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EBAG9 could be a therapeutic target for various tumors constitutively expressing the molecule.

In summary, we demonstrate that EBAGY is a tumor-promoting factor in both murine
Renca RCC and human RCC. We propose that EBAG? immunoreactivity is a new potential
biomarker for prognosis of RCC and a treatment modality targeting EBAGY will provide a
novel therapeutic option for advanced RCC.
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FIGURE LEGENDS

Fig. 1. Expression of EBAGY siRNA suppresses tumor growth derived from murine renal cell
carcinoma Renca cells in BALB/c mice. Subcutaneous primary Renca tumors were established
by midflank injections of 10,000 tumor cells and intratumoral injections of either control
scrambled siRNA or EBAGY siRNA duplexes together with a transfection reagent GeneSilencer
were performed twice a week in five mice per group when the initial tumor volumes reached
300 mm®, Mice were sacrificed after 4-weeks siRNA administration and tumors were
homogenized for protein extraction. A, Western blot analysis of lysates from in vitro culture
Renca cells and tumor samples expressing either control scrambled siRNA or EBAGY siRNA. B,
Representative mice after 4-weeks siRNA treatment. Upper panel, mouse treated with control
scrambled siRNA; Lower panel, mouse treated with EBAGY siRNA. C, Tumor volume in
EBAG9 siRNA-treated mice (n = 5) is reduced compared with control mice (n = 5). "P<0.05 at
4 weeks (EBAGY siRNA versus scrambled siRNA).

Fig. 2. Overexpression of EBAGY in Renca cells does not accerelate culture cell growth. A, RT-
PCR analysis and Western blot analysis of Renca cells stably expressing human EBAGY9
(Renca-EBAGY9) or empty vector (Renca-vector). Upper panel, human EBAG9 mRNA is
expressed in clones 3 and 4 of Renca-EBAGY cells. Empty pcDNA3 vector was used as a
negative control and pcDNA3J including EBAG9 ¢DNA as a positive control. Lower panel,
EBAG?9 protein is overexpressed in Renca-EBAGY clones compared with Renca-vector clones
or parental Renca cells. B, Doubling time of culture Renca cells. The numbers of cells in the
exponential growth were counted every two days and doubling time was calculated according to
a formula as described in Materials and Methods (n = 5 for each). C, Proliferative assay using
WST-8 tetrasolium salt. Cells seeded into 96-well plates were transfected with control
scrambled siRNA or EBAGY siRNA duplexes (100 ng/well) and cell proliferation was evaluated
on days 0, 2, and 4 (n = 3 for each). Absorbance at 450 nm (for formazan dye) was measured
with absorbance at 620 nm for reference.

Fig. 3. Renca cells stably expressing EBAGY develops large tumors in BALB/c mice. A,
Representative mice 4 weeks after the inoculation of tumor cells. B, Volumes of tumors derived
from Renca-EBAG?Y cells are significantly larger compared with Renca-vector cells in BALB/c
mice. Subcutaneous primary tumors were established by midflank injections of 10,000 tumor
cells. P < 0.01 at 4 weeks {(Renca-EBAG9 versus Renca-vector). Renca-vector #1, n = 16;
Renca-vector #2, n = 6; Renca-EBAGY #3, n = 6; Renca-EBAGY #4, n = 8. C, Poorer prognosis
of mice inoculated with Renca-EBAG?Y cells compared with mice with Renca-vector cells.
Disease-specific survival on day 100: P =0.0412 (Renca-EBAG9 versus Renca-vector)., Renca-
vector #1, n =9; Renca-vector #2, n = 8; Renca-EBAGY #3, n = 8; Renca-EBAG9 #4, n = 10.

Fig. 4. EBAG9 overexpression promotes renal subcapsular tumor growth by Renca cells in
wild-type BALB/c mice. A, Representative tumors 25 days after the inoculation of tumor cells
(10,000 cells). B, Volumes of Renca-EBAGO tumors are larger than Renca-vector tumors in
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BALB/c mice, whereas no significant difference of tumor volumes between Renca-vector and
Renca-EBAGY in BALB/c nude mice. "P < 0.0001 on day 25 (Renca-EBAGY versus Renca-
vector). Renca-vector #1, n = 12; Renca-vector #2, n = 11; Renca-EBAG9 #3, n = 9; Renca-
EBAGY #4, n = 9. C, Lysis of Renca-EBAGY and Renca-vector cells by tumor-specific
cytotoxic T lymphocytes (CTLs). Splenocytes from Renca-bearing mice were cultured with
Renca cells at a ratio of 20:1 pulsed with interleuikin-2 (1,000 U/ml) for 5 days. Lactate
dehydrogenase release from cells with a damaged membrane was examined using CytoTox-
ONE Reagent and fluorescence was measured with an excitation wave length of 560 nm and an
emission wave length of 590 nm. D, Numbers of tumor infiltrating-lymphocytes positive for
CD3, CD4, or CD8 immunostaining were microscopically examined in the high power field
(HPF) of view at a magnification of 400X. BALB/c mouse spleen specimen was used as a
positive control. P < 0.05 (Renca-EBAG9 versus Renca-vector).

Fig. 5. EBAGY9 immunostaining in human kidney and renal cell carcinoma specimens. A,
Normal kidney (IR score 0). EBAGY is weakly expressed in the mesangial cells (arrow heads).
B, Clear cell carcinoma (IR score 1+). EBAG9 is immunostained predominantly on the cell
membrane in carcinous regions. C, Spindle cell carcinoma (IR score 3+). Intense
immunostaining of EBAG9 is observed in the cytoplasm of sarcomatoid carcinous regions. D,
Lung metastatic tumors (IR score 3+). Intense immunoreactivity of EBAGY is observed in
metastatic tumors with high IR scores. Bars represent 50 {m.

Fig. 6. Association of immunocytochemical staining for EBAG9 with disease-specific survival
of 78 RCC patients. Five-year disease-specific survival of the patients with high EBAG9

immunoreactivity (IR score 3+, n = 19) was significantly worse than the patients with IR scores
0-2+ (n = 59) (55% versus 91%, P =0.0007, by log-rank test).
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Supplementary Table 1 Association between EBAGY9 immunoreactivity and

clinicopathological parameters in human RCC patients

EBAGY immunoreactivity

Variable - — P Value?
Negative Positive

Patients 78 10 68

Lymph node status >0.9999
Positive 6 0 6
Negative 72 10 62

Metastatic status 0.5857
Positive 7 0 7
Negative 71 10 61

Age 575+8.1° 541117 0.3849

Sex 0.3735
Male 64 7 57
Female 14 3 11

Infiltration 0.3263
o 43 7 36
B,y 35 3 32

Grade 0.0606
1 24 6 18
2,3 54 4 50

Histological type 0.0126°
Clear cell 51 10 41
Others 27 0 27

Vascular infiltration 0.0109"
Positive 29 0 ' 29
Negative 49 10 39

Pathological stage 0.0017"
Tl 43 10 33
2T2 35 0 35

*Evaluated by the student-t test/ Fisher's exact probability test.
"Defined positive if >5% of cells were stained.
‘Mean * standard deviation.

‘P<0.05.
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Supplementary Table 2 Correlation between 5-year cancer-specific survival and

clinicopathological parameters in RCC patients

Variable n  Survival (%) P Value®

Patients 78

Age 0.5828
<60 49 85.5
=60 29 774

Grade 0.0254°
1 24 95.7
2,3 54 76.8

Histological type 0.0205"
Clear cell 51 89.8
Others 27 70.4

EBAG9 immunoreactivity 0.0007"
Low (0, 1+ & 2+4) 59 91.2
High (34+) 19 55

Vascular infiltration 0.0003"
Positive 29 624
Negative 49 93.9

Lymph node status 0.0002
Positive 6 333
Negative 72 86.9

Infiltration < 0.0001°
o 41 97.5
B, Y 37 65.5

Pathological stage <0.0001°
Tl 43 97.6
>T2 35 63.6

Metastatic status <0.0001°
Positive 7 0
Negative 71 91.2

"Determined by the log-rank test.

P <0.05.
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Supplementary Table 3 Multivariate anlalysis of prognostic factors in Cox regression

hazard model

Variable Relative risk % %. confidence P value

interval

Grade (2,3/1) 1.081 0.099-11.835 0.9490
Vascular infilatration (positive/ negative) 0.938 0.213-4.139 0.9326
Pathological stage (2T2/ T1) 8.702 0.973 - 77.831 0.5290
Lymph node status {positive/ negative) 0.385 0.087 - 1.700 0.2077
Infiltration (§, ¥/ o) 4342 0.485 - 38.883 0.1892
Histological type (others/ clear cell) 3.874 0.817- 18.365 0.0880
EBAGS immunoreativity (3+/ 0,1+, and 2+) 5.092 1.010 - 25.662 0.0485"
Metastatic status (positive/ negative) 42.534 7.138 - 253.469 <0.001°
P<0.05
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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

he 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 thar 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 commeon features of RING
finger function have not been fully elucidared. 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 6.2 The RING finger motif can be defined asa
unique linear series of conserved cysteine and histidine residues:
Cys-Xp-Cys-X|1.16-Cys-X-His-X;3-Cys -X5-Cys-X7.74-Cys-Xo-Cys
(RING-CH or C3HCy type), where X can be any amine 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
recombination-activating gene 1 Erotein (RAG1), human MAT1
(for menage a trois-1 protein)® and human Cb! (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 zinc ions in a similar manner as the elassical zinc finger
motif. Particularly, the RING finger is composed of a unique
‘cross-brace’ arrangement with two zinc jons and folds into a com-
pact domain comprising a small central B sheet and an o 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 scructure of RING finger
domain, The metal-ligand residues, either cysteine (C) or hiscidine (H),
are shown as numbered spheres, The numbers next to theloops connect-
ing the meral-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 their 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 Shiro Tuchi and Natalie Kuldell.

©2004 Landes Bioscience/Eurekah.com.
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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
archirecture often corresponds 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. Members of TRAF family have been shown to be involved
in TNF-related cytokine signal transduction through interactions
berween 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.!""!?

The inhibitors of apoptosis gene family, [AP1, IAP2 and XIAD,
have a RING domain ar their C termini and BIR (baculovirus
IAT 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 activicy and
are thought to be responsible for self-degradation when an
apoprotic signal is transduced.'® In addition, the anti-apoptotic
acrivity of the protein is lost when the RING domain is mu-
tated.!’

There are interesting subfamilies uniquely possessing two
RING fingers. Triad1 {for two RING fingers and DRIL1) and
parkin have ewo RING finger domains separated by the double
RING finger linked (DRIL) domain. Triad1 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 gene for familial autosomal
recessive Parkinson’s disease.'”?’ Parkin binds to the E2
ubiquitin-conjugating enzymes through its C-terminal RING fin-
ger and has ubiquitin—prorein ligase activity.”' Parkin ubiquitinates
and promotes the degradation of a putative G protein-coupled
transmembrane polypeptide, Pael (parkin-associated
endothelial-like) receptor, the insoluble form of which is accu-
mulared in the brains of Parkinson’s disease.”? The insoluble parkin
overexpressed in cells causes unfolded protein-induced cell death,
whereas coexpression of Parkin suppresses the accumulation of
Pael 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 disrupr the
ubiquitin-protein ligase function of Parkin and impair Parkin
and CDCrel-1 degradation.

Fnfingery
1P, IAPL, XIAP m

Ariadl, Parkin

Ffp. GRA Ko, MIDL MEDZ, TRIMLE

TRIMD, VRIMY, TROMAY

NG "ol
[ose HonHeHemeotH
(e HoHeEHom o]

TiF e TS, TPy

TRIME PML

Figure 2. Structures of the RING finger protcin family. Represenrative
RING finger proteins with frequently associated domains are presented.

Zinc Finger Proteins

Function of RING Finger

It has been shown in catly studies that the RING finger pro-
teins have crucial roles in the growth, differentiation, wanscrip-
tion, signal transduction and oncogenesis.z4 For example, PML
is fused to the retinoic acid receptor @ (RAR@) in acute
promyelocytic leukemia (APL) translocation,®*” BRCALI is
mutated in early-onset breast cancer and ovarian cancer, 2 TIF1a
is a positive cofactor of nuclear hormone receptors™ and TRAF
transduces signals from members of the TNF receptor superfam-
ily to the transcription factor NF-xB.'* Although those studies
appear to show some essendal roles played by the RING finger
domains in the function of these proteins, the general funcrion 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 specific and
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)."
Ubiquitin 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 accumulating evidence that RING finger domains are identi-
fied in E3 complexes and proteins, suggesting the broad use of
these domains for ubiquitination. As mentioned above, RING
finger domain has the conserved cysteine and histidine residues.
The C3HC; tvpe RING finger is found in several E3 proteins
includin§ Cbl,>! BRCAL,* Efp (for estrogen-responsive finger
protein}*® and Mdm2 (for murine double minute 23.3* The
RING-H2 subtype is found in Rbx! (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 accumulat-
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 ryrosine kinase-linked receptors such as
growth factor receptors {for example EGF and PDGF receptors),
cytokine receptors and immuno-receprors (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 receptors, 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 recepror
ubiquitination and degradation.*” Thus, it appears that Cbl fune-
tions as an adaprer to recruir the ubiquitination machinery to
activated tyrosine kinase-linked receptors and stimulates recep-
tor ubiquitination and degradation. This causes enhanced
down-regulation of the receptor from the cell surface and atzenu-
ation of growth facror receptor signaling.

The RING finger protein Mdm2 is identified as an E3
ubiquitin ligase of the tumor-suppressor protein p53 which is a
manscription factor and a potent inhibitor of the cell cycle. Mdm?2
can bind to p53 and promote its ubiquitination and subsequent
degradation by the proteasome.*®? It is also known that Mdm2
can ubigquitinare 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 anothet RING protein maintains the autoubiquination and
degradation of Mdm2 burt 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: B1
[Cys-X3-Cys-X7.10-Cys-X3-Cys-X4.5-Cys-X,-Cys/
His-X3.4-His-X3.5-His] and B2 [Cys-X,4-His/
Cys-X.9-Cys-X;-Cys/His-X-Cys/His-X,-His/Cys) where X can
be any amino acid. Structural analysis revealed thar it consists of
15 or fewer P-strands.*! The coiled coil is a common protein
motif involving a number of at-helices wound around each other
in a highly organized manner and is often used to control oligo-
merization. %2 These RING, one ot two B-boxes and a coiled coil
domain motifs are called RBCC or tripartite motif (TRIM)(Fig,
3).%3 This largest subfamily was first identified in a purative 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 between the RING, B-boxes and the coiled
coil is highly conserved with 38-40 residues berween 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 ameng
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
distincr clusters on chromosomes 11p15 and 6p21-22 (Fig. 4).
TRIM22, SSANTRIM21, TRIM34, TRIM6, TRIMS, TRIM3 and
58-56 are clustered in 11p15. REP/TRIM27, TRIM31, TRIMIO,
TRIM1S, TRIM26, TRIM38, TRIM39, TRIM40 and HZFW1
are clustered in 6p21-22. In particular, 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 LDYE) which is named after the
B30-2 exon within the human class I histocompatibility complex
locus. The SPRY domain, which was originally named from SPla
and the RYanodine Receptor, is composed of around 140 amino
acids containing the latter two conserved maotifs 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-
tained in many of the RBCC/TRIM subfamily including XINF-7,
RPT-1, 55A-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 schemarically shown to

the right.

main name was derived from the three founding members:
NCL-1, HT2A, and LIN-41.7 NCL is involved in tfRNA me-
tabolism. HT2A was identified as an interacting partner of the

wia
M3
My
Mied
13§
Mot

6p21-22

T
L]

4 Comromen
—p—RIME ¢

[ Y
(TRIM2TY
/Llf
11
-
s
/,,/,-”/m
o TR
“‘Q"
Aoy

tipts
“© . . <
=53 ETE z
g it 2 EEEE B g
2 | 1] | £
- P IRy |

Figure 4. Clustered localization of the RBCC/TRIM genes in 6p21-22
and 11pl5. TRIM22, S5A1, TRIM34, TRIMG6, TRIMS, TRIM3 and
SS-56areclustered in 11p15, whereas RFP, TRIM31, TRIM 10, TRIM13,
TRIM26, TRIM38, TRIM39, TRIM40 and HZFW! 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
WD40 domain, suggesting a protein-protein interaction. The
C-terminal PHD fingers and bromodomains are found in TIFla
and KAPL/TIF1P. The PHD domain is a motif characreristically
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 MEKK! (MEK kinase 1) exhibited
E3 ubiquirin ligase acrivity 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 facrors, can bind hi-
stones with acetylated lysines and appears to be involved in chro-
matin remodeling.*> KAPI/TIF1f and TIFla are involved in
transctiptional regulation. Genes belonging to this RBCC/TRIM
family are implicated in a variery 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)52 are mutated in familial Mediterranean fever, X-linked
Opitz/GBBB syndrome and mulibrey nanism, respectively,
whereas PML, RFP (ret finger protein) and TIF 1t acquire onco-
genic activity when fused to RARa, RET or B-raf, respectively.
It has been shown that 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 necessaty 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 REP protein. RFP also directly interacts and colocalizes
with PML in a subset of the PML NBs (nuclear bodies).?* This
interaction 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 thar affect RFP/PML interaction and in APL patients-derived
cells. These results indicate that RFP have an important role in
regulating cellular growth and differendation. 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 motifs. The dimeriza-
tion is a prerequisite for the association of MID and Alphz 4 (a
regulatory subunic of PP2-type phosphatases) and the complex
formation with microtubules which seems important for normal
midline dCVClOment.SG In contrast, it has been shown that the
entire  RBCC/TRIM  domain is required for
hetero-oligomerization or binding nawural ligands. The RBCC
region of KAPI/TIF1B associates with the KRAB
{Kriippel-associated box) transeriptional 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 residuce spacing between the

RING, B-box and coiled coil domains.®® This strongly suggests

Zinc finger Proteins

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 that the position and orientation 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 mortifs, the B-box is only found in RBCC/
TRIM family members suggesting that it is a critical dererminant
of the overall morif and its function.®®

As mentioned above, the latest findings of RING fingers in
E3 ubiquitin ligases imply that the members of this RBCC/TRIM
subfamily are potential candidates for specific regulators/adopt-
ers in ubiquitin-dependent protein degradation. In fact, some
genes belonging o the subfamily has been proven to act as E3
ligase. We nexe 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
isolated as an estrogen-responsive gene by genomic binding-site
cloning using a recombinant estrogen receptor (ER} protc:in.58
The estrogen-responsive element (ERE) to which ER can bind is
found at the 3-untranslated region (UTR} in the Ef 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. £ knock-
out mice have an underdeveloped uterus and estrogen responses
of uterin cells from knockout mice are markedly attenuated, sug-
gesting that Efp is necessary for estrogen-induced cell growth.®!
Moreover, tumor growth of breast cancer MCF?7 cells implanted
in female athymic mice has been demonstrated to be reduced by
treatrnent with antisense Efp oligonucleotide. In contrast,
Efp-overexpressing MCF7 cells in ovariectomized athymic mice
generate tumors in the absence of estrogen.? These results indi-
cate that Efp mediaes estrogen-dependent growth in breast can-
cer cells. We identified 14-3-3Z 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) that targets proteolysis of 14-3-3Z. Specifically, the RING
which preferentially bound to ubiquitin-conjugating enzyme
UbcHBS 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 idendfying 14-3-3X
as a target for proteolysis by Efp, leading to cell proliferation. The
degradation of 14-3-3Z is subsequently followed by dissociation
of the protein from cyclin—-Cdk complexes, leading to cell cycle
progression and tumor growth (Fig, 5).

MIDI, MID2

Opitz GBBB syndrome (OS; Opitz syndrome) is a genetically
and phenorypically complex disorder defined by characteristic
facial anomalies, structural heart defects, as well as anal and geni-
tal anomalies.®*®* A positional cloning approach has revealed a
candidate gene designated M/D1%' which is a 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 recognizes a cell cycle inhibitor 14-3-3Z which keeps
Cyclin B in cytoplasm. Efp modifies 14-3-3Z wich ubiquitin and the
resulting ubiquitinated 14-3-3Z is recruited to 265 protcosome to be
destroyed. Thedissociared cyclin B is now capable of entering the nucleus
where it drives cell cycle.

MID1. 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 a4 protein, a regulatory subunit of protein phos-
phatase 2A (PP2A)*” was isolated by yeast two-hybrid screening
with MIDI as bait. It was demonstrated that the B-box 1 is suf-
ficient for a strong interaction with o4, MID2,% which is highly
similar to MID1, also binds o4, Cellular localizations of MID1
and a4 are coincident with cytoskeletal structures and MID1
with a mutartion at the C terminus that mimics the mutant pro-
tein of some individuals with OS results in the formation of cyto-
plasmic dumps containing both proteins. The identified substrate
for E3 ligase activity of MID1 is a cytosolic PP2A. In contrast,
addition of a proteasome inhibitor to OS-derived fibroblasts ex-
pressing dysfunctional MID does not cause eicher 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 1o a subfamily of proteins containing a
RBCC/TRIM morif. >6% 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 receptor alpha
{RARo} gene located on chromosome 17. The resulting
PML-RARa fusion protein preserves most of the functional do-
mains of both PML and RARq, but it lacks C-terminus of PML
and N-terminus of RARa The fusion protein shows cell type-
and promoter-specific differences from the wild type RARa,, 25256
while it maintains a responsiveness to retinoic acid, Overexpression
of PML-RARa inhibits vitamin D3 and transforming growth
factor B-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 nermal cells, cellular distribution of PML is found to form
a discrere subnuclear compartment (nuclear body, NEB)273 or
PML oncogenic domain.”® Other proteins containing Sp1007
and PLZF (for promyelocytic leukemia zinc finger)”® 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 differentiated into granulocytes. In addition, the NB is
the prefetred 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.”
Murtations in the PML RING finger disrupt the nuclear bodﬂy
formation in vivo*®” and cause a failure of growth suppression, %1
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 sumolylation of
PML has an important role in regulating the formation of NBs.*?

PML has two B-boxes (B1 and B2) adjacent to the RING
domain. Mutations of conserved zinc-chelating residues in Bl
and/or B2 boxes collapsed PML NB formation, whereas they did
not affect PML oligomerization.®* PML B-boxes are also involved
in growth suppression.®® It has been revealed that PML is
sumoylated 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, 57186
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 eytokine 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 that exogenous coexpression of TRIM8/GERP with
SOCS-1 decreased the stability of SOCS-1 protein and TRIM8
restored the IFN-y-mediated transcription which was inhibired
by the expression of SOCS-1.% These results suggest that TRIM8
is the putative E3 ligase for SOCS-1 and inhibirs 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 a SPRY domain. A re-
cent experiment with yeast two-hybrid screening has revealed that
TRIM11 can interact with Humanin®' which is a newly identi-
fied anti-apoptotic peptide that specifically suppresses Alzheimer’s
disease (AD)-related neurotoxicity. It is known that Bax
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(Bcl2-associared X protein) has a crucial role in apoprosis. 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 mito-
chondria.”? Moreover, Humanin blocks Bax associarion with iso-
lated mitochondria and suppresses cytochrome ¢ 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 contriburtes
to the recognition of Humnanin, whereas SPRY domain alone can-
not. It was found that the intracellular level of Humanin was
drastically reduced by the coexpression of TRIM11, and muta-
tion of the RING finger domain or treatment with proteasome
inhibitor attenuates the effect of TRIM11 on the intracellular
level of Humanin.?' These resulrs suggest thae the TRIM11 par-
ticipates in the ubiquitin-mediated degradation of Humanin as
an E3 ligase.

SSA/Ro (§SA1, TRIM21)

Sjdgren syndrome is an autoimmune disease in which exo-
crine glands including salivary and lacrimal glands develep a
chronic inflammation, and whose symptoms are dry eyes, dry
mouth and fatigue. Autoantibodies 1o Ro recognize a ribonucle-
oprotein complex compaosed 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 o 50%
of patients with systemic lupus erythemarosus and in up to 97%
of patients with Sjégren syndrome.”? The 60-kD Erotein (Ro60)
and the 52-kD protein (Ro52) were identified® and, another
novel 56-kD protein (Ro56/55-56) has been identified, rcccntly.95
Ro52 and Ro56 proteins belong to RBCC-SPRY subfamily. It is
thought thar 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 observation suggests that
Ro52 may be downregulated by the ubiquitin-proteasome path-
way in vivo. Interestingly, sera from patients with Sjigren syn-
drome showed heterogencity in their reactivity to
poly-ubiquitinated Ro52, probably because of their differing an-
tigenic determinants. This heterogenceity of the reactivity may be
associated with the varying clinical features found in Sjégren pa-
tients.

Conclusion

Here, we summarized the structural characteristics and func-
tions of RING finger proteins specifically in terms of the E3 li-
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 investigared. 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. Morcover, 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 protein degradation pathway.
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