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Abstract

TRIM50 is a4 member of tripartite motif protein family and recently identified as a restriction factor for retroviral infection in a spe-
cies-specific manner. Human TRIMS5a gene is located on chromosomal position 11pl5 in a cluster with other TRIM genes including
TRIMS, 21, 22, and 34. We show here that interferon (IFN) upregulates TRIM 5o« mRNA expression in HeLa and HepG2 cells by per-
forming Northern blot analysis and quantitative real-time PCR. TRIMSa promoter activity was IFN inducible as confirmed by lucifer-
ase assay using a reporter plasmid that contained the 5'-flanking region of TRIM50. Mutational analysis has revealed that IFNs activate
TRIM S50 promoter activity through a putative interferon-stimulated response element (ISRE). Intriguingly, another IFN-responsive pro-
tein signal transducer and activator of transcription factor 1 (STAT1) binds to the ISRE sequence as shown by electrophoretic mobility
shift assay using HeLa cell extracts. We have raised a specific polyclonal antibody against TRIMSa and confirmed that TRIM 5« protein
expression is inducible by IFN-B in HeLa cells. These results lead us to define that the transcription and protein synthesis of TRIMSa
could be modulated by IFN, suggesting that TRIM5a may play a role in an IFN-induced antiviral state against retrovirus infection.

© 2005 Elsevier Inc. All rights reserved.

Keywords: TRIMSw; Interferon; Interferon-stimulated response element; Signal transducer and activator of transcription factor 1

Tripartite motif (TRIM) proteins are composed of
RING, B-box, and coiled-coil domains, but the functions
of most TRIM proteins are not well understood [!].
TRIM5a is one of the six variants that are encoded by
TRIMS5 gene and includes a carboxyl-terminal SPRY
domain lacking in other TRIMS isoforms. TRIM5a has
recently been shown to inhibit the infectivity of a range
of different retroviruses in a species-specific manner and

* Abbreviations: TRIM, tripartite motif; IFN, interferon; ISRE, inter-
feron-stimulated response element; IRFE, IFN response factor binding
element; IRF, interferon regulatory factor; STAT, signal transducer and
activator of transcription factor; HIV-1, human immunodeficiency virus
type 1, RNF, ring finger protein; RT-PCR, reverse transcription-
polymerase chain reaction; EMSA, electrophoretic mobility shift assay.

" Corresponding author. Fax: --81 429 85 7209.

E-mail address: s inoue@saitama-med.ac.jp (S. Inoue).

0006-291X/$ - see front matter © 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2005.10.173

the carboxyl-terminal SPRY domain is a determinant for
the species specificity of restriction. Human TRIMS5a
potently restricts N-tropic murine leukemia virus (MLV)
and specifies an intermediate level of resistance to human
immunodeficiency virus type 1 (HIV-1). In contrast, rhesus
monkey TRIMS3a potently restricts HIV-1 and exhibits a
modest inhibition of N-MLV infection. Rhesus monkey
TRIMS5y that lacks an intact SPRY domain, however, does
not inhibit HIV-1 infection and even represses the ability of
wild-type rhesus monkey TRIMSa. Notably, replacement
of three amino acids in the amino-terminal variable region
of human TRIMS5a with the corresponding rhesus monkey
TRIMS5a residues resulted in a TRIMS5o molecule that
restricted HIV-1 nearly as efficiently as wild-type rhesus
monkey TRIM5a [2].

The interferons (IFNs) are a family of secreted
multifunctional proteins that exert a broad spectrum of
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biological functions including antiviral, antiproliferative,
antitumor, and immunomodulatory activities [3]. They
are subdivided into two types that activate transduction
pathways via different cell surface receptors. Interferon
regulatory factors (IRFs) have been identified together
with signal transducers and activators of transcription
(STAT) from studies on the type I IFN as well as
IFN-stimulated gene (ISG) regulation and signaling. In
response to such phenomena as viral infection, type I
IFN (IFN-o/B) that is produced predominantly by B
lymphocytes binds to its cognate receptor and activates
receptor-associated Janus kinases Jakl and Tyk2, leading
to phosphorylation of STAT1 and STAT2. Tyrosine
phosphorylated STAT1 and STAT2 form the transcrip-
tionally active IFN-stimulated gene factor 3 by associa-
tion with IRF-9 that recognizes interferon-stimulated
response element (ISRE), present on the promoter of tar-
get genes [4]. Gene induction by type II IFN (IFN-vy)
involves solely the phosphorylation of STATI by Jakl
and Jak2 kinases, leading to the generation of a STATI]
homodimer that is able to bind the IFN-y-activated site
(GAS eclement) to activate transcription [5,6].

We have previously cloned RING finger protein 21
(RNF21) and found that the mRNA expression of the
medium form of RNF21 was upregulated by IFN-o and
IFN-y treatments [7]. RNF21 gene was mapped to chromo-
some 11p15.3-p15.4. The medium form of RNF21 is found
to be a 488-amino acid protein that is encoded by TRIM34
gene, containing a carboxyl-terminal SPRY domain.

Based on the antiretroviral activities of TRIM5a as well
as the structural similarity of TRIMS5a with TRIM34, we
suspected whether TRIM5a is an IFN-stimulated gene,
which may play a role in the antiviral process of IFN
against retroviral infection. We show here that TRIM5a
is induced by both type 1 and type II IFNs and the IFN
responsiveness is predominantly mediated through an
ISRE sequence on the proximal promoter region of
TRIMS5a. Moreover, we have found that an IFN-stimu-
lated transcription factor STATI may also be involved in
a protein complex that binds to the ISRE on TRIMS5a
promoter.

Materials and methods

Cell culture. Human embryonic kidney 293T cells, human hepatoma
HepG2 cells, and human cervical adenocarcinoma HeLa cells were pur-
chased from American Type Culture Collection (Manassas, VA). Human
endometrial cancer Ishikawa 3H12 No. 74 cells were a kind gift of Dr. M.
Nishida. Cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum (FCS) at 37 °C in 5%
CO, and a humidified atmosphere.

Cloning of TRIM50 ¢DNA. Human full-length TRIMSa ¢cDNA was
cloned by reverse transcription-PCR. The template cDNA was generated
from the Ishikawa cell total RNA using Superscript II reverse transcrip-
tase (Invitrogen) with poly(dT),q primer according to the manufacturer’s
protocol. The TRIMS5a« cDNA was amplified with primers 5'-GAATTCG
CTTCTGGAATCCTGGTTAATGTA-3 and 5-CTCGAGTCAAGA
GCTTGGTGAGCACAGAGT-3, inserted in-frame to Flag-tagged
pcDNA3J (Invitrogen) at EcoRI and Xhol sites.
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Computational analysis of TRIMSo. sequence. Chromosomal localiza-
tion and amino acid sequence comparison of TRIMSa were analyzed by
Map Viewer and BLAST on the NCBI web site (http://www.ncbi.nlm.-
nih.gov). Following DNA sequences were retrieved from GenBank data-
base on the NCBI web site: human TRIMS5a« (NM_033034), human
TRIM6 (NM_001003818), human TRIM34 (NM_021616), and human
TRIM22 (NM_006074).

Quantitative PCR and Northern blotting. HeLa cells and HepG2 cells
were treated with TFN-o, IFN-f, TFN-y or control vehicle (PBS) for 6
or 16h and total RNAs were isolated using an ISOGEN reagent
(Nippon Gene). Probes for Northern blot analysis were prepared by
labeling the cloned human TRIMS5u cDNAs with [?PJdCTP using a
Random Primer Labeling Kit (Takara Bio). Total RNAs (20 jug) were
separated in 1% formaldehyde denaturing agarose gels and transferred
to Hybond-NX membranes (Amersham Biosciences). Blotted mem-
branes were hybridized with the **P-labeled probes in a hybridization
buffer [0.1% sodium dodecyl sulfate (SDS), 50% formamide, 5x sodium
saline citrate (SSC), 50 mM NaPO, (pH 6.8), 0.1% sodium pyrophos-
phate, 5 Denhardt’s solution, and 50 pug/ml salmon sperm DNA] at
42 °C overnight. Membranes were then washed with 2x SSC, 0.1% SDS
at 42°C for 30min and 0.2x SSC, 0.1% SDS at 42°C for 30 min.
Radioactivities of the signals were quantified using a Fuji FLA 3000
phosphoimaging analyzer (Fuji Photo Film). After hybridization, filters
were stripped off the previous probes and rehybridized with a *2P-la-
beled GAPDH cDNA as a loading control. Real-time quantitative RT-
PCR (qPCR) for human TRIMS5a mRNA was performed using an ABI
Prism 7000 sequence detection system (Applied Biosystems) using
SYBR Green as a fluorescence probe. The sequences of TRIMSa and
36B4 primers are as follows: TRIMS5a forward primer, 5-ACCTT
GGGATCTGTGAACAAGAG-3"; TRIMS5a reverse primer, 5-GGA
TTCCAGAAGCCATAGTAGCTATTC-3'; 36B4 forward primer, 5'-C
CACGCTGCTGAACATGCT-3'; 36B4 reverse primer, 5'-GATGC
TGCCATTGTCGAACA-3'. One microgram of total RNA from HeLa
cells treated with IFN-B or vehicle was reverse-transcribed using
poly(dT),¢ primer and SuperScript IT (Invitrogen). The reaction mixture
for qPCR was performed with 1% of reverse-transcribed product in the
presence of 1x master mix reagents (3.5mM MgCl,, 300 uM deoxy-
nucleoside-5'-triphosphate, 0.25TU hot goldStart enzyme, and SYBR
Green) (Applied Biosystems). qPCR analysis was performed for 40
cycles for TRIMSa as well 36B4 ¢cDNA amplification to normalize
RNA loading. The results were shown as means + SD from triplicated
experiments.

Cloning of promoter region of TRIMSa gene and luciferase assay. A
I-kb 5'-flanking region of the TRIMSa gene containing a putative ISRE
and IFN response factor binding element (IRFE) was amplified by PCR
using primers 5-GAGGCTATGGTACATGGACCACAGTTCAGC-3
and 5-AGGAAATTCTTGCTCACACTCAGGGCAGGA-3', and cloned
into pGL3-basic vector (Promoter-Luc). pGL3-basic constructs contain-
ing the 1-kb TRIMSa promoter with 3-bp mutated ISRE and IRFE were
generated by PCR mutagenesis technique and denoted as ISREm-Luc and
IRFEm-Luc, respectively.

Luciferase assay was performed using HeLa cells (1 x 10* cells/well on
24-well plates) transfected with 0.1 pg of Promoter-Luc, ISREm-Luc or
IRFEm-Luc together with 0.02 ug pRL-CMV (Promega) using a
FuGENE 6 transfection reagent (Roche Diagnostics). Twelve hours after
transfection, cells were treated with 500 U/ml IFN-a, IFN-B or the vehicle
(PBS) for 24 h and luciferase activities were determined by a MicroLu-
matPlus microplate luminometer (Berthold Technologies) using a Dual-
Luciferase Assay System (Promega). Data are expressed as means == SD of
three independent experiments performed in triplicate.

Electrophoretic mobility shift assay. Electrophoretic mobility shift
assay (EMSA) was performed as described previously [8]. Whole
cell extract from HeLa cells treated with IFN-$ for 24 h were prepared
using NP-40 lysis buffer. Protein concentrations were determined using a
Bio-Rad protein assay reagent. Annealed oligonucleotides 5'-TCTT
TCACTTTCC-3' corresponding with the ISRE in the 5'-flanking region
of TRIM 50 gene were labelled using [y->*P]JATP (Amersham Biosciences)
using a MEGA label kit (Takara Bio). Five micrograms of nuclear
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protein, a 32p.labeled double-stranded probe (10,000 counts per minute),
and 3 pl of 5x binding buffer [20% glycerol, SmM MgCl,, 2.5 mM
EDTA, 25mM DTT, 250 mM NaCl, 50 mM Tris-HCI (pH 7.5), and
0.25 mg/m! poly(d[-dC).poly(dl-dC)] were mixed in a total volume of
15 pl. In competition assays, 50x unlabeled oligonucleotides of ISRE or
mutated ISRE (TCTGGAACTTTCC) were added simultaneously with a
probe. The mixture was incubated at 30 °C for 15 min and electropho-
resed on 4% polyacrylamide gels in 0.5x TBE buffer. Radioactivities of
gels were analyzed using a Fuji FLA 3000 phosphoimaging analyzer
(Fuji Photo Film). For supershift experiments, a rabbit polyclonal anti-
human STAT! (Santa Cruz Biotechnology) or a normal rabbit IgG was
incubated with the cell extracts for 20 min before the probes were added.

Generation of anti-TRIMSo. antibody and Western blotting. Rabbit
polyclonal anti-TRIMSa antibodies were generated by a synthetic
peptide (MASGILVNVKEEVTC) corresponding to the amino-terminal
amino acid sequence of human TRIMSa. The synthetic peptide was
conjugated to keyhole limpet hemocyanin carrier protein and used as
an immunogen. The specific antibody was purified from immune sera
using columns of TRIMS5a peptide coupled to Affigel 10 (Bio-Rad). For
Western blot analysis, lysates from HeLla cells treated with IFN-f for
24 or 36 h were resolved by 10% denaturating SDS-polyacrylamide gel
electrophoresis. Proteins were transferred to polyvinylidene fluoride
(PVDF) transfer membranes (Immobilon-P, Millipore) and incubated
with 500-fold diluted TRIMS5a antibody for 2 h, followed by a reaction
with horseradish peroxidase-conjugated anti-rabbit Ig (Amersham Bio-
sciences) for 1h at room temperature. The antibody—antigen complexes
were detected using the enhanced chemiluminescence system (Amersham
Biosciences).

Results

Chromosomal localization and domain structure of TRIMS
and its related genes

Human TRIMS5 gene is located in chromosome 11pl5
in a cluster with other TRIM genes including TRIM3,
TRIM6, TRIM21, TRIM22, and TRIM34 (Fig. 1A,
top). Especially, TRIMS5, TRIM6, TRIM22, and
TRIM34 are assembled at adjacent loci. Human
TRIMS5a consists of 493 amino acids encoded by the
TRIMS gene and contains a unique carboxyl-terminal
SPRY domain that is not found in other TRIMS iso-
forms. In mouse genome, the syntenic region for human
11pl5 is present in distal region of chromosome 7
(Fig. 1A, bottom). Among mouse TRIM proteins on
chromosome 7, Trim12 and 9230105E10Rik are the most
closely related to human TRIMSa. These two mouse
TRIM genes may be paralogs that arose from a duplica-
tion event during evolution [1]. The degree of variation
between TRIMS5a and Trim12/9230105E10Rik is, howev-
er, larger than that between TRIMSa and human
TRIMSG6, indicating that there may be no ortholog of
TRIMSa in mouse genome.

In terms of domain structure, TRIM5a displays higher
identities to adjacent TRIM proteins in RING domain
(66-77%) and B-box domain (71-93%}), but lower identities
in coiled-coil domain (43-53%) and SPRY domain (29—
51%) (Fig. 1B). It is notable that the carboxyl-terminal
SPRY domain has been recently shown as a variable region
that determines the species specificity of retroviral restric-
tion in primates [1).
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Fig. 1. Chromosomal localization and domain structure of TRIMS5a. (A)
Mapping of TRIM genes on human chromosome 11pl5 (top) and mouse
trim genes clustered in the conserved syntenic segment of 11pl15, which is
present in the distal region of mouse chromosome 7 (bottom). Six TRIM
genes and seven trim genes are identified on 1Ipl5 and its mouse
orthologous region, respectively. TRIMSo is particularly adjacent to
TRIMSG, 22, and 34. No TRIMSa ortholog has been identified on mouse
genome. {B) Comparison of domain structure of human TRIM proteins.
Amino acid identities of domains between TRIMSa and other TRIM
proteins are indicated as percentage.

Induction of TRIM5 mRNA by interferons

Since it is previously reported that TRIM21, TRIM22,
and TRIM34 genes are upregulated by interferon {7], we
examined whether TRIM5a expression is modulated by
interferon. HeLa and HepG2 cells were treated with
IFN-a, IFN-B, IFN-y or control PBS (vehicle), and
TRIMS5a mRNA expression was investigated using North-
ern blot analysis or quantitative real-time PCR. Northern
blot analysis showed that treatment with IFN-o, 1IFN-§
or IFN-y markedly upregulated TRIMS5a mRNA levels
in both HeLa and HepG?2 cells (Fig. 2A). In quantitative
real-time PCR, the TRIM5a mRNA level was ¢levated
by 5- and 8-fold after 6- and 16-h treatment with IFN-B
in HeLa cells (Fig. 2B). IFN-a or IFN-y increased the
TRIMS5a mRNA level by 2-fold.

Promoter analysis of TRIMSa
It is known that interferon stimulates gene transcrip-

tion through two IFN-responsive sequences,
interferon-stimulated response elements (ISRE, consensus
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Fig. 2. Interferon-induced expression of TRIMSo mRNA. (A) HeLa and
HepG?2 cells are treated with IFN-o, IFN-B, IFN-y, and the vehicle (PBS)
for 6 or 16 h. Northern blot analysis was carried out using 20 pg total
RNA and hybridized with *’P-labeled cDNA for TRIM 5o and GAPDH.
(B) Real-time quantitative PCR was performed using cDNAs generated
from the identical HeLa cell RNAs used in (A). Signal intensities of
TRIMS5a are normalized by the corresponding 36B4 signals and repre-
sented as fold induction over controls. Experiments are repeated three
times and the results are represented as means & SD.

sequence: CAGT TTCWCTTTYCC) or IFN response fac-
tor binding eclement (IRFE, consensus sequence:
GAAAAGYGAAA SY), which are later shown to be rec-
ognized by the same complex [9,10]. In the proximal 5'-
flanking region of TRIMS5a gene (<1 kb upsteam to the
transcription start site), we found a putative IRFE
sequence (TTAATCTGAAACT) and an ISRE sequence
(ATCTTT CACTTTCCT) by computational analysis
(Fig. 3A). We then isolated the 1-kb proximal promoter
region through genomic PCR and subcloned it into a lucif-
erase reporter vector (Promoter-Luc). The reporter plas-
mids with 3-bp mutation in either IRFE or ISRE
sequence  were also  constructed (IRFEm-Luc:
TTAATCTTCCACT, ISREm-Luc: ATCTGGAACTTT
CCT). Luciferase activities of HeLa cells transfected with
Promoter-Luc or IRFEm-Luc were increased by both
IFN-o and INF-B; the latter elicited a higher activation
indeed (Fig. 3B). In contrast, the IFN-induced activation
was not observed in cells expressed with ISREm-Luc.
These results indicate that the putative ISRE sequence con-
tributes to the interferon responsiveness of human
TRIMS5a promoter at least in HeLa cells.

STATI binds to ISRE on human TRIM50 proximal
promoter

To confirm the sequence specificity of the ISRE
sequence on human TRIMS5a promoter and to identify a

A IRFE consensus: GAAAAGYGAAASY

IRFE: TTAATCTGAAACT
ISRE consensus: CAGTTTCWCTTTYCC
ISRE: ATCTTTCACTTTCCT
IRFE ISRE Fxon 1
i
O 100 bp
Vector
Promoter-Luc O Luc
IRFEm-Luc o5
ISREm-Luc O—IX
B o0.0161
%‘ 0.012
g Uiy L 3
g | i
: | |
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o L L
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Fig. 3. Functional interferon-stimulated response element (ISRE) on
TRIMS5a gene proximal promoter. (A) Schematic representation of
luciferase reporter constructs containing 5'-flanking region of TRIMS5a
gene with or without mutation. Putative IFN response factor binding
element (IRFE) and ISRE are shown by circles and squares, respectively.
Crosses represent mutation in IRFE or ISRE. In consensus IRFE and
ISRE sequences, S, W, and Y stand for G/C, A/T, and C/T, respectively.
(B) Mutation in ISRE but not IRFE on TRIMSa gene promoter impairs
IFN-stimulated luciferase activity. HeLa cells were plated at a density of
1% 10* cells per well on 24-well plates and transfected with 0.2 pg of
Promoter-Luc, ISREm-Luc or IRFEm-Luc together with 0.02 ug of
pRL-CMV. Cells were treated with IFN-o, IFN-B or vehicle for 24 h, and
luciferase assay was performed. Data are expressed as means & SD of
three independent experiments performed in triplicate.

potential trams-acting factor that binds to the sequence,
we performed electrophoretic mobility shift assay. HelLa
cell extracts were incubated with a **P-labeled ISRE oligo-
nucleotide in the presence or absence of competitive oligo-
nucleotides (Fig. 4, left). A single DNA-protein band was
detected on the polyacrylamide gel and the DNA-protein
interaction was competed by a 50- and 100-fold excess of
unlabeled ISRE oligonucleotide over the radiolabeled
probe. As expected, no competition of DNA-—protein bind-
ing was observed by the addition of a mutated ISRE
oligonucleotide.

Signal transducer and activator of transcription (STAT)
proteins are transcriptional factors that are known to be
one of the key mediators in interferon signaling pathway
[3.11,12]. STAT1 is a component of interferon-stimulated
transcription factor 3 that serves as the ISRE recognition
component [13]. We observed that the addition of anti-
STAT 1 antibody exhibited a partial supershift of the
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Fig. 4. Electrophoretic mobility shift assay of ISRE on TRIMS5« gene
promoter. (A) **P-labeled ISRE oligonucleotides were incubated with 5 g
of HeLa cell extracts treated with or without IFN-B for 24 h. A 50- or 100-
fold excess of unlabeled ISRE oligonucleotides with or without mutation
was added for competition. (B) Antibody interference with the mobility of
the complex bound to the ISRE oligonucleotide. Arrowhead indicates the
band shifted by anti-STATI antibody but not by normal 1gG detected in
IFN-f-stimulated HeLa cells probed with the labeled ISRE
oligonucleotides.

ISRE-protein complex in HeLa cells treated with IFN-B,
suggesting an involvement of STAT! in the ISRE-bound
complex on the human TRIMS5a promoter.

IFN-induced expression of TRIMS5a protein

To assess endogenous expression levels of human
TRIMS5a protein, we raised a rabbit polyclonal antibody
against the carboxyl-terminal peptide of 15 amino acids.
The specificity of the antibody was confirmed by Western
blot analysis using 293T cells transfected with either empty
vector or Flag-tagged TRIMS5a (Fig. 5A). In Hela cells,
the upregulation of TRIMS5a protein was observed at 24
and 36 h after treatment with IFN-B (Fig. 5B), consistent
with the IFN-induced expression of TRIMS5o mRNA
(Fig. 2).

Discussion

Our results show that TRIM5a is a gene that can be
induced by interferons, and this induction is dependent
on the ISRE present in the proximal promoter region of
the gene. By generating a specific antibody against
TRIMS5a, we showed that HeLa cells constitutively
expressed TRIMS5a protein and IFN-f upregulated endog-
enous expression of the protein in the cells. Moreover, we
have identified that TRIMS5a possesses a functional IFN
response motif on its gene regulatory region.

The IFN-mediated upregulation of TRIM genes clus-
tered on chromosome 11pl5 has previously been shown
at mRNA levels. TRIM21/Sj6gren syndrome antigen Al
[3), TRIM22/Staf-50 [14], and TRIM34/RNF21 {7] can

n
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T
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kD > o> @
118 —
89 —
60~ saavje— TRIM50
46 —
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Fig. 5. IFN-B upregulates TRIMSa protein expression in HeLa cells. (A)
Generation of a polyclonal antibody against human TRIMS5a. Rabbits
were immunized with a synthetic peptide corresponding to the amino-
terminal peptide of TRIM 5a. Lysates of 293T cells transfected with Flag-
tagged TRIM 5o were subjected to Western blot analysis probed with Flag
M2 antibody (left panel) or the anti-TRIMS5a antibody (right panel). (B)
IFN-p-induced expression of TRIM S5« protein in HeLa cells. HeLa cells
were treated with IFN-B or vehicle for 24 and 36 h. TRIM5a protein
expression was examined by Western blot analysis using the anti-TRIM 5«
antibody.

be induced by IFN. It is likely that the preference of IFN
types and the time dependency of gene expression stimu-
lated by distinct IFNs differ among TRIM family mem-
bers. In microarray analysis of HT1080 cells stimulated
for 6 h by distinct IFNs, TRIM21 has been identified as
an upregulated gene either by IFN-a, IFN-B, or IFN-y
with the maximal response elicited by IFN-uo, while
TRIM?22 has been identified as a type 1 IFN-stimulated
gene without a significant increase by IFN-y. TRIM34
exhibited a more rapid response of mRNA increase by
IFN-o than by IFN-y in HeLa cells and IFN-o-stimulated
gene expression was inhibited by cyclohexamide, suggest-
ing that the upregulation requires the translation of some
other protein(s). In the case of TRIMS5a, we found that
IFN-B was the most potent modulator of transcription
while IFN-o and IFN-y also induced a 2-fold upregulation
of mRNA. Despite binding a common type 1 IFN receptor,
it is intriguing that TFN-B manifests a preferential response
than IFN-o in the TRIMS5a gene expression. Indeed, more
than 20 candidate genes preferentially induced by IFN-B
were identified by oligonucleotide arrays and it is notable
that STAT! was one of those IFN-B-specific genes [3].
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Although it is not determined whether IFN-stimulated
gene expression of TRIMSa requires other protein synthe-
sis, yet we consider that TRIMSa may be defined as a pri-
mary [FN-responsive gene whose promoter activity can be
directly modulated by IFNs.

Among TRIM genes on 11plS5, TRIMS, TRIMSG,
TRIM22, and TRIM34 are particularly assembled in a pin-
point region within 120 kb distance. TRIMS and TRIM22
are adjacent to each other in a head-to-head direction with
only a 4.8-kb distance. Considering that TRIMS and
TRIM22 orthologs are identified in nonhuman primates
but not in rodents and that there might be a functional sim-
ilarity in both genes, it is likely that the emergence of these
genes have occurred after the rodent—primate divergence
during evolution. Since both TRIMS5 and TRIM22 can
be induced by IFNs and TRIM22 has been reported to
repress the transcription directed by HIV-1 long terminal
repeat in transfected cells [14], both genes may particularly
contribute to the establishment of innate immune systems
against primate-specific retroviral infection. Moreover,
the ISRE and the IFRE that we found on the proximal
promoter of human TRIMSo may also be potential cis-act-
ing elements that modulate TRIM22 transcription, as these
sequences are located at ~4.7 kb upstream to the transcrip-
tion start site of TRIM22.

Despite the recent advances of study regarding the
restrictive function of TRIMS5a in retroviral infection, the
precise mechanism through which TRIM5a mediates spe-
cies-specific restriction at a post-entry step has not been
elucidated. Because the capsid protein is the viral determi-
nant for susceptibility to the restriction and TRIMS5a pos-
sesses a RING finger domain that is common among
TRIM family members, one explanation is that TRIM5a
may directly bind and ubiquitinate viral capsid proteins
[15]. The localization of TRIM5a to cytoplasmic bodies
[16] may be consistent with its ability to block retroviral
infection shortly after entry of the viral capsid into the
cytoplasm of the host cells. Although the structure and
function of the carboxyl-terminal SPRY domain in
TRIMS5a need further study, the domain may play a role
in the recognition of foreign ligands such as viral capsids
through forming an immunoglobulin-like structure [17].
Four variable regions have been recently identified in the
SPRY domain of TRIMS5a and its related proteins in a
comparative study of various primate species [1]. Since it
has been shown that the TRIMS5o SPRY domain exhibits
lineage-specific length and species-specific sequence varia-
tion particularly at the variable regions, and the variation
seems to have occurred at the timing of ancient retroviral
epidemics, the diversity of the TRIM5a SPRY domain
may have contributed to the establishment of innate intra-
cellular defense systems against lethal retroviral infection
during primate evolution.

Although the innate immunity has been paid relatively lit-
tle attention and considered controversially in HIV infec-
tion, there are several lines of evidence that IFNs may
contribute to play a significant role in this rapid host immune

IV -47

response against HIV infection. Asymptomatic long-term
survivors with HIV infection had increased number of
natural IFN-a-producing cells (IPCs) whereas patients with
acquired immunodeficiency syndrome had decreased
number of IPCs, suggesting that IPCs are important in con-
trolling HIV replication [18]. IFN-Bis known to block HIV-1
infection at a step prior to reverse transcription {19]. IFN-
producing plasmacytoid dendritic cells (PDCs) do not gener-
ate high levels of IFN-o by HIV alone, whereas substantial
type I IFN production occurs only after exposure of PDCs
to HIV-infected cells [20]. We consider that TRIMSa may
be involved in the IFN-mediated innate immunity against
retroviral infection. Our data suggest that the IFN-stimu-
lated TRIM 50 transcription may be predominantly regulat-
ed through the pathway of type I IFN receptor, followed by
the activation of JAK kinases and the recruitment of IFN-
stimulated gene factor 3 on ISRE, the latter being composed
of STATI1, STAT2, and IFN regulatory factor IRF-9. Fur-
ther study will reveal the physiological relevance of the
IFN-regulated TRIMSa transcription and the involvement
of other regulatory factors in the signaling pathway.
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14-3-30 in Endometrial Cancer — A Possible Prognostic
Marker in Early-Stage Cancer

Kiyoshi Ito,! Takashi Suzuki,? Jun-ichi Akahira,"? Michiko Sakuma,' Sumika Saitou,' Satoshi Okamoto,’
Hitoshi Niikura, Kunihiro Okamura,’ Nobuo Yaegashi,! Hironobu Sasano,? and Satoshi Inoue®*

Abstract

Purpose: We examined expression of 14-3-30, a regulator of cell proliferation, and evaluated its
clinical significance in endometrioid endometrial carcinoma.

Experimental Design: One hundred three endometrioid endometrial adenocarcinoma cases
were examined using immunohistochemistry with archival specimens. We correlated this finding
with various clinicopathologic variables, including the status of estrogen receptor, progestercne
receptor, and MIB-1 (Ki-57).

Results: 14-3-3c Immunoreactivity was detected in 78 of 103 (75.3%) of carcinoma cases. No
statistically significant correlation was detected between status of 14-3-3c and any of clinico-
pathologic variables examined. There was, however, a statistically significant correlation between
loss of 14-3-3a expression and adverse clinical outcome of the patients (P = 0.0007). In the early
stages of cancer (stages | and ll), 14-3-3¢ immunoreactivity was absent in 5 of 10 (50.0%)
patients who showed recurrence during follow-up, whereas its absence was detected in only
13 of 68 (19.1%) disease-free patients in the same period. In addition, 14-3-3¢ immunoreactivity
was absent in 4 of 5 (80.0%) patients who died, whereas its absence was detected in only 14 of
73 (19.2%) patients who had lived during the same period. Patients whose tumors were negative
for14-3-30 were at much greater risk to develop recurrent and/or mortal disease (P =0.0372 and
0.0067). In multivariate analysis using the Cox proportional hazards model, absence of 14-3-3¢
turned out to be statistically independent risk factor in disease-free survival and overall survival
even in patients with early-stage disease (P = 0.0321and 0.0191).

Conclusions: Results of our study showed that loss or absence of 14-3-3¢ determined by immu-
nohistochemistry may be an important tool to identify endometrial carcinoma cases at high risk
of recurrence and/or death, who are otherwise not detected by current clinical and pathologic
evaluation, especially in the early stages of the disease. In addition, results of 14 -3 -3o immunohis-
tochemistry in the early stage of endometrial carcinoma could contribute to planning postopera-

tive follow-up and adjuvant therapy.

14-3-3 Proteins have been found to play important roles in
the regulation of various cellular processes, such as cell cycle
progression, cell growth, apoptosis, and signal transduction
(1, 2). In humans, seven different 14-3-3 isoforms have been
identified. 14-3-30, a member of this family, is induced by
DNA damage and is required for a stable G, cell cycle arrest in
epithelial cells. Loss of 14-3-3¢ expression results in malignant
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transformation in vitro and supports tumor formation in vivo,
which suggests that this gene has tumor-suppressive properties.
The 14-3-3¢ gene was originally identified as a p53-inducible
gene responsive to DNA-damaging agents (3). In response to
DNA damage, 14-3-3¢ is induced in a p53-dependent manner
and prevents the cdc2/cyclin B1 complex from entering the
nucleus. We showed previously that 14-3-3¢ undergoes
proteolysis mediated by estrogen finger protein, which is a
target of the estrogen receptor (ER) acting as an ubiquitin ligase
of 14-3-3¢ in breast carcinoma cells (4). In addition, 14-3-30 is
silenced by CpG methylation in a large proportion of human
carcinomas (1, 2). The expression of 14-3-3¢ is shown to be
frequently lost in human epithelial carcinoma, breast, gastric,
lung (5-7), etc. We also reported recently that decreased
expression of 14-3-3¢ was significantly associated with poor
prognosis in epithelial ovarian cancer (8).

Endometrial carcinoma is the most common malignancy
of the female genital tract, and its incidence has recently
increased (9). In normal endometrium, 14-3-3¢ protein was
expressed weakly in epithelial glandular cells (10). However, the
status of 14-3-3¢ protein and its possible roles have never been
examined in endometrial carcinoma. We reported previously

wwwv.aacrjournals.org
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Antibody Source

Table 1. Summary of primary antibodies used in this study

Optimal dilution Antibody retrieval

14-3-30 (polyclonal)
ER {monoclonal)

PR (monoclonal)
Ki-67 (monoclonal)
p53 (monoclonal)

Santa Cruz Biotechnology
Immunotech (Marseilles, France)
Chemicon (Temecula, CA)
Immunotech

Biomeda (Foster City, CA)

1100 Autoclave”
1.2 Autoclave®
1:30 Autoclave”
1:50 Autoclave”
1:40 Autoclave”

*Heat in an autoclave for 5 minutes in citric acid buffer [2 mmol/L citric acid and 9 mmol/L trisodium citrate dehydrate (pH 6.0)].

the prognostic significance of p53 overexpression in endometrial
cancer {11, 12). Therefore, decreased expression of 14-3-3¢ may
possibly have an important role in the development of endo-
metrial cancer, because 14-3-3¢ is directly regulated by p53.

To study the possible correlation between status of 14-3-3¢
protein and prognosis of the patients, we examined its
immunoreactivity in 103 cases of endometrioid endometrial

cancer and correlated the findings with clinical outcome of
the patients.

Materials and Methods

Patients and tissues. Twenty-five normal cycling human endome-
tria (15 proliferative phase and 10 secretory phase) and 103

Fig. 1. Immunohistochemistry of 14-3-3¢
expression: A, proliferative phase; B, secretory
phase; C and D, endometrioid endometrial
adenocarcinoma (G1); £ and £ endometrioid
endometrial adenocarcinoma (G3).14-3-30
Immunoreactivity was detected in the cytoplasm of
glandular cells. 14 -3-3a Immunoreactivity was also
detected in the cytoplasm of carcinoma cells. C and
E, positive cases; D and £ negative cases. Original
magnification, X400.

proliferative phase
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endometrioid endometrial adenocarcinoma (49 well differentiated,
32 moderately differentiated, and 22 poorly differentiated; 66 stage I,
12 stage 11, 22 stage III, and 3 stage IV) were retrieved from surgical
pathology files of Tohoku University Hospital (Sendai, Japan). The
protocol for this study was approved by the Ethics Committee at
Tohoku University Graduate School of Medicine (Sendai, Japan). All
carcinoma specimens were obtained from surgery. We obtained
nonpathologic endometria from hysterectomy specimens performed
due to carcinoma in situ of the uterine cervix at Tohoku University
Hospital. All endometrial carcinoma specimens were obtained from
hysterectomy. Median follow-up time of the patients examined in

this study was 60 months (range, 2-148 months). Disease-free -

survival and overall survival were calculated from the time of initial
surgery to recurrence and/or death or the date of last contact.
Survival times of patients still alive or lost to follow-up were
censored in December 2004. Clinicopathologic findings of these
patients, including age, histology, stage, grade, and preoperative
therapy, were retrieved by review of patient charts. A standard
primary treatment for endometrial carcinoma at Tohoku University
Hospital was surgery consisting of total abdominal hysterectomy,
salpingo-oopholectomy, pelvic and/or para-aortic lymphadenectomy,
and peritoneal washing cytology. A total of 85 of 103 (83%) patients
underwent complete surgery. Six of 85 patients had lymph node
metastasis. The remaining 18 (17%) patients underwent total
abdominal hysterectomy and salpingo-oopholectomy without lym-
phadenectomy because of obesity and/or poor performance status.
None of these patients had received preoperative chemotherapy and/
or hormonal therapy or pelvic irradiation. No patient had used oral
contraceptives. The lesions were classified according to the Histolog-
ical Typing of Female Genital Tract Tumors by the WHO and staged
according to the International Federation of Gynecology and
Obstetrics system (13, 14). Sixty-eight of 103 patients received pelvic
radiation therapy (50 Gy) or three to six courses of chemotherapy
consisting of the cisplatin-based combination regimen CAP (60-70
mg/m? cisplatin, 40 mg/m? doxorubicin, and 500 mg/body
cyclophosphamide) after operation. Patients who had early-stage
and low-grade disease (stage Ia, grade 1; stage la, grade 2; and stage
Ib, grade 1) and patients who were associated with poor performance
status did not receive any adjuvant therapy. All specimens were
routinely processed (i.e, 10% formalin fixed for 24-48 hours),
paraffin embedded, and thin sectioned (3 pum).
Immunohistochemistry. Immunohistochemical analysis was done
employing the streptavidin-biotin amplification method using a

Histofine kit (Nichirei, Tokyo, Japan) as described previously in detail
by the authors (15). Polyclonal antibody for 14-3-3¢ (N-14) was
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). The
characteristics of the primary antibodies employed in this study are
summarized in Table 1. For immunostaining of 14-3-30, p53, ERa,
progesterone receptor (PR), and Ki-67, the slides were heated in an
autoclave at 121°C for 5 minutes in citric acid buffer [2 mmol/L citric
acid and 9 mmol/L trisodium citrate dehydrate (pH 6.0)] following
deparaffinization for antigen retrieval. The dilutions of the primary
antibodies used for our studies were as follows: 14-3-3¢, 1:100; p53,
1:40; ERey, 1:2; PR, 1:30; and Ki-67, 1:50. The antigen-antibody complex
was visualized with 3,3'-diaminobenzidine solution [1 mmol/L 3,3-
diaminobenzidine, 50 mmol/L Tris-HCI buffer (pH 7.6), and 0.006%
H,0;] and counterstained with hematoxylin. Tissue sections of nonneo-
plastic breast epithelial tissue were used as positive controls for 14-3-3¢,
and breast cancer was also used as positive control for ERa. As a negative
control, normal rabbit or mouse IgG was used instead of primary
antibodies.

Semiquantitative analysis of immunohistochemical staining. For
evaluation of ERe, PR, and Ki-67 immunoreactivity, labeling index
was obtained in glandular or carcinoma cells as described by
Utsunomiya et al. (16) with some modifications. In cases immuno-
positive for ERa, PR, and Ki-67, >1,000 glandular or carcinoma cells
were counted in each case by two of the authors (K.I. and T.S.)
independently after reviewing the slides and determining the areas of
evaluation simultaneously with a double-headed microscope. The
percentage of immunoreactivity (i.e., labeling index) was subsequently
determined. Cases with interobserver differences of >5%, which
occurred in 3% to 7% of the cases examined, were reevaluated together
by two of the authors above using double-headed light microscopy.
Intraobserver differences were <5% when examining the same selected
fields of representative cases. The mean value was obtained in cases
with interobserver differences of <5%. As immunoreactivities of 14-3-3c
and p53 were relatively homogeneous and clearly distinguishable as
positive or negative, carcinoma cells were classified into the two groups
without much differently (+, carcinoma cells with positive immunore-
activity; —, carcinoma cells with no immunoreactivity) by two of the
same authors above.

Statistical analyses. Statistical analysis was done using SAS software
version 5.0 (StatView, Cary, NC). The statistical difference between
14-3-30 and characteristics of the patients was evaluated in a cross-table
using the x? test. Correlation between 14-3-3¢ and p53, ERa, PR, and
Ki-67 immunoreactivity was also assessed using Mann-Whitney U test.

Table 2. Correlation between 14-3-30 immunoreactivity and clinicopathologic variables in endometrial cancer
Total (n =103) 14-3-30 immunoreactivity P
Positive (n =78) Negative (n = 25)
Age (median) 57.0 57.0 60.0 0.348
Grade, n (%)
1 49 (47.6) 35 4 0.386
2 32 (31.0) 27 5
3 22 (21.4) 16 6
Stage
i/ 78 (75.7) 60 18 0.815
/v 25 (24.3) 18 7
p5b3 immunoreactivity
Positive 15 (14.6) 1 4 0.055
Negative 88 (85.4) 67 21
ER labeling index (median) 230 26.0 15.0 0.393
PR labeling index (median) 250 300 200 0154
Ki-67 labeling index (median) 32.0 335 300 0.324
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endometrial cancer

Variable

Table 3. Univariate analyses of predictors of disease-free survival and overall survival for 103 patients with

Disease-free survival P

Overall survival P

14-3-30 {positive vs negative)

Age (=50 vs >50)

Stage (I/1l vs lil/1V)

Histologic grade (1-3)

p53 immunoreactivity (negative vs positive)
ER (positive vs negative)

PR (positive vs negative)

Ki-67 (positive vs negative)

0.0382 0.0041
01159 0.0854
0.2029 0.1163
0.0276 0.0063
0.1601 0.0248
0.0426 0.2643
0.0004 0.0076
0.4722 0.3449

Overall and disease-free survival curves were generated according to the
Kaplan-Meier method, and the statistical significance was calculated
using a log-rank test. Univariate and multivariate analyses were
evaluated with Cox proportional hazards model. A result was
considered significant when the P < 0.05.

Results

Normal cycling endometrium. 14-3-30 Immunoreactivity was
detected in the cytoplasm of glandular cells but not in the
stromal cells of all the cases examined. Marked 14-3-3¢
immunoreactivity was detected in the glandular cells of
secretory phase mucosa compared with those of proliferative
phase mucosa (Fig. 1A and B).

Association of 14-3-30 expression with clinicopathologic
variables and estrogen receptor o, progesterone receptor,
Ki-67, and p53 immunoreactivity in patients with endometrial
cancer. 14-3-3¢ Immunoreactivity was detected in the
cytoplasm of epithelial cancer cells, although ERe, PR, Ki-67,
and p53 were confined exclusively to the nuclei of epithelial
cells (Fig. 1C-F). 14-3-30 Immunoreactivity was present in
78 of 103 (75.3%) cases of endometrioid endometrial
carcinoma. The correlation between 14-3-3¢ immunoreac-
tivity and clinicopathologic variables, including ERwa, PR,
Ki-67, and p53 immunoreactivity, was examined. As seen in
Table 2, no statistically significant correlation was detected
between status of 14-3-3¢ immunoreactivity and any of the
variables examined in this study. The status of 14-3-3¢
immunoreactivity tended to be inversely correlated with that
of p53, but the correlation did not reach statistical
significance. There were no statistically significant correlations
between status of lymph node metastasis and 14-3-3¢
expression (P = 0.1456).

Association of 14-3-30 expression with disease-free survival
and overall survival in patients with endometrial cancer. 14-3-
3¢ Immunoreactivity was evaluated as a prognostic variable in
the 103 cases using univariate analysis (Table 3; Cox
proportional hazards model). In 103 cases, 14-3-3¢0 immu-
noreactivity was absent in 7 of 16 patients (43.8%) who
showed recurrence during follow-up, whereas loss of its
immunoreactivity was detected only in 18 of 87 (20.7%)
disease-free patients for the same clinical follow-up period.
14-3-3¢ Immunoreactivity was also absent in ¢ of 9 (66.7%)
patients who died, whereas loss of its immunoreactivity
was detected only in 19 of 94 (20.2%) patients who had
lived during the same period. Patients whose tumors were
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associated with absence of 14-3-3¢ expression were at much
greater risk to develop recurrent and/or mortal disease (P =
0.0382 and 0.0041). Indicators of clinical outcome of the
patients, including ER, PR, and p53 status and histologic
grade, were likewise significantly associated with poor
outcome. Patients whose tumors were negative for 14-3-3o
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Fig. 2. A, correlation between 14-3-3c¢ immunoreactivity and recurrence for
patients with endometrial cancer. B, correlation between 14-3-3¢ immunoreactivity
and survival for patients with endometrial cancer.
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endometrial cancer

Table 4. Multivariate analyses of predictors of disease-free survival and overall survival for 103 patients with

Variable Disease-free survival Overall survival
HR (95% ClI) P HR (95% CI) P

14-3-30 (positive vs negative) 0.320 (0.114-0.894) 0.0297 0.185 (0.048-0.719) 0.0148
Stage (/11 vs IL/1V) 0.687 (0.236-2.003) 0.4920 0.750 (0.190-2.964) 0.6810
Histologic grade (1-3) 1.473 (0.796-2.726) 0.2170 2.543 (1.030-6.281) 0.0431
p53 (negative vs positive) 0.587 (0.170-2.029) 0.3997 0.335 (0.089-1.26%) 0.1058
ER (positive vs negative) 0.463 (0.168-1.273) 0.1356 1.134 (0.280-4.590) 0.8602
PR (positive vs negative) 0.142 (0.039-0.517) 0.0031 0.432 (0.091-2.049) 0.2904

NOTE: HR, hazard ratio; 95% Cl, 95% confidence interval.

had also significantly worse disease-free survival and overall
survival rates than 14-3-3c-positive ones using log-rank tests
(Fig. 2A and B; P = 0.0298 and 0.0007).

To determine whether the prognostic value of 14-3-3¢
expression was independent of other risk factors associated
with clinical outcome, we examined the data using multivariate
analysis. The prognostic factors examined were 14-3-3¢, ER, PR,
and p53 status, stage, and histologic grade. The findings are
summarized in Table 4. Absence of 14-3-3¢ expression was
independently statistically significant as risk factor in disease-
free survival and overall survival of the patients (P = 0.0297 and
0.0148). PR status was an independent risk factor only in
disease-free survival, and histologic grade was an independent
risk factor only in overall survival. ER status turned out not
to be independent prognostic indicator in both disease-free
survival and overall survival. Disease-free survival and overall
survival were not significantly different between the two groups
who received radiation therapy or chemotherapy (data not
shown). .

Significance of 14-3-3o status in patients with early-stage
disease of endometrial cancer. 14-3-30 Expression was then
evaluated as a prognostic variable in 78 cases with early-stage
disease (stage I and II) using univariate analysis (Table 5; Cox
proportional hazards model). In the total of 78 cases, 14-3-3¢
immunoreactivity was absent in 5 of 10 (50.0%) patients who
showed recurrence during follow-up, whereas loss of its
immunoreactivity was detected only in 13 of 68 (19.1%)
disease-free patients for the same period. 14-3-3¢0 Immunore-
activity was also not detected in 4 of 5 (80.0%) patients who
died, whereas absence of its immunoreactivity was detected

only in 14 of 73 (19.2%) patients who had lived during the
same period. Patients whose tumors did not show 14-3-3¢
immunoreactivity were at much greater risk to develop
recurrent and/or mortal disease (P = 0.0372 and 0.0067).
Patients whose tumors were negative for 14-3-3¢ also had
significantly worse disease-free survival and overall survival rates

“than 14-3-3¢-positive ones using log-rank tests (Fig. 3A and B;

P =0.0251 and 0.0002). In advanced-stage disease (stage IIl and
V), there was a trend for 14-3-3c¢-negative cases to undergo
aggressive biological behavior than 14-3-3¢-positive ones,
although the differences did not reach statistical significance
(data not shown). Multivariate analysis was done and summa-
rized in Table 6. Absence of 14-3-3¢ immunoreactivity was
independently statistically significant as risk factor in disease-free
survival and overall survival in patients with early-stage disease
of endometrial carcinoma (P = 0.0317 and 0.0229).

Therefore, we examined the subgroup with completely
surgically staged node-negative (International Federation of
Gynecology and Obstetrics stage 1 and II) endometrial
adenocarcinoma (Table 7). Absence of 14-3-3¢ immunoreac-
tivity still turned out to be independently statistically significant
as risk factor in disease-free survival (P = 0.0245) although not
significant in overall survival (P = 0.0646) of the patients.

Discussion

This is the first study that examined the status of 14-3-3¢
protein and its possible roles in conjunction with clinical
outcome of the patients in endometrial carcinoma. The 14-3-3¢
gene is well-known to be induced after DNA damage in a

endometrial cancer

Variable

Table 5. Univariate analyses of predictors of disease-free survival and overall survival for 78 patients with stage land li

Disease-free survival P

Overall survival P

14-3-30 (positive vs negative)

Age (=50 vs >50)

Histologic grade (1-3)

p53 immunoreactivity (negative vs positive)
ER (positive vs negative)

PR (positive vs negative)

Ki-67 (positive vs negative)

0.0372 0.0067
0.0856 0.2085
0.1527 0.1040
0.6539 0.0870
0.1368 0.9561
0.0028 0.0001
0.6605 0.8310
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p-]

14-3-3sigma (+)

14-3-3sigma (-)

Cumulative disease-free survival

44 P=0.0251
2
0 N
0 20 40 60 80 100 120 140 160
Time (months)
B
14
14-3-3sigma (+)
3 3
£
T
L
&
L 14-3-3sigma (-)
a4
5 P=0.0002
04
0 20 40 60 80 100 120 140 160

Time (months)

Fig. 3. A, correlation between 14-3-3¢ immunoreactivity and recurrence for
patients with early-stage (stage | and Il) endometrial cancer. B, correlation between
14-3-3a immunoreactivity and survival for patients with early-stage (stage | and Il)
endometrial cancer.

p53-dependent manner and to play an important role in the G,
checkpoint by sequestering the cdc2/cyclin B1 complex (1, 2).
An inactivation of 14-3-3¢ is also currently considered to play
an important role in tumor development and/or progression.
However, it is also true that 14-3-3¢ may play a different role in
tumor development and/or progression among different
human organs. In urinary bladder carcinoma, for example,

14-3-3¢ is highly up-regulated in pure squamous cell carci-
noma, whereas it is down-regulated in invasive bladder
urothelial cell carcinoma (17). In breast carcinoma, loss of
14-3-3¢ expression becomes marked in the progression from
atypical hyperplastic lesions to ductal carcinoma in situ
(18, 19). Loss of 14-3-30 protein was also reported in prostate
carcinoma and its precursors (20-22). Therefore, loss or
absence of 14-3-3¢ expression is generally considered an early
event during carcinogenesis in both breast and prostate
carcinoma (18-22). Ostergaard et al. (23) reported that less
differentiated bladder squamous cell carcinoma was associated
with decreased expression of 14-3-30. We showed recently that
loss of 14-3-3¢ expression was correlated with advanced disease
and/or high-grade tumor and significantly associated with poor
prognosis in epithelial ovarian carcinoma (8). In our present
study, the frequency of absence of 14-3-3¢ immunoreactivity in
clinically early disease and/or low-grade tumor was similar with
that in advanced-stage and/or high-grade tumor, although
decreased status of 14-3-30 immunoreactivity was significantly
associated with poor prognosis in endometrioid endometrial
cancer. These results suggest that the loss of 14-3-3¢ expression
in endometrioid endometrial cancer may be associated with an
aggressive biological characteristics, which play an important
role in prognosis and/or recurrence, although it could be a
relatively early event during their carcinogenesis.

In our present study, there were no significant differences of
the findings between cases of early-stage and advanced-stage
cancer, although advanced-stage cancer cases tended to be
associated with worse prognosis than early-stage cases. These
findings are considered to be due to the following reasons: the
relatively small number of advanced-stage cancer cases,
especially only 3 stage IV cases, and the fact that 15 of 22
(70%) cases of stage 111 examined were stage 1lla. Cases of stage
[11a, especially cytologic stage 1lla (positive peritoneal cytology
alone), has been shown to be associated with much better
prognosis than those of stage 1llc (24, 25). However, it awaits
further investigation for clarifying the possible role of decreased
status of 14-3-3¢ immunoreactivity in advanced-stage endo-
metrial carcinoma cases. '

Endometrial carcinoma is the most common pelvic gyneco-
logic carcinoma, and 80% to 90% of all cases are in clinically
early stage (26). Five-year survival data of the patients revealed
~10% to 20% mortality in early-stage disease (26). There have
been many controversies on the possible use of adjuvant
therapy in patients of early-stage endometrial carcinoma
(27 -31). Results of large randomized trial (the Post-Operative
Radiation Therapy in Endometrial Carcinoma) showed no

Il endometrial cancer

Variable

Table 6. Multivariate analyses of predictors of disease-free survival and overall survival for 78 patients with stage | and

Disease-free survival

Overall survival

HR (95% CI)

P HR (95% CI) P

14-3-30 (positive vs negative)
Histologic grade (1-3)

p53 (negative vs positive)

ER (positive vs negative)

PR (positive vs negative)

0.241 (0.066-0.883)
1.469 (0.683-3.159)
1,182 (0.236-5.906)
0.578 (0.161-2.077)
0.115 (0.024-0.556)

0.0317 0.127 (0.022-0.752) 0.0229
0.3243 2.227 (0.749-6.619) 0.1496
0.8387 0.858 (0.149-4.931) 0.8635
0.4011 2.272 (0.244-21156) 04710
0.0071 0.123 (0.012-1.280) 0.0795
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Table 7. Multivariate analyses of predictors of disease-free survival and overall survival for 64 patients with
completely surgically staged node-negative (FIGO stage | and Il) endometrial cancer

Variable Disease-free survival Overall survival

HR (95% CI) P HR (95% CI) P
14-3-30 (positive vs negative) 0.189 (0.044-0.807) 0.0245 0.176 (0.028-1.111) 0.0646
Histologic grade (1-3) 1.708 (0.762-3.828) 0.1932 2.465 (0.774-7.853) 0.1270
p53 (negative vs positive) 1.007 (0.192-5.290) 0.9931 1.280 (0.172-9.554) 0.8095
ER (positive vs negative) 0.492 (0.121-2.005) 0.3223 2.326 (0.235-22.975) 0.4701
PR (positive vs negative) 0.060 (0.007-0.494) 0.0089 0.140 (0.013-1.509) 0.10560

Abbreviation: FIGO, International Federation of Gynecology and Obstetrics.

significant differences between survivals of the patients with or
without adjuvant therapy in stage I endometrial adenocarcino-
ma. However, analysis of their study was limited because
complete surgical staging was not a requirement for entry of the
patients into the protocol (29). Very recently, Keys et al.
showed no significant differences between survival of the
patients with or without adjuvant therapy in completely
surgically staged node-negative intermediate risk {International
Federation of Gynecology and Obstetrics stage Ib, I¢, II occult)
endometrial adenocarcinoma {Gynecologic Oncology Group
study). The estimated 4-year survival was 86% in the group
with no additional therapy arm and 92% for whole radiation
therapy arm, with no statistical difference between these two
groups {31). Therefore, identification of additional prognostic
markers could provide the information to avoid unnecessary
adjuvant therapy and to plan effective systemic treatment.
Several studies have attempted to identify prognostic factors of
the patients with early-stage endometrial cancer. However,
none of them have provided satisfactory results. Fiumicino
et al. (32) showed that microsatellite instability was an
independent indicator of recurrence in early-stage endometrial
adenocarcinoma, but Maxwell et al. (33) reported that micro-
satellite instability is rather a favorable prognostic factor. In
addition, MacDonald et al. (34) and Basil et al. (35) both
independently reported the lack of any correlation between
microsatellite instability and clinical outcome in endometrial
cancer. Recently, Powell et al. (36) examined the prognostic
significance of rDNA methylation and showed that tumor
rDNA level turned out to be significant prognostic factor for
both disease-free survival and overall survival in early-stage
endometrial cancer. Powell et al. therefore identified the
prognostic indicator of early-stage endometrial carcinoma.
However, their methods require sufficient quantity of frozen
specimens, and patients with small tumors often did not have
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CHAPTER 16
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Gene Regulation
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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 - Reaﬂy Interesting New Gene 1 ~
which is located proximal to the major histocompatibility region
on chromosome 6.2 The RING hnger motif can be defined asa
unique linear series of conserved cysteine and histidine residues:
CYS—Xz—CyS-XI 1_16-C}’S-X- HiS—Xz-C}’S —Xz-CyS—X7_74-CyS-X2-CyS
(RING-CH or C3HC4 type), where X can be any amino acid
(Fig. 1). So far, three-dimensional structures of RING domams
from human PML (for pxomyelocytlc leukemia p10tem) m-
mediate early equme herpes virus IEEHV) p1otem, human
recombination- actlvatmg gene 1 groteln (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 zinc 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 §§ 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. Schematic representation of the structure of RING finger
domain. The metal-ligand residues, either cysteine (C) or histidine (H),
areshown 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 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-
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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 corresponds with a similar function. For in-
stance, TRAFs (for tumor necrosis factor (TNEF)
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. 112

The inhibitors of apoprosis gene family, IAP1, IAP2 and XIAP,
have a RING domain at their C termini and BIR (baculovirus
[AP 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
activity of the protein is lost when the RING domain is mu-
tated.!”

There are interesting subfamilies uniquely possessing two
RING fingers. Triadl (for two RING fingers and DRIL1) and
parkin have two RING finger domains separated by the double
RING finger linked (DRIL) domain. Triadl 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.!”?Y 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) receptor, the insoluble form of which is accu-
mulated 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 disrupt the
ubiquitin—protein ligase function of Parkin and impair Parkin

and CDClrel-1 degradation.
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Figure 2. Structures of the RING finger protein family. Representative
RING finger proteins with frequently associated domains are presented.
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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.24 For example, PML
is fused to the retinoic acid receptor oo (RARa) in acute
promyelocytic leukemia (APL) translocation,”®*” BRCAL1 is
mutated in early-onset breast cancer and ovarian cancer,”® TIF 1.
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-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 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 26S 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 C3HCy pe RING finger is found in several E3 proteins
including Chl,>' BRCA1,* Efp (for estrogen-responsive finger
protein) * and Mdm2 (for murine double minute 2).34 The
RING-H2 subtype is found in Rbx1 (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 tyrosine kinase-linked receptors such as
growth factor receptors (for example EGF and PDGF receprors),
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 PDGE 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 receptor
ubiquitination and degradation.”” Thus, it appears that Cbl func-
tions as an adapter to recruit 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 attenu-
ation of growth factor receptor signaling.

The RING finger protein Mdm?2 is identified as an E3
ubiquitin ligase of the tumor-suppressor protein p53 which is a
transcription factor and a potent inhibitor of the cell cycle. Mdm2
can bind to p53 and promote its ubiquitination and subsequent
degradation by the proteasome.3&39 It is also known that Mdm?2
can ubiquitinate itself, suggesting that some of E3s sclf-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 Mdm?2 but is not able to stimulate p53
ubiquitination. Moreover, mutations in the RING finger domain
do not impair binding capacity between 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.40

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-X;-Cys-X4.5-Cys-X,-Cys/
His-X5.6-His-X;.g-His] and B2 [Cys-X,.4-His/
Cys-Xy.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 or fewer B-strands.®! The coiled coil is a common protein
motif involving a number of a-helices wound around each other
in a highly organized manner and is often used to control oligo-
merization.*2 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 between 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 between 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, SSA1/TRIM21, TRIM34, TRIMG6, TRIMS, TRIM3 and
SS-56 are clustered in 11p15. RFP/TRIM27, TRIM31, TRIMI0,
TRIM15, TRIM26, TRIM38, TRIM39, TRIM40 and HZFWI
are clustered in 6p21-22. In particular, nRNAs for TRIM 21, 22
and 34 are shown to be up-regulated by interferons. #% These
findings suggest that duplication of an ancestral RBCC/TRIM gene
at these genomic loci may have occurred and, regulation and func-
tion may be conserved to some extents in these genes.43

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 (LDP, 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 motifs 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 XNF-7,
RPT-1, SSA-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
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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-41.7 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, SSA1, TRIM34, TRIMG, 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
WD40 domain, suggesting a protein-protein interaction. The
C-terminal PHD fingers and bromodomains are found in TIF1a
and KAP1/TIF1p. The PHD domain is a 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.48 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/TTF1p and TIF1o. are involved in
transcriptional regulation. Genes belonging to this RBCC/TRIM
family are implicated in a variety of processes such as develop-
mentand cell growth and are involved in several human diseases.
PYRIN,*® MID1 (Midline 1)°" and MUL (for mulibrey nanism
proteins)5 % are mutated in familial Mediterranean fever, X-linked
Opitz/GBBB syndrome and mulibrey nanism, respectively,
whereas PML, RFP (ret finger protein) and TIF1ot 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 REP proteins, the coiled coil region with
the B-box but not the RING finger is required.53 In this case,
while the B-box is not an interacting interface itself, the mura-
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.54 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
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 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 motifs. 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.56 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 KAPI/TIF1P 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 modif 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 at-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 members of this RBCC/TRIM
subfamily are potendal candidates 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
Lfp

Estrogen-responsive finger protein (Efp) is a member of the
RING-finger, Bl 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) protein.58
The estrogen-responsive element (ERE) to which ER can bind is
found at the 3'-untranslated region (UTR) in the Efp gene and
the gene’s expression is predominantly detected in female repro-
ductive organs including uterus, ovary and mammary gland59 and
in breast and ovarian cancers.*®’ Estrogen-induced expression is
found in the uterus, brain and mammary gland cells. £fp 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 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 tumors in the absence of estrogen.3 3 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
UbcHS has been shown to be essential for the ubiquitination of
14-3-3%. Our findings provide an insight into the cell-cycle ma-
chinery and tumorigenesis of breast cancer by identifying 14-3-32
as a target for proteolysis by Efp, leading to cell proliferation. The
degradation of 14-3-3% is subsequently followed by dissociation
of the protein from cyclin—Cdk complexes, leading to cell cycle
progression and tumor growth (Fig. 5).

MIDI1, MID2

Opitz GBBB syndrome (OS; Opitz syndrome) is a genetically
and phenotypically 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 MID P! 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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