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Abstract

Skp1–cullin–F-box protein (SCF) is a multicomponent

E3 ubiquitin (Ub) ligase that ubiquitinates a number of

important biologic molecules such as p27, B-catenin,

and IKB for proteasomal degradation, thus regulating

cell proliferation and survival. One SCF component,

SAG/ROC2/Rbx2/Hrt2, a RING finger protein, was first

identified as a redox-inducible protein, which, when

overexpressed, inhibited apoptosis both in vitro and

in vivo. We report here that sensitive to apoptosis gene

(SAG), as well as its family member ROC1/Rbx1, bound

to the proinactive form of caspase-3 (pro–caspase-3).

Binding was likely mediated through F-box protein,

B-transducin repeat-containing protein (B-TrCP), which

binds to the first 38 amino acids of pro–caspase-3. Im-

portantly, B-TrCP1 expression significantly shortened

the protein half-life of pro–caspase-3, whereas ex-

pression of a dominant-negative B-TrCP1 mutant with

the F-box domain deleted extended it. An in vitro

ubiquitination assay showed that SAG/ROC–SCFB-TrCP

promoted ubiquitination of pro–caspase-3. Further-

more, endogenous levels of pro–caspase-3 were de-

creased by overexpression of SAG/ROC–SCFB-TrCP E3

Ub ligases, but increased on siRNA silencing of SAG,

regulator of cullin-1 (ROC1), or B-TrCPs, leading to in-

creased apoptosis by etoposide and TNF-related

apoptosis-inducing ligand through increased activation

of caspase-3. Thus, pro–caspase-3 appears to be a sub-

strate of SAG/ROC–SCFB-TrCP E3 Ub ligase, which pro-

tects cells from apoptosis through increased apoptosis

threshold by reducing the basal level of pro–caspase-3.
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Introduction

Apoptosis is a genetically programmed process of cell death

required for maintaining homeostasis under physiological

conditions and for responding to various internal and exter-

nal stimuli [1]. Cells committed to apoptosis are characterized

by membrane blebbing, cytoplasmic shrinkage, nuclear chro-

matin condensation, and DNA fragmentation [2]. Among many

molecular players that regulate apoptosis, caspases, a family

of cysteine proteases, play a critical and essential role. Cas-

pases exist in cells in an inactive prozymogen form [proinactive

form of caspase-3 (pro–caspases)]. Two major pathways in

apoptosis-associated caspase activation have been defined in

mammalian cells: the extrinsic death receptor pathway, which is

triggered by members of the death receptor superfamily, and

the intrinsic mitochondrial pathway, which is activated in re-

sponse to extracellular cues and internal insults, such as DNA

damage [3]. Both pathways converge at caspase-3, whose

activation, through proteolytic cleavage by other initiator cas-

pases, leads to the cleavage of many cellular protein substrates

and to committed apoptotic cell death [4,5]. Thus, caspase-3 is

a key effector caspase [4].

It has been recently shown that caspase-3 is subjected to

ubiquitination, followed by 26S proteasome–mediated degra-

dation. Oxidative stress induced caspase-3 polyubiquitination

[6], whereas proteasome inhibitors induced accumulation of

caspase-3 subunits [7] and enhanced apoptosis induced by

overexpression of pro–caspase-3 [8]. Furthermore, XIAP, a

RING finger antiapoptosis protein, was found to bind to rev-

caspase-3 [9], an artificially active caspase-3 generated by

rearranging small subunits (p12) to precede the large subunit

(p20), with capability for autocatalytic processing to active form
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[10]. After binding, intrinsic ubiquitin (Ub) ligase activity of

XIAP promoted the ubiquitination and degradation of rev-

caspase-3 and protected cells from apoptosis [9]. However,

XIAP did not bind to the native inactive form of caspase-3,

pro–caspase-3 [9]. Moreover, cIAP-2, another RING finger

antiapoptosis protein with intrinsic E3 ligase activity, promoted

in vitro monoubiquitination of caspase-3 [11]. Monoubiquitina-

tion or diubiquitination of caspase-3 subunits p17 and p12 was

seen after proteasome inhibitor treatment of transfected cells

[7]. Thus, it appears that caspase-3 is targeted by the Ub

pathway for degradation. However, it is still largely unknown

how the stability of native inactive form of caspase-3 (pro–

caspase-3) is regulated and by which E3 Ub ligase.

Ubiquitination of a target protein involves a well-defined

multistep reaction catalyzed by a Ub-activating enzyme (E1),

a Ub-conjugating enzyme (E2), and a Ub ligase (E3). Skp1–

cullin–F-box protein (SCF) complexes are the largest family

of E3 Ub ligases that ubiquitinate a variety of regulatory

proteins for 26S proteasome degradation. SCF complexes

consist of Skp1, cullin/Cdc53, an F-box protein, and a RING

finger protein SAG/ROC/Rbx/Hrt [12,13]. A recent crystal

structure of the SCF complex revealed that cullin-1 acts as

a scaffold protein, which, at its N-terminus, binds to the

Skp1–F-box complex and, at its C-terminus, binds to ROC/

Rbx that recruits E2 [14]. The substrate specificity of the SCF

complex is determined by F proteins that bind to Skp1 and

cullins through its F-box domain and to substrates through its

WD or LRR domain [14,15]. The large number of F-box pro-

teins found in the human genome [16] suggests that SCF E3

Ub ligases would play a major role in the regulation of a

variety of biologic processes.

We have previously cloned and characterized a redox-

inducible gene, sensitive to apoptosis gene (SAG) [17]. SAG

was found to be essential in yeast growth [18], to promote

cell growth under serum-starved conditions [19,20], and to

inhibit reactive oxygen species (ROS)– induced apoptosis

both in in vitro cell culture models [17] and in in vivo mouse

brain and rat cardiomyocyte ischemia/reperfusion models

[21,22]. The antiapoptotic function of SAG was mediated,

at least in part, through its antioxidant activity by metal

ion binding and free radical scavenging, which inhibited

ROS-induced cytochrome c release and caspase activa-

tion [17,23]. Because SAG is the second family member of

ROC1/Rbx1, which activates SCF E3 Ub ligase activity

through neddylation of cullins and recruitment of E2 [24], we

sought to explore a ligase-associated mechanism of SAG

apoptosis inhibition. We report here that SAG and its family

member ROC1 which also showed antiapoptotic activity [13],

bound to pro–caspase-3 most likely through the F-box

protein b-transducin repeat-containing protein (b-TrCP).

SAG/ROC1–SCFb-TrCP E3 ligase promoted ubiquitination

of pro–caspase-3 in vitro and induced degradation of either

exogenously expressed pro–caspase-3 or endogenous pro–

caspase-3. However, siRNA silencing of SAG, ROC1, or

b-TrCP increased the endogenous levels of pro–caspase-3

and sensitized cancer cells to anticancer agents, etoposide,

or TNF-related apoptosis-inducing ligand (TRAIL) through

caspase-3 activation.

Materials and Methods

Cell Culture, DNA Transfection, and Drug Treatment

The human kidney cell line 293, the breast carcinoma line

MCF7, and the cervical carcinoma line HeLa were grown in

DMEM supplemented with 10% fetal bovine serum. Cells

were subcultured into 100-mm dishes 16 to 24 hours before

transfection to reach 90% confluency. DNA transfection was

conducted using Lipofectamine 2000 reagent (InVitrogen,

Carlsbad, CA) according to the manufacturer’s instructions.

For drug treatment, after 24 to 36 hours of transfection, cells

were exposed to a proteasome inhibitor MG132 (10 mM)

for 16 hours, to etoposide (25 mM) for 24 hours, or to TRAIL

(50 ng/ml) for 8 hours. Cell viability was determined by trypan

blue exclusion assay. For half-life determination, MCF7 cells

were cotransfected with pro–caspase-3 and b-TrCP1 or

b-TrCP2 or their F-box–deleted mutants, along with pcDNA3

vector control. Twenty-four hours posttransfection, cells were

treated with cycloheximide (CHX; 10 mg/ml) and harvested at

various time points, then subjected to Western blot analysis.

Western Blot Analysis and Immunoprecipitation (IP)

Cell pellets were lysed in a Triton lysis buffer (20 mM Tris–

HCl pH 8.0, 150 mM NaCl, 1% Triton, 5 mM EGTA, and 5 mM

EDTA) with a freshly added protease inhibitor tablet for 1 hour

on ice, followed by a 30-minute centrifugation. Supernatants

were measured for protein concentration using Bio-Rad

protein assay reagent (Bio-Rad, Hercules, CA) and subjected

to Western blot analysis as described [17] using antibodies to

FLAG tag, HA tag, b-actin (Sigma, St. Louis, MO), caspase-3

(Santa Cruz Biotechnology, Santa Cruz, CA), and Myc tag

(Bethyl Laboratories, Montgomery, TX). For IP, cell lysates

were precleaned with protein A/G beads, then immunopreci-

pitated with bead-conjugated goat anti–caspase-3 antibody

(Santa Cruz Biotechnology), anti-FLAG antibody, or anti-HA

antibody, with preimmuno IgG as negative control. Immuno-

precipitates were washed with Triton lysis buffer three to four

times and subjected to Western blot analysis.

Construction of Pro–Caspase-3 Mutants

The Myc tag pro–caspase-3 and its four deletion mutants

were derived by polymerase chain reaction (PCR) using wild-

type pro–caspase-3 as template [25]. Primer sequences for

wild type are Casp3-05 (5V-GGATCCGCCACCATGGAGAA-

CACTGAAAAC-3V) and Casp3-06 (5V-GGTACCGTGA-

TAAAAATAGAGTTC-3V); for mutant-1 (MT1; p20, subunit,

AA 1–175) are Casp3-05 and Casp3-08 (5V-GGTACCGTCT-

GTCTCAATGCCACAG-3V); for mutant-2 (MT2; p12, small

subunit, AA 175–277) are Casp3-07 (5V-GGATCCGCCAC-

CATGAGTGGTGTTGATGATGAC-3V) and Casp3-06; for

mutant-3 (MT3; AA 39–277) are Casp3-09 (5V-GGATCCGC-

CACCATGGATTATCCTGAGATGGGTTTATG-3V) and

Casp3-06; and for mutant-4 (MT4; dNdC, AA 39–175) are

Casp3-09 and Casp3-08. PCR products were first subcloned

into TA vector, then into pcDNA3.1/Myc-His vector, followed

by sequencing confirmation. The resulting constructs would

express pro–caspase-3, or its deletion mutants with Myc

epitope and His tag at the C-terminus.
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Preparation of ROC1–SCF�-TRCP1 Complex

Hi-5 cells were maintained in HfQ SFX insect cell medium

(Perbio, Belgium) with 1� penicillin–streptomycin (Cellgro,

Herndon, VA) at 25jC. Baculoviral expression constructs of

ROC-1, HA-Cul1, HIS-Skp1, and FLAG-b-TRCP1 were

titered for optimal expression in Hi-5 cells. Hi-5 cells were

grown to approximately 50% confluence on 100-mm plates

before infection. The constructs were infected separately for

maximum expression. After 4 days, the cells were then har-

vested and centrifuged at 3000 rpm for 10 minutes at 4jC.

The medium was removed, and the cells were washed once

in 20 ml of PBS and centrifuged a second time. The pellets

were lysed by vigorous pipetting and repetitive freeze–thaw

in nickel lysis buffer (50 mM NaH2PO4 pH 8, 300 mM NaCl,

and 10 mM imidazole) with phenylmethylsulfonyl fluoride

and pepstatin A. Lysates were spun at high speed for 10 min-

utes to remove debris, and the supernatants from each

construct were combined. The combined lysis was rotated

at 4jC for 2 hours, and then 1 ml of clean 50% Ni-NTA

agarose bead slurry (Qiagen, Valencia, CA) was added.

The bead was rotated for an additional 2 hours. The lysate

was then centrifuged at 6000 rpm for 3 minutes, and the

supernatant was removed. Bead pellet was resuspended

in Ni wash buffer (50 mM NaH2PO4 pH 8, 300 mM NaCl,

and 20 mM imidazole) and loaded onto an elution column

where it was washed with 1 ml of Ni wash buffer for six times.

Proteins were then eluted in 200 ml of a Ni elution buffer

(50 mM NaH2PO4 pH 8, 300 mM NaCl, and 250 mM imid-

azole) for six fractions. The fractions were pooled into two

groups according to concentration and dialyzed in 4 l of Buffer

C-100 (20 mM Tris–Cl pH 7.5, 100 mM KCl, 0.2 mM EDTA,

and 20% glycerol) for at least 2 hours. The fractions were run

on sodium dodecyl sulfate–polyacrylamide gel electro-

phoresis (SDS-PAGE) and checked by Western blot analy-

sis using polyclonal anti-ROC1 (Neomarkers, Fremont, CA),

monoclonal 12CA5 anti-HA (generated in Lu Laboratory),

monoclonal anti-FLAG (Sigma), and monoclonal anti-

HIS (Covance, Princeton, NJ) antibodies to detect separate

complex components.

Preparation of SAG–SCF�-TRCP1 Complex

The SAG–SCFb-TRCP1 complex was prepared as above,

except for the SAG, which was purified separately before

complex reconstitution. GST-SAG was grown in LB broth to

log phase and induced using 0.4 mM IPTG (Fisher, Chino,

CA). Bacteria were harvested after 6 hours at 37jC, centri-

fuged at 35,000 for 20 minutes, and lysed in 20 ml of bacterial

lysis buffer (1� PBS, 10% glycerol, and 0.1% NP-40) by

French press. The lysate was spun at high speed for 10 min-

utes to remove cell debris and then incubated for 5 minutes

at room temperature with 500 ml of GSH slurry. After bind-

ing, GST-SAG beads were washed thrice in GST wash buffer

(1� PBS, 10% glycerol, and 500 mM NaCl) and eluted using

5 mM reduced glutathione (Sigma). The fractions were

dialyzed using the same conditions as above, and the pro-

tein was examined for concentration and purity using SDS-

PAGE followed by Coomassie staining. The fraction with

the highest purity was combined with insect lysates ob-

tained by the same procedure as above. After the steps noted

above, purified complex fractions were rebound to GSH

beads, washed twice in lysis buffer (50 mM Tris pH 7.5,

5 mM EDTA, 150 mM NaCl, and 0.5% NP-40), and diluted

to 50% slurry. In vitro ubiquitination was preformed on the

same day to maintain complex activity.

Expression and Purification of FLAG-Tagged

Pro–Caspase-3

Pro–caspase-3 substrate was prepared from an IPTG-

inducible bacterial construct following a similar induction and

preparation protocol as noted above for GST-SAG. After

French press and centrifugation, 40 ml of 50% monoclonal

FLAG M2-conjugated affinity agarose bead slurry (Sigma)

was added to the clarified lysate and incubated at 4jC for

4 hours. The beads were washed twice in 1 ml of lysis buffer

(50 mM Tris–Cl pH 7.5, 150 mM NaCl, 5 mM EDTA, and 0.5%

NP-40) and twice in 1 ml of SNNTE lysis buffer (50 mM Tris–

Cl pH 7.4, 500 mM NaCl, 5 mM EDTA, 5% sucrose, and 1%

NP-40). They were then eluted using 6�30-ml fractions of

0.1 mg/ml FLAG peptide. Their concentration was then de-

termined by pro–caspase-3 Western blot analysis, and

samples of similar concentration were dialyzed in 4 l of Buffer

C-100 for 2 hours at 4jC. Five microliters of these final

fractions was used per sample for the assays.

In Vitro Ubiquitination

SAG/ROC1–SCFb-TRCP1–mediated in vitro ubiquitination

assay was performed as described previously [26]. Pro–

caspase-3 in vitro ubiquitination assay was carried out in

40 ml of a reaction mixture containing 50 mM Tris–HCl

(pH 8.0), 5 mM MgCl2, 0.5 mM dithiothreitol, 2 mM NaF,

3 mM okadaic acid, 400 ng of Uba-1 (Boston Biochem, Cam-

bridge, MA), 400 ng of UbcH3 (Boston Biochem), 1000 ng of

HA Ub, 5 mM ATP (Amersham Biosciences, Piscataway, NJ),

1.5 mM ATPg (Fisher ICN, Chino, CA), and 20 ml of purified

ROC1–SCFb-TRCP1 complex or 8 ml of SAG–SCFb-TRCP1

bead slurry. Five microliters of purified FLAG-tagged pro–

caspase-3 was used in each reaction. The mixture was in-

cubated at 37jC for 1.5 hours and analyzed afterward by

SDS-PAGE followed by Western blot analysis. Ubiquitinated

pro–caspase-3 was detected by immunoblot using mono-

clonal anti/pro–caspase-3 antibody (BD Transduction Labo-

ratory, San Jose, CA).

siRNA Silencing of SAG, ROC1, or �-TrCP

Plasmid-based hairpin RNA were used to silence SAG,

ROC1, or b-TrCPs. The pU6pro vector (a kind gift from

Dr. David L. Turner, University of Michigan, Ann Arbor, MI)

was used [27] as detailed previously (http://sitemaker.umich.

edu/dlturner.vectors). Two sets of siRNA template oligonu-

cleotides were synthesized (InVitrogen) to silence SAG. For

psiSAG-1, the sequences are iSAG-1-1 (5V-TTTGAAGGC-

TTCTTAGCGCAGTTGTTCAGAGCCAAGAGGCTCTGAA-

CAACTGCGCTAAGAAGCCTTTTTT-3V) and iSAG-1-2 (5V-

CTAGA A A A A G G C T T C T TA G C G C A G T T G T T C A -

A G A G C C T C T T G G C T C T G A A C A A C T G C G C TA A -

GAAGCCTT-3V). For psiSAG-2, the sequences are iSAG-2-1
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(5V-TTTGAACAAGAGGACTGTGTTGTGGTCTGGCAA-

AGAGCCAGACCACAACACAGTCCTCTTGTTTTT-3V) and

iSAG-2 -2 (5 V-CTAGAAAAACAAGAGGACTGTG-

TTGTGGTCTGGCTCTTGCCAGACCACAACACAGT-

CCTCTTGTT-3V). For psiROC1, the sequences are iROC1-1

(5 V-TTTGAAGACTTCTTCCATCAAGCTTCAAGA-

AGAAGCTTGATGGAAGAAGTCTTTTT-3V) and iROC1-2

(5V-CTAGAAAAAGACTTCTTCCATCAAGCTTCTCTT-

TGAAGCTTGATGGAAGAAGTCTT-3V). For psi-b-TrCPs

(silencing both b-TrCP1 and b-TrCP2), the sequences are

ib-TrCP01 (5V-TTTGAAGTGGAATTTGTGGAACATCTT-

TCAAGAGAAGATGTTCCACAAATTCCACTTTTT-3V) and

ib-TrCP02 (5 V-CTAGAAAAAGTGGAATTTGTGGAA-

ACATCTTCTCTTGAAGATGTTCCACAAATTCCACTT-3V).

The control psiCont sequences are iCont01 (5V-TTTG-

AT T G TAT G C G AT C G C A G A C T T C A A G A G A A G -

TCTGCGATCGCATACAATTTTT-3V) and iCont02 (5V-

CTAGAAAAATTGTATGCGATCGCAGACTTCTCTT-

TGAAGTCTGCGATCGCATACAAT-3V). The cohesive ends

of restriction enzymes BbsI (TTTG) and XbaI (CTAG) are

italicized. Annealed synthetic primers were ligated into the

pU6pro vector predigested with BbsI and XbaI. Recombinant

plasmids of psiSAG-1, psiSAG-2, psi-b-TrCP, and psiCont

were confirmed by DNA sequencing. The plasmids were

transfected into HeLa cells using Lipofectamine 2000 reagent

(InVitrogen), and silencing of endogenous SAG, ROC1, or

b-TrCP1 was determined using antibodies against SAG,

ROC1, or b-TrCP1 (Zymed, Carlsbad, CA), respectively.

Caspase-3 Activity Assay

Caspase-3 activity was measured by a fluorogenic cas-

pase-3 assay using Ac-DEVD-AFC (Biomol, Plymouth meet-

ing, PA) as substrate, as described previously [28]. Briefly,

HeLa cells were seeded in 24-well plate 1 day before Lip-

ofectamine transfection of siRNA plasmids targeting SAG

and ROC1, along with a control plasmid with random se-

quence. Thirty-six hours posttransfection, cells were treated

with either etoposide (25 mM) for 24 hours or with TRAIL (50

ng/ml) for 8 hours. Cells were then lysed in a lysis buffer (1.67

mM Hepes pH 7.4, 7 mM KCl, 0.83 mM MgCl2, 0.11 mM

EGTA, 0.11 mM EDTA, and 0.57% CHAPS) for 30 minutes,

followed by centrifugation at 14,000 rpm for 15 minutes.

Supernatants were collected and incubated with a caspase-

3 activity assay buffer (120 mM Hepes pH 7.4, 630 mM

sucrose, 0.25% CHAPS, 10 mM DTT, and 50 mM Ac-

DEVD-AFC fluorescent substrate). The plates were read 2

hours after the addition of Ac-DEVD-AFC substrate at 400 nm

(excitation) and 505 nm (emission) in a TECAN Ultra fluores-

cence reader (TECAN, Rancho Santa, CA).

Results

SAG or ROC1 Bound to Endogenous Pro–Caspase-3

Although it has been known that the active form of

caspase-3 is ubiquitinated by XIAP E3 Ub ligase and that

inactive pro–caspase-3 appears to be degraded through

the ubiquitination and 26S proteasome pathway [6–9], it is

completely unknown which E3 Ub ligase mediates the ubiq-

uitination of the inactive prozymogen form of caspase-3

(pro–caspase-3). In an attempt to elucidate the E3 Ub

ligase–associated mechanism by which SAG protects cells

from apoptosis [17,21,22,29], we sought to determine

whether pro–caspase-3 (32 kDa) is a substrate of SAG–

SCF E3 Ub ligase. We first measured whether SAG physi-

cally bound to endogenous pro–caspase-3. FLAG-tagged

SAG was transiently transfected into 293 cells. Endogenous

pro–caspase-3 was immunoprecipitated with goat anti–

caspase-3 antibody or with goat IgG as control, followed by

Western blot analysis using anti-FLAG antibody to determine

whether transfected SAG was coprecipitated with endoge-

nous pro–caspase-3. Indeed, as shown in Figure 1A, FLAG-

tagged SAG (15 kDa) was detected in SAG-transfected—but

not control vector–transfected—cells in immunoprecipitates

by pro–caspase-3 antibody, but not by control IgG. We next

determined whether the SAG family member ROC1 would

also bind to endogenous pro–caspase-3. HA-tagged ROC1

was transiently transfected into 293 cells. Again, endogenous

pro–caspase-3 was immunoprecipitated by anti–caspase-3

antibody or control IgG, followed by Western blot analysis

using anti-HA antibody to detect ROC1, if two proteins bind

together. As shown in Figure 1B, ROC1 can be detected in

immunoprecipitates pulled down by anti–caspase-3 anti-

body, but not by control IgG. Expression of both SAG and

ROC1 was detected by direct Western blot analysis shown

at the bottom panels (Figure 1, A and B). Thus, it appears

that both SAG and its family member ROC1 bound to pro–

caspase-3 in vivo.

F-box Protein �-TrCP1 or �-TrCP2 Bound

to Pro–Caspase-3 at Its N-terminus

Based on the published crystal structure of the SCF

complex [14], the binding of SAG/ROC to protein substrates

such as pro–caspase-3 has to be mediated by an F-box

protein. We therefore determined which F-box protein would

mediate SAG/pro–caspase-3 binding. Because, like SAG,

b-TrCP was also involved in the survival of cancer cells [30],

it is a putative candidate. Before confirming b-TrCP/pro–

caspase-3 binding, we first determined whether SAG

bound to b-TrCPs. It has been well-established that ROC1

is included in the SCFb-TrCP complex [31,32], and we know

that SAG bound to cullin-1 [18], which acts as a scaffold

protein to bridge SAG and Skp1–F-box protein [14]. HA-

tagged b-TrCP2 was cotransfected with FLAG-tagged SAG

into 293 cells. SAG was pulled down with anti-FLAG anti-

body, along with preimmune IgG control, and b-TrCP2 was

detected by IB using anti-HA antibody in immunoprecipitates,

pulled down by FLAG (SAG), but not by control IgG (Fig-

ure 1C), indicating in vivo SAG–b-TrCP2 binding. Similarly,

HA-tagged SAG was cotransfected into 293 cells with

FLAG-tagged b-TrCP1, and SAG was detected in b-TrCP

immunoprecipitates by anti-FLAG antibody but not in con-

trol IgG immunoprecipitates, (Figure 1D), again indicating

in vivo binding of SAG–b-TrCP1. Expressions of cotrans-

fected SAG, ROC, or b-TrCPs were shown at the two

bottom panels by direct Western blot analysis.
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Having confirmed SAG–Cul1–b-TrCP binding, we deter-

mined whether b-TrCP1 or b-TrCP2 directly bound to pro–

caspase-3. HA-tagged b-TrCP2 was transfected into 293 cells

and was detected in pro–caspase-3 immunoprecipitates,

pulled down by anti–caspase-3 antibody, but not by pre-

immune IgG (Figure 2A). The bottom panel showed that

HA-b-TrCP2 was expressed at an equal level in both trans-

fections. Similarly, FLAG-tagged b-TrCP1 or its F-box dele-

tion mutant b-TrCP1DF was transfected into 293 cells and

was again detected in immunoprecipitates, pulled down by

anti–caspase-3 antibody (Figure 2B). Expressions of b-

TrCP1 and b-TrCP1DF were shown at the bottom panel. All

these experiments indicated that, indeed, b-TrCP1 or b-

TrCP2 bound to pro–caspase-3 in vivo and that the binding

of SAG/pro–caspase-3 is most likely mediated through

F-box protein b-TrCP1 or b-TrCP2.

It has been well established that b-TrCP binds to its sub-

strate through its WD40 repeats at the C-terminus [33–35].

We therefore mapped the region in caspase-3 to which

b-TrCP binds. Wild-type pro–caspase-3 and its four deletion

mutants with C-terminal Myc tag were derived (Figure 2C):

MT1, p20, the large subunit (AA 1–175); MT2, p12, the small

unit (AA 176–277); MT3, dN (AA 39–277); and MT4, dNdC

(AA 39–175). All four mutants, along with wild-type pro–

caspase-3 (WT), were transiently transfected into 293 cells,

and their expressions were detected by Western blot analysis

with Myc-tag antibody. The levels of expression from high to

low were WT, MT1, and MT4, in that order. No expression of

MT2 andMT3was detectable (data not shown). We therefore

focused our attention on the potential binding of b-TrCP to

MT1 and MT4. The 293 cells were transiently cotransfected

with HA-b-TrCP2 in a combination of WT, MT1, or MT4, re-

spectively, and then subjected to direct Western blot analysis.

As shown in Figure 2D, HA-b-TrCP2 was expressed equally

well among all four transfections (80 mg of cellular protein was

loaded from each transfection). However, the expression

varied among WT and its mutants. As shown in Figure 2E,

WT was expressed at the highest level (20 mg of cellular

protein loaded), followed by p20 (60 mg of protein loaded)

and dNdC (100 mg of protein loaded). Based on these dif-

ferent levels of expression, the amount of total cellular protein

used for IP was 200 mg for WT, 600 mg for p20/MT1 or pcDNA3

vector control, and 2.5 mg for dNdC/MT4. Following IP with

HA antibody, along with preimmune IgG as negative control,

potential b-TrCP2 binding to pro–caspase-3 was detected

by Western blot analysis using anti-Myc-tag antibody. As

shown in Figure 2F, a strong WT band was visualized when

anti-HA antibody (lane 2), but not preimmuno-IgG (lane 3),

was used for IP, indicating that WTstrongly binds to b-TrCP2,

consistent with the data shown in Figure 2A. A relatively weak

Figure 1. SAG or ROC1 bound to endogenous pro–caspase-3 in 293 cells. Human 293 cells were transiently transfected with pcDNA3 vector control, FLAG-

tagged SAG (A), or HA-tagged ROC1 (B), using Lipofectamine 2000. Cell lysates were prepared after transfection and subjected to IP with anti – caspase-3

antibody or control IgG, as indicated after preclearing with protein A/G-plus agarose beads, followed by immunoblotting using anti-FLAG antibody or anti-HA

antibody, respectively. The bottom panel shows direct immunoblotting using whole-cell extract with anti-FLAG or anti-HA antibody, respectively, to show that

transfected SAG or ROC1 was expressed in 293 cells. (C) SAG–�-TrCP2 binding. Human 293 cells were transiently cotransfected with HA-�-TrCP2 and FLAG-

SAG or pcDNA3 vector control. After transfection, cell lysates were prepared and subjected to IP using anti-FLAG antibody or control IgG, as indicated after

preclearing with protein A/G-plus agarose beads, followed by immunoblotting with anti-HA antibody (top). Expression of transfected �-TrCP2 (middle) and SAG

(bottom) was detected by direct immunoblotting of whole-cell extract. (D) SAG–�-TrCP1 binding. Human 293 cells were cotransfected with FLAG-�-TrCP1 and

HA-SAG or pcDNA3 vector control. Cell lysates were prepared and subjected to IP using anti-FLAG antibody or control IgG, as indicated after preclearing with

protein A/G-plus agarose beads, followed by immunoblotting using anti-HA antibody (top). Expression of transfected �-TrCP1 (middle) and SAG (bottom) was

detected by direct immunoblotting of whole-cell extract.
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binding of p20/MT1 to b-TrCP2 was detected (lane 4), con-

sistent with its relatively low expression in comparison with

WT. No b-TrCP2 binding was detected with pcDNA3-Myc

vector control (lane 1), nor with dNdC mutant, even though

4-fold to 12-fold more input cellular proteins were used for

IP to compensate for a lower expression (lane 5). The results

suggested that the p12 subunit at the C-terminus is dispens-

able for b-TrCP2 binding, whereas the first 38 amino acids

at the N-terminus are required for b-TrCP2 binding.

�-TrCP1 or �-TrCP2 Expression Shortened the Protein

Half-Life of Pro–Caspase-3

We next determined whether b-TrCPs/pro–caspase-3

binding would lead to degradation of pro–caspase-3. For

simplicity, we used MCF7 cells, a human breast cancer cell

line that lacks endogenous pro–caspase-3 as a result of a

47-bp deletion in the exon 3 of the gene [36,37]. MCF7 cells

were cotransfected with pro–caspase-3 and an increasing

amount of b-TrCP1, along with the control plasmid pcDNA3.

Cell lysates were prepared 38 hours posttransfection and

subjected to Western blot analysis using anti–caspase-3

antibody. As shown in Figure 3A, pro–caspase-3 level de-

creased as the amount of b-TrCP1 increased, indicating a

dose-dependent degradation of pro–caspase-3 by b-TrCP1.

Having established this, we next determined the poten-

tial shortening of the protein half-life of pro–caspase-3

by b-TrCPs. MCF7 cells were cotransfected with pro–

caspase-3, along with b-TrCP1, its dominant-negative form

b-TrCP1DF, or the empty vector control pcDNA3. Following

24 hours of transfection, cells were treated with CHX to block

new protein synthesis. Samples were collected at various

time points after CHX treatment and subjected to Western

Figure 2. �-TrCPs bound to pro–caspase-3 require prodomain. (A) �-TrCP2 bound to endogenous pro–caspase-3. Human 293 cells were transiently transfected

with HA-�-TrCP2 or pcDNA3 vector control. Cell lysates were prepared and subjected to IP using anti –caspase-3 antibody or preimmune IgG, as indicated after

preclearing with protein A/G-plus agarose beads, followed by immunoblotting using anti-HA antibody (top panel). A direct immunoblotting analysis of whole-cell

extract was performed using anti-HA antibody to show �-TrCP2 expression (bottom). (B) �-TrCP1 bound to endogenous pro–caspase-3. Human 293 cells were

transiently transfected with pcDNA3 vector control (lane 1), FLAG-�-TrCP1 (lane 2), and FLAG-b-TrCP1DF (lane 3). Cell lysates were prepared and subjected to IP

using anti – caspase-3 antibody followed by Western blot analysis with anti-FLAG antibody (top), or whole-cell extracts were directly subjected to Western blot

analysis to show expression of FLAG-�-TrCP1 and FLAG-b-TrCP1DF (bottom). Requirement of prodomain for �-TrCP-pro–caspase-3 binding. (C) Bar graphic

presentation of pro–caspase-3 mutants. (D–F) Human 293 cells were cotransiently transfected with HA-�-TrCP2 in combination with WT pro–caspase-3 or its

deletion mutants, along with the vector control. Thirty-eight hours posttransfection, cells were harvested and subjected to Western blot analysis (D and E) using

indicated antibodies or IP, followed by Western blot analysis using myc antibody (F). NB, nonspecific band.
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blot analysis to determine the pro–caspase-3 half-life. As

shown in Figure 3B, with densitometric qualification data

presented in Figure 3C, the protein half-life for transfected

pro–caspase-3 in MCF7 cells is about 5.5 hours. Cotrans-

fection with b-TrCP1 shortened the half-life to 3 hours,

whereas cotransfection with b-TrCP1DF extended the half-

life to > 7 hours. Similar results were observed when b-TrCP2

or b-TrCP2DF was cotransfected with pro–caspase-3 (data

not shown). The results suggested that b-TrCP1 or b-TrCP2

bound to pro–caspase-3 and shortened its half-life likely

by promoting its degradation. In contrast, b-TrCP1DF or

b-TrCP2DF that bound to pro–caspase-3 as well (Figure 2B),

but not to other components of SCF ligase [38], acted in a

dominant-negative manner to block pro–caspase-3 degrada-

tion, thus extending its half-life.

SAG/ROC–SCF�-TrCP E3 Ligase Promoted

Pro–Caspase-3 Ubiquitination In Vitro

We next established an in vitro ubiquitination assay to

determine whether SAG/ROC–SCF E3 Ub ligase would

promote ubiquitination of pro–caspase-3. We first purified

ROC1–SCF or SAG–SCF complexes containing HA-Cul1,

His-Skp1, and FLAG-b-TrCP1, plus either ROC1 or GST-

SAG, as described in Materials and Methods section. These

complexes were used as E3 in an in vitro ubiquitination

reaction with purified FLAG-pro–caspase-3 as substrate.

As shown in Figure 4A, several slow-migrating bands ranging

from 54 to 100 kDa, reflecting ubiquitinated pro–caspase-3,

were detected only when the reaction mixture contained Ub,

E1, E2, ROC1–SCF, and pro–caspase-3 (lane 4). Omission

of E1, E2, E3, and Ub (lane 1); E3 and Ub (lane 2); E1 and

E2 (lane 3); or pro–caspase-3 (lane 5) all failed to detect it.

Likewise, SAG–SCF E3 Ub ligase also induced ubiquitina-

tion of pro–caspase-3 in the presence of Ub, E1, and E2

(left lane), which is not detected in the absence of pro–

caspase-3 (right lane), which serves as negative control. It

is worth noting that pro–caspase-3 ubiquitination by SAG–

SCF was not as pronounced as that by ROC1–SCF. This

may reflect a stoichiometric difference during purification

because ROC1–SCF was expressed and copurified from

baculovirus as a complex, whereas in the SAG–SCF com-

plex, GST-SAG was prepared from bacterial source and

mixed with other SCF components prepared from baculo-

virus. Nevertheless, the results indicated that, indeed, pro–

caspase-3 could be ubiquitinated by SAG/ROC–SCF E3 Ub

ligase using components purified in vitro.

SAG–SCF�-TrCP E3 Ub Ligase Regulated the Endogenous

Level of Pro–Caspase-3

We have now shown that b-TrCP1 cotransfection short-

ened the protein half-life of pro–caspase-3 and that SAG–

SCFb-TrCP E3 ubiquitin ligase promoted the ubiquitination of

pro–caspase-3 in vitro. We next determined whether SAG/

ROC–SCFb-TrCP E3 ubquitin ligase can decrease the steady-

state levels of endogenous pro–caspase-3. The 293 cells

were transiently cotransfected with plasmid expressing Ub, in

combination with plasmids expressing pcDNA3 control,

b-TrCP1, SAG, ROC1, SAG + b-TrCP1 + Cul1 + Skp1, or

ROC1 + b-TrCP1 + Cul1 + Skp1, respectively. Cells were

lysated after transfection and subjected to direct Western

blot analysis using anti–caspase-3 antibody. As shown in

Figure 5A (top panel ), compared to the vector control (lane 1),

Figure 3. �-TrCPs shortened the protein half-life of pro–caspase-3. (A) �-TrCP1 induced a dose-dependent reduction of pro–caspase-3. Pro–caspase-3–null

MCF7 cells were cotransfected with FLAG-pro–caspase-3 and an increasing amount of �-TrCP1. Thirty-eight hours posttransfection, cell lysates were prepared and

subjected to direct Western blot analysis using anti – caspase-3 antibody, as well as anti-actin antibody as loading control. (B and C) �-TrCP1 shortened—but its

dominant-negativemutant extended—the pro–caspase-3 half-life. MCF7 cells were transiently cotransfected with FLAG-pro–caspase-3, along with pcDNA3 vector

control, �-TrCP1, or b-TrCP1DF, as indicated. Twenty-four hours posttransfection, cells were treated with CHX (10 �g/ml) for indicated time periods up to 7 hours

and harvested. Cell lysates were prepared and subjected toWestern blot analysis with anti-FLAG antibody or anti –�-actin antibody as loading control. Densitometric

quantification of pro–caspase-3 levels was shown in (C), with value at 0 hour after CHX treatment arbitrarily set to 1, on which the fold change was calculated.
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transfection with b-TrCP1 (lane 2), SAG (lane 3), and ROC1

(lane 4) alone did not significantly change the endogenous

level of pro–caspase-3. However, when SAG or ROC1 was

cotransfected with other components of SCF (lanes 5 and 6),

endogenous pro–caspase-3 was significantly reduced to a

nearly undetectable level, indicating a requirement of all SCF

components in promoting the degradation of endogenous

pro–caspase-3 in 293 cells. The lack of detection of caspase-

3 subunits p20 and p12 (lanes 5 and 6) excluded the

possibility that the decrease of pro–caspase-3 level is due

to SAG/ROC–SCF–induced caspase-3 activation. Because

b-TrCP1 is significantly stabilized in the presence of other

SCF components (compare lane 2 vs lanes 5 and 6, middle

panel ), it raised a possibility that b-TrCP1 might be the rate-

limiting component in SAG/ROC–SCF–mediated pro–

caspase-3 degradation. In contrast, replacement of b-TrCP1

with its F-box deletion mutant b-TrCP1DF in the SAG–SCF

complex completely abolished its pro–caspase-3–degrading

activity (cf. lanes 2 and 3 vs lane 1, Figure 5A, bottom panel ),

suggesting that b-TrCP1 is the major—if not the only—F-box

protein that mediated pro–caspase-3 degradation by SAG–

SCF E3 Ub ligase, assuming that other F-box proteins are

expressed in a sufficient amount in 293 cells. To further

determine whether SAG–SCF E3–induced degradation of

endogenous pro–caspase-3 is a proteasome-dependent

process, SAG–SCFb-TrCP – transfected cells were treated

with MG132, a proteasome inhibitor (lane 5). Indeed,

SAG–SCFb-TrCP ligase–induced reduction of endogenous

pro–caspase-3 (Figure 5A, bottom panel, lane 2 vs lane 1)

was completely blocked by MG132 (lane 5 vs lane 4, com-

pared to lane 2 vs lane 1), indicating that pro–caspase-3

degradation is mediated by proteasomes.

Because overexpression of SAG/ROC1–SCFb-TrCP E3

ligase reduced the steady-state level of endogenous pro–

caspase-3, we next determined whether siRNA silencing of

SAG, ROC1, or b-TrCP could cause the accumulation of

endogenous pro–caspase-3. HeLa cells were transiently

transfected with plasmid-based hairpin RNA specifically tar-

geting SAG, ROC, or b-TrCPs (both b-TrCP-1 and b-TrCP-2).

The endogenous level of SAG, ROC1, or b-TrCP1 was mea-

sured by antibodies to each protein. As shown in Figure 5B

(bottom panel ), compared to control plasmid with random

targeting sequence (lane 1), two psiSAG plasmids (lane 2 for

psiSAG-1 and lane 3 for psiSAG-2) reduced endogenous

SAG level up to five-fold. Likewise, psiROC1-1 (lane 5 ), but

not control psiCont (lane 4), completely silenced endogenous

ROC1 expression. As a result of SAG or ROC1 silencing,

endogenous pro–caspase-3 level increased two-fold to

four-fold (Figure 5B, top panel ). Likewise, siRNA silencing

of b-TrCP1 up to three-fold caused a two-fold accumulation

of pro–caspase-3 (Figure 5C). In summary, when over-

expressed, SAG/ROC1–SCFb-TrCP E3 ligase promoted a

proteasome-dependent degradation of endogenous pro–

caspase-3, whereas silencing of SAG, ROC1, or b-TrCPs in-

duced its accumulation. Thus, it appears that pro–caspase-3

is a substrate of SAG–SCFb-TrCP E3 Ub ligase.

siRNA Silencing of SAG, ROC1, or �-TrCPs Caused an

Increased Activity of Caspase-3 on Activation and Sensitized

Cancer Cells to Apoptosis Induced by Anticancer Agents

We have previously shown that SAG inhibited apoptosis

in several cancer cell lines, as well as in two ischemia/

reperfusion models, both in vitro and in vivo [17,21,22]. Here

we showed that SAG– SCF promoted pro – caspase-3

Figure 4. Pro–caspase-3 ubiquitination by SAG/ROC–SCF E3 Ub ligase. (A) ROC1–SCF�-TrCP E3 ligase. Bacterially expressed and purified FLAG-tagged pro–

caspase-3 was combined with Ub, Uba1 (E1), UbcH3 (E2), and E3, ROC1–SCF�TrCP1, in which each component was individually expressed in baculovirus and

copurified as a four-component complex, as described in Materials and Methods section. Omission of some components was carried out as indicated. Samples were

incubated in the presence of ATP buffer for 1.5 hours at 37jC, run on a 10% to a 15% gradient SDS-PAGE, and blotted with anti-pro–caspase-3 antibody.

*Nonspecific band. HC indicates the heavy chain of IgG. (B) SAG–SCF�-TrCP. Bacterially purified FLAG-tagged pro–caspase-3 and GST-SAG were combined with

Ub, Uba1 (E1), Ubc3 (E2), and SCF�TrCP1, in which each component was individually expressed in baculovirus and copurified as a three-component complex, as

described in Materials and Methods section. Omission of pro–caspase-3 on the right lane was indicated. Samples were incubated in the presence of ATP buffer for

1.5 hours at 37jC, run on a 10% SDS-PAGE, and blotted with anti/pro–caspase-3 antibody. HC, heavy chain from FLAG affinity purification. *Nonspecific signals.

Pro–Caspase-3 Degradation by SAG/ROC-SCF E3 Ligase Tan et al. 1049

Neoplasia . Vol. 8, No. 12, 2006



Figure 5. Pro–caspase-3 is a substrate of SAG/ROC1–SCF�-TrCP E3 ligase. (A) SAG/ROC–SCF�-TrCP E3 Ub ligase promoted the degradation of endogenous

pro–caspase-3. Top panel: Human 293 cells were transiently transfected with Ub, along with the pcDNA vector control (lane 1), FLAG-�-TrCP (lane 2), FLAG-SAG

(lane 3), HA-ROC1 (lane 4), all four components of SAG–SCF E3 Ub ligase (SAG–SCF, SAG + �-TrCP1 + Cul1 + Skp1, lane 5), or all four components of

ROC1–SCF E3 ligase (ROC1–SCF; lane 6), respectively. Cell lysates were prepared 38 hours posttransfection and subjected to Western blot analysis with anti –

caspase-3 antibody. The blots were stripped and reprobed with antibodies against FLAG tag for the expression of �-TrCP1 (panel 2), SAG (panel 3), HA tag for

ROC1 expression (panel 4), and �-actin (panel 2) for loading control. Bottom panel: Proteasomal-dependent degradation of pro–caspase-3 by SAG–SCF�-TrCP1

E3 ligase. Human 293 cells were transiently transfected with Ub, along with the pcDNA vector control (lanes 1 and 4), SAG–SCF�-TrCP1 (lanes 2 and 5), or SAG–

SCF�-TrCP1DF (a substitution of wild-type �-TrCP1 with its F-box–deleted mutant; lanes 3 and 6). Twenty-four hours posttransfection, cells were either left untreated

(left panel) or treated with 10 �M MG132 (right panel) for 16 hours. Cell lysates were then prepared and subjected to Western blot analysis, with antibodies against

caspase-3 or actin as loading control. (B) siRNA silencing of SAG or ROC1 increased the endogenous level of pro–caspase-3. HeLa cells were transfected with

plasmid-based hairpin RNA designed to silence SAG or ROC1: psiSAG-1 (lane 2) and psiSAG-2 (lane 3), as well as psiROC-1 (lane 5), along with control psiCont

(lanes 1 and 4). Thirty-eight hours posttransfection, cell lysates were prepared and subjected to Western blot analysis using antibodies against caspase-3 (top

panel), actin (middle panel) or SAG (lanes 1–3, bottom panel), or ROC1 (lanes 4 and 5, bottom panel). The value of densitometric quantification after normalization

with �-actin for equal protein loading was shown on the bottom of each panel, with control number setting at 1, on which the fold change was calculated. (C) siRNA

silencing of �-TrCP1 increased the endogenous level of pro–caspase-3. HeLa cells were transfected with plasmid-based hairpin RNA designed to silence �-

TrCP1: �-TrCP1-si, along with control psiCont (Cont). Thirty-eight hours posttransfection, cell lysates were prepared and subjected to Western blot analysis using

antibody against caspase-3 (top panel), �-TrCP1 (middle), or �-actin (bottom). The value of densitometric quantification after normalization with �-actin for equal

protein loading was shown on the bottom of each panel, with control number setting at 1 on which the fold change was calculated.
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degradation, as well as its accumulation on SAG silencing.

We next determined whether accumulation of pro–caspase-

3 by siRNA silencing of SAG, ROC1, or b-TrCPs leads to a

higher caspase-3 activity on activation by exposure to its

activator etoposide (mitochondrial pathway) or TRAIL (death

receptor pathway) and whether SAG, ROC1, or b-TrCP

silencing sensitizes cancer cells to these two apoptosis-

inducing agents. HeLa cells were transiently transfected

with psiSAG-2, psiROC1-1, or b-TrCP-si, which was shown

to reduce endogenous SAG, ROC1, or b-TrCP1, respectively

(Figure 5B). Thirty-six hours posttransfection, cells were

treated with DMSO control, etoposide (25 mM), or TRAIL

(50 ng/ml) to induce caspase-3 activation through the mito-

chondrial pathway or the death receptor pathway, respec-

tively. Caspase-3 activity was measured and shown in

Figure 6A. As expected, silencing of SAG, ROC1, or b-TrCPs

did not change the basal activity of pro–caspase-3 (DMSO),

whereas etoposide or TRAIL treatment caused a 50% in-

crease of caspase-3 activity. Significantly, a combination of

the silencing of SAG, ROC1, or b-TrCPs alone with etoposide

or TRAIL treatment caused a > 100% increase in caspase-3

activity. Consistent with this, a two-fold induction of apoptosis

by etoposide or TRAIL alone was further increased up to

three-fold on the silencing of SAG, ROC1, or b-TrCPs, re-

spectively (Figure 6B). These results demonstrated that the

accumulation of pro–caspase-3 by the silencing of SAG,

ROC1, or b-TrCPs, respectively, translated into a higher

caspase-3 activity on activation and an increased apoptosis

induction on exposure to anticancer agents.

Discussion

SCF E3 Ub ligase is one of the well-defined E3 Ub ligases in

eukaryotes that mainly control cell cycle progression [12].

Recent work has implicated its role in apoptosis regulation as

well. Through F-box protein Fbw7 or Cdc4, SCF E3 ligase

promoted the ubiquitination and degradation of c-Jun, thus

blocking apoptotic JNK signal pathway [39]. However,

through F-box protein b-TrCP, SCF E3 ligase could protect

cells from apoptosis through the ubiquitination and degrada-

tion of InB [38,40], leading to activation of NFnB, an anti-

apoptotic transcription factor that regulates cell survival and

renders cancer cells resistant to chemotherapeutic agents

[41,42]. Importantly, an elevated expression of b-TrCP1 was

found in colon cancers, particularly in those with metastases,

which was associated with the activation of both b-catenin

and NFnB and may contribute to inhibition of apoptosis and

tumor metastasis [43]. Furthermore, an increased level of

b-TrCP1 was found in pancreatic carcinoma cells, which

correlated with constitutive NFnB activation and chemore-

sistance [44]. However, targeting b-TrCP1 through siRNA

silencing or overexpression of dominant-negative mutant

suppressed the growth and survival of human breast cancer

cells [30], consistent with our observation that siRNA silenc-

ing of b-TrCPs sensitized cancer cells to apoptosis induced

by anticancer agents.

In this study, we demonstrated yet another potential

mechanism by which SAG–SCFb-TrCP E3 Ub ligase protects

cancer cells from apoptosis. Through the binding of SAG/

ROC-b-TrCPs with pro–caspase-3, the protein half-life of

pro–caspase-3 was shortened as a result of increased

ubiquitination and degradation. Due to a key role played by

caspase-3 in mediating apoptosis, the level of pro–caspase-

3 in unstressed cells would determine the threshold of cellular

sensitivity to apoptosis induced by agents that activate either

the death receptor pathway or the mitochondrial apoptosis

pathway. Indeed, it has been shown that pro–caspase-3–

deficient mice had decreased apoptosis in the brain with

premature lethality [45]. In cultured cells, reduction or inacti-

vation of pro–caspase-3 dramatically reduced apoptosis in

diverse settings, including resistance to apoptotic-inducing

anticancer agents, whereas overexpression of pro–caspase-

3 increased apoptosis at both basal and induced levels

[8,46–49]. We further showed here that accumulation of

pro–caspase-3 level can be achieved by siRNA silencing of

SAG, ROC1, or b-TrCP, which led to increased caspase-3

activity and apoptosis induction on exposure to etoposide and

TRAIL. Thus, it appears that the level of pro–caspase-3

Figure 6. Silencing of SCF components results in caspase-3 activation and apoptosis induction. (A) Silencing of SAG, ROC1, or �-TrCPs increased caspase-3

activity upon activation and (B) cell death induced by anticancer agents. HeLa cells were transfected with psiSAG-2, psiROC-1, or �-TrCP-si alone, along with

psiCont plasmid. Thirty-six hours posttransfection, cells were treated with either DMSO or etoposide (25 �M) for 24 hours, or TRAIL (50 ng/ml) for 8 hours, followed

by caspase-3 activity assay (A) or trypan blue staining assay for cell viability (B). The results were presented as percent control (mean ± SEM) from three

independent experiments. Paired Student’s t test was used to define statistically significant levels at *P < .05 or **P < .01.
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contributes to cellular apoptosis threshold, and approaches

that increase the cellular level of pro–caspase-3 would

enhance caspase-3 activity on activation, leading to an

increased sensitivity to apoptosis. We propose that anti-

apoptosis activity of SAG could be mediated through the

activation of SCFb-TrCP E3 ligase to promote the ubiquitination

and degradation of pro–caspase-3, thus reducing the basal

level of pro–caspase-3 to increase apoptosis threshold.

It has been shown recently that pro–caspase-3 level was

decreased in some carcinomas of the prostate, colon, and

breast [46,47,50–52], whereas levels of SAG or b-TrCP

were increased in a subset of human colon, pancreatic,

and lung cancers [20,32,43,44,53]. Future research is di-

rected at identifying a subset of human cancer cells with an

increased expression of SAG/b-TrCP and a decreased ex-

pression of pro–caspase-3 to determine whether targeting

SAG/b-TrCP through siRNA or SAG–SCFb-TrCP E3 Ub ligase

with a small molecule inhibitor such as pyrrolidine dithio-

carbamate [54] would increase pro–caspase-3 level, induce

apoptosis, and/or sensitize these cells to chemotherapy or

radiotherapy. This would further validate SAG–SCFb-TrCP

E3 ligase as a promising cancer target for novel anticancer

drug discovery [55].

Earlier studies have demonstrated that substrates of

SCFb-TrCP E3 Ub ligase contain a b-TrCP–consensus binding

motif (destruction motif) DSGxxS with both serine residues

phosphorylated before b-TrCP binding [56–58]. Recent

studies revealed some degeneracy in this motif requirement

for b-TrCP binding. It has been shown that b-TrCP bound to

ATF4 [33] and the NFnB1 precursor p105 [59] through a

DSGxxxS motif, to Cdc25A through a DSGxxxxS motif [60],

and to Wee1 that lacks a consensus motif, with two phos-

phate serine residues far apart from each other [61]. Most

recently, b-TrCP has been shown to bind to a previously un-

described nonphosphorylated destruction motif (DDGfXD,

enriched in acidic residues) in Cdc25A and Cdc25B [62]. In

the case of pro–caspase-3, we identified two putative

b-TrCP–binding sites with some degeneracy: one is at
28DSGI.S (one amino acid missing between residues G and

S) and the second is at 175DSGVDD (an S!D substitution at

the second serine residue). Among all caspases examined at

the corresponding regions [63], only pro–caspase-7 has a

degeneracy site: 198DSGPIN. However, pro–caspase-7 did

not bind to b-TrCP (data not shown). We showed here that the

first 38 amino acids are required for b-TrCP binding. The fact

that the deletions of this sequence, which also completely

deleted the first potential b-TrCP–binding site, abolished

such binding suggested that the 28DSGI.S motif might be

important for binding. However, our further analysis using

site-directed mutants indicated that b-TrCP/pro–caspase-3

binding requires neither degenerated DSGxxS motif nor

DDGfXD motif because: 1) S!A mutations at both putative

binding motifs did not abolish their binding; 2) S!D mutations

that constitutively mimic serine phosphorylation did not en-

hance binding; and 3) D!A mutations at 28D and 34D, or at
175D and 179,180,181D (to abolish acidic residues) did not

abolish their binding (unpublished data). Thus, due to this

unconventional nature of b-TrCP/pro–caspase-3 binding, we

cannot exclude the possibility that other cellular protein(s)

may also be involved in the b-TrCP/pro–caspase-3 complex

that would facilitate pro–caspase-3 degradation.

In summary, we identified pro–caspase-3 as a substrate

for SAG/ROC–SCFb-TrCP E3 Ub ligase. It appears that the

ligase-associated mechanism by which SAG protects cells

from apoptosis is mediated, at least in part, by binding and

ubiquitinating/degrading pro–caspase-3, leading to an in-

creased apoptosis threshold and reduced apoptosis.

Acknowledgements

We would like to thank Yinon Ben-Neriah (Hebrew University

Hadassah Medical School) for plasmids expressing b-TrCP1

and �-TrCP1DF ; Zhen-qiang Pan (Mount Sinai School of

Medicine) for plasmids expressing b-TrCP2 and b-TrCP2DF;

Michele Pagano (New York University School of Medicine)

for recombinant baculovirus expressing ROC–SCFb-TrCP

E3 Ub ligase; and David Turner (University of Michigan) for

the pU6pro vector.

References
[1] Thompson CB (1995). Apoptosis in the pathogenesis and treatment of

disease. Science 267 (5203), 1456 – 1462.

[2] Wyllie AH, Kerr JF, and Currie AR (1980). Cell death: the significance of

apoptosis. Int Rev Cytol 68, 251 –306.

[3] Hengartner MO (2000). The biochemistry of apoptosis. Nature 407

(6805), 770 – 776.

[4] Earnshaw WC, Martins LM, and Kaufmann SH (1999). Mammalian

caspases: structure, activation, substrates, and functions during apop-

tosis. Annu Rev Biochem 68, 383– 424.

[5] Cryns V and Yuan J (1998). Proteases to die for. Genes Dev 12 (11),

1551 – 1570.

[6] Porn-Ares MI, Saido TC, Andersson T, and Ares MP (2003). Oxidized

low-density lipoprotein induces calpain-dependent cell death and ubiq-

uitination of caspase 3 in HMEC-1 endothelial cells. Biochem J 374 (2),

403 – 411.

[7] Chen L, Smith L, Wang Z, and Smith JB (2003). Preservation of caspase-

3 subunits from degradation contributes to apoptosis evoked by lacta-

cystin: any single lysine or lysine pair of the small subunit is sufficient for

ubiquitination. Mol Pharmacol 64 (2), 334 – 345.

[8] Tenev T, Marani M, McNeish I, and Lemoine NR (2001). Pro – caspase-3

overexpression sensitises ovarian cancer cells to proteasome inhibitors.

Cell Death Differ 8 (3), 256 –264.

[9] Suzuki Y, Nakabayashi Y, and Takahashi R (2001). Ubiquitin-protein li-

gase activity of X-linked inhibitor of apoptosis protein promotes protea-

somal degradation of caspase-3 and enhances its anti-apoptotic effect

in Fas-induced cell death. Proc Natl Acad Sci USA 98 (15), 8662 – 8667.

[10] Srinivasula SM, Ahmad M, MacFarlane M, Luo Z, Huang Z, Fernandes-

Alnemri T, and Alnemri ES (1998). Generation of constitutively active

recombinant caspases-3 and -6 by rearrangement of their subunits.

J Biol Chem 273 (17), 10107 – 10111.

[11] Huang H, Joazeiro CA, Bonfoco E, Kamada S, Leverson JD, and Hunter

T (2000). The inhibitor of apoptosis, cIAP2, functions as a ubiquitin-

protein ligase and promotes in vitro monoubiquitination of caspases 3

and 7. J Biol Chem 275 (35), 26661 –26664.

[12] Deshaies RJ (1999). SCF and cullin/ring H2-based ubiquitin ligases.

Annu Rev Cell Dev Biol 15, 435 –467.

[13] Sun Y, Tan M, Duan H, and Swaroop M (2001). SAG/ROC/Rbx/Hrt, a

zinc RING finger gene family: molecular cloning, biochemical proper-

ties, and biological functions. Antioxid Redox Signal 3 (4), 635 – 650.

[14] Zheng N, Schulman BA, Song L, Miller JJ, Jeffrey PD, Wang P, Chu C,

Koepp DM, Elledge SJ, Pagano M, et al. (2002). Structure of the Cul1 –

Rbx1 – Skp1 – F boxSkp2 SCF ubiquitin ligase complex. Nature 416

(6882), 703 – 709.

[15] Tyers M and Willems AR (1999). One ring to rule a superfamily of E3

ubiquitin ligases. Science 284, 601 –604.

[16] Jin J, Cardozo T, Lovering RC, Elledge SJ, Pagano M, and Harper JW

1052 Pro–Caspase-3 Degradation by SAG/ROC-SCF E3 Ligase Tan et al.

Neoplasia . Vol. 8, No. 12, 2006



(2004). Systematic analysis and nomenclature of mammalian F-box

proteins. Genes Dev 18 (21), 2573 – 2580.

[17] Duan H, Wang Y, Aviram M, Swaroop M, Loo JA, Bian J, Tian Y, Mueller

T, Bisgaier CL, and Sun Y (1999). SAG, a novel zinc RING finger

protein that protects cells from apoptosis induced by redox agents.

Mol Cell Biol 19, 3145 – 3155.

[18] Swaroop M, Wang Y, Miller P, Duan H, Jatkoe T, Madore S, and Sun Y

(2000). Yeast homolog of human SAG/ROC2/Rbx2/Hrt2 is essential for

cell growth, but not for germination: chip profiling implicates its role in

cell cycle regulation. Oncogene 19, 2855 –2866.

[19] Duan H, Tsvetkov LM, Liu Y, Song Y, Swaroop M, Wen R, Kung HF,

Zhang H, and Sun Y (2001). Promotion of S-phase entry and cell

growth under serum starvation by SAG/ROC2/Rbx2/Hrt2, an E3 ubiq-

uitin ligase component: association with inhibition of p27 accumulation.

Mol Carcinog 30 (1), 37 – 46.

[20] Huang Y, Duan H, and Sun Y (2001). Elevated expression of SAG/

ROC2/Rbx2/Hrt2 in human colon carcinomas: SAG does not induce

neoplastic transformation, but its antisense transfection inhibits tumor

cell growth. Mol Carcinog 30, 62– 70.

[21] Yang GY, Pang L, Ge HL, Tan M, Ye W, Liu XH, Huang FP, Wu DC, Che

XM, Song Y, et al. (2001). Attenuation of ischemia-induced mouse brain

injury by SAG, a redox-inducible antioxidant protein. J Cereb Blood

Flow Metab 21 (6), 722 –733.

[22] Chanalaris A, Sun Y, Latchman DS, and Stephanou A (2003). SAG

attenuates apoptotic cell death caused by simulated ischaemia/reoxy-

genation in rat cardiomyocytes. J Mol Cell Cardiol 35 (3), 257 –264.

[23] Swaroop M, Bian J, Aviram M, Duan H, Bisgaier CL, Loo JA, and Sun Y

(1999). Expression, purification, and biochemical characterization of SAG,

a RING finger redox sensitive protein. Free Radic Biol Med 27, 193 –202.

[24] Pan ZQ, Kentsis A, Dias DC, Yamoah K, and Wu K (2004). Nedd8 on

cullin: building an expressway to protein destruction. Oncogene 23 (11),

1985 – 1997.

[25] Huang Y, Shin NH, Sun Y, and Wang KK (2001). Molecular cloning and

characterization of a novel caspase-3 variant that attenuates apoptosis

induced by proteasome inhibition. Biochem Biophys Res Commun 283

(4), 762 – 769.

[26] Jin Y, Zeng SX, Lee H, and Lu H (2004). MDM2 mediates p300/CREB –

binding protein-associated factor ubiquitination and degradation. J Biol

Chem 279 (19), 20035 – 20043.

[27] Yu JY, DeRuiter SL, and Turner DL (2002). RNA interference by ex-

pression of short-interfering RNAs and hairpin RNAs in mammalian

cells. Proc Natl Acad Sci USA 99 (9), 6047 – 6052.

[28] Bockbrader KM, Tan M, and Sun Y (2005). A small molecule

Smac-mimic compound induces apoptosis and sensitizes TRAIL- and

etoposide-induced apoptosis in breast cancer cells. Oncogene 24 (49),

7381 – 7388.

[29] Sun Y (1999). Alteration of SAG mRNA in human cancer cell lines:

requirement for the RING finger domain for apoptosis protection. Car-

cinogenesis 20, 1899 –1903.

[30] Tang W, Li Y, Yu D, Thomas-Tikhonenko A, Spiegelman VS, and Fuchs

SY (2005). Targeting beta-transducin repeat-containing protein E3 ubiq-

uitin ligase augments the effects of antitumor drugs on breast cancer

cells. Cancer Res 65 (5), 1904 – 1908.

[31] Fuchs SY, Chen A, Xiong Y, Pan ZQ, and Ronai Z (1999). HOS, a

human homolog of Slimb, forms an SCF complex with Skp1 and Cullin1

and targets the phosphorylation-dependent degradation of IkappaB and

beta-catenin. Oncogene 18 (12), 2039 –2046.

[32] Fuchs SY, Spiegelman VS, and Kumar KG (2004). The many faces of

beta-TrCP E3 ubiquitin ligases: reflections in the magic mirror of cancer.

Oncogene 23 (11), 2028 – 2036.

[33] Lassot I, Segeral E, Berlioz-Torrent C, Durand H, Groussin L, Hai T,

Benarous R, and Margottin-Goguet F (2001). ATF4 degradation relies

on a phosphorylation-dependent interaction with the SCF(betaTrCP)

ubiquitin ligase. Mol Cell Biol 21 (6), 2192 – 2202.

[34] Petroski MD and Deshaies RJ (2005). Function and regulation of cullin-

RING ubiquitin ligases. Nat Rev Mol Cell Biol 6 (1), 9 – 20.

[35] Willems AR, Schwab M, and Tyers M (2004). A hitchhiker’s guide to the

cullin ubiquitin ligases: SCF and its kin. Biochim Biophys Acta 1695

(1– 3), 133 – 170.

[36] Janicke RU, Sprengart ML, Wati MR, and Porter AG (1998). Caspase-3

is required for DNA fragmentation and morphological changes asso-

ciated with apoptosis. J Biol Chem 273 (16), 9357 – 9360.

[37] Yang XH, Sladek TL, Liu X, Butler BR, Froelich CJ, and Thor AD (2001).

Reconstitution of caspase 3 sensitizes MCF-7 breast cancer cells to

doxorubicin- and etoposide-induced apoptosis. Cancer Res 61 (1),

348 – 354.

[38] Yaron A, Hatzubai A, Davis M, Lavon I, Amit S, Manning AM, Andersen

JS, Mann M, Mercurio F, and Ben-Neriah Y (1998). Identification of the

receptor component of the IkappaBalpha-ubiquitin ligase. Nature 396

(6711), 590 – 594.

[39] Nateri AS, Riera-Sans L, Da Costa C, and Behrens A (2004). The ubiq-

uitin ligase SCFFbw7 antagonizes apoptotic JNK signaling. Science 303

(5662), 1374 – 1378.

[40] Winston JT, Strack P, Beer-Romero P, Chu CY, Elledge SJ, and Harper

JW (1999). The SCF – beta-TRCP– ubiquitin ligase complex associates

specifically with phosphorylated destruction motifs in IkappaBalpha

and beta-catenin and stimulates IkappaBalpha ubiquitination in vitro.

Genes Dev 13 (3), 270– 283.

[41] Nakanishi C and Toi M (2005). Nuclear factor-kappaB inhibitors as

sensitizers to anticancer drugs. Nat Rev Cancer 5 (4), 297 –309.

[42] Beg AA and Baltimore D (1996). An essential role for NF-kappaB in

preventing TNF-alpha – induced cell death [see comments]. Science

274 (5288), 782– 784.

[43] Ougolkov A, Zhang B, Yamashita K, Bilim V, Mai M, Fuchs SY, and

Minamoto T (2004). Associations among beta-TrCP, an E3 ubiquitin

ligase receptor, beta-catenin, and NF-kappaB in colorectal cancer.

J Natl Cancer Inst 96 (15), 1161 – 1170.

[44] Muerkoster S, Arlt A, Sipos B, Witt M, Grossmann M, Kloppel G,

Kalthoff H, Folsch UR, and Schafer H (2005). Increased expression

of the E3-ubiquitin ligase receptor subunit betaTRCP1 relates to con-

stitutive nuclear factor-kappaB activation and chemoresistance in pan-

creatic carcinoma cells. Cancer Res 65 (4), 1316 – 1324.

[45] Kuida K, Zheng TS, Na S, Kuan C, Yang D, Karasuyama H, Rakic P,

and Flavell RA (1996). Decreased apoptosis in the brain and premature

lethality in CPP32-deficient mice. Nature 384 (6607), 368 –372.

[46] Chen T, Yang I, Irby R, Shain KH, Wang HG, Quackenbush J, Coppola

D, Cheng JQ, and Yeatman TJ (2003). Regulation of caspase expres-

sion and apoptosis by adenomatous polyposis coli. Cancer Res 63 (15),

4368 – 4374.

[47] Devarajan E, Sahin AA, Chen JS, Krishnamurthy RR, Aggarwal N, Brun

AM, Sapino A, Zhang F, Sharma D, Yang XH, et al. (2002). Down-

regulation of caspase 3 in breast cancer: a possible mechanism for

chemoresistance. Oncogene 21 (57), 8843 – 8851.

[48] Essmann F, Engels IH, Totzke G, Schulze-Osthoff K, and Janicke RU

(2004). Apoptosis resistance of MCF-7 breast carcinoma cells to ion-

izing radiation is independent of p53 and cell cycle control but caused

by the lack of caspase-3 and a caffeine-inhibitable event. Cancer Res

64 (19), 7065 – 7072.

[49] Woo M, Hakem R, Soengas MS, Duncan GS, Shahinian A, Kagi D,

Hakem A, McCurrach M, Khoo W, Kaufman SA, et al. (1998). Essential

contribution of caspase 3/CPP32 to apoptosis and its associated nu-

clear changes. Genes Dev 12 (6), 806 –819.

[50] O’Neill AJ, Boran SA, O’Keane C, Coffey RN, Hegarty NJ, Hegarty P,

Gaffney EF, Fitzpatrick JM, and Watson RW (2001). Caspase 3 expres-

sion in benign prostatic hyperplasia and prostate carcinoma. Prostate

47 (3), 183 – 188.

[51] Sohn JH, Kim DH, Choi NG, Park YE, and Ro JY (2000). Caspase-3/

CPP32 immunoreactivity and its correlation with frequency of apoptotic

bodies in human prostatic carcinomas and benign nodular hyperplasias.

Histopathology 37 (6), 555– 560.

[52] Winter RN, Kramer A, Borkowski A, and Kyprianou N (2001). Loss of

caspase-1 and caspase-3 protein expression in human prostate cancer.

Cancer Res 61 (3), 1227 – 1232.

[53] Sasaki H, Yukiue H, Kobayashi Y, Moriyama S, Nakashima Y, Kaji M,

Fukai I, Kiriyama M, Yamakawa Y, and Fujii Y (2001). Expression of the

sensitive to apoptosis gene, SAG, as a prognostic marker in nonsmall

cell lung cancer. Int J Cancer 95 (6), 375 – 377.

[54] Hayakawa M, Miyashita H, Sakamoto I, Kitagawa M, Tanaka H,

Yasuda H, Karin M, and Kikugawa K (2003). Evidence that reactive

oxygen species do not mediate NF-kappaB activation. EMBO J 22

(13), 3356 – 3366.

[55] Sun Y (2003). Targeting E3 ubiquitin ligases for cancer therapy. Cancer

Biol Ther 2, 623 –629.

[56] Hatakeyama S, Kitagawa M, Nakayama K, Shirane M, Matsumoto M,

Hattori K, Higashi H, Nakano H, Okumura K, Onoe K, et al. (1999).

Ubiquitin-dependent degradation of IkappaBalpha is mediated by a

ubiquitin ligase Skp1/Cul 1/F-box protein FWD1. Proc Natl Acad Sci

USA 96 (7), 3859 –3863.

[57] Kitagawa M, Hatakeyama S, Shirane M, Matsumoto M, Ishida N, Hattori

K, Nakamichi I, Kikuchi A, and Nakayama K (1999). An F-box protein,

FWD1, mediates ubiquitin-dependent proteolysis of beta-catenin.EMBO

J 18 (9), 2401 – 2410.

Pro–Caspase-3 Degradation by SAG/ROC-SCF E3 Ligase Tan et al. 1053

Neoplasia . Vol. 8, No. 12, 2006



[58] Laney JD and Hochstrasser M (1999). Substrate targeting in the ubiq-

uitin system. Cell 97 (4), 427 – 430.

[59] Lang V, Janzen J, Fischer GZ, Soneji Y, Beinke S, Salmeron A, Allen H,

Hay RT, Ben-Neriah Y, and Ley SC (2003). betaTrCP-mediated proteol-

ysis of NF-kappaB1 p105 requires phosphorylation of p105 serines 927

and 932. Mol Cell Biol 23 (1), 402 – 413.

[60] Busino L, Donzelli M, Chiesa M, Guardavaccaro D, Ganoth D, Dorrello

NV, Hershko A, Pagano M, and Draetta GF (2003). Degradation of

Cdc25A by beta-TrCP during S phase and in response to DNA damage.

Nature 426 (6962), 87 –91.

[61] Watanabe N, Arai H, Nishihara Y, Taniguchi M, Hunter T, and Osada H

(2004). M-phase kinases induce phospho-dependent ubiquitination of

somatic Wee1 by SCFbeta-TrCP. Proc Natl Acad Sci USA 101 (13),

4419 – 4424.

[62] Kanemori Y, Uto K, and Sagata N (2005). Beta-TrCP recognizes

a previously undescribed nonphosphorylated destruction motif in

Cdc25A and Cdc25B phosphatases. Proc Natl Acad Sci USA 102 (18),

6279 – 6284.

[63] Cohen G (1997). Caspases: the executioners of apoptosis. Biochem J

326, 1 –16.

1054 Pro–Caspase-3 Degradation by SAG/ROC-SCF E3 Ligase Tan et al.

Neoplasia . Vol. 8, No. 12, 2006


