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CHAPTER 16

RING Finger-B Box-Coiled Coil (RBCC) Proteins

as Ubiquitin Ligase in the Control of Protein
Degradation and Gene Regulation

Kazuhiro Ikeda, Satoshi Inoue, Masami Muramatsu

Abstract
The protein family harboring the RING finger motif, de
fined as a linear array of conserved cysteines and histidines,
has grown enormously in the last decade. The members
of the family are involved in various biological processes includ-
ing growth, differentiation, apoptosis, transcription and also in
diseases and oncogenesis. It has been postulated that the RING
finger domains have crucial roles in these phenomena themselves,
in some cases, working with other domains in other proteins,
although the precise mechanisms and common features of RING
finger function have not been fully elucidated. However, most
recently, an accumulating body of evidence has revealed that some
of the RING finger proteins work as E3 ubiquitin ligases in
ubiquitin-mediated specific protein degradation pathway. In this
review, we focus on the RING finger protein with special refer-
ence to E3 ligase.

Structure of RING Finger

The RING finger protein sequence motif was first identified
in the human gene RING1 — Really Interesting New Gene 1 —
which is located proximal to the major histocompatibility region
on chromosome 6."? The RING finger motif can be defined as a
unique linear series of conserved cysteine and histidine residues:
Cys-Xo-Cys-X1.16-Cys-X-His-Xp-Cys -Xp-Cys-X7.94-Cys-X5-Cys
(RING-CH or C3HCy type), where X can be any amino acid
(Fig. 1). So far, three-dimensional structures of RING domains
from human PML (for promyelocytic leukemia protein},? im-
mediate early equine herpes virus (IEEHV) protein, human
recombinarion-activating gene 1 grotcin (RAG1),” human MAT1
(for menage a trois-1 protein)® and human Cbl (for Casitas
B-lineage lymphoma protein)’ with a cognate
ubiquitin-conjugating enzyme {E2) have been solved at atomic
resolution. These studies have confirmed that the RING finger
binds zine ions in a similar manner as the classical zinc finger
motif. Particularly, the RING finger is composed of a unique
‘cross-brace’ arrangement with two zinc ions and folds into a com-
pact domain comprising a small central B sheet and an a helix.
There are subfamilies of RING fingers which have Cys5 substi-
tuted with histidine (RING-H2) and a cysteine or histidine sub-
stituted with other metal binding residues such as aspartic acid
and threonine.*? Although the RING domain was initially found

Figure 1. Schemaric representation of the structure of RING finger
domain. The metal-ligand residues, either cysteine (C) or histidine (H),
are shown as numbered spheres, The numbers next to the loops connect-
ing the metal-ligand residues indicate the minimum and maximum
number of loop residues.

in only a few genes, more than 3000 proteins harboring the RING
finger domain have been detected from diverse eukaryotes in the
SMART database as of July 2003. Because of this evolutional
conservation and variation in loop lengths, the RING domain
appears to have a considerable flexibility within the rigid structure.

Family of RING Finger Protein

The RING fingers and cheir variants are generally located close
to an amino or carboxyl terminus though there are no fixed rules.
Most of the RING finger is associated with certain protein do-
mains to form larger conserved motifs which may define the func-

Zinc Finger Proteins: From Atomic Contact to Cellular Function, edited by Shire Iuchi and Natalie Kuldell.
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tion of the protein, thus the family being divided into subfami-
lies along with the associated domains (Fig. 2). A similar domain
architecture often cotresponds with a similar function. For in-
stance, TRAFs (for tumor necrosis factor (TNF)
receptor-associated factors) 2-5 have an N-terminal RING do-
main followed by five zinc fingers, a coiled coil, and a C-terminal
TRAF domain.'” TRAF1 has all of these domains except for the
RING. Membets of TRAF family have been shown to be involved
in TNF-related cytokine signal transduction through interactions
between their TRAF domains and the intracytoplasmic parts of
receptors of the TNF receptor family which are suicide receptors
to transfer apoptotic signals into the cells.!'"1?

The inhibirors of apoptosis gene family, [AP1, IAP2 and XIAP,
have a RING domain at their C termini and BIR (baculovirus
IAP repeat) domain at their N termini. The BIR domains of the
proteins bind and inhibit caspase.'*! Interestingly, the RING
fingers of XIAP and IAP2 possess E3 ubiquitin ligase activity and
are thought to be responsible for self-degradation when an
apoptotic signal is transduced."® In addition, the anti-apoptotic
activirly of the protein is lost when the RING domain is mu-
tared.!’

There are interesting subfamilies uniquely possessing two
RING fingers. Triad1 (for twe RING fingets and DRIL1) and
parkin have two RING finger domains separated by the double
RING finger linked (DRIL) domain. Triad! was identified as a
nuclear RING finger protein, which is up-regulated during
retinoic acid induced granulocytic differentiation of acute leuke-
mia cells."® Parkin is a responsible pene for familial autosomal
recessive Parkinson’s disease.!™2% Parkin binds to the E2
ubiquitin-conjugating enzymes through its C-terminal RING fin-
ger and has ubiquitin—protein ligase activity.?' Parkin ubiquitinates
and promotes the degradation of a putative G protein-coupled
transmembrane polypeptide, Pael (parkin-associated
endothelial-like) recepror, the insoluble form of which is accu-
mulated in the brains of Parkinsor’s disease.?? The insoluble parkin
overexpressed in cells causes unfolded protein-induced cell death,
whereas coexpression of Parkin suppresses the accumulation of
Pacl receptor and subsequent cell death.?! Parkin also ubiquitinates
and promotes the degradation of CDCrel-1 (for cell division cycle
related-1) and itself,?* Familial-linked mutations disrupt the
ubiquitin—protein ligase function of Parkin and impair Parkin
and CDCrel-1 degradarion.

o fingeen
TRAF RiING Cosked-cenl
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Figure 2. Structures of the RING finger protein family. Represenrative
RING finger proteins with frequently associated domains are presented.

Zinc Finger Proteins

Function of RING Finger

It has been shown in early studies that the RING finger pro-
teins have crucial roles in the growth, differentiation, transcrip-
tion, signal transduction and oncogenesis.?* For example, PML
is fused to the retinoic acid receptor o (RAR) in acute
premyelocytic leukemia (APL} translocation,”®*” BRCAL is
mutated in early-onset breast cancer and ovarian cancer,”® TIF1ar
is a positive cofactor of nuclear hormone receprors®® and TRAF
wransduces signals from members of the TNF receptor superfam-
ily to the transcription factor NF-kB.'* Although those studies
appear to show some essential roles played by the RING finger
domains in the function of these proteins, the general function of
the RING finger domain has not been resolved. However, re-
cently, it was uncovered that the RING finger proteins are in-
volved in the ubiquitin-mediated protein degradation pathway.

The ubiquitin-dependent protein degradation is a specificand
sophisticated mechanism in which a target protein to be destroyed
is tagged with the ubiquitin. Ubiquitination is accomplished by a
complex process involving ubiquitin-activating enzyme (E1),
ubiquitin-conjugating enzyme (E2) and ubiquitin ligase {E3).%°
Ubiquirin ligase mediates the transfer of ubiquitin from E2 to a
substrate, marking it for degradation by the 265 proteosome.
Therefore, E3 enzyme is thought to be important for the specific
recognition of the substrate in the ubiquitination pathway. There
is accumularing evidence that RING finger domains are identi-
fied in E3 complexes and proteins, suggesting the broad use of
these domains for ubiquitnation. As mentioned above, RING
finger domain has the conserved cysteine and histidine residues.
The C;HC, tyape RING finger is found in several E3 proteins
including Cbl,*' BRCAL Efp (for estrogen-responsive finger
protein)®> and Mdm2 (for murine double minute 2).3* The
RING-H2 subtype is found in RbxI (for RING box protein 1}
and Apcl1 (for anaphase promoting complex (APC) subunit 11)
in SCF (Skp1-Cullin-F-box) and APC E3 complexes,®® respec-
tively, and other ubiquitin ligases. Thus, evidence is accurnular-
ing that the RING finger proteins has crucial roles as an E3
ubiquitin ligase in diverse biological functions and diseases. Cbl
is one of the initially identified E3 ligase which is involved in the
regulation of various tyrosine kinase-linked receptors such as
growth factor receprors (for example EGF and PDGF receptors),
cytokine receptors and immuno-receptors (for example T-cell,
B-cell and Fe-receptors).*® Cbl recognizes activated protein ty-
rosine kinases and recruits E2 ubiquitin conjugating enzymes
through its SH2 and RING finger domain, respectively. For EGF
and PDGF receprors, increased recruitment of Cbl to the acti-
vated receptor complex leads to enhanced ubiquitination and
degradation of the activated receptor. In contrast, oncogenic
mutation in the Cbl RING finger which fails to bind E2 ubiquitin
conjugating enzymes abrogates Cbl-mediated EGF receptor
ubiquitination and degradation.’” Thus, it appears that Cbl func-
tions as an adapter to recruit the ubiquitination machinery ro
acrivated tyrosine kinase-linked receptors and stimulates recep-
tor ubiquitination and degradation. This causes enhanced
down-regulation of the receptor from the cell surface and atrenu-
ation of growth factor receptor signaling.

The RING finger protein Mdm2 is identified as an E3
ubiquitin ligase of the tumor-suppressot protein p53 which is a
transcription factor and a potent inhibitor of the cell cycle. Mdm?2
can bind to p53 and promore its ubiquitination and subsequent
degradation by the proteasome.*3? It is also known that Mdm2
can ubiquitinate itself; suggesting that some of E3s self-regulate
their own stability. The RING finger of Mdm2 is necessary for
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both p53 ubiquitin and Mdm2 auto-ubiquitination. Substitu-
tion of the Mdm2 RING finger domain with the RING finger
from another RING protein maintains the autoubiquination and
degradation of Mdm2 but is not able to stimulate p53
ubiquitination. Moreover, mutations in the RING finger domain
do not impair binding capacity berween Mdm2 and p53. These
observations suggest that the RING finger domain appears to be
required for specific recognition of substrates in some degree, but
is not generally involved in substrate binding.*°

RBCC/TRIM Subfamily

Frequently, the RING is associated with cysteine-rich B-box
domains followed by a predicted coiled coil domain. The B-box
domain can be defined as a series of conserved cystein and histi-
dine residues: Bl
[Cys-X3-Cys-X7.19-Cys-X;-Cys-X4.5-Cys-X2-Cys/
His-X;.4-His-X; g-His) and B2 [Cys-X;.4-His/
Cys-X4.9-Cys-X,-Cys/His-X4-Cys/His-X;-His/Cys) where X can
be any amino acid. Structural analysis revealed that it consists of
15 ot fewer B-strands.!! The coiled coil is a common protein
motif involving a number of o-helices wound around each other
in a highly organized manner and is often used to control oligo-
merization.* These RING, one or two B-boxes and a coiled coil
domain motifs are called RBCC or tripartite motif (TRIM){Fig.
3).% This largest subfamily was first identified in a putative tran-
scriptional regulator, Xenopus XNF7%% and about 50 members
have been identified since then. Though either one or two B-boxes
are present, the spacing berween the RING, B-boxes and the coiled
coil is highly conserved with 38-40 residues between the RING
and first B-box, and less than 10 amino acids berween the second
B-box and the coiled coil. There is no apparent homology among
these separating sequences. According to the recent progress of
genomic analysis, it was revealed that the chromosomal localiza-
tion of the RBCC/TRIM subfamily genes has an intriguing fea-
ture. Although the genes encoding the RBCC/TRIM family
members are dispersed throughout the genome, there are two
distinct clusters on chromosomes 11p15 and 6p21-22 (Fig, 4).
TRIM22, $SA1/TRIM21, TRIM34, TRIMG, TRIMS, TRIM3 and
S8-56 are clustered in 11p15. RFP/TRIM27, TRIM31, TRIM10,
TRIM1S, TRIM26, TRIM38, TRIM39, TRIM40 and HZFW1
are clustered in 6p21-22. In particutar, mRNAs for TRIM 21, 22
and 34 are shown to be up-regulated by interferons.*4 These
findings suggest that duplication of an ancestral RECC/TRIM gene
at these genomic loci may have occurred and, regulation and func-
tion may be conserved to some extents in these genes.*

The RBCC/TRIM proteins are associated with certain do-
mains such as B30.2-like or SPRY, NHL, PHD and BROMO
domains at their C-terminus. These additional domains may con-
tribute to the function of the subfamily. The B30.2-like domain
is a series of 160-170 amino acids containing three highly con-
served motifs (LDE, WEVE and LD YE) which is named after the
B30-2 exon within the human class I histocompatibility complex
locus. The SPRY domain, which was eriginally named from SPla
and the RYanodine Recepror, is composed of around 140 amino
acids containing the latter two conserved morifs in B30.2-like
domain. At present, the B30.2-like domain is considered as a
subclass of the SPRY domain family, The SPRY domain is con-
wained in many of the RBCC/TRIM subfamily including XNF-7,
RPT-1, S5A-Ro and STAF50. The significantly conserved SPRY
domains imply the biological importance of this gene, however
the function of the SPRY domain is not known, The NHL do-
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Figure 3. RBCC/TRIM family genes. The gene names are listed in
numerical order of TRIM genes followed by commonly used names in
the second column. Their domain structures are schematically shown to
the right.

main name was derived from the three founding members:
NCL-1, HT2A, and LIN-41.#” NCL is involved in rRNA me-
tabolism. HT2A was identified as an interacting partner of the
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Figure 4. Clustered localization of the RBCC/TRIM genes in 6p21-22
and 11pl5. TRIM22, $541, TRIM34, TRIM6, TRIMS, TRIM3 and
SS-56areclustered in 11p15, whereas RFP, TRIM31, TRIM10, TRIM15,
TRIM26, TRIM38, TRIM39, TRIM40 and HZFW1 are clustered in
6p21-22. The sense strand orientations of each gene are indicated by the
arrows.
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HIV Tat protein and Lin41 is involved in posttranscriptional regu-
lation of mRNA. The NHL motif has a slight homology with
W40 domain, suggesting a protein-protein interaction. The
C-terminal PHD fingers and bromodomains are found in TIFla
and KAP1/TIF1f. The PHD domain is 2 motif characteristically
defined by seven cysteines and a histidine that are highly homolo-
gous to the RING motif and is contained in some transcription
factors. The PHD domain of MEKK1 {MEK kinase 1) exhibited
E3 ubiquitin ligase activity toward ERK (extracellular
signal-regulated protein kinase) 2, suggesting a negative regula-
tory mechanism for decreasing ERK1/2 activity.*® The
bromodomain is also found in transcription factors, can bind hi-
stones with acetylated lysines and appears to be involved in chro-
matin remodeling.*” KAP1/TIF1B and TIFla are involved in
transcriptional regulation. Genes belonging to this RBCC/TRIM
family are implicated in a variety of processes such as develop-
ment and cell growth and are involved in several human diseases.
PYRIN,* MID1 (Midline 1" and MUL {for mulibrey nanism
proteins)>? are mutated in familial Mediterranean fever, X-linked
Opitz/GBBB syndrome and mulibrey nanism, respectively,
whereas PML, RFP (ret finger protein) and TIF 1ot acquire onco-
genic activity when fused to RARat, RET or B-raf, respectively.
It has been shown thar the RBCC/TRIM proteins can
oligomerize through their coiled coil domains. In
homodimerization of RFP proteins, the coiled coil region with
the B-box but not the RING finger is required.> In this case,
while the B-box is not an interacting interface itself, the muta-
tion of conserved cysteine residues within the B-box affects the
ability of RFP to multimerize, suggesting that its structural in-
tegrity is necessary for this interaction to occur.> The coiled coil
domain of RFP is also necessary for interaction with Enhancer of
polycomb protein (EPC) to repress gene transcription,”® The
homodimerization and binding with EPC occurs with the proxi-
mal coil in RFP protein. RFP also directly interacts and colocalizes
with PML in a subset of the PML NBs (nuclear bodies).*® This
interacrion is mediated by the RFP B-box and the distal two coils.
The association of RFP with the PML NBs is altered by muta-
tions that affect RFP/PML interaction and in APL patients-derived
cells. These results indicate that RFP have an important role in
regulating cellular growth and differentiation. MID1 protein,
which is mutated in patients with Opitz GBBB syndrome, and
the highly related gene MID2 also make both homo- and
hetero-dimers mediated by the coiled coil motfs. The dimeriza-
tion is a prerequisite for the association of MID and Alpha 4 (a
regulatory subunit of PP2-type phosphatases} and the complex
formation with microtubules which seems important for normal
midline development.*® In contrast, it has been shown that the
entire RBCC/TRIM  domain is required for
hetero-oligomerization or binding natural ligands. The RBCC
region of KAP1/TIF1B associates with the KRAB
(Kriippel-associated box) transcriptional repressor domain of
KOX-1.%” From extensive studies of the interaction, it has been
revealed that the interaction is specific for the KAP1 RBCC/TRIM
domain. Namely, when each RBCC/TRIM motifs of KAP1 was
swapped with other corresponding ones of MID1, KAP1 did not
bind the KRAB domain any more, Therefore, each domain of
the RBCC may function as an independent functional unit and
have important roles in the specific recognition of interacting
partners or oligomers formation. In other RBCC/TRIM proteins,
only one copy of the B-box motif is present, but inspection of the
whole family reveals a conserved residue spacing between the
RING, B-box and coiled coil domains.*® This strongly suggests
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that the overall architecture of the RBCC/TRIM motif is highly
conserved, perhaps relating to the motif acting as a scaffold for
higher-order protein-protein interactions.” Molecular modeling
suggests thar the position and otientation of the B-box (adjacent
to the coiled coil} would be critical for the correct alignment of
the a-helices that form the coiled coil. Interestingly, unlike the
RING and coiled coil motifs, the B-box is only found in RBCC/
TRIM family members suggesting that it is a critical determinant
of the overall motif and its function.®

As mentioned above, the latest findings of RING fingers in
E3 ubiquitin ligases imply that the membets of this RBCC/TRIM
subfamily are potential candidares for specific regulators/adopt-
ers in ubiquitin-dependent protein degradation. In fact, some
genes belonging to the subfamily has been proven to act as E3
ligase. We next discuss such genes focusing on the recent findings.

Ring Fingers that Act As E3 Ligases
Efp

Estrogen-responsive finger protein (Efp) is a member of the
RING-finger, B1 and B2-boxes, coiled coil and SPRY
(RBCC-SPRY) subfamily in the RING finger family. Efp was
isolared as an estrogen-responsive gene by genomic binding-site
cloning using a recombinant estrogen receptor {(ER) protein.58
The estrogen-responsive element {ERE) to which ER can bind is
found ar the 3'-untranslated region (UTR)} in the £ gene and
the gene’s expression is predominantly detected in female repro-
ductive organs including uterus, ovary and mammary gland™ and
in breast and ovarian cancers.®® Estrogen-induced expression is
found in the uterus, brain and mammary gland cells. £f% knock-
out mice have an underdeveloped uterus and estrogen responses
of uterin cells from knockout mice are markedly attenuared, sug.
gesting that Efp is necessary for estrogen-induced cell growth.®!
Mereover, tumor growth of breast cancer MCF7 cells implanted
in female athymic mice has been demonstrated to be reduced by
treatment with antisense Efp oligonucleotide. In contrast,
Efp-overexpressing MCF7 cells in ovariectomized athymic mice
generate tumots in the absence of estrogen.?® These results indi-
cate that Efp mediaes estrogen-dependent growth in breast can-
cer cells, We identified 14-3-3% which is responsible for reduced
cell growth, as a binding factor to Efp and found an accumula-
tion of 14-3-3Z in Efp knockout mouse embryonic fibroblasts.
Furthermore, it has been revealed that Efp is an ubiquitin ligase
(E3) thart targets proteolysis of 14-3-3Z. Specifically, the RING
which preferentially bound to ubiquitin-conjugating enzyme
UbcHS has been shown to be essential for the ubiquitination of
14-3-3Z. Our findings provide an insight into the cell-cycle ma-
chinery and tumorigenesis of breast cancer by identifying 14-3-3Z
as a target for proteolysis by Efp, leading to cell proliferation. The
degradation of 14-3-3X is subsequently followed by dissociation
of the protein from cyclin—Cdk complexes, leading to cell cycle
progression and tumor growth {Fig. 5).

MID1, MID2

Opitz GBBB syndrome (O8; Opitz syndrome) is a genetically
and phenotypically complex disorder defined by characteristic
facial anomalies, strucrural heart defects, as well s anal and geni-
tal anomalies.**% A positional cloning approach has revealed a
candidate gene designated MID1®' which is 2 member of the
RBCC-SPRY family. Most of the mutations identified so far in
patients with Opitz syndrome cluster in the SPRY domain of
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Figure 5. Models of Efp action as E3 ligase. Estrogen-induced RING
finger protein Efp recognizesa cell cycle inhibitor 14-3-3Z which keeps
Cyclin B in cytoplasm. Efp modifies 14-3-3Z with ubiquitin and the
resulting ubiquitinated 14-3-3Z is recruited to 265 proteosome to be
destroyed. The dissociated cyclin B is now capable of entering the nucleus
where it drives cell cycle.

MIDL. It has been shown that MID1 associates with microtu-
bules, whereas mutant forms of MID1 do not.%* These results
suggest that MIDI has a physiological role in microtubule dy-
namics.

Recently, the o4 protein, a regulatory subunit of protein phos-
phatase 2A (PP2A)" was isolated by yeast two-hybrid screening
with MID1 as bait. It was demonstrated that the B-box 1 is suf-
ficient for a strong interaction with a4, MID2,% which is highly
similar to MID1, also binds a4. Cellular localizations of MID1
and a4 are coincident with cytoskeletal structures and MID1
with 2 mutation at the C terminus thar mimics the mutant pro-
tein of some individuals with OS results in the formation of eyto-
plasmic clumps containing both proteins. The identified substrate
for E3 ligase activity of MID1 is 2 cytosolic PP2A. In contrast,
addition of a proteasomé inhibitor to OS-derived fibroblasts ex-
pressing dysfunctional MID1 does not cause either enrichment
of PP2A or accumulation of the enzyme’s polyubiquitinated
forms,* suggesting that MID1 mutations result in decreased pro-
teolysis of the C subunit of PP2A in individuals with OS.

PML

PML also belongs to a subfamily of proteins containing a
RBCC/TRIM motif, 48 PML has been implicated in the patho-
genesis of acute promyelocytic leukemia that arises following a
reciprocal chromosomal translocation that fuses the PML gene
located on chromosome 15 with the retinoic acid receprer alpha
(RARa) gene located on chromosome 17. The resulting
PML-RARa fusion protein preserves most of the functional do-
mains of both PML and RARa, bur it lacks C-terminus of PML
and N-terminus of RARa The fusion protein shows cell fype-
and promoter-specific differences from the wild type RARa, 2#5¢?
while it maintains a responsiveness to retineic acid. Overexpression
of PML-RARq. inhibits vitamin D3 and wansforming growth
factor P-induced differentiation and also reduces serum
starvation-induced apoptosis in U937 cells.”® In addition, dimer-
ization of PML with PML-RAR« is required to block differen-
tiation.”! Thus, PML-RARa is considered to function as a domi-
nant negative protein by interfering with the function of PML
and RARa.

In normal cells, cellular distribution of PML is found to form
a discrete subnuclear compartment (nuclear body, NB)>7 or
PML oncogenic domain.”® Other proteins containing Sp1007°
and PLZF (for promyelocytic leukemia zine ﬁnger)-"6 have been
reported to localize to the NBs. Interestingly, PLZF-RARa fu-
sion protein is also found in a rare form of APL.”” It is shown that
the nuclear bodies were dispersed into a microspeckle pattern in
APL cells but reformed with retinoic acid treatment by which
APL cells differenciated into granulocytes. In addition, the NB is
the preferred site where the early steps of transcription and repli-
cation of DNA virus occurs.”® Therefore, the regulation of NB
formation is thought to be involved in the pathogenesis of APL.
Recently, PML is shown to be covalently modified by SUMO-1
{Small Ubiquitin-like Modifier-1) of ubiquitin-like proteins.79
Mutations in the PML RING finger disrupt the nuclear bodﬂy
formation in vivo>*® and cause a failure of growth suppression,®*¥!
apoptosis and anti-viral activities®? of PML. The dependence on
an intact RING finger for PML NBs formation implies specific
protein interactions regulated by the RING structure. Recent stud-
ies have shown that PML RING interacting with the SUMO-1
E2 enzyme UBCY is SUMO modified and the sumolyladon of
PML has an important role in regulating the formation of NBs.®?

PML has two B-boxes (Bt and B2) adjacent to the RING
domain. Mutations of conserved zine-chelating residues in Bl
and/or B2 boxes collapsed PML NB formation, whereas they did
not affect PML oligomerization.3! PML B-boxes are also involved
in growth suppression.®" It has been revealed that PML is
sumoylared in B1 box which is responsible for binding of the 115
proteasomal subunit to PML NBs.*

The coiled coil region in PML is indispensable for
multimerization or heterodimerization with PML-RARq, %718
formation of PML NB and growth suppression activity.®” Nota-
bly, the important role of the coiled coil domain for the complex
formation is also suggested from the studies of other RBCC/TRIM
subfamily.**%7

TRIMS

TRIMS, a member of RBCC subfamily, is shown to interact
with SOCS-1 (suppressor of cytokine signaling-1} which is in-
duced by cytokines and inhibits cytokine signaling by binding to
downstream signaling molecules such as JAK (Janus kinase) ki-
nases.’®? The B-box coiled coil region of TRIMS is sufficient
for efficient interaction with SOCS-1, but the RING portion of
the protein is not required for the binding. By contrast, both the
SOCS box and the SH2 domain in SOCS-1 appear to be neces-
sary for the interaction between SOCS-1 and TRIMS, It was
found thar exogenous coexpression of TRIM8/GERFP with
SOCS-1 decreased the stability of SOCS-1 protein and TRIM8
restored the IFN-y-mediated transcription which was inhibited
by the expression of SOCS-1.% These results suggest thar TRIM8
is the putative E3 ligase for SOCS-1 and inhibits SOCS-1 func-
tion by targeting it for proteasomal degradation.

TRIMI11

TRIM11 is a member of the protein family composed of a
RING finger domain, which is a putative E3 ubiquitin ligase, a
B-box domain, a coiled coil domain and 2 SPRY domain. A re-
cent experiment with yeast two-hybrid screening has revealed that
TRIMI1 can interact with Humanin®® which is a newly identi-
fied anti-apoptotic peptide thar specifically suppresses Alzheimer's
disease (AD)-related neurotoxicity. It is known that Bax
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{Bcl2-associated X protein) has a crucial role in apoptosis. In re-
sponse to death stimuli, Bax protein changes the conformation
exposing membrane-targeting domains, translocates to mitochon-
drial membrane and releases the cytochrome ¢ and other
apoptogenic proteins. Indeed, Humanin is shown to bind with
Bax and prevents the translocation of Bax from cytosol to miro-
chondria.”? Moreover, Humanin blocks Bax association with iso-
lated mitochondria and suppresses cytochrome c release. There-
fore, Humanin seems to exert its anti-apoptotic effect by
interfering the Bax function.

The coiled coil domain of TRIM11 is indispensable for the
interaction with Humanin. The SPRY domain also contributes
to the recognition of Humanin, whereas SPRY domain alone can-
not. It was found that the intracellular level of Humanin was
drastically reduced by the coexpression of TRIM11, and mura-
tion of the RING finger domain ot treatment with proteasome
inhibitor attenuates the effect of TRIM11 on the intracellular
level of Humanin.”! These results suggest chac the TRIM11 par-
ticipates in the ubiquitin-mediated degradation of Humanin as
an E3 ligase.

SSA/Ro (SSA1, TRIM21)

Sjsgren syndrome is an autoimmune disease in which exo-
crine glands including salivary and lacrimal glands develop a
chronic inflammation, and whose symptoms are dry eyes, dry
mouth and fatigue. Autoantibodies ro Ro recognize a ribonucle-
oprotein complex composed of small single-stranded RNAs and
of one or more peptides. Although the Ro autoantigen is hetero-
geneous and found in most tissues and cells with differences in
structure and quantity across tissues, it is detected in 35 1o 50%
of patients with systemic lupus erythematosus and in up to 97%
of patients with Sjogren syndrome.” The 60-kD ?rotcin {Ro60)
and the 52-kD procein (Ro52) were identified™ and, another
novel 56-kD protein {(Ro56/55-56) has been identified, l'ecvent!y.“)S
Ro52 and Ro36 proteins belong to RBCC-SPRY subfamily. It is
thought that the Ro autoantigen is involved in the regulation of
transcription because it possesses functional domains associated
with gene-regulation and binds to nucleic acids.? Its precise func-
tion is not understood, however, In a study, Ro52 was reported
to be ubiquitinated in the cell.”® The obscrvation suggests thar
Ro52 may be downregulated by the ubiquitin—proteasome path-
way in vivo. Interestingly, sera from patients with Sjégren syn-
drome showed heterogeneity in their reactivity to
poly-ubiquitinated Ro52, probably because of their differing an-
tigenic determinants. This hererogeneity of the reactivity may be
associated with the varying clinical features found in Sjdgren pa-
tients.

Conclusion

Here, we summarized the structural characteristics and func-
tions of RING finger proteins specifically in terms of the E3 [i-
gase activity. However, relatively few proteins have been really
proven to function as E3 ligase. Thus, most RING finger pro-
teins remain to be further investigated. Investigation of the RING
finger proteins as a novel E3 ligase family will elucidate impor-
tant mechanisms of cellular protein degradation and provide new
insight into the physiological and pathophysiological roles of the
pathway. Particularly, the molecular mechanisms of specific sub-
strate recognition by E3 with the RING and other associated
domains must be determined. Moreover, the RING finger pro-
teins such as PML may possess unknown functions other than

Zinc Finger Proteins

E3 ligase, Funcrional analysis of the RING finger proteins will
help to understand biological roles of the family including the
ubiquitin-mediated protcin degradation pathway.
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Glutaredoxin (GRX) is a small dithiol protein involved
in various cellular functions, including the redox regu-
lation of certain enzyme activities. GRX functions via a
disulfide exchange reaction by utilizing the active site
Cys-Pro-Tyr-Cys. Here we demonstrated that overex-
pression of GRX protected cells from hydrogen peroxide
(H,0,)-induced apoptosis by regulating the redox state
of Akt. Akt was transiently phosphorylated, dephospho-
rylated, and then degraded in cardiac H9c2 cells under-
going H,0,-induced apoptosis. Under stress, Akt under-
went disulfide bond formation between Cys-297 and
Cys-311 and dephosphorylation in accordance with an
increased association with protein phosphatase 2A.
Overexpression of GRX protected Akt from H,0,-in-
duced oxidation and suppressed recruitment of protein
phosphatase 2A to Akt, resulting in a sustained phos-
phorylation of Akt and inhibition of apoptosis, This ef-
fect was reversed by cadmium, an inhibitor of GRX,
Furthermore an in vitre assay revealed that GRX re-
duced oxidized Akt in concert with glutathione, NADPH,
and glutathione-disulfide reductase. Thus, GRX plays an
important role in protecting cells from apoptosis by reg-
ulating the redex state of Akt.

The redox status of sulfhydryl groups is important to cellular
functions such as the synthesis and folding of proteins and
regulation of the structure and activity of enzymes, receptors,
and transcription factors. To maintain the cellular thiol-disul-
fide redox status under reducing conditions, living cells possess
two major systems, the thioredoxin (TRX)Y/thioredoxin reduc-
tase system and the glutathione (GSH)glutaredoxin (GRX)
system (1).

GRX, also known as thioltransferase, was first discovered as
a GSH-dependent hydrogen donor for ribonucleotide reductase
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in Escherichia coli mutants lacking TRX (2}, GRX functions via
a disulfide exchange reaction by utilizing the active site Cys-
Pro-Tyr-Cys, which specifically and efficiently catalyzes the
reduction of protein-S-S-glutathione mixed disulfide (3). Oxi-
dized GRX is selectively recyeled to the reduced form by GSH
with the formation of glutathione disulfide (GSSG) and regen-
eration of GSH by coupling with NADPH and GSSG reductase,
termed the GSH-regenerating system (4, 5). These character-
istic interactions of GRX with GSH distinguish it from TRX,
which favors intramolecular disulfide substrates and is turned
over by NADPH and thioredoxin reductase independent of
GSH. Functional overlap or cross-talk between the two sys-
tems, however, has been indicated (6, 7). GRX also partially
shares its function as a redox sensor with TRX (8, 9). Although
GEX has been shown to play an important role in cytoprotec-
tion against oxidative stress (10, 11) and apoptosis (12, 13), the
precise mechanism of the antiapoptotic effect of GRX has not
been fully elucidated.

The serine/threonine kinase Akt is a critical component of an
intracellular signaling pathway that exerts effects on survival
and apoptosis (14). The unphoesphorylated form of Akt is virtu-
ally inactive, and phosphorylation at Thr-308 and Ser473
stimulates its activity. Inactivation of Akt also occurs via de-
phosphorylation of the two phosphorylation sites by protein
phosphatase 2A (PP24A) (15, 16). Akt activation contributes to
the survival of hydrogen peroxide (H,0,)-treated cells (17).
Although H,0, induces the transient activation of Akt follow-
ing dephosphorylation and degradation (17-19), the precise
mechanism of HyOs-induced dephosphorylation of Akt is not
well understood. Recently the crystal structure of an inactive
Akt2 kinase domain has been deduced. Inactive Akt2 develops
a redox-sensitive disulfide bond in its activation loop (20),
which suggests that Akt is a redox-regulated protein.

Here we described a novel mechanism for the antiapoptotic
effect of GRX via regulation of the redox state of Akt under
oxidative stress. An intramolecular disulfide bond formed be-
tween Cys-297 and Cys-311 of Akt in cardiac HS¢2 cells treated
with Hy0,. Overexpression of GRX inhibited oxidation of Akt
and protected cells from apoptoesis.

EXPERIMENTAL PROCEDURES

Reagents—Anti-mouse GRX antibody was affinity-purified from the
serum of a rabbit immunized with a C-terminal 16-mer peptide of
mouse GRX (mouse GRX-(91-106)). Anti-PP2A scaffolding A subunit
{PR&5) antibody was obtained from Santa Cruz Biotechnology. Anti-
Akt, anti-phospho(Ser-473)-Akt, anti-phospho(Thr-308)-Akt, anti-
Akt5G3, and anti-Akt1G1 antibodies were from Cell Signaling Technol-
ogy. Anti-PP2A catalytic C subunit (PP2Ac) antibody was from BD
Transduction Laboratories. Anti-Mye tag antibody, Aktl cDNA Allelic
Pack, and purified recombinant Akt protein (Akt/inactive and Akt/
active) were from Upstate Biotechnology. ¢-Myc monoclonal antibody-
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agarose beads were purchased from BD Biosciences Clontech. Anti-
FLAG M2 mouse monoclonal antibody, GSH, GSSG, NADFPH, 3-(4,5-
dimethyl-thiazole-2-y1)}-2,5-dipheny! tetrazolium bromide (MTT), and
L-cysteine S-sulfate (Cys-S0O;) were from Sigma. 4-Acetamido-4’-male-
imidylstilbene-2,2'-disulfonic acid (AMS) was purchased from Molecu-
lar Probes. GSSG reductase was from Roche Applied Science. H,0, and
CdCl, were from Wako Pure Chemicals (Osaka, Japan).

Cell Culture—H9¢2 cells, a clonal line derived from embryonic rat
heart, were obtained from American Type Culture Collection (CRL-
1448). H9¢2 cells and gene-transfected cells were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal calf serum in a
humidified atmosphere of 95% air and 5% CO, at 37 °C.

Vector Construction—Full-length mouse GRX ¢DNA subcloned into
pBluescript SK(+) was obtained as described previously (21). The
mouse GRX open reading frame was amplified by PCR techniques. As
the 5'-primer oligonucleotides, 5'-CGGGGATCCATGGCTCAGGAGTT-
TGTGAACTGC-3', which annealed to the 5'-end of GRX ¢DNA and
introduced a BamHI site, and as the 3'-primer oligonucleotides, 5'-
CTCGAATTCTTATAACTGCAGAGCTCCAATCTG-3' complementary
to the 3’ terminus of the GRX ¢DNA and inserting an EcoRI site, were
used. The amplified DNA fragment was digested with BamHI and
EcoRI and then cloned into the pCMV-tag2B expression vector (Strat-
agene). GRX ¢cDNA accompanied at the 5'-end with the FLAG sequence
(5'FLAG-GRX) was digested with Notl and EcoRV and then cloned into
NotI/EcoRV-cut pTRE2-Hyg (BD Biosciences Clontech) and termed
pTRE2Hyg-GRX. 5'FLAG-GRX was also digested with EcoRI and Xhol
and then cloned into EcoRI-Xhol-cut pGEX-6p-1 (Amersham Bio-
sciences) and termed pGEX-GRX. The nucleotide sequences were con-
firmed by sequencing with an ALFexpress II system (Amersham
Biosciences).

Site-directed Mutagenesis—The QuikChange XL site-directed mu-
tagenesis kit (Stratagene) was used to make point mutations of cAkt
¢DNA. The following are the various primers, which were used for
converting two cysteine residues (Cys-297 and Cys-311) to serine in
cAkt cDNA to create mutants: sense primer oligonucleotide (5'-GACT-
TCGGGCTGTCCAAGGAGGGGATC-3") and antisense primer oligonu-
cleotide (5'-GATCCCCTCCTTGGACAGCCCGAAGTC-3') for C297S;
sense primer oligonucleotide (5'-GGGGCCAGGTACTCCGGCGTTCC-
GGAGAATGTCTTCATAGTGGC-3') and antisense primer oligonucleo-
tide (5'-GCCACTATGAAGACATTCTCCGGAACGCCGGAGTACCTG-
GCCCC-3") for C311S. A double mutant (C2975/C3118) was
constructed using the cAkt-C297S single mutant as a DNA template
and primers for C3118. These experiments were performed according to
the manufacturer’s protocol. The nucleotide sequences were confirmed
by sequencing with an ALFexpress I system.

Gene Transfection and Selection of Celis—Gene transfection was
performed using LipofectAMINE Plus reagent (Invitrogen) according to
the manufacturer’s protocol. A Tet-On gene expression system (BD
Biosciences Clontech) was used to establish the cell line overexpressing
GRX. First, H9¢2 cells were transfected with the pTet-on regulation
vector. Stable transfectants were screened by culturing with 500 pg/ml
G418. The cloned G418-resistant cells were then transfected with
pTRE2hyg or pTRE2Hyg-GRX using the same procedure as for pTet-on.
Stable transfectants were screened with 100 pg/ml hygromyein B. The
cloned G418-resistant and hygromycin B-resistant cells were screened
for expression of GRX. After screening, cells were cultured in Dulbecco’s
modified Eagle’s medium with 10% fetal calf serum containing 75 ug/ml
G418 and 75 pg/ml hygromycin B.

Thioltransferase Activity Assay—Thioltransferase activity was as-
sayed as described previously (5). In brief, cell lysate or purified mouse
GRX was mixed with a reaction buffer consisting of 137 mm Tris-HCl
buffer (pH 8.0}, 0.5 mM GSH, 1.2 units of GSSG reductase, 2.5 mm
Cys-50,, 0.35 mm NADPH, and 1.5 mm EDTA (pH 8.0). The reaction
proceeded at 30 °C, and thioltransferase activity was measured spec-
trophotometrically at 340 nm. The net enzymatic reaction rate was
obtained by subtraction of the non-enzymatic reaction rate from the
total rate.

Apoptosis Assay—Apoptosis was detected by flow cytometry with the
terminal deoxynucleotidyltransferase-mediated dUTP nick end label-
ing (TUNEL) method using an ApopTag Plus fluorescein in situ apo-
ptosis detection kit (Intergen) as described previously (16).

Immunoblot Analysis—Cultured cells were harvested and lysed for
20 min at 4 °C in lysis buffer as described previously (16). The super-
natants obtained by centrifugation of the lysates at 8000 X g for 15 min
were used in subsequent experiments. Protein concentrations were
determined using a BCA assay kit (Pierce). Protein samples were elec-
tropheresed on 10, 12.5, or 15% SDS-polyacrylamide gels under reduc-
ing conditions with the exception of thiol-modified protein samples. The
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proteins in the gels were transferred onto a nitrocellulese membrane.
The membranes were blocked in Tris-buffered saline (10 mM Tris-HCl
(pH 7.5) and 0.15 M NaCl; TBS) containing 0.05% (v/v} Tween 20 (TBST)
and 5% (w/v) nonfat dry milk and then reacted with primary antibodies
in TBST containing 3% {w/v) bovine serum albumin overnight with
constant agitation at 4 °C. After several washes with TBST, the mem-
branes were incubated with horseradish peroxidaseconjugated anti-
IgG antibodies. Proteins in the membranes were then visualized using
the enhanced chemiluminescence (ECL) detection kit (Amersham Bio-
sciences) according to the manufacturer’s instructions.

Akt Activity Assay—Akt activity was assayed using an Akt assay kit
{Cell Signaling Technology) according to the manufacturer’s protocel
with GSK3a/8 fusion protein (GSK3a/B) as a substrate. Phosphoryla-
tion of GSK3o/3 was assessed by immunoblot analysis using specific
antibedy.

Protein Phosphatase Assay—PP2A activity was assayed spectropho-
tometrically using the Ser/Thr phosphatase assay kit 1 (Upstate Bio-
technology) according to the manufacturer’s protocol. The phosphopep-
tide REKpTIRR (where pT is phosphothreonine) and p-nitrophenyl
phosphate were used as phesphatase substrates.

Cell Viability Assay—The viability of cultured cells was evaluated
using MTT as described previously (22). The cells (5x10%) were placed
in 100 ul of medium/well in 96-well plates and cultured overnight. After
treatment with or without H,0, for a period of time, 10 pl of 0.5% MTT
solution was added, and the cells were incubated for 4 h. The reaction
was stopped by adding 100 ul of lysis buffer (20% SDS, 50% N,N-
dimethylformamide (pH 4.7)), and then cell viability was evaluated by
measuring the gbsorbance at 570 nm using a microplate reader.

Lactate Dehydrogenase (LDH) Release Assay—The activity of LDH
released into the medium was measured with an MTX-LDH kit
(Kyokute Pharmaceutical Industrial Co., Ltd., Tokyo, Japan} according
to the manufacturer’s instructions. The activity of the cytoplasmic
enzyme released was shown as a percentage of LDH activity in the
medium over the total enzyme activity. Total enzyme activity was
determined by measuring the LDH activity in the lysate of cells treated
with 0.2% Tween 20, which caused complete cel] death.

Determination of Redox States—The redox states of proteins were
assessed by modifying free thiol with AMS (23). Briefly, after incubation
with or without H,O,, cell lysates or proteins were treated with trichlo-
roacetic acid at a final concentration of 7.5% to denature and precipitate
the proteins as well as to aveid any subsequent redox reactions. The
protein precipitates were collected by centrifugation at 12,000 X g for
10 min at 4 °C, washed with acetone twice, and dissolved in a buffer
containing 50 mM Tris-HCl (pH 7.4}, 1% SDS, and 15 mM AMS. Proteins
were then separated by 10% SDS-PAGE without using any reducing
agents and blotted to a nitrocellulose membrane. Proteins in the mem-
branes were then visualized by immunoblotting as described above.

Protein Purification—FLAG-tagged mouse GRX was purified with a
GST gene fusion system (Amersham Biosciences) according to the man-
ufacturer’s protocol. In brief, competent E. coli strain BL-21(DE3) cells
were transformed with pGEX-GRX, and expression was induced by
adding 1 mM isopropyl-1-thic-g-p-galactepyranoside for 3 h at 37 °C.
GST-fused GRX (GST-GRX) was affinity purified from cell lysates using
glutathione-Sepharose 4B, and digested with PreScission protease. The
cleaved GST was removed with glutathione-Sepharose 4B.

Peroxide Quantification—Peroxide was quantified using the PeroX0-
quant quantitative peroxide assay (Pierce) according to the manufac-
turer's instructions. In brief, H,O, was incubated in buffer containing
components of the GSH/GRX system as indicated in Fig.7E at room
temperature for 30 min. After a 1:10 dilution of each sample was made,
10 volumes of working reagent was added to 1 volume of diluted sample
and mixed well. After incubation at room temperature for 15-20 min,
the purple product composed of Fe?*-xylenol orange complex was de-
tected spectrophotometrically at 570 nm.

RESULTS

Establishment and Characterization of H9c2 Cells Overex-
pressing the GRX Gene—To investigate the functional effect of
the overexpression of GRX on the intracellular redox state, we
constructed a FLAG-tagged GRX gene expression vector and
transfected rat cardiac H9¢2 cells with it. The Tet-On gene
expression system was utilized to obtain H9c2 cells stably
overexpressing GRX. After the two-step screening of G418-
resistant and hygromycin B-resistant transfectants, the ex-
pression level of GRX was characterized immunologically, We
obtained three clones (H9¢2-GRX22, H%:2-GRX30, and H9c2-
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Fig. 1. Characterization of H9c2 cells overexpressing the GRX
gene, A, expression of GRX in mock-transfected (Vector) and GRX
gene-transfected H9¢2 cells. The expression levels of proteins were
estimated by immunoblot analysis using specific antibodies as de-
scribed under “Experimental Procedures.” Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used to confirm that equal amounts of
protein were loaded. The data represent three independent experi-
ments. B, thioltransferase activity in mock-transfected {Vector) and
GRX gene-transfected H9c2 cells was measured as described under
“Experimental Procedures.,” The value represents the mean = S.D. of
three independent experiments.

GRX49) that overexpressed GRX without doxyeycline, so-called
leaky expression (Fig. 1A4). Although the anti-mouse GRX an-
tibody was useful in detecting rat brain GRX immunohisto-
chemically (24), the expression of GRX in parental and mock-
transfected H9c2 cells (H9c2-Vector) was immunologically
undetectable. We used no doxycycline to induce further expres-
sion of GRX in any experiments. These clones have more thio-
ltransferase activity than parental and H9c2-Vector cells
(Fig. 1B).

Overexpression of GRX Protects H9c2 Cells from HyOg-in-
duced Apoptosis—A lower concentration (—400 um) of HO,
induces apoptosis or early mitochondrial dysfunction followed
by a loss of plasma membrane integrity in H9¢2 cells (25, 26).
To examine the functional role of overexpressed GRX in pro-
tecting H9¢2 cells against oxidative stress, mock-transfected
and GRX gene-transfected H9¢2 cells were treated with H,0,.
As shown in Fig. 24, the MTT assay revealed that 100 pv H,0,
decreased the viability of H9¢2-Vector cells in a time-depend-
ent manner but not that of GRX gene-transfected cells. In the
LDH release assay, loss of plasma membrane integrity was
observed in H9¢2-Vector cells treated with H,0, but not in
H9:2-GRX49 cells (Fig. 2B). A TUNEL assay was carried out to
clarify whether apoptosis contributed to the cell damage seen
in H9c2-Vector cells treated with HyO,. An increase in fluores-
cence intensity derived from DNA strand breaks was detected
in H9c2-Vector cells treated with H,0O, but not in H9¢2-GRX49
cells (Fig. 2C). H9¢2-GRX22 and H9c2-GRX30 cells showed
results similar to H9¢2-GRX49 cells in the LDH release assay
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Fic. 2. Overexpression of GRX protects H9¢2 cells from H,0,-
induced apoptosis. Cells were treated with 100 pm H;0, for the
period indicated. Cell damage was assessed photometrically by the
MTT assay (A) and LDH release assay (B) as described under “Exper-
imental Procedures.” C, apoptosis was evaluated by the TUNEL method
as described under “Experimental Procedures.” Cells were treated with
(thick lines) or without (thin lines) 100 uM H,0, for 2 h. The values in
A and B represent the mean * 5.D. of three independent experiments.
The data in C represent three independent experiments.

and TUNEL assay (data not shown).

Involvement of Akt Signaling Pathway in the Protective Ef-
feet of GRX aguainst Hy05-induced Apoptosis—The importance
of the Akt signaling pathway in protecting cardiomyocytes from
apoptosis has been reported (27). We investigated the phospho-
rylation of Akt immunologically in the cells treated with 100
pM Hy0,. In H9c2-Vector cells, Akt activity increased to a
maximum 10-30 min after the addition of HyO, and then
returned to basal levels by 60 min. After 120 min of treatment,
Akt underwent degradation. On the other hand, a sustained
phosphorylation of Akt for at least 240 min was observed with-
out degradation in H2c2-GRX49 cells treated with H,0, (Fig. 3,
A and B).

To clarify the significance of the sustained activation of the
Akt signaling pathway in protecting H9¢2 cells from apoptosis
under oxidative stress, H9¢2 cells transfected with myr-Aktl-
pUSEamp{+), which expresses an N-terminal myristoylated
constitutively active Akt (myrAkt), were treated with 100 umM
H,0, for 2 h, and apoptosis was evaluated by TUNEL assay.
Overexpression of myrAkt enhanced intracellular Akt kinase
activity (Fig. 3, C, D, and E). Treatment with 100 pmM H,0,
induced apoptosis in pUSEamp(+) vector-transfected cells
(H9¢c2-Vector2) but not in eells overexpressing myrAkt (H%e2-
myrAkt) (Fig. 3F).
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Fic. 4. H,0 -induced modulation of the redox state of Akt. A,
cells were treated with 100 uM H,0O, for the period indicated. Proteins
from the cells were denatured and modified with AMS as described
under “Experimental Procedures.” Redox states of proteins were as-
sessed based on mobility shifts of these proteins in immunoblet analy-
sis. The positions of reduced (Red} and oxidized {Ox) proteins are in-
dicated. B, effect of mutation of indicated cysteine residues on the
H,0,-induced mobility shift of Akt. Expression vectors for Myc-tagged
wild type (w¢) and indicated mutants of Akt were transiently trans-
fected into H9c2-Vector cells as described under “Experimental Proce-
dures.” After 48 h, cells were treated with 100 um H,0, for 1 h. Redox
states of Myc-tagged Akt were analyzed as in A. The data represent

three independent experiments.

Hy0,-induced Modulation of the Redox State of Akt Is Sup-
pressed in GRX-overexpressing H92 Cells—Recently it has
been reported that the inactive Akt2 develops a redox-sensitive
intramolecular disulfide bond close to its activation loop (20).
To examine the redox states of intracellular proteins including
Akt under oxidative stress, we utilized the AMS alkylation
method. As shown in Fig. 4A, Akt existed in a fully reduced
form in H9c2-Vector cells, and H,0, increased the amount of
oxidized Akt in a time-dependent manner. Akt existed partially
in the oxidized form in H9c2-GRX49 cells without oxidative
stress, but Hy;O, did not induce further oxidation of Akt. Nei-

Fic. 3. Akt signaling pathway in the protective effect of GRX
against H,Op-induced apoptosis. 4, time course of Akt phosphoryl-
ation in H%2-Vector and H3¢2-GRX49 cells under oxidative stress,
Cells were treated with 100 um H,Q, for the period indicated. Phospho-
rylation of Akt was detected by immunoblot analysis using specific
antibodies as described under “Experimental Procedures.” B, the band
intensity was estimated densitometrically, and the phosphorylation
rates are expressed as the relative intensity of phosphorylated Akt to
total Akt {pAkt/Akt). C, pUSEamp{+)} or myr-Akt1l-pUSEamp(+) was
introduced into H9¢2 cells as described under “Experimental Proce-
dures.” After 48 h, cells were harvested, and overexpression of myrAkt
in H9%2-myrAkt cells was detected by immunoblot analysis using
specific antibodies as described under “Expertmental Procedures.” Anti-
Akt antibody detected both myrAkt and endogenous Akt in HS9c2-
myrAkt. D, after 48 h of transfection of pUSEamp(+) or myr-Aktl-
pUSEamp{+) as described above, Akt was immunoprecipitated (IP)
from cell lysates with anti-Akt monoclonal antibody-conjugated and
¢-Mye monoclonal antibody-conjugated agavose beads. Akt activity was
measured by phosphorylation of GSK3a/3 as described under “Experi-
mental Procedures.” E, the band intensity was estimated densitometri-
cally. F, apoptesis was evaluated as in Fig. 2C. After 48 h of transfection
of pUSEamp{+) or myr-Aktl-plJSEamp(+), cells were treated with
(thick lines) or without (¢hin lines) 100 pM HyO, for 2 h. The data in 4,
C, D, and F represent three independent experiments. The values in B
and E represent the mean = S.D. of three independent experiments,
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PP2A activities were measured as described under “Experimental Pro-
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experiments. B, interaction between Akt and PP2A in H9c¢2-Vector and
H9¢2-GRX49 cells treated with H,0,. Cells were treated with 100 pm
H,0, for the period indicated. Akt was immunoprecipitated (IP) from
cell lysates of H9c2-Vector and H9¢2-GRX49 cells with anti-Akt5G32
antibody, and the resulting immunocomplexes were subjected to immu-
noblot analysis using the indicated antibodies. W in the figure indicates
whole cell lysates. The data represent three independent experiments.

ther the PP2Ac nor the PR65 underwent redox regulation by
H,0,. Next we constructed three mutants of the Myc-tagged
Akt expression vector to confirm whether the two redox-sensi-
tive cysteines in the vicinity of the activation loop of Akt Cys-
297 and Cys-311 form a disulfide bond under oxidative stress
(Fig. 4B). H9c2-Vector cells were treated with H,O, after the
transfection of these vectors. Two single mutants of Akt in
which a single cysteine residue was replaced with serine
(C297S or C3118) showed a mobility shift between the reduced
(lane 1} and oxidized (fane 2) forms of wild type Akt under
non-stressful conditions ({ares 5 and 7), Treatment with H 0,
induced no mobility shift in these single mutants (lanes 6 and
8). The double mutant of Akt (C2975/C3118) (lane 3) showed
almost the same mobility shift as the oxidized form of the wild
type Akt (lane 2), and H,0, did not induce a further change in
mobility {lane 4). These results clearly demonstrated that Akt
developed a disulfide bond between Cys-297 and Cys-311 in the
cells under oxidative stress.

H;0,-induced Interaction between Akt and PP2A Is Sup-
pressed in GRX.overexpressing H92 Cells—To elucidate the
mechanism of the dephosphorylation of Akt after transient
phosphorylation by H,Q,, we focused on PP2A. Neither indue-
tion of PP2Ac expression (Fig. 3A) nor activation of PP2Ac (Fig.
5A) was observed in H9¢2-Vector cells treated with Hy0,. Then
we examined the interaction of Akt with PP2A. As shown In
Fig. 5B, immunoprecipitation analysis revealed that interac-
tion between Akt and PP2A was enhanced in H9¢2-Vector cells
after exposure to HyO, for 60 min but not in H9¢2-GRX49 cells.
Akt interacted at the very least with a heterodimer consisting
of PP2Ac and PR65 in H9c2-Vector cells treated with H,0,.

Cadmium Diminished the Protective Effect of GRX on H,0,
induced Apoptosis—Cadmium is an inhibitor of GRX (12).
Treatment with 200 um CdCl, reduced cellular thioltransferase
activity by over 60% in H9¢2-GRX49 cells (Fig. 6A). The LDH
release assay (Fig. 6B) and MTT assay {data not shown) re-
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vealed that treatment with 100 um HyO; in the presence of 200
py CdCl; caused cell damage to H9¢2-GRX49 cells similar to
that seen with 100 uxm H,0, alone in H9¢2-Vector cells (Fig. 2,
A and B). Pretreatment with 200 pM CdCl, did not enhance the
cytotoxic effect of H,O, in H9¢2-Vector cells (compare Fig. 68 to
Fig. 2B). Treatment with H;Q, in the presence of CdCl, in-
duced apoptosis in H9¢2-GRX49 cells, but CdClL, alone did not
(Fig. 6C). Cadmium also blocked the sustained activation of
Akt observed in H9c2-GRX49 cells treated with H;0, alone
(Fig. 6, D and E). Furthermore treatment with H,0, in the
presence of CdCl, induced Akt oxidation in a time-dependent
manner (Fig. 6F) and enhanced interaction between Akt and
PP2A in H9¢2-GRX49 cells (Fig. 6G). These results strongly
support that GRX plays an important role in regulating the
redox state of Akt under oxidative stress in vive.

Redox Regulation of Akt by the GSH/GRX System in
Vitro—To clarify whether the GSH/GRX system directly regu-
lates the redox state of Akt, we examined whether GRX eould
protect Akt from disulfide bond formation under oxidative
stress in vitro. First we purified mouse GRX using the GST
gene fusion system (Fig. TA). Purified GRX expressed thiol-
transferase activity (Fig. 7B). Then we examined the effect of
purified GRX on the redox state of recombinant Akt under
oxidative stress with H,0,. Inactive Akt existed as a fully
oxidized form. On the other hand, active Akt existed as both
reduced and partially oxidized forms (Fig. 7C). After reduction
with 100 mm DTT for 1 h on ice following its removal by gel
filtration, active Akt was incubated with or without 1 mm H,0,
under various conditions (Fig. 7D). HyO, directly oxidized Akt
independent of GSH (lane 2). GRX protected Akt from oxida-
tion in a dose-dependent manner in the presence of the GSH-
regenerating system {(GSH/GSSG and NADPH/GSSG reduc-
tase, lanes 10 and 12-15). Unexpectedly GRX oxidized active
Akt in GSH/GSSG buffer without H,0, (fane 5). Yeast GRX1
and GRX2 possess glutathione peroxidase activity (28). The
TRX/thioredoxin reductase and GSH/GRX systems are efficient
electron donors to human plasma glutathione peroxidase,
which exists where GSH levels are low (29). We also measured
the peroxide scavenging activity of mouse GRX in vitro (Fig.
7E). GRX alone had the ability to reduce peroxide (/ane 9) and
worked more efficiently in the presence of the GSH/GSSG
buffer (lane 10) or GSH-regenerating system (lanes 11-13).
Under the same conditions as in Fig. 7D, lane 15, GRX scav-
enged ~60% of 1 mm H,O,. However, 250 um H,OQ, was enough
to fully oxidize Akt with the GSH-regenerating system (data
not shown), Taken together, mouse GRX regulates the redox
state of Akt in concert with the GSH-regenerating system
independent of its peroxide scavenging activity under oxidative
stress,

Recombinant active Akt was reduced by incubation with
DTT or oxidized by incubation with GRX in the GSH/GSSG
buffer. The activity of the active form of Akt was not influenced
by farther reduction or oxidation (Fig. 8).

DISCUSSION

We have shown that when overexpressed GRX regulated the
redox state of Akt, resulting in the protection of H%2 cells
against apoptosis under oxidative stress, and that the GSH/
GRX system protected Akt from H,0;-induced disulfide bond
formation in vitro. Akt existed predominantly in the reduced
form in the cells not under oxidative stress. Akt developed a
disulfide bond between Cys-297 and Cys-311 following treat-
ment with H,0,, accompanying an increased association with
PP2A. This is one possible mechanism for the transient activa-
tion of Akt following dephosphorylation under oxidative stress.
Overexpression of GRX prevented Akt from developing a disul-
fide bond and associating with PP2A under oxidative stress.
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FiG. 6. Cadmium diminished the protective effect of GRX on H,0,-induced apoptosis. 4, H9¢2-GRX49 cells were treated with the
indicated concentrations of CdCl, for 1 h. Thioltransferase activity was measured as described under “Experimental Procedures.” B, H3¢2-Vector
and H9c2-GRX49 cells were treated with 200 pm CdCl, for 1 h prior to treatment with 100 um H,0,, for the period indicated. Membrane disorder
was estimated by LDH release assay as described under “Experimental Procedures.” C, H2c2-GRX49 cells were treated with 200 um CdCl, for 3 h
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indicated, D, time course of Akt phosphorylation in H9¢2-GRX49 cells. Ser-473-phosphorylated Akt, Thr-309-phosphorylated Akt, total Akt, and
PP2Ac were detected by immunoblot analysis using specific antibodies as deseribed under “Experimental Procedures.” E, the band intensity was
estimated densitometrically, and the phosphorylation rate is expressed as in Fig. 3B. F, Hy0,-induced mobility shift of Akt in H2¢2-GRX49 cells
pretreated with CdCl,. The redox state of Akt was evaluated as in Fig. 4A. G, effect of CdCl, on the interaction between Akt and PP24A in
H9c2-GRX49 cells treated with H,0,. Immunoprecipitation and immunoblotting were performed as in Fig. 58. W, whole cell lysates. The values
in A, B, and E represent the mean * 8.D. of three independent experiments, The data in C, D, F, and G represent three independent experiments.

pAkt, phospho-Akt; IB, immunoblot; IP, immunoprecipitation.

The importance of the redox regulation of protein functions
through the formation of an intramolecular disulfide bond has
been demonstrated from E. coli to mammals, and both GRX
and TRX are involved in this mechanism. In E. ¢oli, the tran-
scription factor OxyR is activated through intramolecular di-
sulfide bond formation and is inactivated by enzymatie reduc-
tion with GRX1. TRX is also capable of reducing OxyR in vitro
(30). OxyR is sensitive to oxidation and activates the expres-
sion of anticxidant genes in response to H,0,, The gene encod-
ing GRX1 is regulated by OxyR (31), thus providing a mecha-
nism for autoregulation. Likewise RsrA, an anti-o factor in
Streptomyces coelicolor, is regulated by redox change, and TRX
reduces oxidized RsrA (32). RsrA-TRX is also suggested to
create feedback homeostasis loops for its own expression. An-
other transcription factor and a molecular chaperone have also
been shown to be activated by intramolecular disulfide bond
formation (33, 34). Yapl, a functional homologue of the bacte-

rial OxyR, regulates hydroperoxide homeostasis in Saccharo-
myces cerevisiae. Although Yapl is activated by oxidation, it is
not directly oxidized. Glutathione peroxidase 3 was identified
as a second component of the pathway, serving as a sensor and
transducer of the hydroperoxide signal sent to Yapl (35). TRX
turns off the pathway by reducing both sensor and regulator
(35, 36). In mammalian HeLa and NIH3T3 cells, the tumor
suppressor PTEN undergoes reversible intrameolecular disul-
fide bond formation and inactivation by Hy,O, (37), which is
also one of the mechanisms of transient activation of Akt fol-
lowing dephosphorylation under oxidative stress. Although the
best candidate for the intracellular reducing agent of oxidized
PTEN was considered to be TRX, the role of the GSH/GRX
system was not fully elucidated.

Transcription of GRX is regulated by an oxidative stress-
induced transcription factor from E. coli to mammals. Recently
the human GRX gene has been reported to be regulated by the
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FiG, 8. Redox state of Akt did not affect its kinase activity in
vitro. A, measurement of kinase activity of reduced or oxidized active
Akt. Recombinant active Akt was incubated with 100 mum DTT on ice for
1 horwith 1 my GSH, 0.05 mM GSSG, and 40 pg of mouse GRX at room
temperature for 30 min to form reduced (Red) or oxidized (Ox) active
Akt, respectively. Akt activity was measured by phosphorylation of
GSK3a/B as described under “Experimental Procedures.” B, the band
intensity was estimated densitometrically, and the Akt kinage activity
is expressed as the relative intensity of phosphorylated GSK3o/B/
immunoprecipitated Akt. The data represent three independent ex-
periments. IP, immunoprecipitation; IB, immuncblot; pGSK3a/B,
phospho-GSK3a/8.

transcription factor AP-1 under oxidative stress in lens epithe-
lial cells {38). GRX protects cerebellar granule neurons from
dopamine-induced cell death by dual activation of the Ras-
phosphatidylinositol 3-kinase-Akt and e-Jun N-terminal ki-
nase pathways (13), indicating the existence of cross-talk be-
tween the two pathways. Furthermore GSK3, a substrate of
Akt, negatively regulates the transcription factor AP-1 (39, 40),
These findings imply the existence of an Akt-GRX autoregula-
tion loop like OxyR-GRX1 or RsrA-TRX.

In the activation loop of the inactive Akt2 kinase domain,

prestained protein marker; lane I, lysates of E. coli BL21 cells trans-
formed with pGEX-GRX before adding isopropyl-1-thio-g-p-galactopy-
ranoside; lane 2, lysates of E, coli BL21 cells transformed with pGEX-
GRX 3 h after adding isopropyl-1-thio--p-galactopyrancside; lane 3,
GST-GRX purified with glutathione-Sepharose 4B and elution with
buffer containing 10 mum reduced glutathione; lare 4, GRX purified by
remaoval of cleaved GST using glutathione-Sepharose 4B following Pre-
Scission digestion. B, thicltransferase activity of purified mouse GRX
was measured as described under “Experimental Procedures.” C, redox
state of recombinant active and inactive Akt. Recombinant active and
inactive Akt were desalted by gel filtration on NAP-5 ¢olumns (Amer-
sham Biosciences) and incubated with 100 mm DTT on ice for 1 h (fane
2) or with 1 mM H,0, for 30 min at room temperature (lare 3). Samples
for lanes 2 and 3 were gel filtrated again, whereas samples for lare 1
were immediately denatured after the first gel filtration. All samples
were modified with AMS and subjected to immunoblot analysis using
the anti-Akt antibody. D, redox state of recombinant active Akt in the
presence or absence of H,O, in buffer containing components of the
GSH/GRX system. Recombinant active Akt was completely reduced by
incubation with 100 mm DTT for 1 h on ice. DTT was then removed by
gel filtration as described above. Reduced Akt (0.5 pg) was incubated
with or without 1 mM H 0, in buffer containing cemponents of the
GSH/GRX system as indicated in the figure at reom temperature for 30
min. GSH/GSSG, 1 mM GSH and 0.05 mM GSSG; NADPH/GSSG reduc-
tase (GR), 1 mM NADPH and 1.2 units of GSSG reductase. The redox
state of Akt was evaluated as described above. E, peroxides in the
reaction buffer used in Fig. 7D were quantified as deseribed under
“Experimental Procedures.” The data in A, C, and D represent three
independent experiments. The values in B and E represent the mean *
S.D. of three independent experiments. Red, reduced; O, oxidized.
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Cys-297 forms a redox-sensitive disulfide bond with Cys-311
(20). Akt belongs to the so-called AGC superfamily of serine/
threonine kinases. The cysteine residues identical to Cys-297
and Cys-311 of Akt are conserved in most members of the AGC
superfamily, such as p70-S6K, serum- and glucocorticoid-in-
ducible kinase, protein kinase C-related kinase 2, and protein
kinase C. Several studies have reported that the AGC super-
family underwent oxidative regulation (41), Although the pre-
cise mechanisms of redox regulation of these kinases have not
been elucidated, disulfide bond formation in the conserved
cysteine residues would provide a possible explanation.

The effect of thiol alkylation on platelet-derived growth fac-
tor-BB-induced cell survival events has been studied (42).
Platelet-derived growth factor-BB-induced Akt phosphoryla-
tion was found to be blocked by N-ethylmaleimide at the level
of Akt, which supports our findings that Akt undergoes redox
regulation. N-Ethylmaleimide alone or in concert with platelet-
derived growth factor-BB increased PP2A activity, which de-
pended on ceramide production following reactive oxygen spe-
cies generation, In our study, no increase of PP2A activity was
observed (Fig. 56A), but interaction between Akt and PP2A
increased coinciding with Akt oxidation and dephosphorylation
(Fig. 6B) in H9c2-Vector cells treated with Hy0,. The redox
state of Akt itself, however, did not affect the Akt activity in
vitro (Fig. B). These results imply the relevance of PP2A in
dephosphorylation of Akt after transient phosphorylation un-
der oxidative stress.

PP2A consists of three subunits (43). The core enzyme is a
dimer, consisting of a catalytic C subunit (PP2Ac) and a scaf-
folding A subunit (PR65). A third regulatory B subunit can be
associated with this core structure, The B subunit constitutes
four different families, which can bind to the AC dimer to form
a wide variety of heterotrimeric complexes. B subunits deter-
mine the substrate specificity, subcellular localization, and cat-
alytic activity of the core enzyme. Although glutathionylation is
one of the mechanisms of regulation of PP2A activity (44),
PP2Ac and PR65 did not undergo redox regulation under oxi-
dative stress (Fig. 54). The regulatory B subunit specific for
Akt, although unidentified, might be redox-regulated and be
another key regulator of Akt dephosphorylation under oxida-
tive stress.

In summary, GRX plays an important role in protecting cells
from H,0,-induced apoptosis by regulating the redox state of
Akt through the GSH-regenerating system. The identification
of other redox-sensitive proteins regulated by GRX is crucial for
understanding further the antiapoptotic functions of GRX.
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Cell survival signaling of the Akt/protein kinase B
pathway was influenced by a change in the cytoplasmic
free calcium concentration ([CaZ*],) for over 2 h via the
regulation of a Ser/Thr phosphatase, protein phospha-
tase 2Ac (PP2Ac), in rat myocardiac H9¢2 cells. Akt was
down-regulated when [Ca®*], was elevated by thapsigar-
gin, an inhibitor of the endeplasmic reticulum Ca®*.
ATPase, but was up-regulated when it was suppressed
by 1,2-bis(e-aminophenoxylethane-N,N.N',N'-tetraacetic
acid tetra(acetoxymethyl}ester (BAPTA-AM), a cell per-
meable Ca®* chelator. The inactivation of Akt was well
correlated with the susceptibility to oxidant-induced
apoptosis in H9¢2 cells. To investigate the mechanism of
the Ca?*-dependent regulation of Akt via the regulation
of PP2A, we examined the transcriptional regulation of
PP2Aca in H9c2 cells with Ca%?* modulators. Transcrip-
tion of the PP2Aca gene was increased by thapsigargin
but deereased by BAPTA-AM. The promoter activity was
examined and the cAMP response element (CRE) was
found responsible for the Ca®**-dependent regulation of
PP2Aca. Furthermore, phosphorylation of CRE-binding
protein increased with thapsigargin but decreased with
BAPTA-AM. A long term change of [Ca?*], regulates
PP2Aca gene transcription via CRE, resulting in a
change in the activation status of Akt leading to an
altered susceptibility to apoptosis.

Calcium (Ca®*) plays a signaling role in many important
cellular functions, such as fertilization, embryonie pattern for-
mation, differentiation, proliferation, contraction, secretion,
and metabolism (1). The versatility of the Ca®*-signaling
mechanism in terms of speed, amplitude and spatio-temporal
patterning enables elevations of Ca®" to regulate many pro-
cesses of cell activity. Ca2” exhibits cross-talk between a vari-
ety of signaling pathways {(1). Ca®* affects the protein kinase A
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pathway by regulating the metabolism of cAMP. It also acti-
vates nitric-oxide (NO) synthase to generate NO, which in turn
activates the cGMP pathway through the activation of guanyliyl
cyclase. The Ras/mitogen-activated protein kinase (MAPK)!
and Ca?*/calmodulin/ealmodulin kinase (CaMK) pathways are
also controlled by Ca®* (1, 2).

On the other hand, a cellular Ca®* overload or the pertur-
bation of intracellular Ca?* compartmentalization can cause
cytotoxicity and trigger apoptosis or necrosis (3, 4). Under such
circumstances, various Ca®*-dependent signaling cascades
with kinases and phosphatases directly or indirectly influence
cellular signaling. Protein kinase C family has been proposed
to play an important role in the Ca®*-mediated signaling of
apoptosis (5). Calcineurin/PP2B, a Ca®*-dependent Ser/Thr
phosphatase (6}, also appears to be involved in apoptosis (7).
Together, these findings show that Ca®* has a pivotal role in
the regulatory mechanism of signaling pathways in cell sur-
vival and death, although the precise mechanism of Ca®*-de-
pendent cross-talk has not been fully clarified.

Akt/protein kinase B is a pleckstrin homelogy domain-con-
taining Ser/Thr kinase (8, 9, 10}, Akt is presently recognized as
a cell survival or an antiapoptotic cellular signaling mediator.
Akt is activated through a growth factor receptor-mediated
activation of the phosphatidylinositol 3-kinase (PI3K) pathway
{10}. With growth factor signals, Akt is recruited to the plasma
membrane and is activated through phosphorylation at Ser-
473 and Thr-308 by phosphatidylinesitol 3-phosphate-depend-
ent protein kinase-1 (PDK1) or integrin-linked kinase (9, 10).
Akt can phosphorylate Bad, caspase-9, and forkhead-related
transcription factors, leading to their inactivation and to en-
hanced cell survival (8, 9, 10). Inhibitor of nuclear factor «B
(IxB} kinase is also phosphorylated by Akt leading to an up-
regulation of its activity and resulting in a promotion of the
nuclear factor kB (NFxB)-mediated inhibition of apoptosis (8,
11, 12)

Akt has been found to be involved in cell death following the
withdrawal of extracellular signaling factors, oxidative and
osmotic stress, irradiation, treatment with drugs and ischemie
stress (10), However, in spite that a variety of cellular stressors
influence cells through Ca®* signaling, the number of studies

! The abbreviations used are; MAPK, mitogen-activated protein ki-
nase; BAPTA-AM, 1,2-bis (o-aminophenoxy) ethane-NNN'N'-tet-
raacetic acid tetra (acetoxymethyl) ester; CRE, cAMP response element;
CREB, CRE-binding protein; ER, endoplasmic reticulum; FITC, fluo-
rescein isothiocyanate; PBS, phosphate-buffered saline; PISK, phos-
phatidylinositol 3-kinase; LDH, lactate dehydrogenase; CaMK, ealmod-
ulin kinase; TUNEL, terminal deoxynucleotidyltransferase-mediated
dUTP nick end-labeling; EMSA, electrophoretic mobility shift assay.
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on Akt signaling and Ca®* is limited. As for Akt, Ca®*-depend-
ent activation was reported in several studies (13, 14). On the
other hand, there was a report that the activation of Akt is
independent of Ca®* (15). In contrast, we found that Akt was
suppressed by an elevation of [Ca®"]; in myocardiac HGe2 cells
overexpressing the calreticulin gene (16). In the cells overex-
pressing calreticulin, protein phosphatase 2A (PP2A) was up-
regulated by Ca?* to decrease the phosphorylation level of Akt,
and the Inactivated status of Akt was well correlated with the
susceptibility to apoptosis in H9c¢2 cells under conditions for
differentiation induced by retinoic acid. Collectively, these re-
sults suggest that the CaZ*-dependent regulatory mechanism
of Akt signaling may be important to a variety of apeptotic
signaling mechanisms, although how has not been fully
clarified.

In the present study, to investigate the mechanism of the
Ca®*-dependent regulation of Akt signaling, we examined the
influence of a change of {Ca®*), on susceptibility to oxidative
stress-induced cell injury and on the Akt signaling pathway in
myocardiac H9¢2 cells. We show that the Ca®*-dependent reg-
ulation of PP2Ace gene transcription is controlled through the
cAMP responsive element (CRE}, resulting in a change in the
activation status of Akt leading to an altered susceptibility to
apoptosis.

MATERIALS AND METHODS

Antibodies and Reagents—Antibodies against Akt, phospho-Akt
(Ser-473), and phospho-Akt (Thr-308), CRE-binding protein (CREB),
and phospho-CREB (Ser-133) were purchased from Cell Signaling Tech-
nology (Beverly, MA). The antibody against Spl was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). The reagents used in the
study were all of high grade and from Sigma or Wako Pure Chemicals
(Osaka, Japan).

Cell Culture—H9¢c2 cells from embryonic rat heart {16, 17) were
obtained from American Type Culture Collection (CRL-1446), H9¢2
cells were cultured in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum in a humidified atmosphere of 95%
air and 5% CO, at 37 °C. Before reaching confluence, the cells were
split, and plated at low density in culture medium containing 10% fetal
bovine serum.

Measurement of Cytoplasmic Free Ca®*—The cytoplasmic free Ca?*
concentration, {Ca**);, was measured using Fura-2-AM essentially as
described previcusly {(16). Briefly, cultured cells on glass coverslips were
loaded with 5 uM Fura-2-AM (Dojindo, Kumamoto, Japan) for 20 min in
Earle's balanced salt solution (EBSS) in the presence of 0.01% pluronic
acid F-127. After four washes with EBSS, the cover glass was positioned
in a quartz euvette containing 3.5 ml of fresh EBSS at a 45° angle to
both excitation and emission light paths. The fura-2 fluorescence was
determined at 37 °C using & spectrofluorophotometer operating at an
emission wavelength of 505 nm with an excitation wavelength of 340
and 380 nm. The maximal signal (B_,,) was obtained by adding iono-
myein at a final concentration of 4 pM. Then the minimal signal (R, ;)
was obtained by adding EGTA at a final concentration of 7.5 mm,
followed by Tris-free base to a final concentration of 30 mMm, to increase
the pH to 8.3. R is the ratio (F1/F2) of the fluorescence of Ex 340 nm, Em
505 nm (F1) to that of Ex 380 nm, Em 505 nm (F2). The actual Ca®*
concentration was caleulated as K, X (R — R, AR, — B) with the K,
equal to 224 nm (18).

Lactate Dehydrogenase (LDH) Release Assay—After 4 h of treatment
with 5 uM thapsigargin or 10 M BAPTA-AM or not, cells were incu-
bated with 75 puM hydrogen peroxide (H,0,) for 0-120 min. The LDH
activity was assayed by using a MTX LDH kit (Kyokuto Seiyaku, Tokyo,
Japan) according to the manufacturer’s instructions. Briefly, 50 pl of
supernatant was transferred to a 96-well plate, then 50 ul of coloring
reagent was added and incubated for 45 min at room temperature. After
100 pl of stop solution was added, absorbance was measured at 560 nm
with a microplate reader. The LDH release was shown as a rate of LDH
released in the medium to total cellular LDH.

TUNEL Assey—Apoptosis was detected flow eytometrically by the
terminal deoxynucleotidyltransferase-mediated dUTP nick-end label-
ing (TUNEL) method (19) using an ApopTag Plus Fluorescein in situ
Apoptosis Detection kit (Serologicals, Norcross, GA). Briefly, cells were
harvested and fixed in 70% ethanol, treated with terminal deoxynucle-
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otidyl transferase for 1 h, and then with fluorescein isothiccyanate
(FITC)-conjugated antidigoxigenin for 1 h at room temperature, and
washed with phosphate-buffered saline (pH 7.0} (PBS) containing 0.1%
Triton X-100. The fluorescence intensity was measured at 530 nm using
a flow cytometer (BD Biosciences, San Jose, CA).

Northern Blot Analysis—The full-length rat PPla catalytic subunit
and PP2A catalytic @ ¢cDNAs were generously provided by Dr. Kunimi
Kikuchi (Hokkaido University, Japan) (20, 21). A PstI-Smal fragment
of 600 bp and EcoRI-Pvull fragment of 680 bp were prepared from the
c¢DNAs of PPlac and PP2Ace, respectively, and used as ¢cDNA probes.
The probes were labeled with *?P using a Random Primer Labeling kit
(Takara Biomedicals, Shiga, Japan). The isolation of cytoplasmic RNA
and Northern blotting were essentially performed as described before
{16). Isolated RNAs (10 ug) were electrophoresed on a 1% agarose gel
containing 0.6 M formaldehyde, transferred to a nylon membrane, and
then hybridized with **P-labeled probes. Autoradiographed membranes
were analyzed using a BAS5000 bicimage analyzer (Fuji Photo Film).

Immunoblot Analysis—Cultured cells were harvested and lysed for
20 min at 4 °C in lysis buffer (20 ;M Tris-HCL, pH 7.5, 130 mM NaCl, 1%
Nonidet P-40, and 10% glycerol including protease inhibitors (20 uM
amidinophenylmethanesulfonyl fluoride, 50 uM pepstatin, and 50 um
leupeptin)). The supernatants obtained on centrifugation at 8,000 X g
for 10 min were used in subsequent experiments. Protein samples were
subjected to 10% SDS-PAGE under reducing conditions and then trans-
ferred to nitrocellulose membrane as deseribed (22). The membrane was
blocked with 5% skim milk or 3% bovine serum albumin in Tris-
buffered saline (pH 7.5) containing 0.05% Tween 20. The blots were
coupled with the peroxidase-conjugated secondary antibodies, washed,
and then developed using the ECL chemiluminescence delection kit
{Amersham Biosciences) according to the manufacturer’s instructions.

Akt Activity Assay—Akt acitivity was assayed using an Akt assay kit
(Cell Signaling Technology) according to the manufacturer’s protocol.
Briefly, Akt was immunoprecipitated from cell lysates using the anti-
Akt antibody, and then the immunoprecipitates were incubated at
30 °C for 30 min in an assay mixture containing an Akt substrate,
GSK-3a/3 fusion protein. Phosphorylated proteins were separated by
12.5% SDS-PAGE and then transferred to nitrocellulose membrane to
detect phosphorylated GSK-3&/8 using an anti-phosphorylated GSK-
3o/ (Ser-21/9) antibody.

Protein Phosphatase Assay—Protein Ser/Thr phosphatase activity
was assayed photometrically using Ser/Thr phosphatase assay kit 1
(Upstate Biotechnology, Lake Placid, NY), according to the manufac-
turer's directions. The activity was assayed in the presence or absence
of 10 nM ckadaic acid, and the okadaic acid-sensitive activity was
estimated as PP2A-specific activity. The phesphopeptide (RK(pT)IRR)
was used as a phosphatase substrate. Protein concentrations were
determined using a BCA assay kit (Pierce).

Generation of Luciferase Reporter Constructs—A ~1.6-kb fragment of
rat PP2Aca gene promoter (~1350 to +258) (23) was amplified with rat
genome by PCR using Pfu turbo DNA polymerase (Stratagene), The
primers used are as follows; a forward primer (5'-GATCTCAGGTACTT-
TCTTCCGGAACACTAG-3") and a reverse primer (53"-GTCCAGCTCCT-
TGGTGAACAACTTC-3"). The PCR product was subcloned into pUC18
to obtain pUC18-pro-PP2Ac. The nucleotide sequence was confirmed by
sequencing with an ALFexpress Il system (Amersham Biosciences).
pUC18-pro-PP2Ae was digested with HindIII, and the resulting frag-
ment containing the promoter region from —1209 to +258 was inserted
into the HindlIII site of the reporter vector pGL3-Basic (Stratagene) to
give pGL3-pro-PP2Ac. To generate deleted mutants of the luciferase
reporter construct, pGL3-pro-PP2Ac was digested with Sacl and Xhol,
and deletion mutants were made using a deletion kit for kilo sequenece
(Takara Biomedicals).

Site-directed Mutagenesis for Luciferase Vectors—In vitro muta-
genesis was performed with pGL3-pro-PP2Ac-del (—279 to +258) and
del (—145 to +258) as templates by using a QuikChange site-directed
mutagenesis kit (Stratagene). Oligonucleotides used are as follows: GC
box (- 155), 5-CCCTCCCCGCGGGAGGACCACAACCCAAAAGCGAA-
GCCACTTCC-3'; CRE (~286), 5'-CCTGACGCCGGCGTGTGGTCACCA-
CGCCGGGCGGCCGCCATTAC-3". The nucleotide sequences were
confirmed by sequencing with an ALFexpress IT system (Amersham
Biosciences).

Luciferase Activity Assay—Each vector was transfected into H9¢2
cells by using Lipofectamine2000 (Envitrogen} according to the manu-
facturer’s instructions. After 24 h of transfection, cells were treated
with thapsigargin (5 puM) or BAPTA-AM (10 uM}, or left untreated for
the periods indicated in the text, Then luciferase activity was assayed
with cellular extracts by using a dual-luciferase reporter assay system
(Promega).
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