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ABSTRACT

SIGNALING PATHWAYS INVOLVED IN ZINC-INDUCED APOPTOSIS

By

James J. Mann, Jr

Although the traditional role of zinc is as an essential biological trace metal, a non-

traditional role has emerged that includes its ability to induce apoptosis. The mechanisms

whereby zinc induces apoptosis remained uncertain. Zinc pyrithione, a potent inducer of

apoptosis at nanomolar concentrations (400nM), induced 40-60% apoptosis in various

cells of the immune system. These cells included: mouse thymocytes, splenic

lymphocytes, S49 T cells as well as human Ramos B and Jurkat T cell lines. Thymocytes

were protected from zinc pyrithione induced apoptosis by TPEN, a zinc specific chelator.

Zinc-induced apoptosis was dependent upon transcription and translation. SQ22536, an

inhibitor of adenylate cyclase, reduced zinc-pyrithione mediated apoptosis in thymocytes

from 52% to 29%. This result indicated a potential role for the cAMP signaling pathway

during zinc-induced apoptosis. The wild type S49 T cell line and two variants that were

deficient in the ability to activate adenylate cyclase (S49 Cyc') or deficient in protein

kinase A activity (S49 Kin“) were used to determine the role of the cAMP-PKA pathway

in response to zinc treatment. Zinc pyrithione (400nM) induced 51% apoptosis in S49

WT cells. A prolonged 2 fold increase in CAMP was observed in S49 WT cells in

response to zinc. Activation of PKA resulted in the strong and sustained phosphorylation

of the CAMP response element binding protein (CREB) in both S49 WT cells and

thymocytes but not in S49 Kin' and Cyc' cells. Increased binding of a 32P-labeled DNA



probe containing a CAMP response element (CRE) was observed in S49 WT cells. The

BH3-only proapoptotic protein Bim was strongly up-regulated in response to zinc

treatment in both S49 WT cells and thymocytes. Additionally, treatment of thymocytes

with actinomycin D, an inhibitor of transcription, blocked the up-regulation of Bim and

apoptosis in response to zinc. This is the first time that zinc has been shown to promote

the up-regulation of Bim. Chromatin immunoprecipitation (ChIP) analysis demonstrated

a 2 fold increase in CREB occupancy at the Bim promoter in S49 WT cells in response to

zinc. Additionally, no change in the expression levels of Bel-2 was observed in either

thymocytes or S49 WT cells. Thus the increase in Bim expression would shift the cells

fate toward death. However, overexpression of either Bel-2 or Bcl-xL provided

substantial protection of Ramos B and Jurkat T cells against zinc-induced apoptosis.

Furthermore, another transcription factor cascade, the NF-KB pathway, was activated in

response to zinc. IKBO. was degraded in response to zinc treatment in both thymocytes

and S49 WT cells. Increased binding of a 32P-labled DNA probe containing a NF-KB site

was observed presenting a potential second link to the transcriptional regulation of Bim.

The data presented herein adds to the increasing evidence that free zinc could be harmful

to cells of the immune system and foremost defines the mechanisms by which zinc

induces apoptosis.
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Chapter 1

Introduction

Zinc: Traditional roles

Zinc is an essential trace element critically involved in growth and development where

the sufficient availability of zinc is required for every highly proliferating cell system (13,

197). This requirement for zinc has been established through numerous studies where

deficiencies in zinc results in dysfunction during embryogenesis as well as in other highly

proliferating systems such as the immune system (54, 58, 101). Zinc has fitrther been

established as an integral cofactor for more than 300 enzymes and numerous proteins

where it is required for either structural integrity or enzymatic activity (7, 197).

Furthermore, zinc is involved in gene expression through numerous zinc-finger

containing transcription factors (129, 156).

Zinc: Non-Traditional roles

Zinc has been shown to be a potent inducer of apoptosis in various cell types including

cells of the immune and nervous systems which are particularly influenced by increased

levels of zinc (33, 63, 87, 128, 156, 182, 190, 191, 213). Excess zinc may result from a

variety of factors including environmental exposure from pollution or industrial accidents

to over-supplementation or in the case of small children the ingestion of pennies (12, 86,

188, 204). Additionally, the increased use of intranasal sprays containing zinc results, in



some cases, in the temporary or permanent loss of smell (90). Furtherrnore, zinc has been

shown to be released by certain neurons in response to neurotrauma or excitotoxicity

resulting in cell death (33). Overall, the phenomenon of zinc-induced cell death has been

illustrated in numerous cell types over more than ten years; however, it is only recently

that the underlying mechanisms by which zinc induces apoptosis have been documented.

Additional information on the proapoptotic role of zinc will be discussed herein.

Zinc andAlzheimer’s disease:

The hallmarks of Alzheimer’s disease (AD) are the insoluble deposits of amyloid plaques

and neuronal degradation (40, 84, 132). The normally soluble amyloid B-protein (AB),

the main constituent of these amyloid plaques, is a metallOprotein that binds Zn”, Cu2+

and Fe3+ in vitro (41, 42). Zinc causes aggregation of AB in vitro and is greatly enriched

in AB plaque cores (84, 108). Additionally, H202 is generated when Cu2+ is bound to AB.

It was speculated that AB may bind zinc as a protective mechanism against this oxidative

insult initiated by Cu2+ bound AB (41). However, this protective role zinc plays may

ultimately represent a deleterious role in AD through the production of these AB plaques

(84). Whether plaque deposition is the critical pathogenic entity in AD still remains to be

determined (70).

One therapeutic approach currently under investigation in the treatment of AD is the

chelation of metals in AB plaques (40). Clioquinol (CQ), an antibiotic with zinc/copper

chelating properties, is one promising candidate (79). CO has been shown to solubilize

AB deposits that are enriched for zinc and copper in vitro and in postmortem brain tissue



from patients with AD (79). In a pilot study 12-month old APP2576 mice (a transgenic

mouse model of AD) were treated with CO (20mg/kg/d) for 12-weeks (31). A significant

65% decrease in the levels of sedimentable AB was reported. A larger study conducted

on 21-month old APP2576 mice treated with CO (30mg/kg/d) for 9 weeks showed a

significant decrease in amyloid plaque surface area as detected by immunohistochemistry

(31). Accompanying this was a 49% decrease in levels of insoluble AB. A rating scale

based on motor activity, alertness, and general health indicated improvement in CO

treated mice (31). A phase II Clinical trial that assessed the therapeutic value of this

zinc/copper chelator in the treatment of patients with AD has shown promising efficacy

(31, 157). Additionally, the transgenic mouse model (APP2576) that normally develops

amyloid plaques in viva was crossed with mice lacking zinc transporter 3 (ZnT-3) in

order to further study the role of zinc in plaque accumulation during AD (112). ZnT-3 is

required for zinc transport into synaptic vesicles. Interestingly, ZnT-3 deficient APP2576

mice develop essentially no plaques compared to mice with ZnT-3 (66). Therefore,

synaptic zinc contributes to amyloid deposition in this transgenic mouse model of

Alzheimer’s disease and further demonstrates a role for zinc in neuronal degeneration

(112). Additionally, as will be discussed below synaptically released zinc has also been

shown to induce cell death in surrounding neurons in response to excitotoxic stimuli.

Zinc and neuronal injury:

Certain neurons contain large amounts (300uM) of releasable free zinc at their synaptic

terminals (61). Synaptically released zinc normally functions as a conventional

neurotransmitter that modulates glutamate receptors. However, in response to global



ischemic insults, head trauma, or seizures, synaptically released zinc was shown to

translocate to postsynaptic neurons which contributed to excitotoxic brain injury (33, 61,

62). It was shown that postsynaptic neurons which developed zinc positivity were also

the neurons showing signs of injury. It was thus proposed that the synaptically released

zinc was responsible for this cell death (33, 61, 62). Zinc chelation was therefore

predicted to protect these neurons from injury and in fact did provided significant

protection against cell death thus reducing excitotoxic neuronal injury (61, 62, 78, 104).

This is another example of released or free zinc playing a role in cell injury and death.

This original model of synaptically released zinc inducing neuronal cell death has been

well documented (61, 62, 78, 104). Nevertheless, recent evidence has indicated that this

original model may be inadequate (62). A study was undertaken utilizing ZnT-3

deficient mice which lack histochemically reactive zinc in synaptic vesicles.

Interestingly, zinc still accumulated in these mice in response to excitotoxic injury as

assessed by a zinc-specific fluorescent dye (111). This indicated that the zinc

accumulation in these cells had to originate from other sources besides that of the

synaptic vesicles. Therefore, an expanded model has been proposed that included

involvement of both synaptically released zinc as well as zinc released from zinc-binding

proteins such as metallothionein (MT) during the regulation of neuronal cell death (62).

Additionally, the release of zinc from zinc-binding proteins may be a predominant event

in regions of the brain that contain little or no synaptic zinc (62). In addition to neuronal

cells, intracellular zinc fluxes, consistent with release from metalloproteins, have also

been observed in cells of the immune system in response to apoptosis (221).



Zinc Toxicity:

In addition to the examples of zinc toxicity discussed earlier, a variety of different cell

types are susceptible to increased levels of zinc. These cell types include: intestinal and

retinal pigment epithelial (25, 213), thyroid (87), lung (205), liver (148), prostate (56), as

well as cells of the immune system (128, 190, 191). Interestingly, zinc has also been

implicated in the death of pancreatic islet B-cells in a streptozotocin (STZ)-induced model

of diabetes (97). Zinc is stored and released with insulin from pancreatic islet B-cells

(97). It was shown that zinc was functioning in a paracrine fashion to further accelerate

cell death, which over time may be a factor in the development of diabetes (97).

Additionally, exposure to increased levels of zinc may result from a variety of factors. In

some cases this may be due to environmental exposure such as with pollution or

industrial accidents (188, 204). In other cases this may be self-induced due to over-

supplementation or as has recently become prevalent through the increased use of

intranasal cold remedies containing zinc that are sold over the counter (86, 90). The use

of intranasal sprays containing zinc can be toxic to olfactory epithelium which in some

circumstances result in temporary or permanent anosmia, which is the loss of smell (90).

Interestingly, a link between zinc and anosmia has been known since studies on the

prevention of polio in 1934 (90, 160). At the time it was believed that the olfactory

epithelium was the only route of entry of the polio virus and that nasal zinc

administration would protect against the development of polio (90). However, the

protective use of nasal zinc did not alter the rate of polio and in many patients resulted in

anosmia (90). A number of other studies have additionally verified this toxic effect of

zinc (75, 133, 165, 184). In addition to these potential routes of zinc exposure, increases



in free intracellular zinc may also occur as a result of release from metalloproteins such

as metallothionein. Activation of protein kinase C by diacylglycerol or reactive oxygen

species has also been shown to release labile zinc (107). Moreover, intracellular zinc

fluxes have been observed in cells of the immune system undergoing apoptosis (221).

Zinc’s involvement in apoptosis will be further explored in the following sections.

General Role ofApoptosis:

Apoptosis is a regulated form of cell death that plays an essential role in the development

and maintenance of a wide variety of tissues (37, 146). Typical features of cells

undergoing apoptosis include: nuclear condensation, inter-nucleosomal cleavage of

chromatin, blebbing of the plasma membrane as well as shrinkage of the cell (37). As

illustrated in Figure 1-1, two primary apoptotic programs exist. The intrinsic pathway

utilizes the mitochondria as a central point of regulation for many diverse signals that

initiate apoptosis. This pathway is regulated by the Bel-2 family of antiapoptotic (Bel-2,

BCl-xL) and proapoptotic (Bax, Bak, BH3 only proteins) proteins (146). Activation of

this pathway results in the release of various factors from the mitochondria including

cytochrome C which activates the apoptosome (3). This in turn results in activation of

caspases which are the executioners of apoptosis (44, 146). The extrinsic pathway

involves stimulation of the plasma membrane bound death receptors which directly

activate caspases, although in certain cases there can be cross-talk between these

pathways (203). Apoptosis is a complicated but highly regulated process and its

dysregulation is significant to the pathogenesis of a number of diseases (192). Where

apoptosis is insufficient cancer and autoimmune disease occurs, while unwarranted



Figure 1-1: Cell Death Pathways.

General components of the Intrinsic (Mitochondrial) and Extrinsic (Death Receptor)

apoptotic cascades.
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apoptosis is apparent in diseases such as diabetes and AIDS as well as in

neurodegenerative disorders (192). A variety of therapeutic approaches are aimed at

resolving these imbalances (9, 143). As a result, the factors that regulate the induction of

apoptosis, such as zinc, are being intensively studied. An understanding of these factors

as well as the signaling pathways employed is crucial to the pursuit of medical advances

designed to combat such disorders. Therefore, apoptosis, and the apoptotic signaling

cascade utilized during zinc-induced apoptosis will be discussed herein.

Mitochondria:

Mitochondria are the complex power generators of the cell which have long been know to

accommodate many critical biosynthetic pathways required for survival. Over the past

decade the previously unknown pivotal role the mitochondria play in apoptosis has

become evident. Mitochondria appear to be a central focusing point for many diverse

signals initiating apoptosis. However, the exact nature of the mitochondrial contribution

to cell death still remain controversial (142). Several key events may occur during

apoptosis involving the mitochondria including changes in electron transport, loss of

mitochondrial transmembrane potential, altered oxidation-reduction reactions, the release

of factors such as cytochrome C, AIF (Apoptosis-inducing factor) and Smac/Diablo, as

well as the interaction with pro and antiapoptotic Bel-2 family members (71). Whether

these events occur individually or in parallel may depend on the inducer of cell death and

remain under continued investigation. As will be discussed, there is a role for zinc in

mitochondrial mediated apoptosis.



Disruption ofelectron transport:

As illustrated in Figure 1-2, electron transport is carried out in the mitochondrial inner

membrane by complex 1- complex IV, ATP synthase and water soluble cytochrome c.

The outer mitochondrial membrane is permeable to small Charged molecules due to

VDAC (voltage-dependent anion Channel), though it is impermeable to proteins such as

cytochrome c in the interrnembrane space (142). However, during apoptosis cytochrome

C can be released from the interrnembrane space and this loss of cytochrome C may result

in a disruption of electron transport (142).

Inner mitochondrial transmembrane potential:

The inner mitochondrial transmembrane potential (A‘I’m) is derived from the Hir ion

gradient created by electron transport and used by ATP synthase to produce ATP.

During apoptosis the release of cytochrome c is independent of and in many cases

precedes a loss of A‘I’m(16). The loss of A‘I’m reflects a block in electron transport. This

is not simply due to the reduced concentration of cytochrome C, which is present in

functional excess, and may be able to maintain respiration even after release into the cell

(208). There is evidence that membrane potential loss may be due to disruption of

complex I and complex II by activated caspases (155).

While disruption of electron transport may occur as a general factor during apoptosis due

to caspase activity it can be directly modulated by intracellular free or labile zinc.

Intracellular zinc accumulation has been shown to contribute to neuronal damage

initiated during ischemia or epilepsy as discussed (33, 62, 167). Mobilization of zinc

10



Figure 1-2: Components of the mitochondria that may play a role in apoptosis.
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between the cytosolic and mitochondrial pools may contribute to this damage by inducing

a loss of A‘I’m thus disrupting the normal function of the mitochondria (167, 169).

Metallothionine, the small zinc binding protein, has been shown to transport zinc into

liver mitochondria and inhibit respiration in a zinc dependent manner (219). Several

locations where zinc may fimction to inhibit respiration were identified. Zinc has been

shown to inhibit electron transport at complex III (cytochrome bcl) in bovine heart

mitochondria (121). Investigation into the role of zinc inhibition during earlier stages of

mitochondrial energy metabolism upstream of complex III revealed a point of regulation

in the TCA Cycle. Zinc strongly inhibited the or-ketoglutarate dehydrogenase complex

(KGDHC) (22). The lipoamide dehydrogenase subunit of KGDHC catalyzes the

oxidation ofNADH by O; generating ROS. An increase in labile zinc may thus result in

an overall reduction of mitochondrial respiration with an increase in ROS, which in turn

may be involved in mitochondria directed apoptosis (49, 169, 172).

Reactive Oxygen Species:

Reactive oxygen species are thought to be an important participant in the aging process

and neuronal degeneration (91, 220). During normal function of the mitochondria a

small portion of electrons leak out of the electron transport Chain and react with

molecular oxygen to form superoxide (Oz‘) (71). Superoxide in turn is quickly converted

to H202 by superoxide dismutase. Generally complex I — complex III are thought to be

involved in the production of these ROS (142). However, more specifically the flavin

mononucleotide group of complex I was identified as an important source for ROS

generation through reverse electron transfer (123). Glutathione and thioredoxin are two
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important protection mechanisms for cellular defense against this ROS production (48,

150, 176). Glutathione peroxidase catalyzes the reduction of H202 and GSH into water

and GSSG thus rendering the damaging ROS harmless (48). Replenishment of GSH

occurs through the reduction of GSSG and de novo synthesis in order for GSH to remain

at millimolar levels in the cell.

GSH depletion was previously shown to be an early event in thymocyte apoptosis for a

variety of inducers (124). ROS may be one of several mechanisms through which zinc

participates in cell death in a number of cell types. Synaptically released zinc was able to

enter into some neurons through the calcium permeable AMPA/kainate Channels and

trigger superoxide production (168, 169). ROS also modulates zinc-induced apoptosis in

the human mammary adenocarcinoma cell line TS/A (152). Exposure of rat primary

astrocytes or C6 glioma cell line to zinc resulted in the depletion of GSH within 2 hours

and with a 250% increase in ROS (161). Zinc toxicity appears to be mediated by GSH

and GSSG reductase activity in various pulmonary cell lines (206). An increase in ROS

would initially reduce available GSH levels and a concurrent decrease in GSSG reductase

activity would result in an overall lower amount of GSH available for protection (205,

206). Treatment with antioxidants such as GSH, N-acetylcysteine (NAC) and ascorbic

acid substantially reduced the cell death stimulated by zinc indicating a role for ROS in

zinc mediated apoptosis in these cells (205).

Accompanying the loss of A‘I’m, an increase in ROS production occurs in the presence of

zinc (22). As a consequence of the induction of ROS by zinc, depletion of the cellular
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protection provided by GSH can result in the activation of signaling pathways which may

be associated with cell death such as ERK, JNK (170), and p53 (152) while superoxide

itself may activate and stimulate zinc release from PKC (103, 107). These signaling

pathways are involved in everything from proliferation and differentiation to stress and

immune responses. It appears that the Ras/Raf/MEK/ERK signaling pathway may be

important for ROS in NGF differentiated PC12 cells since a dominant negative Ras

blocked ERK activation and zinc-induced cell death (170). Treatment with antioxidants

also blocked activation of ERK by zinc. Activation of Ras may therefore be ROS or cell

type specific since in C.e1egans zinc accumulation inhibited Ras. CDF-l (cation diffusion

facilitator protein), which is similar to the zinc transporter ZnT-l, functions as a positive

regulator of Ras by reducing cytosolic zinc (23, 74). Zinc regulation is therefore

important for maintaining the Ras pathway in an inactive state in C.e1egans (23). JNK,

another signaling molecule which can be activated by various inducers of apoptosis, was

activated by zinc in differentiated PC12 cells (170). However, in this case inhibition with

a dominant negative failed to block cell death. This result indicated that in these cells

this pathway was not significant in zinc induced apoptosis (170).

ROS are also capable of causing DNA strand breaks which can lead to the stabilization

and accumulation of p53. In the proper redox environment p53 can switch between the

wild-type and mutant form (136). Cadmium inhibits DNA binding and has been shown to

suppress the wild type p53 response to DNA damage (135) while the addition of zinc was

reported to mediate the renaturation of wild-type p53 exposed to metal chelators (136).

Consequently zinc binding is crucial for the stabilization of p53 in wild type formation
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and for DNA binding (32). Low intracellular zinc induced ROS in a rat glioma cell line

(C6) resulting in increased p53 expression but with greatly reduced DNA binding ability

(82). The addition of zinc to TS/A mammary cancer cells resulted in the accumulation of

p53 in a ROS dependent manner since antioxidant NAC blocked the increase in p53 and

apoptosis (152). Prostate epithelial cells in contrast showed a loss of NP", but no sign of

p53 activation to high levels of zinc (196). While zinc induced ROS can in some cases

activate signaling pathways such as ERK and p53, ROS itself can activate preparations of

PKC with a concomitant release of zinc (103). Similar results were }obtained with a zinc

chelator indicating that zinc release is required for superoxide-induced activation of PKC.

Under certain conditions this released zinc could possible result in a feedback regulation

of ROS production by the mitochondria. Overall, zinc-induced cell death in some types

of cells may therefore be mediated by a loss of A‘I’m, GSH depletion and ROS.

Permeability Transition Pore (PTP):

A variety of proapoptotic factors such as cytochrome C and Smac/Diablo can be released

from the interrnembrane space of the mitochondria during apoptosis. Understanding how

this occurs is still controversial. One model implicates a sustained opening of the

permeability transition pore (PTP) (222). This pore is thought to be composed of the

outer mitochondrial membrane (OMM) proteins VDAC, peripheral benzodiazepine

receptor, the inter membrane space protein creatine kinase (CK), and the inner

mitochondrial membrane (IMM) protein adenine nucleotide translocator (ANT), as well

as the mitochondrial matrix protein cyclophilin D and Bel-2 family members (222). In

this model a large pore forms between the OMM and IMM which allows an influx of
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water and solutes from the cytoplasm into the mitochondrial matrix resulting in a loss of

A‘I’m, osmotic swelling and rupture of the OMM (131). While this model can account for

some forms of cell death, it does not account for the majority of apoptosis that is

observed in which the mitochondria do not swell and rupture but instead remain intact

with the release of proapoptotic factors (142). Another model that may better account for

the lack of morphological Changes associated with PTP opening in the mitochondria

entails a Channel formation in only the OMM large enough to allow the release of

proapoptotic factors. Proteins that may be involved in this model include the

proapoptotic Bcl-2 family members Bax and Bak which can interact and stimulate VDAC

opening through which cytochrome C could leak out of the interrnembrane space (131,

174, 198)). (see below).

Release ofcytochrome cfrom the mitochondria:

One of the first mitochondrial components identified in the involvement of the intrinsic

apoptotic pathway was the release of cytochrome C from the interrnembrane space.

Cytochrome C activates the intrinsic pathway through the assembly of the apoptosome

which promotes the proficient Cleavage and activation of caspase 3 as seen in Figure 1-1

(71, 80). The apoptosome is a large wheel like structure (~1MDa) composed of seven

arms that radiate from the center. It is composed of apoptotic protease activating factor-1

(Apaf—l), procaspase 9, and cytochrome C (2). Apoptosome assembly results when

cytosolic cytochrome c binds the WD4O repeats of monomeric Apaf-l which alters its

conformation allowing the binding of ATP to the N-terminal caspase recruitment domain

(CARD) and subsequent heptameric multimerization and association of procaspase 9 to
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the exposed C-terminal CARD (3, 119). The apoptosome initially binds seven monomers

of inactive procaspase 9; this locally high concentration of procaspase 9 drives the

recruitment of more inactive procaspase 9 which results in activation of only one active

caspase 9 in the dimer (2, 154). Caspase 9 has much greater proteolytic activity when

bound to the apoptosome than when free in solution so it has been suggested that the

apoptosome functions as a holoenzyme in which Apaf-l is the regulatory subunit and

caspase 9 is the catalytic subunit (2, 158). However, in order to maintain procaspase 9 in

an inactive state in the absence of apoptotic signals the procaspase 9 CARD will not bind

to full length Apaf-l in the absence of cytochrome C. It is thought that in the absence of

cytochrome C the WD4O repeats of Apaf—l may inhibit apoptosome formation by

blocking access to its CARD thus keeping Apaf—l and procaspase 9 in a monomeric state

(2)-

During zinc-induced apoptosis cytochrome C was shown to be released from

mitochondria in prostate cells (55, 56). Additionally we have demonstrated a

requirement for caspase 9 and caspase 3 activity in response to zinc treatment in mouse

thymocytes undergoing apoptosis (128). Others have also similarly demonstrated

activation of caspase 9 and/or caspase 3 in response to zinc treatment in other cell types

(105,166, 213).

The BCl-2 family of proteins has long been thought to modulate apoptosis through the

release of proapoptotic factors from the mitochondria such as cytochrome C. The

apoptosome is very important in many instances of cell death since knockout mice
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deficient in Apaf-l or caspase 9 generally die before birth due to defects in the central

nervous system. However, it appears that the apoptosome may not be necessary for all

apoptosis regulated by the BCl-2 family (46, 130). Donor derived B-cells and T-Cells

deficient in either apaf-l or caspase 9 from reconstituted mice showed little protection

against a variety of treatments while noticeable protection was observed with

overexpression of Bel-2 (130). Activation of the extrinsic apoptotic pathway by TRAIL

(TNF-related apoptosis inducing ligand) in some cancer cells also requires the

proapoptotic BCl-2 family mediated release of factors other than cytochrome C from the

mitochondria for apoptosis to occur (46). It has been proposed that the apoptosome is

therefore not an essential trigger in certain cell types but is instead involved in the

amplification of apoptotic signals mediated by the BCl-2 family (130).

Release ofSmac/Diablo and 0mi/HtrA2from the mitochondria:

Two other proteins known as the second mitochondrial derived activator of caspases or

direct IAP-binding and low pI (Smac/Diablo) and Omi/HtrA2 are also released with

cytochrome c from the mitochondria during apoptosis (50, 53, 199). While cytochrome C

directly activates apoptosome formation and caspase activation, Smac/Diablo and

Omi/HtrAZ instead neutralizes various IAP (Inhibitor of Apoptosis) family members

inhibition of caspase activation as illustrated in Figure 1-1 (173). IAPs were first

identified in baculovirus in which they were able to block apoptosis in mammalian cells

(47). lAPs contain the unique Baculoviral IAP Repeat (BIR) domains which may have a

novel zinc-binding fold. Eight mammalian IAPs have been identified including XIAP, c-

IAPl and C-IAP2 which contain 3 BIR domains with different functions. A linker region
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between BIRl and BIR2 is required for caspase 3 and 7 interaction in XIAP, but BIR3 is

required for caspase 9 interaction. XIAP does not interact with unprocessed procaspase 9.

The BIR3 domain of XIAP interacts with the exposed N-temrinus tetrapeptide of the

small subunit of processed caspase 9 resulting in inhibition of its catalytic activity (177).

XIAP also has E3-ubiquitin ligase activity which marks active but not procaspases for

proteasomal degradation (187, 218). This E3 activity also regulates autoubiquitination of

XIAP (218).

Smac/Diablo and Omi/HtrAZ are initially produced as precursor proteins that are targeted

to intermembrane space of the mitochondria. Processing of this precursor protein results

in the exposure of an N-terminal tetrapeptide sequence that is required for interaction

with IAPs. Smac/Diablo, which functions as a dimer, antagonizes the role of IAPs by

binding their BIR3 domain with the N-terminal peptide (AVPI) (214). The Smac/Diablo

peptide can remove the inhibition of caspase 9 by IAPs. This allows the processed

caspase 9 to remain active and Cleave downstream targets such as caspase 3. Positive

feedback occurs when caspase 3 Cleaves a lS-residue peptide from caspase 9 thus

removing the ability of IAPs to interact and block the catalytic activity of caspase 9. This

released peptide can then bind IAPs which along with Smac/Diablo reversibly removes

IAP inhibition of caspase activity and allows fully activated caspases to Cleave

downstream targets (173). Omi/HtrA2 is the mammalian homologue of the bacterial

HtrA (high temperature requirement A) protein. In bacteria damaged and denatured

proteins resulting from exposure to high temperatures are removed by the protease

activity of HtrA while at normal temperatures HtrA functions as a Chaperone (53).
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Omi/HtrA2 operates as a homotrimer which binds and antagonizes IAP function in a

similar manner as Smac/Diablo (53, 186, 217). However, in contrast to Smac/Diablo,

Omi/HtrAZ has serine protease activity that is indispensable for its proapoptotic function.

Cleavage of C-IAPl by Omi//HtrA2 significantly reduces its E3 ligase activity on caspase

substrates (217).

Nucleases released by the mitochondria

A third type of factor released from the mitochondria during apoptosis includes the

nucleases AIF and EndoG. When liberated during apoptosis AIF translocates to the

nucleus and induces large scale (~50Kbp) DNA fragmentation and chromatin

condensation (43). Like AIF, EndoG also translocates to the nucleus where it causes high

molecular weight fragmentation as well as nucleosomal DNA fragmentation similar to

the caspase activated DNase (CAD) (5, 212). However, unlike the CAD which is

activated when caspase 3 removes repression by the inhibitor of CAD (ICAD), nuclear

DNA fragmentation by AIF or EndoG require release from the mitochondria (118, 122).

Interestingly perrneabilization of the mitochondria by the proapoptotic BCl-2 family

members Bax/Bak results in the release of cytochrome c, Smac/Diablo and Omi/HtrAZ

although AIF and EndoG are still retained in the mitochondria (5). Release of EndoG and

AIF occurs downstream of caspase activation in this case (5). Conversely, there may be a

role for AIF in a caspase-independent cell death. It was shown that AIF was able to

translocate to the nucleus in the presence ofthe caspase inhibitor Z-VAD-fmk. However,

only large DNA fragments were observed with a phenotypic appearance of necrosis (43).
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Overall these nucleases may have a role in both caspase-dependent and caspase-

independent cell death.

Interaction with the Bel-2 Family:

The Bel-2 family constitutes an important Checkpoint for the intracellular regulation of

cell death. Bel-2 was initially identified at the Chromosomal break point t(l4;18)

translocation in the human follicular B-cell lymphoma (8, 34, 195). This translocation

resulted in the increased expression of BCl-2. Overexpression of BCl-2 protected these

cells from a variety of apoptotic stimuli thus resulting in lymphoma. The Bcl-2 family

has since expanded to include both proapoptotic and antiapoptotic proteins as illustrated

in Figure 1-3 (4). BCl-2 family members are Classified based upon four conserved or-

helical segments designated BCl-2 homology (BH) domains (BHl-BH4) (73). All family

members contain at least one BH domain. The most highly conserved antiapoptotic Bcl-

2 members contain all four BH domains of which BHl, BH2 and BH3 structurally form a

pocket allowing interaction with the BH3 domain of other family members (146). While

the highly conserved antiapoptotic family members such as BCl-xL and MCI-1 contain

four BH domains, the proapoptotic family members can be subdivided into two general

groups based upon the number of BH domains they possess. The multidomain

proapoptotic family members such as Bax, Bak and Bok are similar to BCl-2 and contain

BHl, BH2 and BH3 domains. However, in contrast to these conserved family members

the remaining proapoptotic members such as Bim, Bad, Noxa (100, 202), Puma (202),

and Bik (39) contain only the BH3 domain and are known as the “BH3-only” family

members. These members show little sequence conservation to Bel-2 outside of the BH3
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Figure 1-3: The Bcl-2 family of proteins.
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domain and are unrelated to any other known proteins. Furthermore, the BH3 domain is

indispensable for their proapoptotic role as physiological antagonists to the antiapoptotic

Bel-2 family members.

Theproapoptotic multidomain Bel-2family members:

The antiapoptotic BCl-2 family members are integral membrane proteins generally found

at the mitochondria, the endoplasmic reticulum or nuclear membrane while the BH3-only

proapoptotic members localize to the cytosol or cytoskeleton prior to activation by death

stimuli (73, 153). Activation of the proapoptotic members results in a conformational

Change which enables them to antagonize the antiapoptotic proteins located at the

mitochondrial membrane (73). However, in many cases the multidomain proapoptotic

proteins Bax and Bak are required and appear to be an essential gateway for

mitochondrial dysfunction and apoptotic cell death (210). Cells from mice deficient for

both Bax and Bak demonstrated resistance to a variety of different death stimuli:

staurosporine, UV radiation, grth factor deprivation, and etoposide, all of which

activate the intrinsic mitochondrial apoptotic caspase cascade (210). The lack of both of

these genes in deficient mice is severe, as demonstrated by abnormalities in cellular

homeostasis, and can be embryonic lethal (146). However, mice individually deficient in

either Bax or Bak may show some lymphoid hyperplasia or no immunological phenotype

thus demonstrating some compensation for the lack of the other multidomain

proapoptotic member (120). Furthermore, the combined functions of Bax and Bak are

essential for normal development of many tissues (120).
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The multidomain proapoptotic protein Bax exists as inactive monomers in unstimulated

viable cells and is generally located in the cytosol or loosely attached to membranes (83).

The C-terminal a-helix of Bax is bound by the pocket formed by the BHl-BH3 domains

in the inactive monomer thus keeping it inactive in the cytosol (185). However, in

response to apoptotic signals Bax homo-oligomerizes, forming multimers, and inserts

deeply into the outer mitochondrial membrane (51, 72). Bak on the other hand is an

integral mitochondrial membrane protein and thus already resides in the outer

mitochondrial membrane (209). In response to activation Bak also undergoes homo-

oligomerization and activation resulting in the release of cytochrome C from the

mitochondria and activation of the intrinsic caspase cascade (115, 209).

BH3-only proapoptotic family members are upstream activators of Bax and Bak.

Compelling evidence demonstrated an essential downstream role for Bax and Bak where

ectopic expression of BH3-only proteins resulted in homo-oligomerization of Bax or Bak

and release of cytochrome c (30). This occurred whether ectopic expression involved

wild-type cells or cells deficient in either Bax alone or Bak alone. However, when cells

were deficient in both multidomain proteins, Bax and Bak, the BH3-only proteins failed

to induce cell death further implicating these multidomain proteins as an essential

gateway for mitochondrial dysfunction and cell death (30). Interestingly, the BH3-only

proteins could still target the mitochondria. The BH3-only domains are the functional

domain of BH3-only proteins since short peptides derived from various BH3-only

proteins are able to activate Bax and Bak resulting in the release of cytochrome c (115,

146,209)
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While it is known that activation of Bax and Bak result in oligomerization and the release

of cytochrome C it is still under debate whether additional proteins are required for

permeabilization of the mitochondria outer membrane (142). Conflicting data has been

reported as to the minimum requirements for permeabilization which may be due to the

different experimental strategies utilized by the various laboratories (110, 174). Using

cell-free systems and reconstituted vesicles from defined molecules it was shown that

permeabilization of the mitochondrial outer membrane did not require the mitochondrial

matrix, inner membrane or other proteins (110). However, in the absence of other

proteins the BH3-only protein Bid activated monomeric Bax, required cardiolipin, and

produced membrane openings that allowed the passage of very large (2 megadalton)

molecules (110). Additionally, these openings were inhibited by the antiapoptotic protein

BCl-xL (110).

It has also been demonstrated that Bax and Bak interacts with and activates the

permeability transition pore (PTP) members such as VDAC during pore formation and

release of cytochrome c (174, 198). Recombinant Bax and Bak accelerate the opening of

voltage dependent anion channel (VDAC) in liposomes whereas BCl—xL Closes this

Channel through direct interaction (174). Furthermore, VDAC] deficient mitochondria

(from yeast) did not release cytochrome c demonstrating a requirement for this additional

mitochondrial protein (174). In contrast, embryonic stem cells deficient in VDAC] were

as similar in sensitivity as the wild type cells in response to activators of the intrinsic

mitochondrial pathway indicating VDACl may not be as essential in the activation of
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mitochondrial apoptosis (29). In some cases opening of the PTP may act as an initiating

event stimulating Bax translocation to the mitochondrial outer membrane (151). Overall,

the role Bax or Bak plays in connection with the PTP and release of cytochrome C is

presently unclear and still controversial. However, what is Clear is that activation of Bax

or Bak results in the release of cytochrome C (142).

Roles ofzinc in Bel-2 mediated apoptosis:

The PTP may also be a potential site of action for zinc. It was demonstrated that low

concentrations of zinc (IOnM) could induce the opening of the PTP in isolated

mitochondria and result in the release of cytochrome c (92). However, since isolated

mitochondria were utilized, the amount of zinc required for the effect on the PTP may be

higher in intact cells. It has been proposed that zinc could directly activate the

mitochondria resulting in the release of cytochrome C (166). However, in our hands,

intact mouse thymocytes required transcription and translation in order to undergo

apoptosis (I28, 190). The inhibition of transcription would have no affect upon apoptosis

if zinc were directly activating the mitochondria thus resulting in release of cytochrome c

and activation of the caspases. However, it does not appear that the direct activation of

the mitochondria occurred in our system since transcription was required (128). As will

be discussed below, our laboratory was the first to demonstrate the ability of zinc to

promote the transcriptionally dependent up-regulation of the BH3-only protein Bim,

which is known to function through activation of the multidomain proapoptotic proteins

Bax and Bak (128).

28



Interestingly, it has been reported that VDAC2, a VDAC isoforrn present in low

abundance in the outer mitochondrial membrane, interacts with and maintains the integral

outer mitochondrial membrane protein Bak as a monomer in an inactive state (29).

Cells deficient in VDAC2 were more susceptible to apoptotic stimuli and demonstrated

enhanced Bak oligomerization (29). Overexpression of VDAC2 significantly inhibited

apoptosis in Bax deficient cells which still contain Bak; however, it had little effect on

Bak deficient cells that contained Bax, further demonstrating the specificity of the

interaction with Bak (29). BH3-only proteins can displace VDAC2 from Bak allowing

oligomerization and activation of Bak resulting in apoptosis (29).

It has been reported that high concentrations of exogenous zinc could inhibit Bax or Bak

oligomerization and apoptosis in response to Chemical inducers (67). Since Bax and Bak

are regarded as a gateway to mitochondrial induced apoptosis this could be one of the

many potential sites of action for zinc. The antagonistic effects of high concentrations

(mM levels) of zinc on apoptosis have been widely reported for many years (59, 194).

However, most studies demonstrating the suppression of apoptosis in vitro have used

supraphysiological levels of zinc salts (up to lOmM) (10, 67). The use of very high

concentrations of zinc in the millimolar range can also non-specifically cross link

proteins so caution must be taken with the interpretation of the results. While high

concentrations of zinc have been shown to suppress apoptosis, it does not appear to

provide long term protection from cell death for mouse thymocytes (60). In order to

explore the role of zinc in apoptosis others have used the zinc ionophore, pyrithione, and

more physiological (25pM) levels of zinc salts (194). Instead of suppressing cell death

much lower concentrations of zinc pyrithione (400nM), in our hands, induced apoptosis
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in mouse thymocytes and utilized the intrinsic mitochondrial pathway of which Bax is an

essential gateway (128).

Theproapoptotic BH3-only Bel-2family members:

While mitochondria as a whole are the central focusing point for many diverse signals

that initiate apoptosis, the antiapoptotic proteins BCl-2/BCl-xL and the multidomain

proapoptotic proteins Bax/Bak function as gatekeepers. Throughout the cell the BH3-

only proteins function as sensors for a variety of cellular insults such as grth factor

deprivation (Bad, Bim), T-Cell receptor activation (Bim), DNA damage (Noxa, Puma), or

even activation of death receptors (Bid) which in turn activate the mitochondrial

gatekeepers as illustrated in Figure 1-4 (146). The antagonism between the antiapoptotic

and proapoptotic gatekeepers determines the cells fate.

A variety of death stimuli activate BH3-only family members (146). However, different

BH3-only family members appear to be utilized in response to various apoptotic death

stimuli (146). Additionally, the utilization of particular BH3-only members may be cell

type specific (146). BH3-only proteins require the multidomain proapoptotic proteins

Bax or Bak in order to release cytochrome C from the mitochondria (115). BH3-only

domains from BH3-only family members differ in there abilities to induce the release of

cytochrome c (109, 115). The BH3-only proteins can either interact directly with the

multidomain proapoptotic proteins resulting in oligomerization and release of

cytochrome c or BH3-only proteins can interact directly with antiapoptotic proteins such

as Bcl-xL (30, 109, 115). BCl-2 and BCl-xL can sequester BH3-only proteins preventing
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Figure 14: Regulation of apoptosis by proapoptotic BH3-only family members.

Different BH3-only proapoptotic family members are utilized in response to various

inducers of apoptosis and their interaction with antiapoptotic and proapoptotic Bcl-2

family members determine the cells fate.
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the activation of Bax and Bak mediated mitochondrial apoptosis (30). However, if BCl-2

or BCl-xL previously sequestered Bax or Bak, a new interaction with BH3-only proteins

could relieve this inhibition by displacing Bax and result in activation and

permeabilization of the mitochondria (109).

Certain BH3-only proteins such as Bim or Bid are capable of directly binding and

activating Bax or Bak (115, 139). In contrast, others such as Bad only interact with the

antiapoptotic proteins and thus act as sensitizers that antagonize the antiapoptotic

proteins. In this manner Bad functions by lowering the threshold required to induce

apoptosis (115). Whereas Bim or Bid can directly interact with Bax or Bak they can also

be sequestered by the antiapoptotic proteins thus preventing activation of the

multidomain proapoptotic proteins (26, 76). It has been demonstrated experimentally

that the BH3 domain from Bad has a higher affinity for Bel-2 than the BH3 domain from

Bid (115). This would allow Bad to efficiently displace Bid from the antiapoptotic

proteins thus releasing Bid to activate multidomain proapoptotic proteins such as Bak

resulting in the release of cytochrome C (115). Additionally, in response to apoptotic

stimuli increased expression of BH3-only members such as Bim could overcome the

threshold set by the antiapoptotic proteins allowing for direct interaction with Bax or Bak

thus shifting the cells fate towards death as illustrated in Figure 1-5. Mitochondria with

protective levels of the antiapoptotic protein BCl-2 (30) or the overexpression of BCl-2

resulted in the protection of cells from activation with BH3- only proteins (115).
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Figure 1-5: Interactions between antiapoptotic and proapoptotic Bel-2 family

members regulate decisions between life and death. A) Antiapoptotic proteins

sequester and neutralize BH3-only proteins resulting in cell survival. B) Increased

expression of BH3-only proteins result in saturated binding of 301-2 and Bak resulting in

cell death.
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Zinc induced the up-regulation ofthe BH3-onlyfamily member Bim:

Over the last few years, BH3-only proteins have been established as important regulators

of the intrinsic mitochondrial apoptotic signaling cascade. However, regulation of the

mitochondrial pathway by zinc has remained uncertain. The question therefore arose;

does a BH3-only protein regulate zinc-induced apoptosis? As will be discussed herein,

our laboratory identified for the first time (to our knowledge) the strong up-regulation of

the BH3-only protein Bim in response to treatment with low levels of exogenous zinc in

mouse thymocytes (128). We have previously demonstrated in thymocytes that zinc-

induced apoptosis was dependent upon transcription and translation (128, 190). We have

also demonstrated that the inhibitor of transcription, actinomycin D, which blocked zinc-

pyrithione (400nM) induced apoptosis, also inhibited the up-regulation of the BH3-only

protein Bim in thymocytes (128). In addition to mouse thymocytes, an increase in Bim

expression was also observed in the mouse S49 T-Cell line in response to zinc treatment

(126). In order to verify that the increased expression of Bim was in fact due to zinc

treatment and not just a common event involved with apoptosis wild-type (WT) S49 cells

were treated with other known death stimuli. Etoposide treatment or activation of the

extrinsic apoptotic Fas signaling pathway induced significant amounts of apoptosis (126).

However, neither treatment induced the BH3-only protein Bim thus demonstrating that

the increase in Bim expression observed in response to zinc treatment was due to zinc

(128).

Antiapoptotic proteins are known to sequester BH3-only proteins such as Bim (30), and

overexpression of the antiapoptotic proteins such as Bcl-2 or Bcl-xL have also been
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shown to protect cells from BH3-only proteins (115). If the up-regulation of Bim was

responsible for zinc-induced apoptosis then overexpression of the antiapoptotic proteins

should therefore block zinc-induced cell death. Indeed, we have demonstrated that

overexpression of Bel-2 or BCl-xL in the human Jurkat T-cell line or Ramos B-Cell line

resulted in the protection of these cells from zinc-induced apoptosis (128). Others have

also established that overexpression of BCl-2 protected Ramos B-Cells from zinc-induced

apoptosis (166). On the other hand, high concentrations of zinc (lmM) were shown to

increase Bel-2 levels while reducing Bax levels in the U937 cell line (64). It was

suggested that this Change in BCl-2/Bax ratio induced by zinc (lmM) was responsible for

the protection of the cells from hydrogen peroxide induced cell death (64). However, in

our system using only 400nM zinc pyrithione, which induced apoptosis, expression of

Bax and BCl-2 did not Change in response to zinc treatment (128). Since Bcl-2 levels did

not change in response to zinc, the significant up-regulation of Bim would result in the

neutralization of the antiapoptotic proteins and activation of the multidomain

proapoptotic proteins thus shifting the cell towards death. Taken together our data is

consistent with the idea that the up-regulation of the BH3-only protein Bim is involved in

the regulation of zinc-induced apoptosis in cells of the immune system (128).

Furthermore, Bim has been shown to be important in the development and maintenance

ofthe immune system (17).

A possible rolefor Bim in neuronal cell death:

The tissue distribution of Bim includes hematopoietic, neuronal, epithelial as well as

germ cells (147). In addition to inducing apoptosis in cells of the immune system, zinc
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has been demonstrated to be a key modulator of neuronal cell death in response to

ischemia and seizures as previously discussed (33, 62, 63, 183). Interestingly, Bim may

also regulate neuronal cell death in response to seizures and in temporal lobe epilepsy

(144, 162, 175). While we have demonstrated that Bim is a regulator of zinc-induced

apoptosis in cells of the immune system, whether it is a regulator of zinc-induced cell

death in neuronal cells currently remains unknown ( 128).

Bimfamily members:

Bim, the BCl-2 interacting mediator of cell death, was initially identified by screening a

CDNA expression library with a BCl-2 probe (145). Three major isofonns generated by

alternative splicing were identified and designated BimEL (extra long), BimL (long) and

BimS (short) (19, 145). All three isoforrns interact with BCl-2, whereas BimEL and

BimL are the predominant isoforms expressed in tissues, BimS was not observed unless

an apoptotic stimulus was present (145, 147, 153). However, BimS is the most cytotoxic

isoform (145). Bim has important physiological roles in the immune system as

demonstrated by Bim-deficient mice which show an accumulation of both lymphoid and

myeloid cells as well as defects in the negative selection of thymocytes (17, 18, 20]).

Additionally, Bim expression was shown to be essential for the death of antigen-activated

T lymphocytes during the termination of an immune response (181). Lymphocytes from

Bim-deficient mice have also been shown to be resistant to various death stimuli

including treatment with the calcium ionophore, ionomycin as well as grth factor

withdrawal (17). Additionally, Bim was induced in response to growth factor withdrawal

in neurons resulting in cell death (68). Bim can be regulated in several ways, from the
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point of transcription to the level of pre-mRNA splicing, as well as post-translationally

through phosphorylation or through interaction with the dynein motor complex (19, 76,

145)

Bim regulation by interaction with the dynein motor complex:

BimEL and BimL have been demonstrated to interact with light Chain 8 (LC8), a

component of the microtubule-associated dynein motor complex, resulting in

sequestration of its proapoptotic activity (153). Interestingly, the proapoptotic activity of

BimL was increased in response to single amino acid substitutions that abolished

interaction with LC8 thus indicating that sequestration by the dynein motor complex can

regulate the apoptotic activity of Bim (153). BimEL and BimL may play a role in

apoptosis that disrupts the cytoskeleton or the dynein motor complex such as that

associated with anoikis, a process where adherent cells lose contact with the extracellular

matrix (65, 207). Certain apoptotic stimuli, such as treatment with taxol, have been

shown to dissociate Bim from the dynein motor complex thus allowing interaction with

and neutralization of Bel-2 (153). Although BimEL is a less potent killer than BimL,

' BimEL and BimL interact with LC8 with similar affinity, although the most cytotoxic

isoforrn BimS did not interact with LC8 (153). Overall, interaction with the dynein

motor complex in certain cell types can be a point of regulation for Bim (145). However,

most of the Bim in healthy or apoptotic T cells has been shown to be associated with the

mitochondria and not the microtubules, despite its ability to bind LC8 (76, 224). In these

T cells it appears that Bim is regulated by interaction with BCl-2 family members rather

than by sequestration with LC8 (224).
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Bim regulation byphosphorylation:

Bim has also been shown to be regulated though phosphorylation. It has been

demonstrated that JNK and ERK1/2 can phosphorylate Bim both in vitro and in vivo (11,

114). In response to UV stimulation JNK has been shown to phosphorylate BimL on

Thr-56, the region that interacts with LC8, as well as at Set-44 and Set-58 (114). It was

suggested that this phosphorylation disrupted the interaction with LC8 and resulted in the

release of Bim and cell death (114). In another study JNK was shown to phosphorylate

BimEL on Set-65 in primary cerebellar granule neurons resulting in cell death (1 1). In

contrast, others have shown that survival signals resulting in the activation of ERKl/2

resulted in the phosphorylation of BimEL on Set-65 and this lead to a substantial increase

in the turnover of the BimEL via the ubiquitin-mediated proteosome pathway (116, 117).

Additionally, mutation of Ser-65 to alanine blocked phosphorylation of BimEL by

ERKl/2 both in vitro and in vivo and prevented its degradation (117). It was also

demonstrated that ERK1/2 could physically interact with BimEL whereas JNK could not,

although JNK could still phosphorylate BimEL though not to the same extent (117).

Furthermore, in response to the survival factor IL-3 (interleukin 3) in hematopoietic cells,

BimEL was phosphorylated by ERK1/2 on Set-55, Ser-65, and Ser-100 which

considerably reduced interaction between Bim and the multidomain proapoptotic protein

Bax (76). Withdrawal of IL-3 or BimEL containing serine to alanine mutations

demonstrated that only non-phosphorylated Bim interacted with Bax (76). Overall, the

role phosphorylation plays in the regulation of Bim is still conflicting. What is Clear is

that phosphorylation can in some cases regulate the activity of Bim, though whether this
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regulation is positive or negative may depend on the differences in the cell types utilized

or the differences in activation pathways.

Transcriptional regulation ofBim by zinc:

As previously discussed, Bim can be regulated via several mechanisms including at the

level of transcription. It appears that this is the mechanism by which zinc regulates Bim

since Bim levels are strongly increased in response to zinc treatment in T cells (126, 128)

and since sequestration with LC8 may not be a prominent mechanism in T cells (76,

224). The question thus arose: what signaling components or signal transduction

pathways are utilized during the induction of Bim in response to zinc?

Relatively little is known about the players involved in the up-regulation of Bim.

However, in response to nerve growth factor (NGF) withdrawal JNK signaling has been

implicated in the induction of Bim (77) and the expression of a dominant negative c-jun

was able to partially blocked Bim expression (211). Another group has also

demonstrated that Bim was a direct target of the Forkhead box Class O 3a (FOXO3a)

transcription factor in response to NGF withdrawal (14, 68). Others have demonstrated

involvement of these pathways in response to grth factor withdrawal; however,

whether they are common to all inducers of Bim remains unknown. On the other hand

we have demonstrated that zinc activated the cyclic adenosine 5’-monophosphate

(CAMP) signal transduction pathway which resulted in the induction of Bim and

apoptosis in T cells (126). Consistent with this observation others have demonstrated

that the direct treatment of T cells with either a CAMP analog (8-CPT-CAMP) or a B-
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adrenergic receptor agonist (isoproterenol) similarly lead to increased Bim expression

and cell death (223).

The cAMP signal transduction pathway: Utilized during zinc-induced

apoptosis:

CAMP has been established since the 19508 as an important secondary messenger which

can alter the balance between cell death and cell growth (85). cAMP has also been

shown to induce apoptosis in T cells as well as a variety of other cell types (102, 134,

140, 141, 163, 178, 193). As illustrated in Figure 1-6 adenylate cyclase is the enzyme

responsible for the de novo synthesis of CAMP from ATP being activated by the Gas

subunit of the heterotrimeric G-proteins (85). Activation of G-protein coupled receptors,

such as the B-adrenergic receptor, result in the dissociation and activation of the

heterotrimeric G-proteins ultimately resulting in the induction of CAMP. The newly

synthesized CAMP binds to the regulatory subunits of PKA. This in turn releases the

active catalytic subunits that phosphorylate a variety of substrates including the CAMP

response element binding protein (CREB). Using CREB phosphorylation as an indicator

of PKA activation (171) we will show that zinc induced strong CREB phosphorylation in

both S49 WT cells and mouse thymocytes (126). Additionally, many studies of the

CAMP signaling pathway have utilized the S49 T cell line. The S49 T cell line has been

historically used as a model for CAMP signaling since there are two well Characterized

variants deficient in the CAMP signaling pathway (21, 35, 36, 179, 180, 216). The S49

Cyc' cell line is deficient in the Gors subunit of the heterotrimeric G-proteins that activate

adenylate cyclase (20, 21, 36, 85, 94). The S49 Kin' cell line is deficient in protein kinase
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Figure 1-6: Components of the cAMP and NF-IcB signal transduction pathways.
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A (PKA) activity (113, 179, 180). We will firrther demonstrate utilization of the CAMP

signaling pathway in response to zinc treatment with these cell lines.

PKA is activated in response to zinc treatment:

In T cells we have demonstrated that CAMP was produced in response to zinc treatment

which resulted in the activation of PKA (126). PKA is composed of two catalytic

subunits bound by a regulatory dimer subunit while it is inactive (189). CAMP binds

cooperatively to two sites on each regulatory subunit. The binding of a total of four

molecules of CAMP, two molecules per regulatory subunit, results in the release of two

active monomeric catalytic subunits (189). The active catalytic subunits then

phosphorylate target proteins (189). While CAMP generally exerts its effects though

PKA not all effects are exclusively though PKA (106). CAMP has also been shown to

activate Epacl which is a guanine exchange factor for the Ras-like small GTPase Rap]

(15, 106). Therefore, if PKA was not the mediator of CAMP action in response to zinc

treatment then a deficiency in PKA (S49 Kin‘) should have no effect. On the contrary,

the S49 Kin' cells were less susceptible than the S49 WT cells to zinc-induced apoptosis.

This demonstrated that PKA was the mediator of CAMP action in response to zinc

treatment (126). As previously mentioned activation of PKA resulted in the strong

phosphorylation ofCREB on SerI33 in response to zinc treatment (126). However, CREB

can be phosphorylated on Ser‘33 by a several different kinases (171). If CREB

phosphorylation in the S49 WT cell line was due to these other kinases then CREB

phosphorylation should also occur in the S49 Kin' cell line. No CREB phosphorylation
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was observed in the PKA deficient cell line in response to zinc treatment which indicated

that PKA was the responsible kinase (126).

CREB:

CREB is a 43-kDa basic leuCine zipper (bZIP) transcription factor that binds to DNA as a

dimer and couples the CAMP signaling pathway to gene activation (137, 171). In recent

years, CREB has been shown to regulate various genes involved in neuronal function,

development, signaling, and transcription (38, 52, 89, 93). However, CREB regulation

may vary due to differences in cell types or variations in the activating stimulus (93).

Generally prolonged phosphorylation of CREB on Ser133 is required for the activation of

this transcription factor (69, 88, 93, 171). Prolonged phosphorylation of CREB was

noted in response to zinc treatment in S49 WT cells (126). Phosphorylation at this site is

required for interaction with the CREB binding protein (CBP) which acts as a

transcriptional co-activator through its histone acetyltransferase activity (95, 171).

Additionally, phosphorylation at Ser133 may increase CREB DNA binding activity though

this is dependent upon the specific CAMP response element (CRE) (24, 171). The typical

target sequence for CREB is the palindromic CRE first identified in the somatostatin

gene (TGACGTCA) (138). We have demonstrated that treatment of S49 WT cells with

zinc led to increased binding of a 32P-labled probe containing the consensus CRE as

analyzed by an electrophoretic mobility shift assay (EMSA) (126). Since zinc treatment

led to the activation of the CAMP signaling pathway that resulted in the induction of Bim

it was hypothesized that the Bim promoter was a direct transcriptional target of CREB.

However, the murine Bim promoter did not contain a full consensus CRE (19). While
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CREB binds the consensus CRE it can also bind variant CREs even those containing the

half-site TGACG sequence (57, 137). Additionally, it was shown that the majority of

CREB targets contained shorter versions or Close matches to the consensus sequence in

one study that mapped CREB binding sites on human chromosome 22 (52). In order to

determine whether CREB was bound at the Bim promoter in S49 WT T cells we

performed Chromatin immunoprecipitation (ChIP) analysis (126). In response to zinc

treatment we demonstrated an increase in CREB occupancy at the Bim promoter (126).

Our data is consistent with a genome-wide analysis of CREB targets that combined ChIP

analysis with a modified serial analysis ofgene expression (SAGE) (89). This large scale

analysis identified a number of novel CREB targets; however, the most interesting to us

was the identification of Bim (89).

Activation ofNF-ch in response to zinc:

In addition to utilizing the CAMP signal transduction pathway during apoptosis we

demonstrated that zinc also activated the NF-KB signaling pathway (127). NF-KB

proteins belong to a family of heterodimeric transcription factors that play essential roles

in inflammatory and stress responses. The NF-KB family consists of five members: p65

(RelA), RelB, C-Rel, p50 (precursor 105), and p52 (precursor 100) (215). All five

members contain a Rel-homology domain (RHD) which is required for their

dimerization, nuclear translocation, and DNA binding. As illustrated in Figure 1-6 NF-

KB is sequestered in the cytoplasm as an inactive complex bound by the inhibitory KB

proteins (IKBot) (96). Activation of NF-KB is regulated through the phosphorylation of

IKBO. by the IKB kinase (IKK) complex (96). The IKK complex consists of IKKCI and
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IKKB bound to a dirneric IKKy (Nemo). Phosphorylation of IKBO. at two serine residues

results in its degradation via the ubiquitin-mediated proteosome pathway (96, 200). In

response to IKBot degradation the nuclear localization sequence (NLS) contained in NF-

KB is exposed which results in translocation to the nucleus and activation of target genes

(96).

IKBO. was degraded in response to zinc treatment in both mouse thymocytes and the S49

WT cell line (127). Furthermore, utilizing an electrophoretic mobility shift assay we

demonstrated that treatment of S49 WT cells with zinc led to increased binding of a 32P-

labled probe which contained an NF-KB binding site (127). Overall, we demonstrated

activation of the NF-KB signaling pathway in response to zinc treatment in T cells,

similar to results seen in thyroid cells (87). While we have shown activation of the NF-

KB signaling pathway in response to zinc, others have demonstrated that zinc could

inhibit TNF-ot induced NF-KB activation (98, 99). These discrepancies could be due to

the different cell types used or the differences in the inducers of apoptosis.

While many well known targets of NF-KB include proinflammatory and antiapoptotic

genes, NF-KB also has a proapoptotic role under certain conditions (45). NF-KB activity

was shown to be essential for doxorubicin-induced apoptosis (6). Additionally, NF-KB

has been established as a dominant transcription factor involved in apoptosis induced by

the HIV-lenvelope glycoprotein complex (Env) (149). In another study NF-KB was

implicated in developmental cell death in an avian embryo (1). Moreover, a proapoptotic

role for the activation of NF-KB was demonstrated in retinal pericytes in response to
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diabetes or high glucose (159). Interestingly, another group studying T cell development

in vivo demonstrated an essential role for NF-KB in promoting double positive T cell

apoptosis in response to or—CD3 administration (81). This group utilized transgenic mice

expressing a super-inhibitory IKBO. that contain serine to alanine mutations which

prevents phosphorylation and thus degradation, thereby retaining NF-KB in an inactive

complex (81). While these double positive thymocytes were resistant to or-CD3 induced

apoptosis they were still responsive to y-irradiation further demonstrating that under

certain conditions NF-KB has a proapoptotic role (81). Furthermore, the proapoptotic

proteins Fas and FasL have been shown to be direct targets of NF-KB (27, 28, 125, 164).

Another proapoptotic protein, Bim, may also be a potential target of NF-KB. The Bim

promoter contains several candidate NF-KB binding sites and thus may be

transcriptionally regulated during zinc’s activation of NF-KB. However, a direct link

between NF-KB and Bim has not yet been established.

Summary

Zinc has been shown to induce apoptosis in a number of cells types from neuronal to cells

of the immune system. Whether increases in zinc result from potential environmental

factors, released from metalloproteins within cells, or released from the cells themselves

an understanding of its regulation of apoptosis is essential to combating the potential

toxicity of zinc under certain circumstances. The involvement of the recently identified

signaling pathways (cAMP-PKA and NF-KB) and apoptotic factors (Bim) in zinc-

induced apoptosis in cells of the immune system will therefore be demonstrated in detail

49



in the following Chapters thus considerably increasing our current knowledge of the

regulation of apoptosis by zinc.
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Chapter 2

Zinc pyrithione induces apoptosis and increases expression of Biml.

Abstract

We demonstrate herein that zinc pyrithione can induce apoptosis at nanomolar

concentrations. Zinc pyrithione was a potent inducer of cell death causing greater than

40-60% apoptosis among murine thymocytes, murine splenic lymphocytes and human

Ramos B and human Jurkat T cells. Conversely, the addition of a zinc chelator protected

thymocytes against zinc pyrithione induced apoptosis indicating these responses were

specific for zinc. Zinc-induced apoptosis was dependent on transcription and translation

which suggested possible regulation by a proapoptotic protein. Indeed, zinc induced a

1.9 and 3.4 fold increase respectively in expression of the BimEL and BimL isoforrns and

also stimulated production of the most potent isoform, BimS. This increase in Bim

isoforrn expression was dependent on transcription being blocked by treatment with

actinomycin D. Overexpression of BCl-2 or BCl-xL provided substantial protection of

Ramos B and Jurkat T cells against zinc-induced apoptosis. Zinc also activated the

caspase cascade demonstrated by cleavage of caspase 9. Addition of specific inhibitors

for caspase 9 and caspase 3 also blocked zinc-induced apoptosis. The data herein adds to

the growing evidence that free or unbound zinc could be harmful to cells of the immune

system.

 

I This work was published as the following manuscript: Mann, J.J. and Fraker P.J. (2005). Zinc

pyrithione induces apoptosis and increases expression of Bim. Apoptosis 10, 369-379.
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Introduction

Zinc is an essential biological trace metal vitally important for many cellular activities,

therefore, the concentration of zinc is tightly regulated (7, 31). Zinc is critical as a

cofactor for both catalytic and structural roles within the cell as well as numerous other

processes including gene expression (7, '31). However exposure to excess unbound or

extracellular zinc has been shown to have adverse effects at the cellular level through the

induction of apoptosis in a number of cell types (8, 24, 28, 32). A variety of disease

states are affected by the disruption of zinc homeostasis. During brain damage certain

neurons which contain substantial amounts of zinc, up to 300uM of releasable free zinc

within presynaptic boutons, as well as during seizures zinc is released with associated cell

death observed in surrounding cells and tissues (10, 11, 26, 27). Addition of zinc

chelators results in survival of these surrounding cells demonstrating a proapoptotic role

for excess zinc. In the case of Alzheimer’s disease, zinc has been shown to be associated

with the B-amyloid proteins potentially enhancing aggregation and concomitant

formation of plaques (6, 18). Chelation of zinc reduced the onset of Alzheimer’s in a

murine model making it of interest as a potential intervention in human trials (3, 5).

Substantial amounts of zinc are also associated with the insulin stored in pancreatic islet

B-Cells which when released may act in a paracrine fashion to further accelerate the death

of islet cells during the course of diabetes (16). Intracellular zinc exists as fixed pools of

zinc, such as in transcription factors and as structural cofactors, or in labile pools of

readily exchangeable zinc such as that bound by metallothionein (21) that are thought to

be responsible for the regulation of apoptosis. Another example of this labile pool is the
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release of zinc from protein kinase C (PKC) during activation in response to

diacylglycerol or reactive oxygen species (17). Furthermore zinc has been demonstrated

to be released within cells undergoing early events of apoptosis induced spontaneously or

in response to various agents (34). Thus there are a number of situations where released

zinc might have potentially adverse effects sometimes initiating apoptosis.

Zinc-induced apoptosis utilized the mitochondrial apoptotic pathway as will be

demonstrated in this present study. The mitochondria are a central focusing point for

many diverse signals initiating apoptosis in the intrinsic apoptotic pathway (22). Upon

activation of this pathway cytochrome c is released fi'om the mitochondria resulting in the

assembly of the apoptosome which promotes Cleavage and activation of caspase 9 and 3

(14, 15). Bcl-2 and BCl-xL are the antiapoptotic proteins that sequester proapoptotic

proteins such as Bax. These proteins prevent the multimerization of Bax and its

interaction with the mitochondria thereby neutralizing its proapoptotic effects (2).

Conversely proapoptotic BH3 only family members such as Bim (BimEL, BimL, BimS)

antagonize the antiapoptotic functions of BCl-2 and Bcl-xL through direct interaction

(23). This interaction neutralizes these antiapoptotic proteins thus allowing Bax to

multimerize resulting in the permeabilization of the mitochondrial outer membrane and

release of molecules such as cytochrome C resulting in activation of the intrinsic

apoptotic caspase cascade (23). As will be shown herein zinc-induced a substantial

increase in Bim.
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To further explore the capacity of zinc to induce apoptosis, we demonstrated several

years ago that it could readily induce apoptosis in murine thymocytes causing all the

classical Changes in morphology to include cell shrinkage, Chromatin condensation, and

DNA fragmentation (28). Substantial concentrations of zinc sulfate (around 80-200 pM)

were required to produce 40% thymic apoptosis probably because of the inefficient

uptake of the zinc salts by cells (28). However addition of zinc pyrithione, an ionophore,

induced substantial amounts of apoptosis (40-60%) at 400nM (normal plasma zinc is

~15-20 pM) (33) in both human and murine immune cells. TheSe compounds caused a

cellular increase in zinc of 1.2 and 19.5ng/1x107 cells for zinc pyrithione (400nM) and

zinc sulfate (200pM) respectively for thymocytes after two hours of treatment. While

zinc has been demonstrated to induce apoptosis in a variety of cell types a detailed

analysis of the apoptotic death pathway utilized by zinc during apoptosis especially in

cells of the immune system has not been fully established. The present study was

therefore conducted to investigate the death pathway utilized by zinc in cells of the

immune system. Such cells are an ideal model in which to determine the role of free zinc

in apoptotic cell death since they are able to undergo zinc-induced apoptosis that is

readily quantitated by FACS analysis and have well Characterized death pathways (25).

As will be demonstrated herein zinc-induced apoptosis utilized the caspase cascade and

was blocked by overexpression of the antiapoptotic proteins Bcl-2 or Bcl-xL. To our

knowledge it will also be shown for the first time that zinc induced the transcriptionally

dependent BH3 only proapoptotic Bcl-2 family member Bim.
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Materials and Methods

Materials. Roswell Park Memorial Institute (RPMI-1640) culture media, penicillin-

streptomycin, HEPES buffer, sodium pyruvate, L-glutamine, G418 were obtained from

Gibco BRL (Rockville, MD). Hanks balanced salt solution (HBSS), ultrapure zinc

sulfate heptahydrate, 1-hydroxypyridine-2-thione zinc salt (zinc pyrithione),

dexamethasone, bovine serum albumin (BSA) and the antibody for B-Actin were

obtained from Sigma Chemical Co. (St. Louis, MO). N,N,N’,N’-tetrakis (2-

pyridinylmethyl) ethanediamine (TPEN), actinomycin D, cycloheximide, emetine,

puromycin, caspase inhibitors, were obtained from Calbiochem (La Jolla, CA). Certified

Australian fetal bovine serum (FBS) was obtained from Hyclone Laboratories, Inc.

(Logan, UT). All antibodies used for phenotyping and antibodies to Bax, human BCl-2,

and BCl-xL were obtained from Pharmingen (San Diego, CA). The antibody able to

detect murine Bcl-2 was obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).

The antibodies directed against Bim and caspase 9 as well as the Chaps Cell Extract

Buffer were from Cell Signaling Technology (Beverly, MA). Propidium iodide (PI), 4'-

6-diaminido-2-phenylindole (DAPI) and merocyanine 540 (MC540) were obtained from

Molecular Probes (Eugene, OR). Enhanced Chemiluminescence Plus (ECU) and Percoll

were obtained from Amersham-Pharmacia (Piscataway, NJ). BCA Protein Concentration

Assay was obtained from Pierce Chemical Company (Rockford, IL). The cell lines used

Ramos (CRL-1596) and Jurkat (TIB-152) were obtained from American Type Culture

Collection (Manassa, VA), murine S49 T cells were obtained from The Cell Culture
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Facility University of California San Francisco (San Francisco, Ca.). Female N] or

CAF 1/J mice were purchased from the Jackson Laboratory (Bar Harbor, ME).

Cell culture. Thymuses or spleens from young mice (8-12 weeks old) were passed

through a 100 micron mesh stainless steel screen into harvest buffer (HBSS with 4% heat

inactivated FBS). Single cell suspensions of spleens were then layered over a 70%

percoll gradient to remove erythrocytes. The resuspended cell suspensions from the

thymus or spleen were cultured in RPMI-1640 containing 10% heat inactivated FBS, 100

U/ml penicillin, 100 ug/ml streptomycin, 50 M 2-mercaptoethano], 2 mM L-glutamine

in 24-well plates at 1-2x106 cells per ml for periods up to 8 hours at 37°C in 5% CO2.

Cell lines were cultured up to twelve hours in RPMI-1640 containing 10% heat

inactivated FBS, 100 U/ml penicillin, 100 pg streptomycin, 2 mM L-glutamine, 10 mM

HEPES buffer, 1 mM sodium pyruvate, D-glucose at 4.5 g/L. Media for transfected cell

lines also contained 500 ug/ml G418. Where applicable, dexamethasone at 1 uM, zinc

sulfate (180-200 M), zinc pyrithione (ZnPy) (200-600 nM) were added at time zero.

Inhibitors were added at the concentration indicated one hour prior to the addition of

initiators of apoptosis. Viability and recovery were assessed at the beginning and end of

culture periods using trypan blue dye exclusion. All use of mice was approved by the

University Laboratory Animal Research Committee at MSU.

Immunophenotyping and DNA labeling of thymocytes and splenocytes. Following

the designated incubation period, thymocytes and splenocytes were harvested, washed,

and resuspended in label buffer (HBSS with 2% heat inactivated FBS and 0.1% sodium
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azide) at 1-2x106 cells per ml per sample and immunophenotyped for T cell or B cell

markers at 4°C. Antibodies used for T cell markers were Phycoerythrin (PE) conjugated

anti-CD4 (GK1.5) and Fluorescein Isothiocyanate (FITC) conjugated anti-CD8a (53-6.7)

while PE conjugated anti-8220 (RA3-6BZ) was used for the B cell marker.

Isotype/fluorochrome matched controls to all antibodies were used to determine

background. Quantitation of cells in the hypodiploid region of the DNA cell cycle profile

was as previously described.(29) Cells were resuspended in one part ice cold 50% FBS

in phosphate buffered saline (PBS). Three parts ice cold 70% ethanol were added

dropwise with gentle mixing and cells were incubated overnight at 4°C. After washing

twice with label buffer the cells were resuspended in 1 ml of PBS with the addition of PI

(50 ug/ml), RNaseA (100 units/ml), EDTA (0.1 mM) and 1% Triton X-100. In the case

of three color analysis DAPI (1 pg/ml) was used to stain for DNA for 1 hour at room

temperature in the dark. Between 10,000-20,000 cells per sample were analyzed.

Detection of Apoptosis. Initial gating of thymocytes through P1 or DAPI width vs. area

allowed for exclusion of debris and cell doublets without affecting the apoptotic region

for cell cycle analysis. As previously described, quantitation of apoptosis was carried out

by determination of the percentage of cells in the hypodiploid region of DNA cell cycle

directly or after gating for phenotype (12).

Merocyanine 540 (MC540) labeling of cell lines for the detection of apoptosis. Since

the hypodiploid peak or apoptotic region obtained with ethanol fixation is generally not

well separated from the Go/Gl peak in cell lines undergoing apoptosis, it was necessary to
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stain the cell lines (Jurkat, Ramos, S49) with MC540 for improved identification of

apoptotic cells as per past publications (20). Briefly viable cells were removed from

culture washed once in harvest buffer, resuspended in 100 pl MC540 staining solution

(30 nM) and incubated 10 minutes in the dark at room temperature. After incubation,

900 pl harvest buffer was added and cells placed on ice in the dark. To differentiate

between viable and dead cells, P] was added to a final concentration of 1 11ng two

minutes prior to analysis. A 660 nm filter was used to detect MC540.

Data collection by FACS. All samples were analyzed on a Becton-Dickinson Vantage

fluorescence activated cell sorter (FACS) (Becton-Dickinson, San Jose, CA) using

CellQuest data acquisition and analysis software. Other software used to analyze data

included WinList for Win32v4.0, ModFIT LT, and Microsoft Excel. Analysis of the

immunophenotyped samples required use of an argon laser at 488 nm for excitation of

FITC, PE, and P] with emission at 530 nm, 575 nm, and 630 nm, respectively. The UV

lines of an argon/krypton mixed gas laser were used for simultaneous excitation of DAPI

at 350 nm with emission at 470 nm where applicable. For MC540 analysis excitation

was at 488 nm with emission at 575 nm and PI, used as a viability stain, was measured at

660 nm.

Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES) for the

analysis of zinc content. Untreated or zinc pyrithione (400nM) or zinc sulfate (200pM)

treated thymocytes (2 hours) were washed once with phosphate buffered saline. Samples

were then resuspended in Milli-Q water and transferred to acid washed containers and
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placed in an oven at 95°C to dry. Samples were digested overnight at 95°C with Ultrex II

ultrapure nitric acid from JT Baker (Phillipsburg, NJ). The zinc content of each sample

was measured at wavelength 213.857 nm using a Varian Vista Axial Inductively Coupled

Plasma-Atomic Emission Spectrometer (Palo Alto, CA). Nitric acid digestion of

standards containing reagents only (Milli-Q water or PBS) demonstrated no detectible

zinc in these reagents while blank samples spiked with zinc pyrithione (400nM) or zinc

sulfate (200pM) demonstrated the expected concentrations of zinc. The data shown was

derived from quadruplicate samples :1: standard error of the mean for each treatment

group from one experiment representative of two independent experiments.

Western Blot analysis of protein levels. All cells, except for caspase 9 detection, were

lysed in NP-4O lysis buffer which contained 50 mM Tris-Cl (pH 8.0), 150 mm NaCl,

0.02% sodium azide, 1% NP-40, phenylmethylsulfonyl fluoride (0.5 mM), sodium

bisulfate (1 mM), benzamidine (1 mM), pepstatin A (1 pM), dithiothreitol (1 mM) and

placed on ice for 30 minutes. Samples were then centrifuged to remove debris and the

protein concentration was determined using the Pierce BCA assay. Cells used for caspase

9 detection were instead lysed in Chaps Cell Extract Buffer with dithiothreitol (SmM)

and phenylmethylsulfonyl fluoride (0.5 mM). 25pg of protein were loaded per lane for

the Western blots performed in extracts from murine thymocytes. For the BCl-2 blot of

human cell lines, 30 pg, 15 pg, 5 pg protein was used while 25 pg, 5 pg, 1 pg protein was

used for the BCl-xL blots. All samples were separated on a 12% resolving SDS-PAGE

gel. The proteins were transferred to PVDF and blocked overnight at 4°C in 5% non-fat

dry milk in Tris buffered saline with Tween 20 (TBST). The membranes were then
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incubated with primary antibody diluted in 5% non-fat dry milk in TBST at room

temperature on a rocker platform for 1 hour. As per manufacture protocol for the

detection of Bim isoforms (BimEL, BimL, BimS), membranes were incubated with

primary antibody diluted in 5% BSA in TBST at 4°C overnight. Blots were washed

several times in TBST and incubated with secondary antibody horse radish peroxidase

(HRP) conjugated in 5% non-fat dry milk in TBST for 1 hour at room temperature on a

rocker platform. After multiple washes, the membranes were developed using ECL+

detection agent following the manufacturers instructions and exposed to film for

visualization. The relative levels of protein were evaluated by densitometry performed

on scanned images using ImageJ by W. Rasband (developed at the US National

Institutes of Health and available on the Internet at http://rsb.info.nih.gov/ij/).

Statistical Methods. A representative experiment (mean : SD) of at least two or more

independent experiments is shown throughout. All samples were in triplicate unless

otherwise noted. Immunophenotyping data was derived from triplicate samples

generated from the assessment of three separate mice. Statistical calculations were made

using SigmaStat 3.0 software (SPSS InC., Chicago, IL). Samples were analyzed by One-

way ANOVA with multiple comparison procedures using the Holm-Sidak Method. Data

shown is the mean : SD. An * indicates significant difference (p S 0.05) between treated

and untreated samples within each group.
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Results

Induction of apoptosis in murine thymocytes by zinc pyrithione (ZnPy). By utilizing

ZnPy that has ionophore like qualities it was possible to increase the availability of

exogenously added zinc to cells. As can be seen in figure 1A it was possible to induce up

to 60% apoptosis in thymocytes using 400nM zinc pyrithione where FACS DNA analysis

was used to quantitate apoptosis. The exogenously added ZnPy began to induce

apoptosis at 250 nM with optimal induction observed at 400 nM for the 8 hr incubation

period (Fig. 18). At 600 nM apoptosis declined indicating a moderate range of efficacy

for zinc. Thus zinc can induce apoptosis at extremely low concentrations (normal plasma

zinc is ~15-20 pM) (33). In previous publications and subsequent figures it will be

evident that substantial quantities of zinc salts were required to approach analogous levels

of apoptosis (28). The reduction in apoptosis observed above 400nM zinc pyrithione was

not due to cell loss or necrosis since viability and cell recovery were assessed using

trypan blue exclusion. As previously shown, zinc sulfate (0-500pM) treatment of

thymocytes resulted in a similar bell-shaped dose response curve (9). Prior studies

illustrated that higher concentrations of zinc sulfate actually protect against apoptosis

(temporarily) which may account for the bell-shape of the dose response curve (9). This

temporary protection from apoptosis by zinc sulfate may also explain the similar dose

response curve observed for zinc pyrithione (9). As also demonstrated in previous

publications, zinc caused the standard morphological shrinkage of cells associated with

apoptosis as demonstrated by phase contrast microscopy and by forward-side scatter

analysis on the FACS (data not shown) (28). Extensive DNA fragmentation also

occurred using ZnPy as demonstrated by the appearance of the apoptotic cells in the
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Figure 2-1: Analysis of induction of apoptosis in thymocytes by zinc pyrithione

using FACS to quantitate cells in the hypodiploid or apoptotic region.

A) Analysis of spontaneous levels of apoptosis and zinc pyrithione (400 nM) induced

apoptosis after 8 hours in culture. Percent apoptosis is based on the number of cells

within the hypodiploid region. B) Dose response curve for zinc pyrithione induced

apoptosis. Thymocytes were incubated with indicated concentrations of zinc pyrithione

and apoptosis measured after 8 hours in culture. Zinc pyrithione at 400 nM induced

maximal apoptosis. C) TPEN (N,N,N’,N’-tetrakis (2-pyridinylmethyl) ethanediamine)

(5 pM), a cell permeable heavy metal chelator, abolished zinc pyrithione (400 nM)

induced apoptosis while having no effect on dexamethasone induced apoptosis. Data

shown is the mean : SD. An * indicates significant difference (p g 0.05) between treated

and untreated samples within each group.

85



l
l
q
u

l

4
0
0

I
4
4
L
]
:

3
0
0

1
1
1
1

C
e
l
l
N
u
m
b
e
r

.
L

 

1
0
0

a
:

5
'

 

GO/Gl

Phase

  
Apoptotic 1‘ GZ/M

Region Phase

S Phase

 

    

  

100 200 300 400 100 200 300 400

Spontaneous Apoptosis Zinc Pyrithione (400nM)

 

N
W
A
U
I
O
N

@
0
0
0
0

P
e
r
c
e
n
t
A
p
o
p
t
o
s
i
s

   <3
?

0 200 300 400 500 600

Zinc Pyrithione (nM)

  

, TPle

  

 

 

 
Spontaneous Zinc Pyrithione Dexamethasone

(400nM) (lllM)

86



hypodiploid region of the DNA histogram but at far lower concentrations (Fig. 1A).

Observe the significant shift of thymocytes, which were predominantly in the Go/G1

region, to the low fluorescence or apoptotic region of the histogram subsequent to

treatment with ZnPy (Fig. 1A). To make certain that the induction of apoptosis was,

indeed, caused by zinc a highly specific chelator of zinc N,N,N’,N’-tetrakis (2-

pyridinylmethyl) ethanediamine (TPEN) was added to the cultures just prior to the

addition of ZnPy. Additionally, the chelator completely blocked the ability of ZnPy to

induce apoptosis while having no effect on dexamethasone induced apoptosis (Fig. 1C).

Time of induction of apoptosis by zinc. We next sought to determine the time required

for maximal induction of apoptosis. The removal of media containing exogenously

added ZnPy (400nM) or ZnSO4 (180pM) and replacing it with regular media for the

remainder of an 8 hour culture period resulted in no induction of apoptosis above

spontaneous levels after removal of zinc by one hour and only 25% apoptosis after a two

hour exposure (Fig. 2). The zinc content of thymocytes (19.5:i:0.2ng/1x107 cells) treated

for two hours with zinc pyrithione (400nM) increased 1.2ng (20.7i0.2ng/1x107 cells)

while zinc sulfate (200pM) treated thymocytes increased 19.5ng (38.9i3.4ng/1x107 cells)

as measured by ICP-AES analysis. The difference observed between the zinc sulfate and

zinc pyrithione treated thymocytes may potentially reflect intracellular as well as

associated zinc since the zinc sulfate treated cells were exposed to 500 fold more zinc.

However, as demonstrated by this data only a small amount of zinc was associated with

treated thymocytes. As shown in figure 2 the sodium salt of pyrithione (400nM) also

failed to induce apoptosis which in addition to the zinc chelator TPEN shown in figure
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Figure 2-2. Time of induction of apoptosis by zinc in thymocytes.

Thymocytes were incubated in the presence of zinc pyrithione (400 nM), zinc sulfate

(180 pM), or sodium pyrithione (400 nM) for indicated times (1, 2, 3, or 4 hours). At

each time point the cells were washed to remove exogenously added zinc and replated in

fresh media for the remainder of an eight hour total culture period at which time

apoptosis was quantitated. Zinc must be present for approximately 3 hours to facilitate

maximum apoptosis. Data shown is the mean : SD.
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1C demonstrated that the response to zinc pyrithione was due to zinc (Fig. 2). Overall it

was necessary to incubate cells at least 3 to 4 hours with either ZnPy or ZnSO4 to

optimize cell death. Now that the time frame for the initiation of apoptosis by zinc was

established we next wanted to determine whether other cells of the immune system in

addition to murine thymocytes were susceptible to zinc pyrithione induced apoptosis.

Various cells of the immune system are susceptible to zinc-induced apoptosis.

Various cells of the immune system undergo apoptosis in response to zinc pyrithione

treatment (400nM) shown in Table I. These cells include primary murine splenic T and

B cells and the murine S49 T cell line as well as both human Jurkat T cell and human

Ramos B cell lines all of which readily undergo apoptosis in response to zinc pyrithione.

The experiments shown in figures 1 and 2 utilized thymocytes that, in fact, consist of four

distinct cell subsets that include the earliest of T cells or the pro-T cells, pre-T cells that

are involved in the gene arrangement of the TCR, mature helper T cells, and mature

cytolytic T cells (28). It is known that pre-T cells are very vulnerable to apoptosis,

possible due to the lower expression of BCl-2, and succumb more readily to treatment

with glucocorticoids, irradiation, etc., when compared to the pro-T, mature Helper T or

Cytolytic T cells (4, 25, 28). Thus, the pattern of sensitivity of thymocytes to ZnPy

treatment, of which the pre-T cells undergo 60% apoptosis shown in Table 1, partially

paralleled the previously reported expression of the antiapoptotic protein Bel-2 raising

the possibility that zinc-induced apoptosis might utilize the BCl-2 regulated pathway (13,

25,28)
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Table I. Susceptibility of various cells of the immune system to zinc

pyrithione (400nM) induced apoptosis

Primar_'y cells:

Thymocytes:

Pro T-cells

Pre T-Cells

Helper T-cells

Cytolytic T-cells

Spleen:

Helper T-Cells

Cytolytic T-Cells

B-cells

Cell Lines:

S49 T-Cell

Jurkat T-Cell

Ramos B-cell

Time of

Origin Untreated Zinc Pyrithione Incubation

murine

murine

murine

murine

murine

murine

murine

murine

human

human

17%

13%

4%

7%

7%

3%

15%

11%

6%

5%

9]

24%

60%

39%

39%

48%

66%

33%

51%

43%

44%

8 hrs

8hrs

8hrs

8 hrs

8hrs

8hrs

8hrs

12 hrs

12 hrs

8hrs



Dependence of ZnPy induced apoptosis on transcription and translation. Many of

the classical apoptotic pathways are dependent on transcription and translation (25).

Using dexamethasone induced apoptosis as a standard, it was evident in figure 3A that

both ZnPy and zinc sulfate induced apoptosis require transcription. Actinomycin D at 5

pg/ml completely inhibited both zinc and dexamethasone induced apoptosis. Conversely

in figure 3B, 50 to 100 pg cycloheximide which completely blocked dexamethasone

induced cell death, indicating the inhibitor was functioning, only partially blocked zinc-

induced death for either ZnPy or the zinc salt. Higher concentrations of cycloheximide

were toxic to thymocytes but other inhibitors of translation such as emitine and

puromycin also failed to completely block zinc-induced apoptosis for either form of zinc

(data not shown). Since the inhibitor of transcription completely blocked zinc pyrithione

induced apoptosis and the translation inhibitor at least partially blocked apoptosis this

indicated that the apoptotic signaling pathway required for zinc-induced apoptosis were

dependent upon an increase in the production ofboth mRNA and protein.

Treatment with ZnPy up-regulates the BH3 only proapoptotic protein Bim. Since

transcription and translation are required for zinc-induced apoptosis in murine

thymocytes the identity of possible candidate proteins responsible for apoptosis was

investigated. We were especially interested in possible roles for Bel-2 family members,

as shown in figure 4 the BH3 only proapoptotic protein Bim was up-regulated in response

to zinc treatment. To our knowledge this is the first time that the transcriptionally

dependent up-regulation of Bim has been shown in response to zinc treatment.
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Figure 2-3. Zinc-induced apoptosis is dependent upon transcription and translation

in thymocytes.

A) The addition of actinomycin D, an inhibitor of transcription, completely abolished

zinc-induced apoptosis. B) Cycloheximide, an inhibitor of translation, partially blocked

zinc-induced apoptosis. Data shown is the mean 1 SD. An * indicates significant

difference (p 5 0.05) between treated and untreated samples within each group.
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Thymocytes were dosed with 400nM ZnPy and placed into culture which at the times

indicated 0, 2, 4, or 8 hours samples were removed and processed for FACS analysis or

Western blot analysis (Fig. 4A). Densitometry was performed on the scanned Western

blot images and the protein levels at time 0 hour (lane 1) for each protein (BimEL, BimL,

Bax, Bel-2, B-actin) were set to one for comparison purposes across the time course as

shown in figure 48. Three isoforms of Bim exist of which BimEL and BimL are present

in murine thymocytes starting at time 0 hour (Fig. 4A lane 1). Within 2 hours (lane 2) of

exposure to ZnPy BimEL and BimL were strongly up-regulated 1.7 and 2.4 fold

respectively. By 4 hours (lane 3) BimEL increased 1.9 fold while BimL increased 2.6

fold. Similar results were observed for zinc sulfate treated thymocytes (data not shown).

Additionally detection of the strongest proapoptotic isofonn BimS, which wasn’t

observed at 0 hour, appeared by 4 hours while the strongest levels occurred by 8 hours

(lane 3 and 4). At the 8 hour time point BimEL was increased 1.8 fold and BimL was

increased 3.4 fold. The overall up-regulation of Bim in response to zinc treatment

corresponded to the induction of apoptosis as measured by FACS analysis. Addition of

actinomycin D (Spg/ml) which was shown to block zinc-induced apoptosis (Fig. 3A)

blocked the strong up-regulation of BimEL, BimL and BimS as well as apoptosis induced

by zinc (lane 5). However, no increase in Bim expression was observed with

actinomycin D treatment alone (lane 6) or in the untreated thymocytes (lane 7) analyzed

for spontaneous apoptosis after 8 hours in culture. B-actin was used as a control to

demonstrate equal loading of protein for each sample. As demonstrated in figure 4B Bim

levels increased in response to zinc treatment while Bax and BC1-2 levels did not Change.

Since Bim functions by neutralizing antiapoptotic proteins such as Bcl-2 or BCl-xL the
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Figure 2-4. The BH3 only proapoptotic protein Bim is up-regulated in response to

zinc pyrithione treatment in contrast to Bax or Bel-2.

A) Murine thymocytes were untreated (lanes 1 and 7) or treated with 400nM zinc

pyrithione (lanes 2-5) and/or Spg/ml actinomycin D (lanes 5 and 6) for indicated times

(0-8 hours) at which point samples were processed for FACS or Western blot analysis.

FACS analysis demonstrated the percentage of cells undergoing apoptosis for each

sample at the indicated times. Western blot analysis was performed to determine the

protein levels of the BCl-2 family members: Bim (three isoforms: BimEL, BimL, BimS),

Bax and Bcl-2. B-actin was used as a loading control. The arrow shown in lane 3

denotes the most potent proapoptotic Bim isoforrn BimS detected as a faint band within 4

hours of zinc pyrithione treatment. B) Densitometry was preformed on lanes 1-4 from

part A and the relative fold increase in protein levels compared to the 0 hr sample (lane 1)

is shown for each protein. Data shown for FACS analysis is the mean : SD. Overall

data shown is one biological replicate representative of two independent experiments.
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increase in Bim levels would be expected to shift the cells fate in favor of promoting

apoptosis, which was observed in lanes 1-4 of figure 4A. It was also anticipated that

overexpression of Bcl-2 or BCl-xL would result in the protection of cells from apoptosis

induced by ZnPy treatment.

Modulation of ZnPy induced apoptosis by Bcl-2. In order to test whether zinc-induced

apoptosis could be suppressed by overexpression of BCl-2 or Bcl-xL two cell lines,

Ramos B cells and Jurkat T cell lines, were acquired that overexpressed these

antiapoptotic proteins. As demonstrated earlier (Table I) both wild type Ramos B cells

and Jurkat T cells were susceptible to zinc pyrithione induced apoptosis. As observed in

Fig. 5A and B it was evident that the wild type Ramos B cell and Jurkat T cells were very

sensitive to ZnPy which resulted in 50-60% apoptosis as measured by Changes in

membrane order using MC540 fluorescence (20). MC540 analysis for the identification

of apoptosis was undertaken since the analysis of the hypodiploid peak used for

thymocytes can sometimes be difficult to cleanly separate from the Go/GI peak in human

cell lines. Our lab has previously shown that MC540 detects equivalent amounts of

apoptosis as compared to hypodiploid analysis and Annexin V staining in murine

thymocytes (20). Therefore results obtained utilizing MC540 analysis in these cell lines

was comparable. In the case of both Ramos B cells and Jurkat T cells, BCl-xL provided

complete protection against zinc-induced death (Fig. 5A and B). Partial protection was

provided in Ramos B cells since BCl-2 was more moderately expressed (Fig 5A and C).

A Western blot was performed to verify the degree of expression of these antiapoptotic

proteins (Fig. 5C). Overexpression of either Bcl-2 or BCl-xL was able to suppress
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Figure 2-5. The antiapoptotic Bel-2 family of proto—oncogenes regulate zinc-induced

apoptosis. A) The human Ramos B cell line overexpressing BCl-2 or BCl-xL, and B) the

human Jurkat T cell line overexpressing Bcl-xL were analyzed for their sensitivity to

zinc-induced apoptosis. Apoptosis was measured using MC540 fluorescence at eight and

twelve hours, respectively. Error bars are shown for every sample being not apparent in

some cases where variation was very small. C) A Western blot was performed to verify

expression levels of the antiapoptotic proteins in the transfected cell lines. Data shown is

the mean 1 SD.

99



 

>

   

   

 

   

 

 

lfwfV 1 Ramos B cell

m 60‘1 Bcl2 ‘

'5 50-1.B°"X.L.‘
ca.

8. 40 -

<1:

’5 30:

8
5 20—

o.

10-

0

0 100 200 300 400 500

Zinc Pyrithione (nM)

B 70 .

i I Wt , Jurkat T cell

60‘ BCl-xL
.e l- _ , ,1

8 50 ‘

E?
Q 40 ‘

<

*5 30 ‘

8
5 20 ‘

o.

10 ‘

0

0 100 200 300 400 500

Zinc Pyrithione (nM)

C

- Bcl-xL BC]-2 -
C____ellLrne .W .ifi- Antibody

a—BC1-2

Ramos

B cell

or-BCl-xL

Jurkat

T cell or-Bcl-xL

 



apoptosis induced by zinc further indicating that a Bel-2 proapoptotic family member

such as Bim was involved in activation of the intrinsic mitochondrial apoptotic pathway.

Caspase activation by ZnPy. In this paper we have thus far demonstrated that the BH3

only proapoptotic protein Bim (Fig. 4) was up-regulated in response to zinc which was

blocked by the transcriptional inhibitor actinomycin D (Fig. 4). Overexpression of Bel-2

or BCl-xL that can block the effects ofBim blocked zinc-induced apoptosis (Fig. 5). This

data clearly indicated that the mitochondrial apoptotic pathway was utilized during zinc-

induced apoptosis. Proapoptotic activation of the mitochondria results in the release of

various molecules including cytochrome C which activates the apoptosome with further

activation of caspase 9 and 3. To further investigate this pathway the caspase family of

cysteine proteases which play key roles as executioners during mitochondrial induced

apoptosis(25) were examined in response to zinc treatment. As shown in figure 6A

murine thymocytes were treated with the broad spectrum caspase inhibitor Z-VAD-FMK

(2 pM and 10 pM) which was able to completely block ZnPy induced apoptosis in

thymocytes. The more specific caspase 9 inhibitor Z-LEHD-FMK (10 pM and 80 pM)

was tested and reduced the degree of zinc-induced cell death to 35% and 12%,

respectively (Fig. 6A). Z-DEVD-FMK (10 pM and 80 pM), a specific inhibitor of

caspase 3 the executioner caspase downstream of initiator caspases, was able to block

zinc-induced cell death. Together this data indicated that the mitochondrial caspase

cascade was involved in zinc-induced apoptosis. Additionally further analysis

demonstrated that Cleavage of procaspase 9 to active caspase was observed within two

hours in response to zinc pyrithione (400nM) treatment in thymocytes with stronger
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Figure 2-6. The dependency of zinc-induced apoptosis on the caspase cascade.

A) The broad spectrum caspase inhibitor (Z-VAD-FMK), the caspase 9 inhibitor (Z-

LEHD-FMK), and the caspase 3 inhibitor (Z-DEVD-FMK) were evaluated for their

impact on zinc pyrithione induced apoptosis. Zinc pyrithione (400 nM) induced

apoptosis in thymocytes was reduced in the presence of increasing concentrations of

these caspase inhibitors: Z-VAD (2 pM, 10 pM), Z-LEHD (10 pM, 80 pM), Z-DEVD

(10 pM, 80 pM). B) Procaspase 9 Cleavage resulting in active caspase 9 occurs in

response to zinc pyrithione treatment in thymocytes. B-actin was used as a loading

control. Data shown is the mean : SD. An * indicates significant difference (p 5 0.05)

between treated and untreated samples within each group.
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Cleavage occurring by four hours (Fig. 6B). These results provide additional evidence

that the intrinsic mitochondrial apoptotic pathway was active and utilized in response to

zinc treatment.

Discussion

Modulation of cellular zinc, either resulting in deficiency or excess, has been shown to be

involved in the regulation of cell death in various types of cells (30). During deficiency

cells become more susceptible to numerous inducers of apoptosis, while the addition of

exogenous zinc may reverse these apoptotic effects (30). Supra-physiological

concentrations of zinc (mM) have been shown to suppress apoptosis in response to

various inducers of apoptosis (30); however as demonstrated in murine thymocytes the

protection afforded by zinc was only temporary as cell death still resulted several hours

later (9). Furthermore lower concentrations of zinc were shown to induce apoptosis in

murine thymocytes (28). Other labs have established that zinc can induce cell death in

the case of cells of the lung, liver, prostate, etc. (8, 24, 32). Thus, a wide array of cell

types can enter an apoptotic death phase upon exposure to exogenous or free zinc.

Moreover among trace elements, this phenomenon appears to be somewhat peculiar to

zinc since nickel, copper, cadmium and gold, did not initiate apoptosis in thymocytes in

our hands (9).

Using zinc pyrithione it was possible to show that 400nM exogenously added zinc could

induce apoptosis in various cells of the immune system from primary thymocytes and
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splenic B and T cells to the human Ramos B and Jurkat T cell lines. As shown in Table I,

a variety of cell types can undergo apoptosis in response to zinc pyrithione (400nM)

treatment. ICP-AES analysis of thymocytes treated with zinc pyrithione (400nM) or zinc

sulfate (200pM) demonstrated that a relatively small amount of zinc (1.2 and

19.5ng/1x107 cells) was associated with the treated cells. Zinc pyrithione induced

apoptosis was demonstrated herein to be a zinc specific event through the inhibition of

apoptosis by the zinc chelator TPEN and the lack of induction of apoptosis by sodium

pyrithione. We further determined that zinc must be present for approximately three

hours to maximize activation of the death pathway in thymocytes. Activation of this

death pathway required transcription and translation. The inhibitor of transcription,

actinomycin D, provided extensive blockage of apoptosis. However, cycloheximide and

other translation inhibitors gave only partial inhibition in contrast to earlier studies in our

lab with zinc salts where substantial inhibition was noted (28). It is not uncommon for

these inhibitors to not only give moderate inhibition, but actually become inducers

dependent on the cell lines and culture conditions (4). Overall though, the inhibition of

zinc-induced apoptosis by the transcription and translation inhibitors suggested regulation

by induction or increased expression of potentially proapoptotic genes.

In thymocytes zinc pyrithione had a preferential effect on pre-T cells that have been

shown to contain little Bel-2 (13) which potentially indicated regulation by the

mitochondrial based Bel-2 pathway. We therefore investigated possible Bel-2 family

members in the regulation of zinc-induced apoptosis. Indeed, all three isoforms of the

BH3 only proapoptotic family member Bim were increased. Zinc-induced a 1.9 and 3.4
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fold increase in expression of the BimEL and BimL isoforms respectively and also

stimulated production of the most potent isoform, BimS. In contrast the levels of the

proapoptotic protein Bax and the antiapoptotic protein Bel-2 were unaffected. As others

have previously shown Bim functions through neutralization of BCl-2 or BCl-xL thereby

allowing Bax or other proapoptotic proteins already present to initiate mitochondrial

apoptosis (23). Since Bim functions by neutralizing antiapoptotic proteins an increase in

Bim levels with no increase in Bel-2 levels would be expected to shift the cells fate in

favor of promoting apoptosis which was observed herein. 'Moreover, as would be

expected overexpression of the antiapoptotic Bel-2 or Bcl-xL proteins, which have been

shown to block Bim dependent apoptosis(23), prevented zinc initiated apoptosis. The

difference in the ectopic expression of these antiapoptotic proteins may also explain the

variation observed between the complete suppression of apoptosis in the Bcl-xL

overexpressing cells and the protection provided by the Bel-2 overexpressing cells. It has

been shown that in response to cytokine withdrawal or treatment with taxol bim‘l' pre-T

cells survived 10-30 times better than wild type cells while heterozygous cells responded

in between wild type and bim'/' cells (1). The amount of the proapoptotic protein Bim or

the level of overexpression of the antiapoptotic proteins such as Bel-2 or Bel-XL might

therefore have profound effects on the induction of apoptosis. Overall, suppression of

zinc-induced apoptosis by overexpression of Bel-2 or BCl-xL provides ftuther evidence

of the mitochondrial apoptotic pathway in apoptosis.

Initiation of the mitochondrial pathway results in the release of cytochrome C and the

assembly of the apoptosome which promotes Cleavage and activation of caspase 9 and
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3.(14, 15) This caspase cascade was shown herein to be required for zinc-induced

apoptosis where inhibition of caspase 9, the initiator caspase of the mitochondrial

pathway (19), and the executioner caspase 3 provided effective blockage of zinc-induced

apoptosis. Cleavage of procaspase 9 to active caspase 9 also occurred in response to zinc

treatment by two hours further demonstrating activation of the Bel-2 family regulated

mitochondrial apoptotic death pathway.

Conclusion

Excess free zinc has been implicated in various disease states having roles from neuronal

damage (10, 26, 27) to Alzheimer’s disease (6, 18) and diabetes (16). While zinc has

been shown to induce apoptosis in a variety of cell types (8, 24, 32) a detailed analysis of

the apoptotic death pathway utilized by zinc during apoptosis especially in cells of the

immune system was not fully established. This is the first study to demonstrate the

transcriptionally dependent up-regulation of Bim leading to the caspase dependent

mitochondrial pathway in the induction of apoptosis by a very low concentration of zinc.
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Chapter 3

The cAMP-PKA signal transduction pathway is a

mediator of zinc-induced apoptosis via activation of Bim

Abstract

Although zinc is an essential trace metal exogenous cellular zinc can have deleterious

effects. A proapoptotic role for exogenous zinc has emerged although the signaling

pathways used during zinc-induced apoptosis were not known. SQ22536, an inhibitor of

adenylate cyclase the enzyme responsible for CAMP production, reduced zinc mediated

apoptosis from 52% to 29% in thymocytes. To explore the role of the cAMP-PKA

signaling pathway the wild type S49 T-cell line was used along with two variants that

were deficient in protein kinase A activity (S49 Kin') and ability to activate adenylate

cyclase (S49 CyC'). Zinc pyrithione (400nM) induced 51% apoptosis in wild type S49

cells that included a prolonged 2 fold increase in CAMP over 8 hours. Production of

CAMP results in the activation of PKA. One well documented target of PKA is the

CAMP response element binding protein (CREB). Strong and sustained phosphorylation

of the transcription factor CREB was observed in response to zinc treatment. In turn

binding of a 32P-labled DNA probe containing a CAMP response element (CRE) was

increased. Conversely, the variant cell lines underwent only ~20% apoptosis and no

phosphorylation of CREB was observed. In the S49 wild type cells there was also a five

fold increase in mRNA levels and a corresponding eight fold increase in protein for the
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proapoptotic Bel-2 family member Bim. Increased occupancy of the Bim promoter by

CREB was also observed in response to zinc treatment as assessed by chromatin

immunoprecipitation (ChIP) analysis. Since no Change in protein expression levels were

observed for Bax, Bel-2, or BCl-xL, the increase in Bim appears instrumental in shifting

the cells towards death. Overall, the data are consistent with a proapoptotic role for zinc

and provides further delineation of the mechanisms utilized by zinc to induce apoptosis.

Introduction

Zinc is well known as an essential trace element, being key to the function of many

metalloenzymes and transcription factors (5, 8, 9, 30, 43). However, there is very little

unbound zinc in cells or body fluid thus the free metal was thought to have deleterious

effects on cell function (43). Indeed, exposure to excess exogenous zinc causes apoptosis

in a variety of cell types (11, 29, 41, 45). For example certain neurons contain as much

as 300pM zinc which when released during seizures, ischemia or brain damage caused

extensive cell death in surrounding cells (12, 13, 38, 39). Over supplementation with

zinc can lead to gastric distress while its presence in the air can cause lung damage (43).

Exogenous addition of zinc to cells has also been shown to induce apoptosis in neuronal

(4, 31, 34), lung (44), prostate (10) and thyroid cells (15). More recently our lab has

shown that zinc pyrithione (ZnPy) is a potent inducer of apoptosis causing 40-60%

apoptosis in a variety of cells of the immune system to include thymocytes, splenic T and

B cells and human Ramos B and Jurkat T-cells at nanomolar concentration (22). Use of

zinc chelators prevented apoptosis indicating a clear role for zinc-induced cell death (6,
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22). From the collective data a proapoptotic role for zinc has emerged (4, 6, 10-13, 15,

22, 29, 31, 34, 38, 39, 41, 44, 45).

Recent research has identified some of the molecular components involved in zinc-

induced death (22). In the case of thymocytes, 400nM of zinc pyrithione was capable of

inducing 60% apoptosis when added exogenously. The zinc chelator TPEN blocked zinc-

induced apoptosis as did inhibitors of transcription and translation (22). Overexpression

of Bel-2 or BCl-xL in Ramos or Jurkat cells provided substantial protection against zinc-

induced apoptosis. The addition of caspase inhibitors including an inhibitor of caspase 9

also blocked zinc initiated apoptosis (22). Collectively the data indicate zinc employed

the intrinsic mitochondrial mediated apoptotic pathway being regulated by Bel-2 family

members (22).

However, the signaling events utilized during zinc-induced apoptosis remained to be

identified being the subject of this paper. To identify which signaling pathways might be

involved we tested a number of inhibitors of a variety of pathways which included the

adenylate cyclase pathway. CAMP is a well known and important secondary messenger

that has been shown to induce apoptosis in a variety of cell types including cells of the

immune system (20, 23, 25, 27, 32, 35, 42). As will be demonstrated the adenylate

cyclase inhibitor SQ22536 blocked zinc-induced apoptosis. To better define the role of

the CAMP signal transduction pathway in zinc-induced apoptosis we used the mouse S49

T-cell line. It was originally isolated from a Balb/C mouse derived immature pre-T cell

(CD4+/CD8+) tumor, being particularly useful since there are also two well Characterized
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variants deficient in the CAMP signaling pathway (3, 7, 36, 37). The S49 CyC' cell line is

deficient in the Gors subunit of the heterotrimeric G-protein coupled receptors that

activate adenylate cyclase, the enzyme responsible for the de novo synthesis of CAMP

(14, 19). The S49 Kin' cell line is deficient in protein kinase A (PKA) activity (36, 37).

CAMP binds to the regulatory subunits of PKA which in turn releases the active catalytic

subunits that phosphorylate a variety of substrates including the CAMP response element

binding protein (CREB). The data will show that zinc induced substantially less

apoptosis in these two variants which were defective in the CAMP-PKA signaling

pathways. As will also be shown, there was substantial activation of the CAMP response

element binding protein (CREB) via phosphorylation of Ser133 in the wild type S49 cells

upon exposure to zinc. Phosphorylation of CREB increased both the transactivation

potential and DNA binding of CREB (33) thus leading to increased transcription of target

genes. One proapoptotic target gene activated in S49 WT cells in response to zinc was

the novel BH3 only Bel-2 family member Bim (22). Indeed, the induction of Bim was

specific for zinc-induced apoptosis and was not a general effect of apoptosis since neither

the extrinsic Fas mediated apoptotic pathway nor etoposide treatment of S49 WT cells

induced Bim. Additionally, we show that transcriptional activator CREB is targeted to

the Bim promoter as a result of zinc treatment via Chromatin immunoprecipitation assays.

The results provided herein will demonstrate that zinc-induced apoptosis utilizes a

CAMP-PKA mediated signaling pathway that ultimately results in induction ofBim.
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Materials and Methods

Materials. Roswell Park Memorial Institute (RPMI-1640) culture media, Dulbecco’s

Modified Eagle’s Medium (DMEM), penicillin-streptomycin-arnphotericin B, HEPES

buffer, L-glutamine, were obtained from Gibco BRL (Rockville, MD). Hanks balanced

salt solution (HBSS), l-hydroxypyridine-Z-thione zinc salt (zinc pyrithione),

dexamethasone and the antibody directed against B-actin were obtained from Sigma

Chemical Co. (St. Louis, MO). SQ22536, etoposide were obtained from Calbiochem (La

Jolla, CA). Certified Australian fetal bovine serum (FBS) or horse serum (HS) was

obtained from Hyclone Laboratories, Inc. (Logan, UT) Propidium iodide (PI) and

merocyanin 540 (MC540) were obtained from Molecular Probes (Eugene, OR).

Enhanced Chemiluminescence Plus (ECLI) was obtained from Amersham-Pharmacia

(Piscataway, NJ). The Bicinchoninic acid (BCA) protein concentration assay and the

NE-PER (Nuclear and Cytoplasmic Extraction Reagents) were obtained from Pierce

Chemical Company (Rockford, IL). QIAquiCk PCR purification columns were obtained

from Qiagen (Valencia, Ca.). All oligonucleotides were synthesized at the

Macromolecular Structure, Sequencing and Synthesis Facility at Michigan State

University (East Lansing, MI). Syber Green Core Reagents were from Applied

Biosystems (Foster City, CA). Trizo] and Superscript II Reverse Transcriptase were

obtained from Invitrogen (Carlsbad, California). Female N] or CAF1/J mice were

purchased from the Jackson Laboratory (Bar Harbor, ME). Antibodies directed against

CREB and phosphorylated CREB on SerI33 were from Cell Signaling Technologies

(Beverly, MA). Antibodies to Bax, and BCl-xL as well as the anti-Fas antibody, which
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results in the activation of Fas pathway, were obtained fiom Pharmingen (San Diego,

CA). The antibodies directed against CREB used for the supershift analysis in the

Electrophoretic mobility shift assay (EMSA) were from Santa Cruz Biotech (Santa Cruz,

Ca). Female A/J or CAF 1/J mice were purchased from the Jackson Laboratory (Bar

Harbor, ME).

Cell culture. Thymuses from young mice (8-12 weeks old) were passed through a 100

micron mesh stainless steel screen into harvest buffer (HBSS with 4% heat inactivated

FBS). Cell suspensions from the thymus were cultured in RPMI-1640 containing 10%

heat inactivated FBS, 100 U/ml penicillin, 100 pg/ml streptomycin, 50 pM 2-

mercaptoethanol, 2 mM L-glutamine in 24-well plates at 1-2x10° cells per ml for periods

up to 8 hours at 37°C in 5% CO2. All cell lines were cultured in DMEM containing 10%

heat inactivated horse serum, 100 U/ml penicillin, 100 pg/ml streptomycin, 0.25 pg/ml

amphotericin B, 2 mM L-glutamine, 10 mM HEPES buffer at 37°C in 10% CO2,

Viability and recovery were assessed at the beginning and end of culture periods using

trypan blue dye exclusion. All use of mice was approved by the University Laboratory

Animal Research Committee at MSU.

Detection of apoptosis in mouse thymocytes. Thymocytes were gated to exclude debris

and cell doublets. As previously described, quantitation of apoptosis was carried out by

determination of the percentage of cells in the hypodiploid region of the DNA cell cycle

using propidium iodide staining (22).
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Merocyanine 540 (MC540) labeling of cell lines for the detection of apoptosis. Since

the hypodiploid peak or apoptotic region obtained with ethanol fixation is generally not

well separated from the Go/Gl peak in some cell lines undergoing apoptosis, it was

necessary to stain the cell lines with MC540 for improved identification of apoptotic cells

as per past publications (21, 22). Apoptotic cells with disregulated membranes stain

MC540 bright, being well separated from the healthy cells that stain MC540 dim. Briefly

viable cells were removed from culture washed once in harvest buffer, resuspended in

100 pl MC540 staining solution (30 pM) and incubated 10 minutes in the dark at room

temperature. After incubation, 900 pl harvest buffer was added and cells placed on ice in

the dark. To differentiate between viable and dead cells, P] was added to a final

concentration of 1 pg/ml two minutes prior to analysis. A 660 nm filter was used to

detect MC540.

Data collection by FACS. All samples were analyzed on a Becton-Dickinson DIVA

fluorescence activated cell sorter (FACS) (Becton-Dickinson, San Jose, CA) using

CellQuest data acquisition and analysis software. Other software used to analyze data

included WinList for Win32v4.0, ModFIT LT, and Microsoft Excel- Analysis of the

samples required use of an argon laser at 488 nm for excitation of MC540, P1 with

emission at 575 nm and 660 nm, respectively.

Scintillation Proximity Assay for the determination of cAMP. CAMP concentrations

were detected using the CAMP [125]] Direct Biotrak Scintillation Proximity Assay

(RPA538, Amersham Biosciences). Briefly, cells were plated at a density of 1x10°
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cells/ml in a plastic 24-well cell-culture plate, pretreated with the phosphodiesterase

inhibitor lOOpM IBMX (3-isobutyl-l-methylxanthine) for 1 hour then treated with

400nM ZnPy for indicated times, and CAMP subsequently isolated. Experimental CAMP

levels were quantified through use of a standard curve using known amounts ofCAMP.

Western Blot analysis of protein levels. Western blot analysis was performed using the

method previously described in Mann andFraker (22). Briefly all cells were lysed in 1%

NP-40 lysis buffer. Protein concentrations were determined using the Pierce BCA assay.

Western blots were performed with extracts, 25pg of protein per lane from murine

thymocytes and SOpg of protein extracts from S49 cells were loaded per lane. All

samples were separated on a 12% or 17% resolving SDS-PAGE gel. The proteins were

transferred to PVDF and blocked overnight at 4°C in 5% non-fat dry milk in Tris

buffered saline with Tween 20 (TBST). The membranes were then incubated with

primary antibody diluted in 5% non-fat dry milk in TBST at room temperature. The

manufacture protocol was followed for the detection of Bim. After multiple washes, the

membranes were developed using ECL+ detection agent and exposed to film for

visualization.

Electrophoretic mobility shift assay:

Complementary oligonucleotides containing either a specific CRE

(CTAGAAGAGATTGCCTGACGTCAGAGAGCTAGG-forward, 

GATCCCTAGCTCTCTGACGTCAGGCAATCTCTT-reverse) or a mutant CRE
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(CTAGAAGAGATTGCCTGTGGTCAGAGAGCTAGG-forward,

GATCCCTAGCTCTCTGACCACAGGCAATCTCTT-reverse) were annealed and

inserted into the pUC119 plasmid using XbaI and BamHI sites. The inserted sequence of

the plasmid was then verified. Probes were generated by PCR amplification of these

constructs using the universal sequencing primer (GCCAGGGTI‘TTCCCAGTCACG)

end-labeled with [y-3ZP]ATP and T4 polynucleotide kinase and the reverse sequencing

primer (AGCGGATAACAATTTCACAGA) for pUCl 19. All probes were gel purified.

All ofthe probes were generated with the same radiolabeled primer and therefore had the

same specific activity. All DNA binding reactions were performed in a 20-pl total

volume in buffer containing 60 mM KC], 20 mM HEPES pH 7.9, 5 mM MgCl2, 0.2 mM

EDTA, 10% glycerol, 0.5 pg of poly(dI-dC), and 0.5 pg of pUC119 plasmid. Nuclear

extract was prepared as per manufacturer instructions for the NE-PER kit. Reactions

containing 7pg nuclear extract were incubated for 30 min at room temperature after

which 10,000 Cpm of probe (CRE) was added, and reactions were incubated an additional

30 min. For supershift analysis 2pg of antibody was incubated in the reaction mixture for

30 min at room temperature after which probe was added, and reactions were incubated

an additional 30 min. Samples were fractionated on a 5% non-denaturing polyacrylamide

gel (39:1) in TGE running buffer (50 mM Tris, 380 mM glycine, 2 mM EDTA). Gels

were dried and exposed to film in the presence of an intensifying screen at -80°C for

visualization.

RNA isolation and Real Time PCR analysis. RNA was isolated from 5x10° cells by

the Trizol extraction method using the manufacturer protocol. First strand synthesis of
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CDNA was performed using Superscript II reverse transcriptase and oligo-dT. Real Time

PCR analysis was performed in triplicate on CDNA samples using Applied Biosystems

Syber Green Core Reagents with the mouse specific Bim primers

(TGTGACAGAGAAGGTGGACAA -forward, TTCAGGTTCCTCCTGAGACTG-

reverse) or the mouse specific B-actin primers (TGCTGACAGGATGCAGAAG-forvvard,

GCTGGAAGGTGGACAGTGA-reverse) on the ABI Prism 7000 Sequence Detection

System (SDS). Results were normalized to B-actin at indicated times. Results were then

normalized to the untreated sample (0 hr). Results shown are the average of three

independent experiments.

Formaldehyde Crosslinking and Soluble Chromatin Preparation. S49 WT cells were

treated with zinc for indicated times. Cells were crosslinked using 1% final concentration

formaldehyde for 10 minutes at room temperature with gentle swirling. The

formaldehyde was quenched with using 18 mls of 2.5 M glycine at room temperature for

5 minutes. Cells were then pelleted at 500xg for 7 minutes, washed twice with ice cold

PBS, and washed three times in Run-on lysis buffer (10 mM Tris pH 7.5, 10 mM NaCl, 3

mM MgCl2, and 0.5% NP40). Recovered nuclei were aliquoted, flash frozen in liquid

nitrogen and stored at -80°C until use. Micrococcal nuclease (MNase) digestions were

then performed such that there were the equivalent of approximately 2x108 cells per

digestion. Frozen pellets were resuspended to a volume of 1.5 m] MNase reaction buffer

(10 mM Tris pH 7.5, 10 mM NaCl, 3 mM MgCl2, 1 mM CaCl2, 4% NP40, 1 mM PMSF).

Thirty units of MNase (USB) were added to each reaction, samples were incubated at

37°C for 10 minutes, and the digestion halted by the addition of 30 pl 200 mM EGTA.
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Forty pl of 100 mM PMSF, 3 pl of Aprotinin (2mg/ml), 3p] of Leupeptin (2mg/ml), 3pl

of Pepstatin (2mg/ml) and 141 pl MNase reaction buffer, 200 pl 10% sodium dodecyl

sulfate, and 80 pl 5 M NaCl were subsequently added to each reaction. Next, samples

were sonicated four times for 1 minute at a power level setting of 2 and 60% duty. The

cellular debris were then Cleared by centrifugation on high speed for 10 minutes at 4°C.

The supernatant was then removed to a new tube, aliquoted to volumes equivalent to

2x107 cells per tube, flash frozen on liquid nitrogen, and stored at -80°C until use. For

each sample, a small aliquot was treated with Proteinase K, the crosslinks reversed, and

run on a 1% TAE-agarose gel to monitor MNase digestion. The average size fragments

for each chromatin preparation were 500-1000 base pairs.

Chromatin Immunoprecipitation. Chromatin immunoprecipitations were performed

using a volume of soluble Chromatin equivalent to 2x107 cells. Chromatin was diluted

1:5 using immunoprecipitation (IP) dilution buffer (20mM Tris pH 8.0, 2mM EDTA, 1%

TritonX-IOO, 150mM NaCl, and 1p] of Aprotinin (2mg/ml), 1p] of Leupeptin (2mg/ml),

lpl of Pepstatin (2mg/ml) and pre-Cleared with Protein G (Amersham) sepharose beads

for 15 minutes at 4°C on a rotator. The pre-cleared diluted Chromatin was then incubated

with 10p] of CREB antibody (Santa Cruz Biotech) overnight at 4°C. Fifty pl of protein

G sepharose was then added to each IP and incubated for 3 hours at 4°C. IPs were

washed in 1 ml Dilution Buffer, centrifuged, and the beads were resuspended in 0.7 ml IP

dilution buffer. Samples were washed for 5 minutes at room temperature on a rotator

using the following buffers respectively: ChIP Wash Buffer l (20mM Tris pH 8.0, 2mM

EDTA, 1% TritonX-lOO, 0.1% SDS, 150mM NaCl, lmM PMSF), ChIP Wash Buffer 2

122



(20mM Tris pH 8.0, 2mM EDTA, 1% TritonX-IOO, 0.1% SDS, SOOmM NaCl, lmM

PMSF), ChIP Wash Buffer 3 (lOmM Tris pH 8.0, lmM EDTA, 0.25 M LiCl, 0.5% NP-

40, 0.5% deoxycholate), and three times in TE buffer (lOmM Tris-Cl pH 8.0, lmM

EDTA). Samples were eluted in 200 pl Elution buffer (25mM Tris pH 7.5, 5mM EDTA,

0.5% SDS) at 65°C for 30 minutes and transferred to new tubes. Pronteinase K was

added to each sample and to pre-cleared input Chromatin samples to a final concentration

of 1.5 pg/pl. Samples were incubated at 42°C for 2 hours and at 65°C overnight to

reverse the crosslinks. Precipitated DNA was then recovered using QIAquick PCR

purification columns as per manufacturer specifications and eluted in 100 pl 10 mM Tris

pH 8.5. Real Time PCR analysis was performed using primers directed at the promoter

of Bim (GAAGCTGTGCAAAGCAAGG —-forward, GCAGAGCGGAACTTAGGG —

reverse) or as a negative control primers directed against Exon 3 of Actin

(ACAGCTGAGAGGGAAATCGT —forward, GCAGCTCATAGCTCTTCTCCA —

reverse). IP samples were normalized to the actin negative control.

Statistical Analysis. A representative experiment of duplicate or triplicate sets of data

are provided where each sample was done in triplicate unless otherwise noted. Data

shown are standard deviations (SD) of the mean. Statistical calculations were made using

SigmaStat 3.0 software (SPSS InC., Chicago, IL).
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Results

Adenylate Cyclase involvement in zinc-induced apoptosis.

A variety of different signal transduction pathways could be utilized during zinc-induced

apoptosis. To identify candidate pathways inhibitors of various pathways were used

which ultimately identified the adenylate cyclase signaling pathway as a potential

signaling pathway. Mouse thymocytes were preincubated for one hour with or without

the adenylate cyclase inhibitor SQ22536 (200pM) at which point zinc pyrithione

(400nM) or zinc sulfate (200pM) were added. Dexamethasone (0.1pM), served as a

control for the induction of apoptosis. After eight hours in culture the cells were

processed and assayed for apoptosis by flow cytometry. As shown in Figure 3-1A, zinc

pyrithione induced apoptosis was reduced from 52% to 29% by the adenylate cyclase

inhibitor whereas zinc sulfate induced apoptosis was reduced from 36% to 18%.

Spontaneous apoptosis was 10%. Since the inhibitor itself caused 19% apoptosis, it

precluded the use of higher concentrations and may explain the partial inhibition

observed. The inhibitor had no effect on dexamethasone-induced apoptosis as would be

expected. These results suggested that adenylate cyclase and its product CAMP were

involved in the induction of apoptosis by zinc but further investigation was needed to

verify its role.
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Figure 3-1: Requirement for the adenylate cyclase-PKA signaling pathway for zinc-

induced apoptosis.

A) SQ22536 an adenylate cyclase inhibitor reduced zinc-induced apoptosis in mouse

thymocytes. Mouse thymocytes were preincubated with SQ22536 (200pM) for one hour

prior to the addition of zinc pyrithione (400nM) or dexamethasone (0.1pM). Apoptosis

was measured after eight hours in culture. This inhibitor had no effect upon

dexamethasone induced apoptosis, which was used as a positive control for the induction

of apoptosis in thymocytes. B) In order to investigate the cAMP-PKA signal

transduction pathway further a genetic approach utilizing the well Characterized S49

lymphoma cell lines S49 wild type and S49 cell lines deficient either in the activation of

adenylate cyclase activity (S49 CyC') or deficient in PKA activity (S49 Kim) was

undertaken. Cells were treated with increasing concentrations of zinc pyrithione (0-

500nM) and analyzed for apoptosis after twelve hours in culture. C) To verify that the

low response of the Cyc' and Kin' cells to zinc was due to the loss of the CAMP-PKA

signal transduction pathway the cell lines were either treated with Etoposide (100 pM) or

Ct-Fas (500ng/ml) antibody plus actinomycin D (25ng/ml) or untreated for twelve hours

and apoptosis was measured. D) To determine whether CAMP was produced in response

to zinc. S49 WT cells were preincubated with the phosphodiesterase inhibitor IBMX

(lOOpM) for one hour. Cells were then incubated with zinc pyrithione (400nM) for the

indicated times and the CAMP produced was determined by scintillation proximity assay

of quadruplicate samples.
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Confirmation of zinc utilization of the cAMP-PKA pathway using S49 variant cell

lines.

In order to better define the function of adenylate cyclase during zinc-induced apoptosis,

genetic variants of a T-Cell lymphoma cell line (S49) were used. This approach took

advantage of a previously characterized matched set of cell lines in which the wild type

(WT) cells could be directly compared to cells deficient for either the activation of

adenylate cyclase (S49 Cyc') or protein kinase A activity (S49 Kin') which allowed the

exploration of several steps in the adenylate cyclase signaling pathway. The S49 Cyc'

(19%) and S49 Kin' (21%) cell lines were Clearly less susceptible than the S49 WT cells

(51%) to zinc pyrithione (400nM) induced apoptosis as shown in Figure 3-1B.

Nevertheless, the mutant cell lines responded to etoposide (100pM) and anti-Fas

(SOOng/ml) antibody plus actinomycin D (25ng/ml) induced apoptosis as shown in

Figure 3-1C exhibiting over 70% apoptosis. This indicated that although they are less

susceptible to zinc-induced apoptosis, they could in fact undergo apoptosis when treated

with other inducers. These results indicated that zinc-induced apoptosis utilized the

CAMP-PKA signaling pathway.

Prolonged production of CAMP in response to zinc.

To further Characterize the role of CAMP during zinc mediated apoptosis, the increase in

CAMP in the S49 WT cells was measured by scintillation proximity assay after zinc

treatment as shown in Figure 3-1D. Initially, S49 WT cells were preincubated for one

hour with 100pM IBMX (3-isobutyl-1-methy1xanthine), a phosphodiesterase inhibitor

that preserves any CAMP produced. Cells were then incubated with 400nM zinc

127



pyrithione for indicated times, quadruplicate samples were processed and assayed for the

presence ofCAMP. As shown in Figure 3-1D, a 1.5 fold increase in CAMP was observed

by 4 hours with a 2-fold increase noted for another 2 hours. The prolonged production of

CAMP after zinc treatment was further suggestive of a role for CAMP during zinc-

induced apoptosis was in keeping with our earlier observation that the maximum

induction of zinc-induced apoptosis requires a period of exposure of 4-6 hours (22).

CREB phosphorylation on Sermby PKA.

CREB phosphorylation on Ser133 is an indicator of PKA activity being followed by

Changes in gene expression (24). Therefore CREB phosphorylation was monitored by

Western blot analysis in S49 WT cells treated with 400nM zinc pyrithione over an eight

hour time course. As shown in Figure 3-2A, some phosphorylation of CREB was

already apparent within 15 minutes upon exposure of S49 WT cells to exogenous zinc.

Significant phosphorylation was noted between 1 and 2 hours (lanes 4 and 5 compared to

lane 1) being sustained out to 8 hours. This correlated with the kinetics of production of

CAMP observed in Figure 3-1D. The Western blots were then stripped and reprobed for

non-phosphorylated CREB to verify equal protein loading of all lanes.

A similar time course was performed in Cyc' and Kin' cells exposed to zinc in order to

verify that the phosphorylation in WT cells was due to PKA activity and not other

possible kinases, such as the MAPK pathway (26). The eight hour WT sample treated

with zinc was added as a positive control for the phosphorylation of CREB with the Cyc'

and Kin' blots. No strong phosphorylation ofCREB was observed in the variant cell lines

128



Figure 3-2: Zinc treatment induced CREB phosphorylation at Ser'”.

Phosphorylation of CREB at Ser133 is an indicator of PKA activity. S49 lymphoma cells

were incubated with zinc pyrithione (400nM) for indicated times. A) A Western blot

directed against CREB or CREB phosphorylated on Ser133 was preformed. In S49 WT

cells CREB phosphorylation was observed starting at one hour being very strong from

two to eight hours. The variant S49 cell lines that are less sensitive to zinc-induced

apoptosis showed no CREB phosphorylation in response to zinc treatment. As a positive

control the 8 hour WT sample was analyzed along side the Cyc' and Kin“ samples for

comparison purposes which demonstrated that this signal transduction pathway was not

functional in these variant cell lines in response to zinc treatment. B) Activation of the

CAMP-PKA signaling pathway and increased phosphorylation of CREB on Set133 in

response to zinc treatment (400nM) was also noted in mouse thymocytes. Equal loading

of all lanes was verified with B-actin.
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in response to zinc treatment as shown in Figure 3-1D. This result Clearly indicated that

the CREB phosphorylation observed in the WT cells was in fact due to PKA activity and

not other signaling pathways.

As an additional verification of the importance of the PKA pathway, CREB

phosphorylation was also analyzed in mouse thymocytes. Zinc pyrithione (400nM)

induced strong CREB phosphorylation in mouse thymocytes (Figure 3-2B) from 15

minutes to 2 hours indicating activation of the PKA signaling pathway in thymocytes as

well. Thus zinc pyrithione treatment resulted in the induction of CAMP and activation of

PKA that produced prolonged and intense phosphorylation of CREB in both the S49 WT

T-Cell line as well as primary thymocytes.

Zinc treatment increases DNA binding specifically at CRE elements.

'33 has been shown to increase both the transactivation and DNAPhosphorylation at Ser

binding potential of CREB (33). Given that zinc robustly stimulated a sustained

phosphorylation event in the CREB protein in S49 WT cells (Figure 3-2A), we wanted to

determine whether the DNA binding activity of CREB increased concurrently and by

extension its ability to regulate gene expression. To this end, electrophoretic mobility

shift assays (EMSA) were performed to analyze DNA binding activity resulting from

zinc treatment.

As shown in Figure 3-3, nuclear extracts were prepared from untreated S49 WT cells (0

hour) or zinc pyrithione (400nM) treated cells (2 hours) and were tested for their ability
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to bind to consensus CAMP response elements (CRE), a known target sequence for

CREB. These extracts were incubated with 32P-labeled DNA probes containing either a

wild type CAMP response element (CRE) or a mutated CRE as a negative control for

sequence specificity. The resulting stable protein-DNA complexes were fractionated by

electrophoresis and visualized by autoradiography. The probe containing a mutated CRE

was used in lanes 1-3 of Figure 3-3 with the mobility of the free probe shown in lane 1.

Lanes 2 and 3 show a lack of transcription factor binding to the mutant probe in zinc

treated and non-treated cells suggesting that any complex detected using the wild type

CRE probe is specific.

The DNA binding reactions in lanes 4-8 were performed using the wild type CRE DNA

probe. Lane 4 shows the mobility of the free probe since no extract was added. In lanes

5 and 6, DNA binding reactions containing nuclear extracts from 0 or 2 hours, resulted in

the formation of two complexes, a higher mobility complex (C) and a lower mobility

complex (B). These complexes are specific to the CRE sequence as they are not

observed when using the mutated CRE probe. Addition of zinc (compare lane 5 to lane

6) results in an increase in DNA binding as well as the formation of higher order

complexes seen as a modest shift in mobility in complexes B and C. This Change in

mobility is suggestive of additional factor recruitment or post-translation modification

such as phosphorylation at this complex which resulted in a shift.

In order to determine whether CREB was included in the DNA-protein complexes B and

C as observed in lane 6, an antibody directed against CREB was tested in the DNA
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Figure 3-3: Zinc treatment increased DNA binding specifically at CRE elements.

Since zinc-induced CREB phosphorylation on Set1 3, an electrophoretic mobility shift

assay (EMSA) was performed to determine whether CAMP response element (CRE)

DNA binding activity also increased in response to zinc treatment. Nuclear extracts were

prepared from an untreated sample (0 hr) or zinc pyrithione (400nM) treated sample (2

hr). A mutant CRE 32P-labeled probe was used in lanes 1-3 which demonstrated the

specificity of the wild type probe used in lanes 4-8. An antibody-supershift assay was

preformed using antibodies directed against CREB (lane 7) or an isotype control IgG

(lane 8). A shifted band (A) was observed in lane 7 indicating CREB was responsible for

band C. Free probe is present at the bottom of each lane.
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binding reactions (lane 7). Lane 7 shows a supershifted band (A) resulting from addition

of the antibody with the concurrent loss of band C indicating that band C definitively

contained CREB. An isotype control antibody (IgG) was also tested (lane 8) to

demonstrate the result observed with the CREB antibody was specific and not a general

effect of antibody addition.

Interestingly, complex B (lane 6) Clearly showed an increase in DNA binding and a

modest Change in mobility (compare to lane 5) resulting from the addition of zinc.

However, no apparent Change in band B was observed upon anti-CREB antibody

'33 CREB phosphorylation results in the recruitment of CREBaddition. Since Ser

Binding Protein (CBP) and zinc-induced CREB phosphorylation occurs strongly by 2

hours, antibodies directed against CBP were tested, however no differences in bands B or

C were observed (data not shown). There are several possible explanations for these

results. They potentially indicate that band B either did not contain CREB or CBP, or the

epitope the antibodies recognized may be buried or masked by the binding of other

proteins. Band B might also be a CREB family member since this band resulted from the

binding of a CRE specific probe but not the mutant probe suggesting specificity for the

CRE. Additionally, the results of the antibody supershift did not rule out the possibility

that the lowest mobility band was not complex B supershifted and that complex A has

moved up to an overlapping position with the addition of the antibody. Overall there was

a Clear increase in the CRE specific DNA binding of band B and a reduction in mobility

of both band B and CREB containing band C consistent with Ser133 phosphorylation of

CREB by 2 hours which indicated CREB or a CRE specific binding protein may be
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active in these cells in response to zinc treatment. Together, the results (Figure 3-2)

suggest that addition of zinc to S49 cells and thymocytes vigorously transactivate the

CREB protein, as determined by phosphorylation status, while the EMSA experiments

(Figure 3-3) illustrate increased capacity for DNA binding by CREB family members

concurrent with zinc treatment and potential Changes in gene expression.

Zinc pyrithione treatment of S49 WT cells induced the proapoptotic BH3 only Bcl-2

family member Bim.

At this point we have demonstrated that zinc activated the CAMP-PKA signal

transduction pathway with resultant the strong phosphorylation of CREB (Figure 3-2A).

We have previously demonstrated in mouse thymocytes that zinc-induced apoptosis

required transcription and translation which indicated potential regulation by the increase

or induction in the expression of genes which might include proapoptotic proteins (22).

We identified the proapoptotic BH3 only BCl-2 family member Bim as one gene that was

up-regulated during zinc-induced apoptosis in mouse thymocytes (22). To verify Bim

was also up-regulated in S49 WT cells in response to zinc treatment, cells as shown in

Figure 3-4A and 3-4B were treated with zinc pyrithione (400nM) for indicated times 0,

2, 4, or 8 hours and concurrent samples were assessed by Real Time PCR analysis or

Western blot analysis. Real Time PCR analysis demonstrated a 2.6 fold increase in Bim

mRNA by 2 hours with a 3.4 fold increase by 4 hours and a 5 fold increase by 8 hours in

response to zinc treatment. The increase in Bim mRNA correlated well with the protein

expression of BimEL as demonstrated by Western blot analysis of concurrent samples

shown in Figure 3-4B where a 3.8 fold increase was observed by 2 hours and an 8.3 fold
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increase in Bim was observed by 8 hours. Additionally, the induction of Bim was

preceded by the activation of the CAMP-PKA signal transduction pathway and CREB

phosphorylation. In contrast to the increase observed in BimEL protein levels over an 8

hour time course no increase in Bax, Bel-2 or BCl-xL was observed thus demonstrating

the specificity of Bim induction during apoptosis. Equal loading of all lanes was verified

by B-actin.

The above data correlates well with the known function of Bim as a major physiological

antagonist of prosurvival proteins like Bel-2 or BCl-xL in hematopoietic cells (1). In

order to determine whether the induction of Bim was a general event involved with

apoptosis or induced specifically during zinc mediated apoptosis S49 WT cells, as shown

in Figure 3-4C, were treated with zinc pyrithione (400nM), anti-Fas (500ng/ml) antibody

plus actinomycin D (25ng/ml), etoposide (100pM) or were untreated for four hours. A

Western blot was performed for the detection of Bim while equal loading was verified

with B-actin. The induction of Bim was only observed in the zinc pyrithione (400nM)

treated cells in contrast to the anti-Fas or etoposide treated cells which confirmed that

Bim was specifically induced by zinc treatment. Overall the data presented herein

demonstrated that zinc activated the CAMP-PKA signal transduction pathway and

induced apoptosis in these cells in part through the up-regulation of the proapoptotic

protein Bim.
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Figure 3-4: Zinc-induced proapoptotic Bim expression.

S49 WT cells were incubated with zinc pyrithione (400nM) for indicated times (0-8

hours) and concurrent treated samples were prepared either for Real Time PCR analysis

for mRNA expression or for Western blot analysis of the BH3 only Bel-2 proapoptotic

family member Bim. A) A 5 fold increase in Bim mRNA levels (normalized to B-actin)

was observed by 8 hours. A vehicle control demonstrated no increase in Bim mRNA

levels. B) Western blot analysis demonstrated an increase in Bim protein levels in

response to zinc treatment in S49 WT cells correlating with the observed increase in Bim

mRNA levels. Bax, Bel-2 and BCl-xL levels were unchanged which demonstrated that

Bim was specifically induced in response to zinc. Equal loading of all lanes was verified

with B-actin. C) In order to demonstrate the specific induction of Birn in response to

zinc treatment but not other inducers of apoptosis S49 WT cells were treated with zinc

pyrithione (400nM), or-Fas (500ng/ml) antibody plus actinomycin D (25ng/ml), or

Etoposide (100pM) or untreated for 4 hours and samples processed for Western blot

analysis for Bim expression.
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CREB is recruited to the Bim promoter in vivo in response to zinc treatment.

Thus far, evidence for both the activation of the CAMP signaling pathway resulting in

CREB activation and evidence for up-regulation of a potential transcriptional target, Bim

have been provided. The next obvious step was to study the convergence of these two

results by determining whether CREB directly targets Bim, modifying its gene expression

during zinc induced apoptosis. One powerful tool for analyzing in vivo targets of

transcription factors is Chromatin immunoprecipitation (ChIP). These assays directly

assess whether a factor is associated with the DNA and Chromatin structure at the

promoter of a gene of interest. Briefly, S49 WT cells are treated with 400 nM zinc

pyrithione for the indicated time and then treated with formaldehyde to covalently

crosslink proteins to proteins and proteins to DNA. The cells are then treated with a

combination of microccocal nuclease digestion and sonication to fragment and solubilize

the genomic DNA resulting in fragments approximately 500-1000 bp in length. This

soluble chromatin was then immunoprecipitated with antibodies specific to CREB.

These immunoprecipitations isolated both the CREB protein and any associated DNA

fragments to which CREB is bound. These isolated DNA fragments were then purified

and analyzed by Real Time PCR using primers specific to the Bim promoter as well as

primers to B-actin as a measure of non-specific background binding. The data obtained

was then used to calculate Bim promoter occupancy as a measure of fold over

background (Bim/B-actin). As shown in Figure 3-5, CREB occupancy increased

approximately 2-fold at the Bim promoter over time after zinc treatment which also

closely correlated with the observed increase in CAMP levels shown in Figure 3-1D.

Overall, the increase in CREB occupancy at the Bim promoter demonstrated a direct link
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Figure 3-5: CREB directly targets the Bim promoter in vivo during zinc apoptosis.

In order to determine whether CREB binds to the Bim promoter, chromatin

immunoprecipitations were preformed. S49 WT cells were treated with 400 nM zinc

pyrithione for the indicated time before crosslinking with formaldehyde. Genomic DNA

was fragmented, solubilized and immunoprecipitated with or-CREB antibodies.

Recovered DNA was analyzed by Real Time PCR using primers specific to the CREB

promoter as well as primers to B-actin exon three. The data in this graph represents

CREB binding as a function of fold over background (B-actin) binding.
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between the CAMP signaling pathway and the up-regulation of the proapoptotic pathway

via Bim.

Discussion

Although zinc has been shown to induce apoptosis, the signaling events had not been

established, therefore the present study was undertaken. The adenylate cyclase inhibitor

SQ22536 reduced zinc-mediated apoptosis in mouse thymocytes which indicated

potential regulation by the CAMP-PKA signaling pathway. It seemed a probable player

since CAMP had been shown to induce apoptosis in a variety of cell types from mouse

thymocytes and human CD10" B-precursor cells as well as renal mesangial cells and

ovarian cancer cells (20, 23, 25, 27, 32, 35, 42). Therefore additional analysis of this

signaling pathway was initiated. As discussed, we took advantage of a genetic model

available using S49 WT cells underwent 51% apoptosis in response to zinc pyrithione

treatment. It has variant cell lines S49 Cyc' (19%) and S49 Kin’ (21%) that were less

susceptible due to the deficiencies in the CAMP-PKA signaling pathway. However, the

variant cell lines could still undergo apoptosis in response to other inducers therefore

demonstrating that it was in fact the CAMP-PKA signaling pathway involved in zinc-

induced apoptosis. While PKA is the primary and most well-known effector of CAMP

other effectors have been identified (40). If another CAMP effector was indeed involved

in zinc-induced apoptosis then the S49 Kin' cells, which are deficient in PKA activity

(37), should have been as susceptible as the S49 WT cells to zinc-induced apoptosis.

Since they were not, it was further evidence of key involvement of the CAMP-PKA

pathway during zinc-induced apoptosis.

143



While the increase in CAMP herein was sustained it was moderate in concentration.

Nevertheless other studies have also shown that small Changes in CAMP levels were able

to affect biological processes (16, 18). For example during membrane depolarization in

PC12 cells a Ca2+ influx stimulated a modest increase (40-80%) in CAMP levels which

led to PKA activation that enhanced or synergized with other signaling events (16, 18).

The moderate increase in CAMP, up to 2 fold by 6 hours, observed in S49 WT cells was

enough to activate the PKA signaling pathway that contributed to the induction of

apoptosis as demonstrated in Figure 3-1B where cells that lacked the fully functional

CAMP-PKA signaling pathway were less susceptible to zinc-induced apoptosis.

Activation of PKA was confirmed by the prolonged and intense phosphorylation of

CREB on Serm. However, the phosphorylation of CREB on Ser133 could also result

from other signaling pathways (33). If a PKA independent signaling pathway was

responsible for the phosphorylation of CREB then phosphorylation should have occurred

in response to zinc treatment in the variant cell lines, which was not observed confirming

that the phosphorylation in the WT cells was due to PKA activity. Thus, the data

presented in this paper Clearly demonstrated that the CAMP signal transduction pathway

was important and actively involved in zinc-induced apoptosis in these cells.

Activation of the CAMP-PKA signal transduction pathway was further exemplified in the

results of the EMSA which demonstrated an increased capacity for DNA binding by

CREB or a CRE specific binding protein in response to zinc treatment. This

corresponded with increased transactivation potential of CREB, as determined by
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phosphorylation status, which would lead to the increased transcription of target genes

(33). One target gene we identified in mouse thymocytes as being transcriptionally

regulated in response to zinc treatment was the BH3 only Bel-2 family member Bim (22).

Bim has been shown to function through the neutralization of prosurvival proteins such

as Bel-2 or Bcl-xL thereby allowing other proapoptotic proteins such as Bax to initiate

the intrinsic mitochondrial apoptotic caspase cascade (2, 28). In the zinc treated S49 WT

cell line we observed an ~5 fold increase in Bim mRNA levels by 8 hours and an ~8 fold

increase in BimEL isoforrn was observed. This data was consistent with our previous

findings that this proapoptotic BH3 only Bel-2 family member was induced in response

to zinc.

The induction of Bim and apoptosis occurred relatively quickly in response to zinc in S49

WT cells (12 hours). This is in contrast to the data presented by Zhang and Insel (46)

where the induction of apoptosis in response to glucocorticoids and CAMP treatment was

slower (24-48 hours) in S49 WT cells. Additionally they showed that CAMP treatment

failed to induce any apoptosis in the S49 Kin' cell line (46) which demonstrated that only

the PKA pathway was involved in CAMP mediated apoptosis in this cell line. However,

as shown herein, zinc treatment (400nM) induced ~20% apoptosis in the variant cell lines

after 12 hours while spontaneous apoptosis was ~5%. Additionally, the differences in the

timefiame and the susceptibility of the variant cell lines between zinc treatment and

direct CAMP treatment (46) could indicate the additional utilization of other unidentified

signaling pathways. Zhang and Insel also demonstrated a Close correlation between Bim

expression and apoptosis that was consistent with the idea that Bim mediated CAMP
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induced apoptosis in S49 WT cells (46). Consistent with this concept our results

demonstrated that zinc utilized the CAMP-PKA signaling pathway and strongly induced

Bim in S49 WT cells during apoptosis. Furthermore, our Chromatin immunoprecipitation

data demonstrated a direct link between the CAMP signal transduction pathway CREB

phosphorylation and expression of Bim. Finally, our data was also consistent with a

recent large scale genome-wide analysis of CREB targets that identified a number of

novel CREB targets including Bim (17).

Activation of the signaling pathways in response to zinc treatment resulted in a strong

increase in BimEL levels in S49 WT cells and since Bim functions by neutralizing

prosurvival proteins an increase in Bim with no Change in Bel-2 or BCl-xL levels would

shift the cells fate from survival towards apoptotic cell death as was observed herein. As

previously demonstrated overexpression of Bel-2 or BCl-xL protected cells fiom zinc

induced apoptosis (22). This data taken together further implicates the involvement of

Bim during zinc-induced apoptosis and may be part of the reason zinc is such a potent

cell death inducer. A unique role for Bim has been demonstrated in lymphocytes where

in response to cytokine withdrawal or treatment with taxol bim" pre-T cells survived 10-

30 times better than wild type cells (1). We demonstrated that Bim was specifically

induced in response to zinc treatment during apoptosis in S49 WT cells. Collectively the

data also illustrated that the signaling pathways (CAMP-PKA) activated by zinc were

distinctive from the pathways utilized by etoposide or activation of the Fas pathway since

Bim was not induced in response to these apoptotic cues.
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Whether it is a result of industrial exposure, over-supplementation, or released from

damaged cells, exposure to excess zinc had detrimental effects on a range of cell types

from neuronal and lung to prostate as well as cells of the immune system. However,

identification of the signal transduction pathways activated in response to zinc prior to

our studies had been insufficient. We demonstrated the intrinsic mitochondrial apoptotic

signaling pathway was utilized during zinc-induced apoptosis in cells of the immune

system (22) though the signaling pathway leading to activation of this death pathway still

remained unknown. This report demonstrated that zinc was utilizing the CAMP-PKA

signaling pathway in cells of the immune system resulting in the induction of Bim.

Overall, the data presented herein significantly enhances the current knowledge of the

signaling pathways and target genes involved in zinc-induced apoptosis in cells of the

immune system.

While we have Clearly demonstrated utilization of the CAMP signaling pathway by zinc

other unknown pathways may also contribute to apoptosis. In addition to CAMP

signaling we have identified another pathway that is activated in response to zinc

treatment in mouse thymocytes and S49 WT cells. This other signaling pathway is the

NF-KB signaling pathway. Data demonstrating activation of the NF-KB signaling

pathway in response to zinc stimulation will be discussed in the following Chapter.
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Chapter 4

The NF-KB signal transduction pathway is activated

during zinc-induced apoptosis

Abstract

As discussed in Chapter 2 and Chapter 3, zinc-induced apoptosis utilized the CAMP-PKA

signal transduction pathway leading to the induction of the proapoptotic protein Bim and

activation of the mitochondrial caspase cascade. However, additional signaling pathways

could contribute to the induction of apoptosis. As will be shown herein, the NF-KB

signaling pathway was activated in response to zinc treatment. Treatment of mouse

thymocytes with curcumin, an anti-inflammatory agent that inhibits NF-KB signaling,

blocked zinc-induced apoptosis. Additionally, Ichor degradation occurred in response to

zinc treatment in mouse thymocytes as well as in 849 WT cells. Activation of the NF-KB

signaling pathway was further verified and demonstrated by an increase in DNA binding

of a 32P-labeled NF-KB specific DNA probe in response to zinc treatment. Overall, zinc

induced the activation of this additional signaling pathway which could contribute to the

induction of apoptosis.
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Introduction

As shown in Chapter 2, zinc-induced apoptosis in various cells of the immune system and

resulted in the induction of the proapoptotic protein Bim in mouse thymocytes. As

further demonstrated in Chapter 3 zinc-induced apoptosis Clearly utilized the CAMP-PKA

signal transduction pathway resulting in the induction of the proapoptotic protein Bim.

S49 WT cells underwent 51% apoptosis in response to zinc pyrithione (400nM) treatment

as shown in the Figure 3-lB. The variant cell lines S49 Cyc' (19%) and S49 Kin' (21%)

were less susceptible due to their deficiencies in the CAMP-PKA signaling pathway.

However, since these variant cell lines underwent ~20% apoptosis in response to zinc

treatment, the potential involvement of other signaling pathways in addition to the

CAMP-PKA pathway could not be ruled out.

As will be demonstrated herein, the NF-KB signaling pathway was activated in response

to zinc treatment. The NF-KB signal transduction pathway has important roles in normal

immune and inflammatory responses as well as in cell proliferation, differentiation and

apoptosis (5). Depending upon cellular context, NF-KB can act as either a prosurvival or

proapoptotic factor (5, 6). NF-KB is sequestered in the cytoplasm of the cell bound by its

inhibitor IKBO. in an inactive complex. Activation of this pathway, as illustrated in

Figure 1-6, occurs when IKBO. is phosphorylated by the IKK complex and marked for

Ubiquitin-mediated degradation. Degradation of IKBO. releases the inactive NF-KB

heterodimer which translocate to the nucleus and activates transcription of target genes

(5). Additionally, phosphorylation of NF-KB p65 on Set276 by the catalytic subunit of
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PKA results in its increased transactivation potential (15). Therefore, this may be a

potential site of cross talk between these two signaling pathways.

A proapoptotic role for NF-1<B was demonstrated in one study where a transgenic mouse

model was used that expressed a super-inhibitory mutant form of IicBor that cannot be

phosphorylated at Ser32 and Ser3° that mark it for degradation (4). Thus NF-KB was kept

inactively sequestered in the cytoplasm. This study demonstrated that NF-KB proteins

were necessary for CD4+/CD8+ thymocyte apoptosis in response to or-CD3 treatment in

vivo (4). Moreover, a proapoptotic role for the activation of NF-KB was also

demonstrated in retinal pericytes in response to diabetes or high glucose (8).

Additionally, the proapoptotic proteins Fas and FasL have been shown to be direct targets

of NF-KB (2, 3, 7, 9). Depending upon the cellular context, NF-KB can function as a

proapoptotic factor that includes cells of the immune system.

As will be shown herein, treatment of mouse thymocytes with curcumin blocked zinc-

induced apoptosis. Curcumin is an agent with anti-inflammatory and antioxidant

properties that has been shown to block TNF-or as well as hydrogen peroxide induced

activation of NF-KB (l, 11, 12). Since curcumin inhibited zinc-induced apoptosis in

thymocytes and has been shown to block NF-KB activation in response to other inducers,

a potential role for NF-KB signaling in response to zinc was investigated. As will be

shown, zinc treatment resulted in IKBCI degradation in both thymocytes as well as S49

WT cells. Additionally, increased NF-KB DNA binding activity was observed in

response to zinc treatment in S49 WT cells as assessed by an electrophoretic mobility
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shift assay. The results provided herein will demonstrate that zinc activated the NF-KB

signaling pathway during apoptosis, which in addition to the CAMP-PKA signaling

pathway may be utilized by zinc during the induction of the proapoptotic protein Bim.

However, a direct link between NF—KB and Bim has not been established being a subject

of future investigation by our laboratory.

Materials and Methods

The methods and materials utilized herein were essentially the same as those described in

Chapter 2 and Chapter 3. Differences and additions are noted below.

Materials

Curcumin was obtained from Calbiochem (La Jolla, Ca.). Antibodies directed against

NF-IcB and Oct] were obtained from Santa Cruz Biotech (Santa Cruz, Ca.), and

antibodies directed against Oct-1 were obtained from Stressgen (San Diego, Ca.). The

remaining materials used are already described in Chapter 2 and Chapter 3.

Electrophoretic mobility shift assay:

Complementary oligonucleotides containing either a specific NF-KB site

(CTAGAAGTTGAGGGGACTTTCCCAGGCG-forward, 

GATCCGCCTGGGAAAGTCCCCTCAACTT-reverse) or mutgnt NF-KB site
 

(CTAGAAGTTGAGGCGACT'ITCCCAGGCG-forward, 

GATCCGCCTGGGAAAGTCGCCTCAACTT-reverse) were annealed and inserted into
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the pUC119 plasmid using XbaI and BamHI sites. The same methods as discussed in

Chapter 3 were used for the generation of the probe containing the NF-KB site. Nuclear

extract was prepared as per manufacturer instructions for the NE-PER kit (Pierce). The

same nuclear extracts utilized in these experiments were also used in the CRE EMSA

experiments in Chapter 3. Reactions containing lOpg nuclear extract were incubated for

30 min at room temperature after which 20,000 Cpm of probe (NF-1cB) was added, and

reactions were incubated an additional 30 min. For supershift analysis 2pg of antibody

directed against NF-KB p65, p50, or a non-specific control antibody was incubated in the

reaction mixture for 30 min at room temperature after which probe was added, and

reactions were incubated an additional 30 min. Samples were fractionated on a 5% non-

denaturing polyacrylamide gel (39:1) in TGE running buffer (50mM Tris, 380 mM

glycine, 2 mM EDTA). Gels were dried and exposed to film in the presence of an

intensifying screen at -80°C for visualization.

Results

Treatment of mouse thymocytes with curcumin blocks zinc-induced apoptosis.

Other potential signaling pathways may be involved in zinc-induced apoptosis besides

the CAMP-PKA pathway. Therefore, curcumin, which has anti-inflammatory and

antioxidant properties that have been shown to block the NF-KB signaling pathway, was

tested. As shown in Figure 4-1, treatment of mouse thymocytes with indicated

concentrations of curcumin blocked zinc pyrithione (400nM) induced apoptosis.

Dexamethasone was additionally used as a positive control for the induction of apoptosis
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Figure 4-1: Curcumin blocks zinc-induced apoptosis in mouse thymocytes.

Curcumin, an anti-inflammatory agent that inhibits activation of the NF-KB signaling

pathway, blocked zinc-induced apoptosis in mouse thymocytes. Mouse thymocytes were

preincubated with curcumin (10 or 30 pM) for one hour prior to the addition of zinc

pyrithione (400nM) or dexamethasone (1 pM). Apoptosis was measured after eight

hours in culture.
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in thymocytes. Since curcumin has been shown to block NF-KB signaling this result

potentially indicated that the NF-KB signaling pathway was utilized during zinc-induced

apoptosis. However, further evidence of the utilization of this pathway was needed.

Therefore, Western blot analysis of IKBO. was undertaken.

Icho. was degraded in response to zinc treatment.

NF-KB is sequestered in an inactive complex with IKBO. in the cytoplasm. Activation of

this pathway results in the degradation of IKBot and release ofNF-KB with translocates to

the nucleus and activates target genes. In order to demonstrate activation of this

signaling pathway thymocytes were treated with zinc pyrithione (400nM) for indicated

times (Figure 4-2A). IKBor degradation occurred within 15 minutes continuing through 2

hours in thymocytes in response to zinc treatment. Additionally, as shown in Figure 4-ZB

IKBor degradation also occurred subsequent to zinc pyrithione (400nM) treatment in S49

WT cells. However, in the cell line degradation began between 2 and 4 hours extending

to 8 hours. Overall this data demonstrated activation of the NF-KB signaling pathway in

response to zinc treatment in both thymocytes and S49 WT cells. To firrther investigate

activation of this pathway an EMSA was performed.

An increase in the binding of a 32P-labeled NF-ch specific DNA probe occurred

upon treatment with zinc.

An EMSA, shown in Figure 4-3, demonstrated an increase in DNA binding of a 32P-

labeled NF-KB specific DNA probe in response to zinc (400nM) treatment. A strong

increase in the top band @365) was observed within 15 minutes which diminished slightly
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Figure 4-2: IxBa degradation was observed in response to zinc treatment.

Degradation of IKBO. results in the release and activation of NF-KB. A) Mouse

thymocytes were treated with zinc pyrithione (400nM) for indicated times (0-2 hours)

and samples were processed for Western blot analysis. B) S49 WT cells were treated

with 400nM zinc pyrithione over the indicated times (0-8 hours) and samples were

processed for Western blot analysis.
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by 30 minutes while increasing strongly again between 2 and 4 hours. In order to verify

that NF-KB was responsible for the increased DNA binding activity observed upon zinc

addition a mutant NF-KB DNA probe was tested. In Figure 4-4, Lanes 1-3 show the NF-

KB WT probe alone or incubated with nuclear extracts untreated or zinc pyrithione

(400nM) treated for four hours. A strong increase in the band labeled p65 was

demonstrated in Figure 4-4. Utilization of a mutant NF-KB probe indicated that the

bands labeled p50 and p65 were specific for the NF-1cB binding site since no bands in this

area appear in lanes 5-7. However a band does appear in both the NF-KB and mutant NF-

KB probe indicating this band was due to a non-specific (115) DNA binding event. In

order to determine whether NF-KB was part of the two DNA complexes that occurred

after 4 hours of zinc treatment antibodies directed against NF-KB were added as shown in

Figure 4-4. Antibodies directed against the p65 subunit supershifted the upper band

shown in lane 7, while antibodies directed against the p50 subunit of NF-KB supershifted

the lower band in lane 8. This definitively indicated that these NF-KB proteins (p65/p50)

were part of the DNA binding complexes. An isotype control antibody (IgG) was also

tested (lane 9) to demonstrate the result observed with the NF-KB antibodies were

specific and not a general effect of antibody addition. Overall these experiments

indicated that NF-1<B was active in response to zinc treatment.

The purity of the nuclear extracts used in the EMSA was verified by Western blot.

In order to verify that the results observed in the EMSA was due to nuclear NF-KB

activity a Western blot was performed as shown in Figure 4-5. Hsp90, a cytoplasmic

protein, and Oct] , a nuclear protein, were used to verify the purity of the samples used in

163



Figure 4-3: The NF-ch signaling pathway was activated in response to zinc

pyrithione treatment as demonstrated by EMSA. An EMSA of a NF-1cB specific 32P-

labeled probed was performed using nuclear extracts derived from zinc pyrithione

(400nM) treated S49 WT cells over the indicated times (0-8 hours). Lane 1 demonstrated

free probe without incubation with nuclear extract. Lane 2-8 demonstrated the DNA

binding activity of nuclear extract fi'om zinc treated S49 WT cells. Two bands labeled ns

(non specific) or p50 were observed in the untreated 0 hour sample (lane 2). Upon

addition of zinc (lanes 3-9) a third band labeled p65 was observed with maximal binding

at 4 hours (lane 7).
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Figure 4-4: Identification of the components involved in the NF-ch DNA binding

complex analyzed by EMSA.

Samples from the 0 hour and 4 hour time point were Chosen for analysis. NF-1<B specific

32P-labeled probed was used in lane 1-3 and 7-9, while a mutant 32P-labeled NF-KB

probed was used in lanes 4-6 to demonstrate specificity of the DNA binding complex to

the NF-KB site. Lane 1 was free probe in the absence of nuclear extract. Lane 2-3

demonstrated an increase in DNA binding of the complex labeled p65. Lanes 5-6

demonstrated binding of the band labeled ns (non specific) to the mutant 32P-labeled NF-

KB probed indicating that this band was therefore non specific for the NF-KB site. The

binding of the p50 and p65 bands were not observed in the mutant probe demonstrating

the required specificity for the wild type NF-KB site. Lane 7 demonstrated the 4 hour

sample incubated with an antibody directed against p65 which resulted in a supershift

(noted by an *) in the top band indicating that this band contained p65. Lane 8

demonstrated the 4 hour sample incubated with an antibody directed against p50 which

produced a supershift (noted by an *) of the band labeled p50. Lane 9 demonstrated a

non specific antibody (IgG) failed to shift either band indicating the specificity of the

other antibodies used.
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the EMSA. Nuclear extracts were prepared using the manufacturer’s protocol for the

NE-PER extraction kit from Pierce Biotechnology. S49 WT cells were either untreated

(0 hr) or treated with zinc pyrithione (400nM) for two hours and samples were prepared.

As demonstrated in Figure 4-5, the cytoplasmic protein Hsp90 was found in the cytosolic

fraction as expected, while the nuclear protein Oct] was found specifically in the nuclear

extract as expected. Overall, these results verify the purity of the nuclear extracts utilized

in the EMSA. Thus, the results observed in the NF-KB EMSA were due to nuclear and

not cytoplasmic NF-KB proteins.

Discussion

Although zinc has been shown to utilize the CAMP-PKA signaling pathway, as

demonstrated in the previous Chapter, the potential role of other signaling pathways could

not be ruled out. As shown in Figure 4-1, curcumin blocked zinc-induced apoptosis in

mouse thymocytes and has been shown to block NF-KB activation normally involved in

many inflammatory responses. Therefore, inhibition of apoptosis by curcumin

potentially indicated a role for the NF-KB signaling pathway in response to zinc

treatment. As demonstrated herein, IKBor was degraded in both mouse thymocytes and

S49 WT cells. IKBa degradation in turn results in the release of active NF-KB which

translocates to the nucleus resulting in DNA binding and activation of target genes. As

shown in Figure 4-3, an increase in the binding of a 32P-labeled NF-KB specific DNA

probe occurred in nuclear extracts of S49 WT cells in response to treatment with zinc.
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Figure 4-5: Western blot analysis of the purity of nuclear extracts used in the

electrophoretic mobility shift assays. Samples shown were prepared from either

untreated (0 hr) S49 WT cells or cells treated with zinc pyrithione (400nM) for two

hours. Cytoplasmic and nuclear extracts from these cells were prepared and analyzed by

Western blot. As expected the nuclear protein Oct] was observed in the nuclear extract,

while the cytosolic protein Hsp90 was located in the cytoplasmic extract thus verifying

the purity of the extracts utilized in the EMSA.
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Overall, this data demonstrated that the NF-KB signaling pathway was activated in

response to zinc.

Activation of the NF-KB signaling pathway coincides with the activation of the CAMP

signaling pathway in response to zinc. A direct link between activation of the CAMP

signaling pathway and the proapoptotic protein Bim has been established, as shown in

Chapter 3. Additionally, the Bim promoter potentially contains NF-KB sites. Currently it

is a matter of speculation that Bim may function as a point of convergence for both the

CAMP and NF-KB signaling pathways in response to zinc treatment. Future work will

need to be undertaken to further explore whether Bim is also a direct target of the NF-KB

signaling pathway in response to zinc.

Interestingly, another point of convergence for these pathways may include PKA and NF-

KB p65 (13, 14). In vitro analysis demonstrated that NF-KB could be activated in

cytosolic fractions treated with the active catalytic PKA subunit (10). Additionally, when

nuclei from unstimulated cells were incubated with PKA treated cytosolic fractions

nuclear translocation of NF-KB was observed (10). It has since been demonstrated that

the catalytic subunit of PKA phosphorylates NF-KB p65 on Serine 276 (14).

Phosphorylation at this site results in increased interaction with CBP/p300 resulting in the

increased transactivational potential of p65 (15). Further investigation identified a novel

cytoplasmic complex that contained IKBa/NF-KB and the inactive catalytic subunit of

PKA (14). Activation of PKA was independent of CAMP in this complex and resulted

when degradation of IKBot occurred (14). However, identification of this complex does
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not exclude the possibility that NF-1<B p65 is a target of PKA activated in response to

CAMP.

Exposure to increased levels of zinc has been shown to be detrimental in various

situations and in a number of different cell types including neuronal and immune. Until

recently the identification of the signaling mechanisms utilized during zinc-induced

apoptosis has remained inadequate. As demonstrated in Chapter 2 and Chapter 3, zinc

utilized the CAMP-PKA signal transduction pathway leading to the induction of the

proapoptotic protein Bim and activation of the caspase cascade resulting in apoptosis.

However, the utilization of additional signaling pathways could not be ruled out. As

such, activation of the NF-KB signaling pathway was demonstrated herein. Overall, the

presented data enhances our understanding of the signaling pathways utilized during

zinc-induced apoptosis in cells of the immune system.
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Chapter 5

Summary

Zinc can function as an inducer of apoptosis in addition to its traditional role as an

essential biological trace metal. Exposure to increased levels of free zinc can trigger

apoptosis in a number of cell types including neuronal and cells of the immune system.

Whether these increases in zinc result from potential environmental factors, released from

metalloproteins within cells, or released from the cells themselves, an understanding of

zinc’s regulation of apoptosis is essential to combating potential zinc toxicity. Until

recently the mechanisms whereby zinc induces apoptosis have remained elusive.

However, as shown herein, significant progress has been made toward identifying the

components of the signaling pathways involved thus considerably increasing our current

knowledge of the regulation of apoptosis by zinc. In addition, it provided molecular

targets that can be used to inhibit zinc-induced apoptosis.

As demonstrated in Chapter 2, very low concentrations (400nM) of zinc pyrithione

induces apoptosis in a number of cells including mouse thymocytes, splenic lymphocytes,

S49 T cells and human Ramos B and Jurkat T cells. The use of a highly specific chelator

of zinc, TPEN, verified that the induction of apoptosis in response to zinc pyrithione was

indeed to due to zinc. In addition, zinc-induced apoptosis was dependent upon

transcription and translation which indicated potential regulation of apoptosis by some

proapoptotic protein. However, the identity of this protein and the signaling pathways
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utilized remained unknown at this point but now have been identified via these studies as

illustrated in Figure 5-1.

Inhibitors to a variety of different signaling pathways were tested in order to identify

candidate signaling pathways that might be utilized during zinc-induced apoptosis. An

inhibitor of adenylate cyclase, SQ22536, reduced zinc-pyrithione mediated apoptosis in

mouse thymocytes. This result indicated that one candidate pathway involved during

zinc-induced apoptosis was the CAMP-PKA signal transduction pathway. In order to

further investigate this signaling pathway the mouse S49 T cell line was utilized. The

S49 T cell line has historically been used in the study of the CAMP-PKA signaling

pathway since two variants deficient in this pathway exist. The S49 CyC' variant is

deficient in the Gas subunit of the heterotrimeric G-proteins and thus deficient in the

ability to activate adenylate cyclase, while the S49 Kin' variant is deficient in PKA

activity. Zinc pyrithione (400nM) induced 51% apoptosis in S49 WT cells and a

prolonged 2 fold increase in CAMP. Additionally, strong and sustained phosphorylation

of CREB on Serm, a well documented PKA target, was observed in response to zinc

treatment in S49 WT cells as well as in mouse thymocytes. However, no CREB

phosphorylation was observed in the variant cell lines which were less susceptible to zinc

and underwent only ~20% apoptosis. However, the variant cell lines were still

susceptible to other inducers of apoptosis. Overall, this data verified that zinc was

utilizing the cAMP-PKA signal transduction pathway.
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Figure 5-1: Summary of the CAMP and NF-KB signal transduction pathways

involved in zinc-induced apoptosis.
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As demonstrated in Chapter 3, in addition to the strong and sustained CREB

phosphorylation, an increase in the binding of a 32P-labled DNA probe containing a

CAMP response element (CRE) was observed in S49 WT cells. Furthermore, in response

to zinc treatment there was also a five fold increase in mRNA levels and a corresponding

eight fold increase in protein expression for the BH3-only proapoptotic protein Bim in

S49 WT cells. A robust increase in the protein expression level of Bim was also

observed in zinc treated thymocytes. Treatment of thymocytes with actinomycin D, an

inhibitor of transcription, blocked Bim up-regulation and apoptosis in response to zinc.

This is the first time that zinc has been shown to promote the up-regulation of Bim.

Chromatin immunoprecipitation (ChIP) analysis further demonstrated a 2 fold increase in

CREB occupancy at the Bim promoter in S49 WT cells in response to zinc treatment

which demonstrated a direct link between the CAMP signaling pathway and Bim. This

increase also correlates well with the prolonged 2 fold increase in CAMP levels observed

in zinc treated S49 WT cells.

In addition to inducing apoptosis in cells of the immune system, zinc has been

demonstrated to be a key modulator of neuronal cell death in response to ischemia and

seizures as previously discussed (1-3, 7). Interestingly, Bim may also regulate neuronal

cell death in response to seizures and in temporal lobe epilepsy (4-6). Bim is a regulator

of zinc-induced apoptosis in cells of the immune system as demonstrated herein, whether

it is a regulator of zinc-induced cell death in neuronal cells currently remains unknown

and will require further study.
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Bim is known to function at the level of the mitochondria through interactions with both

multidomain proapoptotic proteins such as Bax and antiapoptotic proteins such as Bel-2

or BCl-xL. The antiapoptotic proteins can sequester and neutralize Bim. However, if

increased expression levels of Bim arise, such as in response to zinc treatment, Bim can

overcome the antiapoptotic neutralization and interact with and activate the multidomain

proapoptotic proteins thus shifting the cell towards death. Consistent with the

involvement of Bim in zinc-induced apoptosis overexpression of either Bel-2 or BCl-xL

in Ramos B or Jurkat T cells provided substantial protection. Additionally, activation of

the intrinsic mitochondrial caspase cascade in response to zinc was demonstrated in

thymocytes by Cleavage of caspase 9 as well as with caspase inhibitors.

The evidence presented herein Clearly demonstrated that the CAMP-PKA signaling

pathway was utilized during zinc-induced apoptosis. However, since the variant cell

lines deficient in the CAMP-PKA signaling pathway were not completely resistant to

zinc-induced apoptosis and still underwent ~20% apoptosis the potential for activation of

additional signaling pathways was investigated. Another transcription factor cascade, the

NF-KB pathway, was activated in response to zinc. IKBot was degraded in response to

zinc treatment in both thymocytes and S49 WT cells. IKBCI degradation results in the

release and activation of NF-KB. Interestingly, potential cross-talk might also occur

between the CAMP and NF-KB pathways. PKA has been shown to phosphorylate NF-KB

p65 on Ser27° which increases its transactivational potential. Furthermore, increased

binding of a 32P-labled DNA probe containing a NF-KB site was observed presenting a

potential second link to the transcriptional regulation of Bim. However, a direct link
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between NF-KB and Bim remains to be established being the subject of future

investigations.

The data presented herein is consistent with a proapoptotic role for zinc and adds to the

increasing evidence that free zinc can be harmful to cells. As demonstrated herein,

considerable advances have been made in identifying the signaling components and

pathways involved during zinc-induced apoptosis. These advancements increase our

current knowledge of the regulation of apoptosis by zinc and provide a solid foundation

for which future studies.
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