing the fluorogenic AMC (excitation wave- during the first three hours following the TPEN treatment by
length 380 nm, emission wavelength 460 nm). Specific addition of 100uM zinc to the medium (Fig. 2B). Beyond
caspase inhibitors were used to control the specificity of the this point, extracellular zinc had no effect and DNA frag-

enzymes for their substrates. mentation became irreversible. Taken together, these results
confirmed the proapoptotic effect of zinc deprivation. Ac-
2.7. Western blot analysis cording to the kinetics of TPEN-induced apoptosis, all the

following experiments were done during or at 9 hr of incu-
Typically, 30 ng of total protein was loaded on 10 to bation.
14% SDS-PAGE, transferred onto nitrocellulose mem-
branes, and immunoblotted with antibodies against Sp1,3.2. Zinc chelation-induced caspase-3, -8, and
Sp3, Sp4, PARP, caspase-3, caspase-8, caspase-9, or actirf activation
followed by an appropriate horseradish peroxidase (HRP)-
conjugated secondary antibody. The analysis of Western As the caspase proteins are responsible for the degrada-
blot was carried out according to standard procedures usingtion of several target proteins during apoptosis, we exam-
ECL (Amersham Pharmacia Biotech). Actin was used as ained whether they were activated during TPEN-induced

non-degraded control protein. apoptosis. Caspase-3, -8, and -9 activities, measured in
HelLa cell extracts either by a biochemical assay or by
2.8. Statistics detection of activated proteins by Western blot, were in-

creased following TPEN treatment (Fig. 3). Caspase-3-like
The data were analyzed using the ANOVA method with activity was strongly increased after 9 hr of zinc depletion,
the Newman-Keuls test. and simultaneous addition of 100M zinc sulfate com-
pletely inhibited this activity (Fig. 3A). Furthermore, zinc
addition decreased slightly, but significantly, the basal ac-
3. Results tivity of caspase-3 in control cells. The increase in caspase-3
activity was confirmed by the observation of two active
3.1. Induction of apoptosis by intracellular zinc depletion fragments (p12 and p17) detected by a specific antibody and
resulting from the proteolytic cleavage of pro-caspase-3
Intracellular zinc was visualized by loading HelLa cells (Fig. 4A). Moreover, caspase-3 activation seems to be an
with the specific fluorescent probe zinquin ethyl ester. The early event, because the p12 and pl7 fragments were de-
direct observation of resting cells using fluorescence mi- tected at 1 hr after TPEN treatment. The appearance of
croscopy showed a heterogeneous distribution of zinc with caspase-3 p12 and pl7 fragments was inhibited by zinc.
a higher content in the cytoplasm compared to the nucleus.Caspase-8-like activity was also strongly increased after 9
The cytoplasm was inhomogeneous and presented discretér of zinc depletion (Fig. 3B), and this was correlated with
high-intensity spots (Fig. 1A). The treatment of these cells the progressive proteolysis of pro-caspase-8 and the appear-
with 30 uM of the metal chelator TPEN resulted in a very ance of the intermediate p28 subunit and p18- and p10-
rapid decrease in intracellular fluorescence, with the fluo- activated caspase-8 polypeptides (Fig. 5A). The activation
rescence not being detectable after 20 min (Fig. 1B). This of caspase-8 was also inhibited by simultaneous addition of
rapid decay of the fluorescence signal was confirmed by zinc (Fig. 5A). Similarly, caspase-9 was activated after 9 hr
measuring the total fluorescence of an HelLa cell suspensionof zinc depletion, but the activation seemed to be weak
in a spectrofluorometric assay. Following TPEN addition to compared to the activation of caspases-3 and -8 (Fig. 3C).
the medium, the fluorescence level, and hence the zincThe induction of pro-caspase-9 proteolysis by zinc chelation
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Fig. 1. Effect of TPEN on zinc content and morphology of HelLa cells. TPEN-induced intracellular zinc depletion in HeLa cells was monitored using zinqu
ethyl ester as a fluorescent probe. (A) Fluorescence microscopy photography of a single HelLa cell loadeduMithir@uin (n: nucleus, c: cytoplasm).

(B) Fluorescence microscopy photography of the same cell, 20 min after the addition @M30PEN. (C) Spectrofluorimetric kinetics assay. (D)
Phase-contrast microscopy of control HeLa cells or 9 hr after addition @iNO'PEN. (E) Fluorescence microscopy of control HeLa cells stained with
Hoechst 33342 or 9 hr after addition of 3 TPEN.

was observed by Western blot, and this activation was 3.3. Partial zinc inhibition of caspase-3 but not caspase-8
prevented by zinc supplementation (Fig. 6A). However, the and -9 activation by TN& and etoposide, respectively
Western blot of caspase-9 following TPEN treatment sug-

gested a late, non-specific degradation of both pro-form and  To identify the target of zinc depletion, we compared the
activated p10 and p35 subunits of caspase-9. This degradaeffects of TPEN on caspase activation with two classical
tion could explain the low level of activity measured at 9 hr inducers of apoptosis, TNFand etoposide. Both TNFand

by the biochemical assay. etoposide induced the activation of caspase-3 by proteolysis
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A activation. Following etoposide treatment, a weak activation
of caspase-8 was detected, but without a sustained activa-
+ zinc tion after 6 hr (Fig. 5C).
Time (h) after TPEN: 0 3 6 9 Contrasting with TPEN treatment, caspase-9 was

strongly activated by its classical inducer etoposide. This
. activity was sustained until 9 hr (Fig. 6C), but addition of
Time (h) : 0 6 9 12 12 zinc totally failed to inhibit this activation. Conversely,
TR R g TNFa had little effect on caspase-9 activation, but here
addition of zinc partially inhibited this activation (Fig. 6B).

3.4. Sp proteins and PARP degradation during TPEN-
induced apoptosis

Several proteins, including a large number of transcrip-
tion factors such as the Sp family proteins, are zinc-binding
metalloproteins. The electrophoretic mobility shift assay
revealed that the zinc-finger proteins Spl and Sp3 were
affected by intracellular zinc chelation with a decrease in
their binding on the consensus sequence, the GC box (Fig.
B 7A). This effect was inhibited by addition of zinc simulta-

neously with or after TPEN treatment and led to the appear-
ance of a lower molecular weight complex when zinc was
added after 9 hr of treatment (not shown). The Sp proteins
5 from Hela cells treated with TPEN were specifically de-
Thk graded during zinc chelation-mediated apoptosis, as shown
4 by Western blot analysis. After 9 hr, a 68-kDa proteolytic
fragment was specifically recognized by an anti-Sp1 anti-
37 body. Proteolysis of Sp3 and Sp4 also occurred (Fig. 7B),
and the appearance of a small peptide recognized by specific
2 NS antibodies was observed (not shown). The PARP protein, a
well-documented “cell death substrate”, was also degraded
1 during this apoptosis, but at a faster rate when compared to
Sp1 proteolysis.
0

Abs (405nm)

4 — | -

zinc: - + - +

4. Discussion

Control TPEN 9h These results confirm previous studies on the proapop-

(3OHM) totic effect of zinc depletion observed in various cell lines,

including thymocytes [31], keratinocytes [32], cortical neu-

Fig. 2. Effect of TPEN on _DN_A fragmentation in HeLa cells. (A) Time-  rgns [33], and peripheral blood Iymphocytes [4] We ob-
course of DNA fragmentation induced by TPEN. Hela cells were treated served all the typical morphological as well as biochemical

by 100uM TPEN for 0 to 12 hr, and 10Q.M zinc was added 0 to 9 hr after .
TPEN as indicated. DNA fragments were separated by agarose gel elec-"’]dm""torS of programmed cell death. The treatment of cells

trophoresis and visualized under UV light after ethidium bromide staining. With TPEN at concentrations ranging from 20 to o0l was
(B) Quantification of mono- and oligonucleosome formation after 9 hr of previously shown to induce a dose-dependent depletion of
30-uM TPEN treatment. Bars indicate the mean ratiosSEM. NS: not intracellular zinc [30,34], with a parallel increase in culture
significant, ***: P < 0.0005. supernatant zinc concentration. Using a fluorescent probe,
we have shown that TPEN-induced zinc deprivation is a
at 3 hr (Fig. 4, B and C). The activation of caspase-3 by rapid phenomenon. The intracellular level of free zinc de-
TNFa or etoposide was only partly inhibited by zinc addi- creases very quickly, appearing as an early event in the
tion (Figs. 3A and 4, B and C). The treatment of HeLa cells execution of this apoptosis.
by TPEN was followed by an activation of caspase-8, which ~ Concomitantly to morphological signs of apoptosis, the
was reversible by adding zinc to the medium. TdN&so major biochemical event observed was the activation of
steadily activated caspase-8 with a maximum activity at 9 hr caspases-3, -8, and -9. Addition of an excess of zinc was
(Fig. 5B). Furthermore, unlike what was observed with described to inhibit the activation of the caspase-3 proteo-
TPEN, zinc failed to inhibit the TN&-induced caspase-8 lytic enzyme [11]. However, we noticed herein the role of
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Fig. 3. Effect of TPEN on activation of caspases-3, -8, and -9. HeLa cells were treated for 9 hr wili BPEN, TNF/Chx, or etoposide as indicated,
with or without 100uM zinc. The caspase activities were measured in whole cell lysates by cleavage of fluorescent-specific substrates for each caspase
described in Materials and Methods. Results are the me&D of three experiments (NS: not significant,P:< 0.05; **: P < 0.01).

intracellular zinc in maintaining the enzyme in the inactive tion by other caspases, especially caspase-3. Moreover, zinc
form, since it was able to significantly decrease a basal could not inhibit TNF/Chx-induced caspase-8 activation,
activity of caspase-3 in control cells. This induction of while it was efficient in inhibiting TPEN-induced caspase-8
caspase-3 activity was observed either by using an artificial activation. This suggests that caspase-8 is not directly acti-
fluorogenic substrate or through the cleavage of the typical vated by zinc chelation, but more likely through caspase-3
cellular substrate PARP. Furthermore, MCF-7, a cell line activation. Thus, the activation of caspase-3 is likely to be
that does not have endogenous caspase-3, is resistant tthe main event leading to apoptosis after intracellular zinc
TPEN-induced apoptosis, demonstrating the strong relation-chelation. The effect of zinc depletion on caspase cascades
ship between zinc and caspase-3 activity [35]. Zinc deple- thus seems to differ from effects observed using other in-
tion induced a strong activation of caspases-3 and -8, but aducers such as FasLigand, gamma-radiation, and etoposide
weak activation of caspase-9, suggesting that this slight [36]. Caspase-3 seems to be rapidly and directly activated
increase in caspase-9 activity may result from retroactiva- by zinc chelation, without any upstream event such as re-



F. Chimienti et al. / Biochemical Pharmacology 62 (2001) 51-62 57

A Timeth) 0 1 2 3 6 9 °2h
+ zinc

TPEN proform —»

35

20

) 3 m e mEE e T,

TNFo/Chx

Timeth) 0 3 6
etoposide
proform—»

pl7 —»
pl2 —»

Actin

blot: anti caspase-3

Fig. 4. Time-course of caspase-3 activation during TPEN-, &dFx-, or etoposide-induced apoptosis in HelLa cells. Activated caspase-3 was detected in
whole cell lysates by Western blotting, as described in Materials and Methods. HeLa cells were treatgadi{fBEN (A), TNFa/Chx (B), or etoposide
(C) with or without 100uM zinc. Anti-actin Western blots were used as controls.

ceptor mediation or mitochondrial control, suggesting that apoptosis induced by zinc deficiency, but also to inhibit
zinc protects cells from apoptosis by maintaining caspase-3apoptosis induced by TNFChx or etoposide (data not
inactive. Slight decreases in intracellular zinc could act as a shown). However, zinc supplementation failed to inhibit
starter of apoptosis or at least as a triggering factor ampli- caspase-8 and -9 activation when cells were treated with
fying the effect of various proapoptotic compounds. TNFa/Chx or etoposide, respectively (Figs. 5 and 6). In
Addition of an excess of zinc was able not only to inhibit these cases, the inhibition of caspase-3 activity remained
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Fig. 5. Time-course of caspase-8 activation during TPEN-, d&/fx-, or etoposide-induced apoptosis in HelLa cells. Activated caspase-8 was detected in
whole cell lysates by Western blotting, as described in Materials and Methods. HeLa cells were treateedbff BEN (A), TNFa/Chx (B), or etoposide
(C) with or without 100uM zinc.

incomplete, compared to the inhibition observed with TPEN transcription factor [38] that binds a decanucleotide se-
treatment, but was sufficient to inhibit all major signs of quence called the GC box, has been described as another
apoptosis, such as membrane blebbing or DNA fragmenta-caspase-dependent substrate in apoptosis induced by reti-
tion. Under these conditions, zinc acts as a powerful inhib- noic acid [25] or anti-IgM [39]. After zinc depletion-in-

itor of caspase-3 activation, as efficient as the inhibitory duced apoptosis, Spl, but also Sp3 and Sp4 [40,41], two
peptide Z-VAD-fmk [18]. Apart from the fact that zincis an other members of the Sp transcription factor family, were
inhibitor of caspase-3, it also inhibits DNA fragmentation cleaved (Fig. 7A). The cleavage site of Sp1 has been sup-
measured by DNA laddering and by mono- and oligonu- posed to be located after Asp583, ENSRR AQPQAGR
cleosome formation (Fig. 2). Zinc can therefore efficiently [39]. This location is supported by our antibody mapping,
prevent DNA fragmentation at a late stage of apoptosis, which indicated that Sp1 was cleaved after amino acid 536,
even though it is relatively inefficient at inhibiting early Sp3 before amino acid 676, and Sp4 before amino acid 761.
events such as caspase-3 activation. This effect certainlyThe cleavage of Sp proteins partly explains the decrease in
results from the inhibitory effect described on calcium/ DNA-binding activities observed in apoptosis ([30] and Fig.
magnesium-activated endonuclease [37]. Sp1l, a zinc-finger7A). However, this decrease in binding was a very rapid
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Fig. 6. Time-course of caspase-9 activation during TPEN-, @Fx-, or etoposide-induced apoptosis in HelLa cells. Activated caspase-9 was detected in

whole cell lysates by Western blotting, as described in Materials and Methods. HelLa cells were treatgdbfBEN (A), TNFa/Chx (B), or etoposide
(C) with or without 100uM Zinc.

phenomenon compared to cleavage by caspase activationing to a lower affinity of Sp polypeptides for proteases
This rapid decrease in Spl-binding activity could be ex- compared to PARP. The cleavage of Sp proteins, as well as
plained by the loss of zinc from the zinc fingers of the PARP, was totally reversed by the addition of zinc after
proteins. There was also a difference in the kinetics of Sp TPEN treatment, demonstrating the responsibility of zinc
protein proteolysis compared to the degradation of PARP depletion in the mechanism. Zinc addition continued to be
that started after 3 hr of zinc depletion. The PARP was efficient in reversing TPEN-induced Spl cleavage for as
almost entirely degraded after 6 hr of TPEN treatment. The long as 6 hr after TPEN-induced zinc depletion in HelLa
disappearance of Sp proteins was slower, beginning after 6cells, at a time similar to the increase in caspase-3 activity.
hr. Such a difference may have resulted from the difference  The temporal relationship between zinc depletion and
in accessibility and environment of the cleavage site, lead- induction of apoptosis suggests that the modification of



60 F. Chimienti et al. / Biochemical Pharmacology 62 (2001) 51-62

A Time (h) after TPEN : 0 3 6 9

Time (h): 0 3 6 9 12 12

Spl - =
Sp3 -

. 9h
B Time (h) after TPEN : 0 3 6 9 + 7ine

105

o Spl 75
105

o Sp3 75
50

o Sp4 105

o Parp

o, Actin

Fig. 7. Effect of TPEN on Sp family transcription factor DNA-binding activity and degradation in HeLa cells. (A) Inhibition of Sp1 and Sp3 DNA-binding
activities by TPEN and reversibility by zinc. HeLa cells were treated witiuBDTPEN for 0 to 12 hr and 10@&M zinc was added O to 9 hr after TPEN

as indicated. Electrophoretic mobility shift assay usingfelabeled GC box was performed on whole cell lysate. (B) Degradation of Sp proteins during
TPEN-induced apoptosis and comparison with PARP proteolysis. The cleavage of Spl, Sp3, Sp4, and PARP was analyzed by Western blot at the indice
times following treatment of HelLa cells with 30M TPEN in the presence or absence of 104 zinc. (a: Sp1 full-length, b: 68-kDa proteolytic fragment,

c: 97-kDa Sp-3 polypeptide, d: 58- and 60-kDa Sp3 polypeptide). Actin was used as a non-degraded control protein.

cellular zinc could be a causal factor in switching the con- certainly contribute to nuclear zinc homeostasis [42]. From
trol of the cell cycle towards apoptosis. More globally, these results, we have designed a model for the regulatory
intracellular zinc has been presented as a regulator of apo-ole of zinc in which the latter protects cells from apoptosis
ptosis in lymphocytes [4]. Zinc has a protective effect by maintaining caspase-3 and calcium/magnesium endonu-
against the colchicine-induced apoptosis of lymphocytes, clease in an inactive form in the resting state of the cell.
which is greatly intensified by pretreatment of cells with the Changes in zinc concentration and/or localization in the cell
zinc ionophore pyrithione [31]. The level of free zinc in the constitute a major step that could initiate the cascade of events
nucleus is low comparative to the extracellular level. This leading to cell death. Thus, a therapeutic control of zinc ho-
implies a strict homeostatic control of the free zinc concen- meostasis in cells, using zinc chelates or modulators of zinc
tration in the cytoplasm and nucleus. Using the patch-clamp transporters, may be a good target for future research aimed at
technique, calcium/zinc-permeant channels have been idenimodulating apoptosis in diseases where zinc homeostasis is
tified in the inner membrane of nucleus: these channelsaltered, such as cancer or neuronal degeneration.
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