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ABSTRACT

The RING (really interesting new gene) finger proteins containing a characteristic C;HC4 or C;H,C; motif appear
to act as E3 ubiquitin ligase and play important roles in many processes, including cell-cycle progression, onco-
genesis, signal transduction, and development. This review is focused on SAG/ROC/Rbx/Hrt (sensitive to apop-
tosis gene/regulator of cullins/RING box protein), an evolutionarily conserved RING finger family of proteins
that were cloned recently by several independent laboratories through differential display, yeast two-hybrid
screening, or biochemical purification. SAG/ROC2/Rbx2/Hrt2 is expressed in multiple mouse adult tissues, as well
as early embryos. In humans, both SAG and ROC1 are ubiquitously expressed at a very high level in heart, skele-
tal muscle, and testis. Expression of both SAG and ROC1 is induced by mitogenic stimulation. SAG is also in-
duced by a redox agent in cultured cells, as well as in in vivo mouse brain upon ischemia/reperfusion. Structurally,
SAG consists of four exons and three introns with at least one splicing variant and two pseudogenes. The SAG
gene promoter is enriched with multiple transcription factor binding sites. Biochemically, SAG binds to RNA,
has metal-ion binding/free radical scavenging activity, and is redox-sensitive. Most importantly, like ROC1,
SAG/ROC2 binds to cullins and acts as an essential component of E3 ubiquitin ligase. Biologically, SAG is a
growth-essential gene in yeast. In mammalian cells, SAG protects apoptosis mainly through inhibition of cy-
tochrome c release/caspase activation, and promotes growth under serum deprivation at least in part by inhibit-
ing p27 accumulation. Blocking SAG expression via antisense transfection inhibits tumor cell growth. Thus, SAG
appears to be a valid drug target for anticancer therapy. Antioxid. Redox Signal. 3, 635-650.

THE RING FINGER PROTEINS: A
GENERAL INTRODUCTION

THE zINC RING (REALLY INTERESTING NEW
GENE) FINGER PROTEINS are a newly defined
gene family, containing a conserved motif,
C3HCy, or its variant C3H,C3 (also known as
RING-H2), with the fifth cysteine substituted
by a histidine residue (28, 70). This motif has

four pairs of metal binding residues with a
characteristic linear sequence of Cys-X,-Cys-
X9_39-CYS-X1_3-HiS-X2_3-Cys/HiS-Xz-Cys-X4_4g-
Cys-X;-Cys, where X can be any amino acid, al-
though there are distinct preferences for
particular types of amino acid at a particular
position (70). The RING finger motif binds to
two zinc atoms per molecule in a cross-braced
system, where the first and third pairs of cys-
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teine/histidine form the first binding site and
the second and fourth pairs of cysteine/histi-
dine form the other. Figure 1 shows a diagram
of this RING finger motif.

Since its first recognition in 1991 (28), the
family members have increased to >200 pro-
teins from diverse eukaryotes, but interestingly
not in any prokaryote protein (27, 70). The
RING finger proteins showed a variety of bio-
chemical properties (6, 7, 70), including DNA
binding (53), transactivation (13, 65), or trans-
repression (69, 71); RNA binding (22, 46);
metal-ion binding (20, 46, 66, 93); or protein
binding (5, 63, 98). Most recently, almost all
RING finger proteins tested are found to bind
to E2 ubiquitin-conjugating enzymes and pos-
sess E3 ubiquitin ligases, which promote tar-
geted protein degradation (27, 39, 40, 48, 52, 57,
95,104). Biologically, the zinc RING finger pro-
teins play important roles in many processes,
including cell-cycle progression, oncogenesis,
signal transduction, and development, among
others (6, 7, 18, 70). Examples include Mdm?2,
an oncogene that regulates cell cycle through
ubiquitination/degradation of p53 (23, 25, 26,
35, 36); BRCA-1, a breast cancer tumor sup-
pressor (32, 61); PML, a promyelocytic leuke-
mia protein that has a proapoptotic activity me-
diated through its RING domain (8); and
baculovirus protein, p35, and its mammalian
homologues of inhibitors of apoptosis (IAP)
that inhibit apoptosis (16, 86, 91, 103). This re-
view is only focused on ROC1/Rbx1/Hrtl and
SAG/ROC2/Rbx2/Hrt2, two members of an
evolutionarily conserved RING finger family
that biochemically bind to RNA and metal ions,
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have E3 ubiquitin ligase activity, and biologi-
cally regulate apoptosis and cell growth.

MOLECULAR CLONING AND
CHARACTERIZATION

Cloning of SAG or ROC2/Rbx2/Hrt2

Reactive oxygen species (ROS), consisting of
superoxide anion, hydrogen peroxide, hy-
droxyl radical, and organic peroxides, among
others, are a group of very reactive, short-lived
chemicals produced during normal metabo-
lism or after an oxidative insult (75). They are
highly cytotoxic by inducing DNA damage,
lipid peroxidation, and protein degradation
(75). ROS play an important role in induction
of apoptosis (for reviews, see 9, 24, 60), either
by causing direct cellular damage or by modi-
tying cellular redox-sensitive molecules such as
nuclear factor-«B (NF-«B) and p53 (79), known
to regulate apoptosis (3, 44, 58, 83).

Apoptosis, characterized by cell membrane
blebbing, cytoplasmic shrinkage, nuclear chro-
matin condensation, and DNA fragmentation
(99), occurs in both embryonic cells during de-
velopment and differentiated cells in adult tis-
sues to maintain homeostasis under physio-
logical conditions. Apoptosis is also widely
involved in many pathological conditions. The
common diseases associated with increased
apoptosis include AIDS, ischemic injuries, and
neurodegenerative disorders, whereas diseases
associated with decreased apoptosis include
autoimmune disorders and cancers (88). Mech-

FIG.1. A schematicstructure of classical zinc RING finger motif found in many biologically important proteins.
Shown in the C3CHy or C3H,C3 RING finger motif that binds to two zinc atoms in a cross-braced arrangement. The
X stands for any amino acid, although some preferences at particular positions do exist. Note that the figure was not

drawn to scale.
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CHARACTERIZATION OF SAG/ROC/Rbx/Hrt FAMILY GENES

anism-driven anticancer drug discovery re-
quires identification and validation of the mo-
lecular targets. Genes that confer tumor cells
resistant to apoptosis would be ideal targets for
cancer therapy. To identify such genes, we first
established a p53-ROS-apoptosis cell model in
which p53 is activated by 1,10-phenanthroline
(OP; an agent that disturbs cellular redox bal-
ance by chelating transition metal ions), fol-
lowed by cell death via apoptosis (78, 83). The
choice of the p53 pathway was made because
p53 is a key molecule in apoptosis regulation
(44, 47) and dysfunctional p53 is detected in
many human cancer cells (33, 34) that become
resistant to anticancer agents (54, 55).

To identify genes responsive to OP-induced
apoptosis in this model, we employed the
mRNA differential display technique (50, 81)
and used limited sets of the primers to screen
~1,200 genes. Two OP-inducible genes were
cloned. The first gene is glutathione synthetase
(76), an enzyme involved in the last step of glu-
tathione synthesis (59) and previously un-
known to be inducible by redox agent (76). The
second gene is SAG (sensitive to apoptosis
gene), a novel zinc RING finger protein, con-
sisting of 113 amino acids. The protein is lo-
calized in both the cytoplasm and nucleus of
the cells, and the gene is mapped onto human
chromosome 3q22-24 (20). Recently, SAG was
also identified in a yeast two-hybrid screening
as a substrate of casein kinase II by binding to
its regulatory (B) subunit (74). Casein kinase II
is a Ser/Thr kinase that has many substrates
and is implicated in cell division and prolifer-
ation (64).

Cloning of ROC1/Rbx1/Hrt1

Cell-cycle progression is precisely regulated
by timely synthesis and degradation of cell-
cycle regulatory proteins. The major protein
degradation pathway involves the ubiqui-
tin/proteasome system. Ubiquitination of a
target protein involves multistep enzymatic re-
actions catalyzed by a cascade of enzymes, in-
cluding ubiquitin-activating enzyme E1, ubig-
uitin-conjugating enzyme E2, and ubiquitin
ligase E3. Ubiquitin is first activated via bind-
ing to E1 through a thioester bond between a
cysteine residue at the active site of E1 and the
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C-terminus glycine (G76) of ubiquitin. Acti-
vated ubiquitin in El-ubiquitin complex is
then transferred to E2, which also forms a
thioester bond between its active-site cysteine
residue and G76 of ubiquitin. Finally, ubiqui-
tin is covalently attached to the target protein
through an isopeptide bond between G76 of
ubiquitin and the € amino group of an internal
lysine residue of the target protein, catalyzed
by E3. Through the multiple runs of the reac-
tions, ubiquitin is covalently attached to the
substrates to form polyubiquitinated conju-
gates that are rapidly recognized and degraded
by the 26S proteasome (15).

One of the well defined E3 ubiquitin ligase
complexes in eukaryotes that control cell-cycle
progression is the SCF complex, consisting of
Skpl, cullins/Cdc53, and E-box proteins (1, 73).
SCF complex is mainly involved in G1 — S pro-
gression, but also plays a role in the other
phases of the cell cycle (19, 85). In a search for
additional component(s) in SCF complex that
is required for its in vitro reconstituted ubiqui-
tination activity, a RING-H2 protein was iden-
tified as a human cullin-1 binding protein in a
yeast two-hybrid screening (62); as a novel
component of SCF complexes purified from
HeLa cells (87); as a fifth subunit of purified
von Hippel-Lindau (VHL)/elonginC/elong-
inB/cullin-2 complexes (42); and as a specific
component of Skpl and cullin-1 immunopre-
cipitates (72). This protein was named ROC for
regulator of cullins (62), Rbx for RING box pro-
tein (42), or Hrt (72). ROC/Rbx/Hrt consists of
108 amino acids with a RING finger domain at
the C-terminus. The family has two members:
ROC1 and ROC2. Direct sequencing compari-
son revealed that SAG is ROC2. Thus, redox
inducible SAG turns out to be a component of
SCF E3 ubiquitin ligase. For the sake of sim-
plicity, this review will refer to SAG for SAG/
ROC2 /Rbx2/Hrt2 and ROC1 for ROC1/Rbx1/
Hrtl.

SAG and ROC1 belong to an evolutionarily
conserved gene family

At the present time, only two members of the
SAG/ROC1 family have been cloned and char-
acterized in humans: SAG (accession no.
AF092878) and ROC1 (accession no. AF142059)
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(20, 42, 62, 72, 87). Although they only share
53% overall sequence identity, seven of eight
cysteine/histidine residues that constitute the
RING finger domain are identical, and they are
functional equivalent (see below). Blast search
revealed potentially two additional family
members: a hepatocellular carcinoma-associated
RING finger protein (accession no. AF247565)
and a hypothetical protein (accession no.
NP_057560 or AF151048). In addition, there are
at least two intronless pseudogenes (accession
nos. AC016923 and AC012636) localized in
chromosome 3 or 5, respectively, and one SAG
splicing variant, being identified and charac-
terized most recently (85a). The SAG and ROC1
family is highly evolutionarily conserved
across different species. Blast search identified
two family members in mouse (accession nos.
AF140599 and AF092877) with sequence iden-
tity of 100% to human ROC1 and 96% to hu-
man SAG. Four members in Drosophila mela-
nogaster (accession nos. AAF45536, T13388,
AAF47382, and AAF52694) are revealed with
sequence identity ranging from 37% to 91%. In
Caenorhabditis elegans, there are three members
(accession nos. T27823, T29620, and T21802)
with a sequence identity ranging from 35% to
71%. One member was identified in the fol-
lowing species: (a) fission yeast Schizosaccha-
romyces pombe (accession no. 298977, 87% to
ROC1 and 59% to SAG); (b) budding yeast Sac-
charomyces cerevisiae (accession no. NP_014508,
66% to ROC1 and 55% to SAG); (c) Arabidopsis
thaliana (accession no. CAB87200, 81% to ROC1
and 51% to SAG); and (d) Plasmodium falci-
parum (accession no. T18513, 68% to ROC1 and
44% to SAG). Shown in Fig. 2 is the sequence
comparison of SAG (A) and ROC1 (B) family
members among different species with the
highest sequence homologue from each
species. In addition, ROC1 is homologous to
the APC11 subunit of the anaphase-promoting
complex/cyclosome (APC/C) (105). APC11
homologue is also found in yeast (accession no.
774056), Drosophila (accession no. CAB63945),
and possibly in C. elegans (accession no. CAA-
86328).
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Expression of SAG family genes

The tissue expression pattern of both SAG
family genes is identical in humans. They are
ubiquitously distributed with very high ex-
pression in heart, skeletal muscle, and testis
and less expression in brain, lung, kidney, and
placenta (20, 85a). Expression of SAG and
ROC1 proteins was also examined in multiple
human cancer cell lines originated from carci-
nomas of prostate (LnCap), bone (U20S, Saos-
2), breast (MDA468, MDA453, MCF7), kidney
(293), skin (A431), lung (H1299, H460), cervix
(HeLa), colon (HT29), ovary (A90), and brain
(SY5Y). As shown in Fig. 3A, SAG and ROC1
are expressed in multiple lines, and the ex-
pression level of ROC1 is higher, in general,
than that of SAG. The lack of detection of SAG
expression in U20S, A431, MDA453, MCF?7,
HT29, and H460 is probably due to either in-
sufficient protein loading (see figure legend) or
very low expression level. In mouse tissues,
SAG is also ubiquitously expressed among
many tissues, with the highest level in brain
(Fig. 3B). The expression pattern of ROC1 in
mouse tissues remains to be established.

Expression of SAG is also detected in an early
stage of mouse development. As shown in Fig.
3C, SAG expression was detected in 9.5-19.5-
day-old whole mouse embryos, with a higher
level detected in the embryos between days 9.5
and 11.5. These results suggest that SAG play
a role in embryonic development. A similar ex-
periment was yet to be performed for ROC1.

Regulation of gene expression

Induction in cultured cells and in mouse brain
tissues. As described above, mouse SAG was
originally identified by differential display to
be an OP-inducible gene in cultured tumor
cells. Induction occurs at an early stage upon
exposure to OP and lasts for up to 24 h (20).
We have extended this in vitro observation to
an in vivo ischemia/reperfusion model in
mouse brain. We found that SAG is expressed
at a low level in brain tissue and is inducible
after middle cerebral artery occlusion with a

FIG. 2.

o

SAG and ROC1 family proteins are evolutionarily conserved. Comparative alignment of SAG (A) and

ROC1 (B) from human, mouse, Drosophila, C. elegans, S. pombe, S. cerevisiae, Arabidopsis, and Plasmodium. Identical
residues among all species are blackened, and identical residues in >60% species are shaded.
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FIG. 3. Expression of SAG and ROC1 in human cancer cell lines and expression of SAG in mouse adult tissues
and mouse embryos. (A) Cell lysates were prepared from multiple human cancer cell lines and subjected to western
blot analysis with anti-SAG and anti-ROC1 antibodies as described (20). The approximate amount of protein loaded
is 80 ug in lanes 1, 3-5, 7-9, 12, and 13, 60 g in lanes 10 and 11, 30 ug in lanes 2 and 14, and 20 ug in lane 6. (B and
C) Total RNA was isolated from mouse adult tissues (B) as well as embryos (C) (provided by Dr. Tom Glaser at the
University of Michigan), followed by northern analysis (80) and PCR amplification, respectively. The primers used
flank the entire encoding region of mouse SAG: SagTA.01 5'-CGGGATCCCCATGGCCGACGTGAGG-3' and SagT.02
5-CGGGATCCTCATTTGCCGATTCTTTG-3'. The PCR was conducted in the presence of 3S-dATP, and products
were run in a sequencing gel followed by autoradiography (82).

peak induction at 6-12 h (102). Thus, SAG ap-
pears to be a stress response gene. In addition,
others have shown that SAG and ROC1 are in-
duced at both RNA and protein levels by mi-
togenic stimulation (63).

Promoter analysis. We have recently charac-
terized the SAG genomic sequence and found
that the SAG gene consists of four exons and
three introns (85a). A 4-kb DNA fragment up-
stream from the translation initiation site of
SAG was identified through a computer search
(accession no. AC067952.5; nucleotides 31,549-
35,538). The promoter sequence analysis re-
veals that the SAG promoter is enriched with
binding sites for many transcription factors,
including NF-«B/c-Rel, CREB, E2F, c-myec,

c-myb, AP-1, AP-2, Sp-1, STAT, and p53. Fur-
ther characterization of potential regulation of
SAG expression by these transcription factors
would lead to a better understanding of SAG
expression and provide a molecular basis for
its response to environmental stimuli. Genomic
structure and the promoter sequence of ROC1
have not been identified.

BIOCHEMICAL PROPERTIES

DNA binding/transcription factor activity

SAG protein belongs to the zinc RING finger
protein families by virtue of its C3H,C3 motif.
Some zinc RING finger proteins have been
shown to bind to DNA and act as transcrip-
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tional repressors (53, 71), whereas others act as
transcriptional activators (13, 65). To examine
whether SAG would bind to a specific DNA se-
quence, we used a technique called CASTing
(cyclin amplification and selection of targets),
a reiterative selection procedure, described pre-
viously for identification of p53 binding sites
(30). The target oligonucleotide (75 bp) contains
flanking 20-bp PCR primer sites at the 5’-end
and 3'-end that bracket a central core of 35-bp
random sequence. A complementary strand
was made by annealing with the 3’-end 20-bp
primer to the target oligonucleotide, followed
by primer extension. The double-stranded
DNA was then incubated with purified SAG
protein and subjected to a gel retardation as-
say (83). The shifted band was cut out from the
gel, PCR-amplified using both the 5’-end and
3’-end primers, and subjected to the next run
of gel shift assay. We have performed a total of
six rounds of selection. The PCR fragments af-
ter the sixth round were cloned by TA cloning
vector. More than 50 clones were sequenced,
but no consensus sequence was identified (un-
published data). We next examined potential
transcriptional regulatory activity of SAG pro-
tein using a CAT-reporter assay and found that
SAG has neither transactivation nor transre-
pression activity (84).

RNA binding activity

The zinc RING finger domain of the MDM2
protein has been shown to bind to RNA (22,
46). We next tested whether SAG protein could
also bind to RNA. Binding of purified SAG pro-
tein to different nucleic acid cellulose conju-
gates was performed as described (22). As
shown in Fig. 4, in contrast to Mdm2, which
binds to poly G (22), purified SAG binds to poly
U, poly A, and poly C RNA. SAG-poly U bind-
ing is very strong and cannot be dissociated
with an increasing salt (NaCl) concentration up
to 1 M. Interestingly, SAG-poly U binding in-
duces SAG oligomerization (also see below).
Binding of SAG with poly C and poly A is in
a monomeric form, but relatively weak. The
binding was dissociated in the presence of 200
mM NaCl (data not shown). These results sug-
gest that like Mdm2, SAG is an RNA binding
protein. However, the true in vivo binding, as

641

well as the biological significance of the bind-
ing, remains to be determined.

Protein—protein interaction

ROC1 was first identified in a yeast two-hy-
brid screening as a cullin-1 binding protein
(62). Simultaneously, it was found in a highly
purified SCF fraction (87), in a purified VHL
complex (42), and in Skpl and cullin-1/Cdc53
immunoprecipitates (72). Later, it was found
that both ROC1 and SAG bind to either one of
five cullins (cullin-1 to cullin-5) in both two-
hybrid and coimmunoprecipitation assays (63,
85). In addition, SAG was recently found to
bind to a regulatory B8 subunit of casein kinase
Il in a yeast two-hybrid screening and was
phosphorylated by this kinase (74). Finally, we
have identified a few positive clones previously
unknown to bind to SAG in a yeast two-hybrid
screening using the full-length SAG as the bait
(unpublished observation). The biological sig-
nificance of these bindings is being evaluated.

Q X
S
S 3
R R 3 R
SAG oligomers [
SAG monomer » " -
1 2 3 4

FIG. 4. SAG is an RNA binding protein. SAG protein
(0.5-1.0 ng) was incubated at 4°C for 60 min in 300 ul of
RNA binding buffer (20 mM Tris, pH 7.5, 150 mM NaCl,
5 mM MgCl,, 0.1% Nonidet P-40, 50 uM ZnCl,, 2% glyc-
erol, and 1 mM dithiothreitol) with one of four RNA ho-
mopolymer columns (20 ng prewashed; Sigma), conju-
gated to agarose or cellulose beads. The columns were
subsequently washed with 3 ml of RNA binding buffer
to remove nonspecifically bound protein from the beads.
The beads were then boiled in sodium dodecyl sulfate
sample buffer, and the proteins so eluted were separated
by sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis, transferred to nitrocellulose for western blot
analysis using the polyclonal antibody directed against
SAG protein as described previously (20).
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Ligase activity and modification by ubiquitin-like
protein, Rubl/Nedd$§ (related to ubiquitin/neural
precursor cell-expressed and developmentally
down-regulated)

SAG or ROC1 is an activating component of
SCF E3 ubiquitin ligase complex as well as VHL
E3 ubiquitin ligase complex (51, 90). The ROC1-
cullin-1 subunits recruit the Cdc34 ubiquitin
conjugating enzyme (E2), whereas Skp1 helps
to link the ROC1/cullin-1 subunit and the F-
box protein that recognizes the protein target
for ubiquitination and degradation. Together,
these four subunits make up the minimal SCF
ubiquitin ligase complex (19, 90). In the test
tube, ROC1 or SAG can bind to cullins to form
a “core” ubiquitin ligase that promotes poly-
ubiquitination complex in the presence of ubig-
uitin, E1, and E2 (Cdc34) (97). Mutational anal-
ysis revealed that the conserved RING finger
domain is required for the ligase activity be-
cause ROC1 or SAG mutants with a single or
double mutations at C3H,C3 residues have no
ligase activity even though they still bind to
cullin-1 (14, 85). In addition, the ROC1 subunit
of SCF and VHL E3 ubiquitin ligase is required
for Rub1/Nedd8 modification of cullin-1 and
cullin-2 (41) by, at least in the cullin-1 case, fa-
cilitating its nuclear accumulation (31). It is
now known that Rub1/Nedd8 is conjugated to
cullin-1 at Lys’?? via a covalent linkage, which
markedly increases the ability of the ROC1-
cullin-1 complex to promote ubiquitin poly-
merization (96). Disruption of Rubl/Nedd8
modification diminishes IkB ubiquitin ligase
activity of ROC1-cullin-1 complex (31). Thus,
ROC1 or SAG appears to be a common acti-
vating factor of enzyme systems responsible for
ubiquitin and Rubl/Nedd8 modification of
target proteins.

Metal binding, radical scavenging, and
ligase regulation

One feature of the RING finger protein is its
ability to bind with zinc to form a “cross-brace”
structure (70). Indeed, bacterially expressed
and purified SAG protein binds to zinc ion, as
well as to copper and iron ions (20, 84). Bind-
ing and chelating copper ion by SAG prevents
copper ion-induced lipid peroxidation in the
test tube (84). SAG also prevent lipid peroxi-
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dation induced by AAPH (2,2-azo-bis-2-
amidinopropane hydrochloride), a free radical
generator without metal ion involvement (29).
SAG-induced inhibition of lipid peroxidation is
completely or partially abolished by pretreat-
ment of SAG with alkylating agents N-ethyl-
maleimide (NEM) or p-hydroxymercuric ben-
zoate (PHMB), respectively, suggesting that
free SH groups in the SAG molecule are the ma-
jor contributors to this activity (20). It is note-
worthy that the RING finger may not be di-
rectly involved in ROS scavenging activity of
SAG because (a) metallothionein, a cysteine-
rich, RING fingerless protein also has such an
activity (20), and (b) some SAG RING finger
mutants still retain this activity (84, and un-
published observation). Thus, it is possible that
the cysteine residues (which consist of 10.6% of
SAG protein), rather than the RING finger mo-
tif per se, are mainly responsible for observed
ROS scavenging activity.

It is of interest to note that PHMB or mer-
curic chloride, but not NEM, can irreversibly
inhibit the ROC1-cullin-1 ubiquitin ligase ac-
tivity without disrupting the complex (14).
Likewise, these reagents also inhibit in vitro
ubiquitination of IkB by SCF E3 ubiquitin lig-
ase complex (14). The fact that ROC1-cullin-1
ubiquitin ligase activity is insensitive to NEM
suggests that sulfhydryl groups in RING cys-
teine residues are not mediating a thiol-ester
ubiquitin transfer probably because they bind
to zinc ions and are inaccessible to NEM. How-
ever, the critical residues involved in inter-
action with mercuric ion to induce protein con-
formation change and inactivation of ROC1-
cullin-1 E3 ligase activity remain to be deter-
mined (14).

Oligomerization

Bacterially expressed and purified SAG pro-
tein is redox-sensitive. Upon exposure to oxi-
dant H,O,, SAG forms oligomers as well as
monomer doublets due to the formation of the
inter- or intramolecular disulfide bonds, re-
spectively. This process can be reversed by the
reducing agent dithiothreitol or prevented by
pretreatment with NEM (84). In addition, bind-
ing with poly U also induces SAG oligomer-
ization (Fig. 4). Although SAG oligomerization
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is readily detectable in purified protein as well
as in cell lysate prepared from 293 cells tran-
siently transfected with SAG expressing con-
struct (84), it remains to be determined whether
such an oligomerization occurs inside cells and,
if so, what its biological consequence is.

BIOLOGICAL FUNCTIONS

Apoptosis protection

In vitro cell culture models. To study the bio-
logical function of SAG, we established stable cell
lines that overexpress SAG in two cell models:
DLD-1 human colon carcinoma cells and SY5Y
human neuroblastoma cells. Compared with the
vector-transfected controls, SAG-overexpressed
cells are more resistant to apoptosis induced by
OP, as well as metal ions (zinc or copper), as mea-
sured by morphological observation of the signs
of apoptosis, TUNEL assay, and DNA fragmen-
tation. We have also transiently overexpressed
SAG in 293 cells and observed a protection
against copper-induced apoptosis (20, 77).

In vivo mouse brain model. We next extended
this in vitro observation of SAG protection against
apoptosis to an in vivo mouse brain model where
ischemia/reperfusion-induced brain injury was
generated after middle cerebral artery occlusion
(MCAO), a process involving ROS production
(10, 11, 101). To determine the potential protec-
tive role of SAG in this model, recombinant ad-
enovirus expressing wild-type human SAG as
well as a SAG mutant, along with the LacZ-ex-
pressing control, was injected into mice brain 24
h prior to induction of ischemia. Compared with
the LacZ control, infarct volume, a measure of
brain damage, was significantly smaller in wild-
type SAG-injected mice, but not in SAG mutant-
expressing mice. In the areas where SAG is
overexpressed, ischemia-induced superoxide
production, as well as the number of apoptotic
cells, is significantly decreased. Thus, SAG ap-
pears to protect ROS-induced brain damage in in
vivo mice (102).

Requirement of RING domain and ROS scav-
enging activity. Using two deletion mutants, we
have previously shown that the RING domain
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is required for apoptosis protection (77). To as-
sociate activities of metal-ion binding/radical
scavenging (RS) and E3 ubiquitin ligase (UL)
with apoptosis protection, we have established
several stable cell lines in SY5Y cells that ex-
press either wild-type SAG (RS+/UL+), ROC1
(RS?/UL+), or two SAG mutants, MM-3
(RS+/UL-), or MM14 (RS—/UL-) (84, 85).
Using a cell death ELISA assay, cellular sensi-
tivity to apoptosis induced by zinc ion was de-
termined. As shown in Fig. 5, compared with
the vector control (V6), cells expressing wild-
type SAG or SAG mutant MM3 are much more
resistant, whereas cells expressing SAG mutant
MM14 are more sensitive, to zinc-induced cell
death. As SAG mutant MM3 with radical scav-
enging activity (RS+) (84), but without ligase
activity (UL—) (85), inhibits apoptosis, it ap-
pears that radical scavenging activity rather
than E3 ligase activity correlates with the apop-
tosis-protection phenotype. In addition, like
SAG, ROC1 overexpression also protects cells
from apoptosis induced by the redox agent.

Mechanism of action. The process of apoptosis
can be divided into three distinct phases: initi-
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FIG. 5. Overexpression of SAG or ROC1 protects
against zinc ion-induced cell death. Human SY5Y neu-
roblastoma cells were transfected with SAG (SAG), SAG
mutant-3 (MM3), mutant-14 (MM14) (84), ROC1 (ROC1),
and the empty vector, pcDNA3 (V6). The stable clones
were selected, and expression of exogenous protein was
detected by western blot analysis (data not shown). The
stable transfected cells were then seeded in a 96-well
ELISA plate and subjected to zinc sulfate (200 uM) treat-
ment for 16 h. Cell death was measured (n = 4) by a cell
death detection ELISA kit (Boehringer Mannheim), ac-
cording to the supplier’s instruction. OD value reflects the
degree of DNA fragmentation.
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ation, effector, and execution/degradation (45).
One common apoptosis activation pathway in-
volves release from damaged mitochondria of
cytochrome ¢, which forms a complex with
Apaf-1 to activate caspase-9, an initiator cas-
pase (49, 68, 106). The caspase-9 in turn acti-
vates effector caspases (caspase—3, —6, and
—7) that degrade many protein substrates (17),
leading to committed apoptosis (49, 89). ROS
appear to act mainly at the initiation/activation
step of apoptosis because most apoptosis in-
ducers, such as irradiation, UV, and chemicals,
produce ROS (38, 88). We therefore hypothe-
sized that SAG-induced apoptosis protection is
achieved by its metal ion binding/ROS scav-
enging activity to protect mitochondria from
ROS-induced damage, thus preventing cy-
tochrome ¢ release/caspase activation. Indeed,
zinc-induced cytochrome c release/caspase ac-
tivation is decreased or delayed in SAG-over-
expressed cells (20).

The second potential mechanism by which
SAG protects apoptosis is through the ubiqui-
tination and degradation of IkB (62, 87). Degra-
dation of I«kB leads to activation of NF-«B, a
known apoptosis protector (2, 58, 92, 94). We
have explored this possibility by infecting re-
combinant adenovirus expressing SAG into
HelLa cells to see whether it would promote tu-
mor necrosis factor-a (TNF-a)-induced I«B
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degradation. As shown in Fig. 6, Ad-SAG in-
fection induces a very high expression of SAG
protein in HeLa cells that have very low en-
dogenous SAG (not seen in the figure with
LacZ infection in a short film exposure time).
IkB degradation started to occur 5 min after
TNF-a treatment, and a complete degradation
was achieved at 20 min after treatment. The IxB
level then started to recover and reached a level
compatible to that of the untreated control as a
result of subsequent NF-«B activition (see Fig.
7), which in turn transactivates IkB expression
(2). No significant difference between Ad-SAG
and Ad-Lac-Z (used as a control) was observed,
except that SAG infection appears to delay the
complete recovery of IkB at 60 min. No differ-
ence in p65 protein level was found. We next
examined the time course of NF-«B activation
following IkB degradation by a gel shift assay.
As shown in Fig. 7, NF-kB activation started to
occur 10 min after TNF-a exposure, immedi-
ately following the time course of IkB degra-
dation. Activation reached its maximal level af-
ter 20 min up to 60 min in LacZ-infected cells,
but to a lesser extent in SAG-infected cells,
which correlates with the relatively low level
of IkB (see Fig. 6). However, the difference is
rather small and considered to be insignificant.
Thus, although ROC1/SAG is involved in I«B
ubiquitination and degradation in a test tube

Lac-Z control

SAG
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FIG. 6. Overexpression of SAG does not promote I€B degradation. HeLa cells (~7.5 X 10%) were seeded in a 100-
mm culture dish 18-24 h prior to infection with Ad-SAG and Ad-LacZ control as described (21). Cells were then
treated with TNF-a (10 ng/ml) for the indicated periods of time, harvested, lysed, and subjected (60 ug) to western
blot analysis (20) with antibodies directed against IxBa, p65, SAG, and B-actin, respectively.


http://www.liebertonline.com/action/showImage?doi=10.1089/15230860152542989&iName=master.img-018.jpg&w=322&h=187
http://www.liebertonline.com/action/showImage?doi=10.1089/15230860152542989&iName=master.img-018.jpg&w=322&h=187

CHARACTERIZATION OF SAG/ROC/Rbx/Hrt FAMILY GENES

Lac-Z control

645

SAG

| |

TNF-alpha (min) 0 5 10 20 40 60 0 5 10 20 40 60

<— NFkB

FIG.7. Overexpression of SAG does not promote NF-kB activation. Nuclear extracts were prepared from Ad-SAG-
infected, TNF-a-treated cells (4), and were then subjected (20 ug) to a gel shift assay. The probe used is a 20-bp syn-
thetic oligonucleotide containing the consensus NF-«B binding site: 5'-AGTTGAGGGGACTTTCCCAG-3'. The probe
was labeled and assay performed, as described previously (4).

assay (62, 87), SAG appears not to promote I«B
degradation/NF-«B activation in this cell
model. The results suggest that either SAG is
not a rate-limiting factor in this process or the
potential role of SAG has been saturated due
to a relatively high level of ROCI in the cells
(Fig. 3A).

Growth promotion

Yeast model. To understand SAG function
further, we used a yeast genetic approach by
taking advantage of the fact that SAG is evo-
lutionarily conserved between yeast Saccha-
romyces cerevisiae and human. Targeted disrup-
tion of ySAG, the yeast homologue of human
SAG, induces cell death that is fully rescued by
wild-type SAG and ROC1, but not by their lig-
ase-dead mutants, indicating that (a) ySAG is
essential for yeast viability, (b) human SAG or
ROCl1 is its functional homologue, and (c) lig-
ase activity is required (42, 62, 72, 85). Inter-
estingly, cell death induced by SAG deletion
was accompanied by cell enlargement and ab-
normal cell-cycle profiling. Chip profiling of
the entire yeast genome revealed induction of
several G1/S as well as G2/M checkpoint con-

trol genes upon SAG withdrawal. Thus, SAG
appears to control cell-cycle progression in
yeast by promoting ubiquitination and degra-
dation of cell-cycle regulatory proteins (85).

Mammalian cell models. We next examined the
potential growth-promoting activity of SAG in
mammalian cells. Indeed, SAG promotes cell
growth under serum-starved conditions. Mi-
croinjection of SAG mRNA into quiescent
NIH3T3 cells induces S phase entry as deter-
mined by [*H]thymidine incorporation. Like-
wise, overexpression of SAG by either adeno-
virus infection of immortalized human
epidermal keratinocytes (Rhek) or DNA trans-
fection of SY5Y human neuroblastoma cells in-
duces cell proliferation under serum-starved
conditions, but not under normal growth con-
ditions (21).

Antisense inhibition of tumor cell growth. SAG
appears to promote cell growth. We next ex-
amined whether SAG is overexpressed in hu-
man tumor tissues and whether it is a domi-
nant oncogene. SAG protein level is elevated in
six of 10 human colon carcinoma tissues (60%),
as compared with adjacent normal tissues from
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the same patient. However, SAG overexpres-
sion in preneoplastic cells in the JB6 tumor pro-
motion/progression model did not induce neo-
plastic transformation, suggesting that SAG is
not a dominant oncogene, at least in this model
system. Interestingly, when DLD-1 human
colon carcinoma cells were transfected with an-
tisense SAG, cell growth both in monolayer and
in soft agar was significantly inhibited, sug-
gesting that SAG is important in the mainte-
nance of tumor cell growth (37).

Mechanism of action. As SAG/ROC1 is a com-
ponent of E3 ubiquitin ligases that promote
protein degradation, and as cyclin-dependent
kinase inhibitors, including p21, p27, and p57,
are degraded through the ubiquitin pathway,
we tested whether SAG-induced cell growth is
associated with cyclin-dependent kinase inhib-
itor degradation. No significant difference in
the levels of p21 and p57 were found in the
vector controls and SAG-overexpressed cells.
However, serum starvation-induced accumu-
lation of p27 was significantly reduced by SAG
overexpression in two cell models (21). We also
correlated the protein levels of SAG and p27 in
colon cancer tissues and found an inverse cor-
relation in four of 10 samples (40%). We con-
cluded that SAG-induced growth promotion
under serum deprivation is associated at least
in part with inhibition of p27 accumulation. In
addition, other unknown SAG target protein(s)
may also play a role in the process.

CONCLUSIONS AND PERSPECTIVES

In summary, SAG/ROC1 family members
are evolutionarily conserved RING finger-con-
taining proteins. They appear to be a key com-
ponent of E3 ubiquitin ligases to target for
degradation of many regulatory proteins (67)
that play an important role in the regulation of
many key biological processes, including cell-
cycle progression, transcription, and signal
transduction (43, 56). In addition, SAG has anti-
oxidant activity by binding metal ions and
scavenging ROS (84). Biologically, SAG ap-
pears to protect against apoptosis induced by
redox agents and promote cell growth under
stress conditions. Future studies directed to

SUN ET AL.

generate somatic knockout cells as well as con-
ditional knockout animals (12, 100) would lead
to a better understanding of SAG/ROC1 func-
tion and provide a clear answer as to whether
they are valid anticancer targets. The gene pro-
moter characterization would help to under-
stand the precise regulation of these proteins at
the transcriptional level, whereas elucidation of
SAG phosphorylation by casein kinase II (74)
and its biological significance would reveal
additional regulation at the posttranslational
level. Moreover, characterization of proteins
that bind to SAG/ROCI and its biological con-
sequence would further our understanding of
their functions and mechanism of action. There
is no doubt that the activity of SCF E3 ubiquitin
ligases regulates cell growth, oncogenesis, apop-
tosis, and inflammation by targeting for degra-
dation of p21, p27, B-catenin, I«B, and Weel, just
to name a few (19). As the field progresses and
we have a better understanding of the specificity
of these ligases in targeting a particular protein
or pathway, SCF E3 ubiquitin ligases could
eventually become the promising targets for
cancer and inflammation drug discovery.

ABBREVIATIONS

Nedd8, neural precursor cell-expressed and
developmentally down-regulated; NEM, N-
ethylmaleimide; NF-«B, nuclear factor-«B; OP,
1,10-phenanthroline; PHMB, p-hydroxymer-
curic benzoate; Rbx, RING box protein; RING,
really interesting new gene; ROC, regulator of
cullins; ROS, reactive oxygen species; Rubl, re-
lated to ubiquitin; SAG, sensitive to apoptosis
gene; SCF, Skp/cullin/F-box; TNF-«, tumor
necrosis factor-a; VHL, von Hippel-Lindau.
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