
Molecular Biology of the Cell
Vol. 16, 5433–5444, November 2005

TRAF7 Sequesters c-Myb to the Cytoplasm by Stimulating
Its Sumoylation□D

Yutaka Morita,*† Chie Kanei-Ishii,* Teruaki Nomura,*† and Shunsuke Ishii*†

*Laboratory of Molecular Genetics, RIKEN Tsukuba Institute, Tsukuba, Ibaraki 305-0074, Japan; and
†Graduate School of Comprehensive Human Sciences, University of Tsukuba, Tsukuba, Ibaraki 305-8577,
Japan

Submitted August 8, 2005; Revised August 29, 2005; Accepted September 2, 2005
Monitoring Editor: William Tansey

Small ubiquitin-related modifiers (SUMOs) are proteins that are posttranslationally conjugated to diverse proteins. The
c-myb proto-oncogene product (c-Myb) regulates proliferation and differentiation of hematopoietic cells. PIASy is the
only known SUMO E3 ligase for c-Myb. Here, we report that TRAF7 binds to c-Myb and stimulates its sumoylation.
TRAF7 bound to the DNA-binding domain of c-Myb via its WD40 repeats. TRAF7 has an E3 ubiquitin ligase activity for
self-ubiquitination, but TRAF7 also stimulated the sumoylation of c-Myb at Lys-523 and Lys-499, which are the same sites
as those used for PIASy-induced sumoylation. TRAF7 inhibited trans-activation induced by wild-type c-Myb, but not by
the sumoylation site mutant of c-Myb. The expression of both c-myb and TRAF7 was down-regulated during differenti-
ation of M1 cells. Endogenous TRAF7 localized to both the cytoplasm and nucleus of M1 cells. Consistent with this,
significant amounts of sumoylated c-Myb were found in the cytoplasm of M1 cells, whereas nonsumoylated c-Myb was
found predominantly in the nucleus. Overexpressed TRAF7 was localized in the cytoplasm of CV-1 cells, and sequestered
c-Myb and SUMO1 in the cytosol, whereas PIASy was localized in the nucleus. Thus, TRAF7 negatively regulates c-Myb
activity by sequestering c-Myb to the cytosol via sumoylation.

INTRODUCTION

Multiple posttranslational modifications, including phos-
phorylation, acetylation, and ubiquitination, have been
shown to regulate the activity of transcription factors. Re-
cently, a number of ubiquitin-like proteins have been found
which become covalently linked to lysine residues in target
proteins. One such group composed of SUMO1 and
SUMO2/3 is distantly related to ubiquitin (Johnson, 2004).
These 92–97 amino acid polypeptides are covalently conju-
gated to internal lysines of substrate proteins (Melchior,
2000; Muller et al., 2001). Several proteins modified by
SUMO1 have been identified, including RanGAP1 (Matunis
et al., 1996), PML (Muller et al., 1998; Kamitani et al., 1998;
Duprez et al., 1999), I�B (Desterro et al., 1998), p53 (Gostissa
et al., 1999; Rodriguez et al., 1999), LEF-1 (Sachdev et al.,
2001), and the c-myb proto-oncogene product (c-Myb; Bies et
al., 2002). Unlike ubiquitination, SUMO modification does
not lead to substrate degradation. Instead, its functions ap-
pear to be substrate dependent; sumoylation can induce
changes in the target’s subcellular localization, its protein-
protein interactions, or its protein-DNA interactions (Seeler

and Dejean, 2003). SUMO modification augments the tran-
scriptional activation potential of some transcription factors,
such as p53 (Gostissa et al., 1999; Rodriguez et al., 1999).
However, most often sumoylation antagonizes the activa-
tion potential of transcription factors or mediates repression
(Ross et al., 2002; Gill, 2004). In several cases, SUMO-medi-
ated repression correlates with targeting of the protein to
PML nuclear bodies (Sachdev et al., 2001; Ross et al., 2002;
Schmidt and Muller, 2002).

The enzymatic reactions involved in SUMO modification
are similar to those in ubiquitin modification and involve an
E1-activating enzyme, consisting of an Aos1/Uba2 het-
erodimer and the E2-conjugating enzyme Ubc9 (Hoch-
strasser, 2001; Jackson, 2001). Ubc9 recognizes and binds to
a SUMO consensus sequence, �KX(D/E), where � is a hy-
drophobic amino acid and X is any amino acid, present in
most target proteins (Bernier-Villamor et al., 2002). Although
the SUMO E1 and E2 enzymes are sufficient to modify most
substrates in vitro, several SUMO E3 ligases, including the
protein inhibitors of activated STATs (PIAS), the polycomb
protein Pc2, and the nuclear pore component RanBP2, have
been described recently (Johnson and Gupta, 2001; Kahyo et
al., 2001; Pichler et al., 2002; Kagey et al., 2003). The PIAS
family, which is homologous to the yeast Siz family, have a
conserved RING finger domain that regulates transactiva-
tion by conjugating SUMO-1 in molecules including p53
(Gostissa et al., 1999; Rodriguez et al., 1999), LEF-1 (Sachdev
et al., 2001), and SP3 (Ross et al., 2002; Sapetschnig et al.,
2002). The nucleoporin RanBP2 is structurally unrelated to
the PIAS/Siz family and sumoylates SP100 (Pichler et al.,
2002) and HDAC4 (Kirsh et al., 2002) to regulate nuclear
translocation.

The c-myb proto-oncogene is the cellular progenitor of the
v-myb oncogenes carried by the chicken retroviruses AMV
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(avian myeloblastosis virus) and E26, which cause acute
myeloblastic leukemia or erythroblastosis (Klempnauer et
al., 1982; Leprince et al., 1983). The high level of c-myb
expression in immature hematopoietic cells is down-regu-
lated during terminal differentiation (Gonda and Metcalf,
1984). Analysis of c-myb-deficient mice indicated that c-myb
is essential for proliferation of immature hematopoietic cells
(Mucenski et al., 1991), and analysis of tissue-specific c-myb
knock-out mice revealed that c-myb is also required for T-cell
development at several stages (Bender et al., 2004). c-Myb is
a transcriptional activator that recognizes the specific DNA
sequence 5�-AACNG-3� (Biedenkapp et al., 1988; Ness et al.,
1989; Sakura et al., 1989; Weston and Bishop, 1989). Some of
the c-Myb target genes, including c-myc, are required for the
G1/S transition in the cell cycle (Nakagoshi et al., 1992),
whereas several other target genes, including mim-1, GBX2,
and bcl-2, are involved in lineage commitment in differenti-
ation and suppression of apoptosis (Ness et al., 1989; Framp-
ton et al., 1996; Taylor et al., 1996; Kowenz-Leutz et al., 1997).
c-Myb has three functional domains that are responsible for
DNA binding, transcriptional activation, and negative reg-
ulation (Sakura et al., 1989). The DNA-binding domain
(DBD) in the N-terminal region of c-Myb consists of three
imperfect tandem repeats of 51–52 amino acids, each con-
taining a helix-turn-helix variation motif (Ogata et al., 1994).

c-Myb activity is regulated by interaction with various
factors. Binding of the transcriptional coactivator CBP to the
activation domain is essential for c-Myb-induced transacti-
vation (Dai et al., 1996). The negative regulatory domain
(NRD) located in the carboxy (C)-terminal portion of the
molecule normally represses c-Myb activity (Sakura et al.,
1989; Hu et al., 1991; Kanei-Ishii et al., 1992; Dubendorff et al.,
1992). The two corepressors TIF1� and BS69 directly bind to
the two �XX��(�: hydrophobic amino acids) motifs in the
NRD and inhibit c-Myb-induced trans-activation (Laden-
dorff et al., 2001; Nomura et al., 2004). Recently, two kinases,
Homeodomain-interacting protein kinase 2 (HIPK2) and
Nemo-like kinase (NLK), were shown to directly bind to
c-Myb in response to Wnt-1 signals, leading to the phos-
phorylation and ubiquitination of c-Myb and its protea-
some-dependent degradation (Kanei-Ishii et al., 2004). The
NRD also contains two sumoylation sites that are enhanced
by PIASy (Bies et al., 2002; Dahle et al., 2003). A c-Myb
mutant lacking the two sumoylation sites has enhanced
trans-activating activity, suggesting that the sumoylation of
c-Myb negatively regulates its activity. In addition, PIASy
caused a shift in the nuclear distribution of c-Myb to the
insoluble matrix fraction. Thus, sumoylation of c-Myb neg-
atively regulates its trans-activating capacity.

In this study, we have identified TRAF7 as a novel SUMO
E3 ligase for c-Myb. When c-Myb was expressed with
TRAF7 in CV-1 cells, c-Myb was retained in the cytosol,
suggesting that TRAF7 regulates the subcellular localization
of c-Myb via sumoylation.

MATERIALS AND METHODS

Plasmid Constructions
TRAF7 cDNA clones were amplified by PCR using a mouse macrophage
cDNA library (Stratagene, La Jolla, CA). To express TRAF7 in mammalian
cells, TRAF7 cDNA was inserted downstream of the chicken cytoplasmic
�-actin promoter, with or without an N-terminal FLAG tag (pact-FLAG-
TRAF7 and pact-TRAF7). For in vitro translation of TRAF7, the TRAF7 cDNA
was inserted into the pSPUTK vector (Stratagene). Various mutants of TRAF7
were generated using PCR-based method. The c-Myb expression plasmids
that were used have been described previously (Sakura et al., 1989).

Yeast Two-Hybrid Screening and In Vitro Binding Assays
Yeast two-hybrid screening was performed using a mouse embryonic cDNA
library as described (Kanei-Ishii et al., 2004). The mouse c-Myb lacking the
transcriptional activation domain (amino acids 240–324) was used as bait.
GST pulldown assays using GST-c-Myb were performed essentially as de-
scribed previously (Dai et al., 1996; Nomura et al., 2004). The binding buffer
was 50 mM HEPES, pH 7.5, 1 mM dithiothreitol, 0.1% NP-40, and 150 mM
KCl. To examine the binding of in vitro-translated c-Myb and FLAG-TRAF7,
293T cells (1 � 106 cells per 100-mm dish) were transfected with the FLAG-
TRAF7 expression plasmid (8 �g) using Lipofectamine Plus (Invitrogen,
Carlsbad, CA). Lysates were prepared from the transfected cells using RIPA
buffer (20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.1%
sodium deoxycholate, 0.1% SDS, and protease inhibitor cocktail) and immu-
noprecipitated with an anti-FLAG antibody. The immunocomplexes were
captured with protein G-Sepharose and sequentially washed with washing
buffer (20 mM Tris-HCl, pH 8.0, 1 mM EDTA, 1 M NaCl, 2% NP-40, and 10%
glycerol) and then binding buffer. The FLAG-TRAF7 immunocomplexes
bound to protein G-Sepharose were mixed with 35S-c-Myb translated in vitro,
and the bound proteins were analyzed by SDS-PAGE, followed by autora-
diography.

Co-immunoprecipitation
To investigate the in vivo interaction of overexpressed proteins, 293T cells
(1 � 106 cells per 100-mm dish) were transfected by Lipofectamine Plus
(Invitrogen) with plasmids that express TRAF7 (4 �g) and c-Myb (2 �g). The
transfected cells were then cultured for 40 h and lysed in Harlow buffer (250)
(50 mM HEPES-KOH, pH 7.5, 250 mM NaCl, 0.2 mM EDTA, 0.5% NP-40, and
protease inhibitor cocktail; Roche, Indianapolis, IN). The lysates were immu-
noprecipitated with 1 �g of anti-c-Myb, which was raised against GST-CT5, or
with anti-TRAF7 antibodies, and 30 �l of protein G-Sepharose (Pharmacia,
Piscataway, NJ). The anti-TRAF7 rabbit polyclonal antibody was prepared
using GST-TRAF7, which contains amino acids 1–170 (NcoI-XhoI). The immu-
nocomplexes were washed three times with Harlow buffer (250). For coim-
munoprecipitation of endogenous proteins, M1 cells were lysed with RIPA
buffer, followed by sonication and dilution with 10 volumes of RIPA buffer
lacking SDS to reduce SDS concentration to 0.01%. The lysates were immu-
noprecipitated with 1 �g of anti-TRAF7 antibody or control IgG, and 30 �l of
protein G-Sepharose (Pharmacia). The immunocomplexes were washed five
times with washing buffer (20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM
EDTA, 1% NP-40, 0.1% sodium deoxycholate, 0.01% SDS, and protease in-
hibitor cocktail). For immunoblotting, the immunoprecipitates or whole cell
lysates were resolved on SDS-PAGE and transferred to nitrocellulose mem-
branes (Schleicher & Schuell, Keene, NH). The membranes were immuno-
blotted with anti-TRAF7 or anti-c-Myb antibodies, and the bound antibodies
were visualized by horseradish peroxidase-conjugated antibodies against
rabbit or mouse IgG using an ECL reagent (Amersham, Piscataway, NJ).

Northern Blotting
A multiple tissue mouse mRNA blot was purchased from Clontech (Palo Alto,
CA). Total RNA was also prepared from IL-6-treated murine myeloid leuke-
mia M1 cells at various times after stimulation and used for Northern blotting.
The probe was the mouse TRAF7 coding sequence.

In Vivo Sumoylation Assay
CV-1 cells (1 � 106 cells per 100-mm dish) were transfected with the plasmids
that express c-Myb (2 �g), TRAF7 (4 �g), His tag-linked SUMO1 (0.15 �g),
and the internal control pact-�-gal (0.3 �g) using Lipofectamine Plus. Total
plasmid amounts were adjusted to 6.45 �g by adding the empty plasmid.
Cells were culture for 40 h after transfection, scraped into 800 �l of urea buffer
(8 M urea, 0.1 M sodium phosphate, pH 8.0, 0.3 M NaCl, 10 mM N-ethylma-
leimide), and sonicated mildly on ice. Proteins conjugating His-SUMO1 were
purified with HIS-Select cobalt affinity resin (Sigma, St. Louis, MO). After
several washes with urea buffer, the proteins were eluted with urea buffer
containing 1 M imidazole. The purified proteins were subjected to SDS-PAGE
followed by Western blotting with an anti-c-Myb (1–1) or anti-GMP1 (Zymed,
South San Francisco, CA) antibody.

In Vitro Sumoylation Assay
293T cells (1 � 106 cells per 100-mm dish) were transfected with 8 �g of
FLAG-TRAF7 or FLAG-c-Myb using Lipofectamine Plus. Forty hours after
transfection, cells were scraped into RIPA buffer and immunoprecipitated
with FLAG-M2 antibody. The immunocomplexes were captured with protein
G-Sepharose and sequentially washed with washing buffer. The FLAG-tagged
proteins were eluted with 150 ng/�l FLAG peptide. E1 (SAE1/SAE2) (ALEX-
SIS, Lausen, Switzerland), E2 (UbcH9; AG Scientific, San Diego, CA), SUMO1
(AG Scientific), FLAG-TRAF7, and FLAG-c-Myb were mixed in reaction
buffer (50 mM Tris-HCl, pH 7.5, 5 mM MgCl2, 2 mM ATP) and incubated for
2 h at 37°C. The reactions were analyzed by SDS-PAGE followed by Western
blotting using anti-c-Myb (1–1) or anti-GMP-1 antibody.
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CAT Reporter Assays
CV-1 cells (5 � 105 cells per 100-mm dish) were cotransfected by the CaPO4
method with the myc-luciferase reporter (Nakagoshi et al., 1992; 4 �g), the
c-Myb expression plasmid (4 �g), the TRAF7 expression plasmid (0–8 �g),
and the internal control plasmid pact-�-gal (0.5 �g). The total amount of
plasmid DNA was adjusted to 16.5 �g by adding empty plasmid DNA.
Twenty-four hours after transfection, cell lysates were prepared and used for
CAT assays.

Subcellular Localization
M1 cells and DND39 cells, which were kindly donated by Dr. Y. Matsuo
(Fujisaki Cell Center, Hayashibara Biochemical Labs), were grown in DMEM
and RPMI medium containing 10% fetal bovine serum, respectively. CV-1
cells (8 � 104 per 6-well dish) were transfected with the plasmid expressing
c-Myb, TRAF7, or FLAG-PIASy using the CaPO4 method. CV-1 cells were
also transfected with mixture of the FLAG-c-Myb, TRAF7 or FLAG-PIASy,
and SUMO1 expression plasmids. Amounts of each plasmid are described in
the legends to Figures 7 and 8. Forty hours after transfection, cells were fixed
with 2% paraformaldehyde for 45 min. Transfected CV-1 cells and nontrans-
fected M1 cells were permeabilized with either 0.004% digitonin for 2 min (12
min for M1 cells) or 0.2% Triton X-100 for 12 min and stained as described
(Nomura et al., 2004) with anti-c-Myb or anti-TRAF7 antibody. The signals for
the different proteins were visualized by rhodamine- and FITC-conjugated
secondary antibodies and analyzed by confocal microscopy.

Subcellular Fractionation
M1 cells (1 � 107 cells) were lysed in hypotonic buffer (20 mM HEPES-KOH,
pH 8.0, 10 mM NaCl, 10 mM N-ethylmaleimide, and proteinase inhibitor
cocktail). After a centrifugation, the supernatant was used as a cytoplasmic
fraction, and the pellet was further extracted with nuclear extraction buffer (20
mM HEPES-KOH, pH 8.0, 420 mM NaCl, 10 mM N-ethylmaleimide, and
proteinase inhibitor cocktail). After a centrifugation, the supernatant was
used as a nuclear fraction. Concentrations of NaCl in the cytoplasmic and the
nuclear fractions were adjusted to final concentration of 150 mM, Then, c-Myb
(and sumoylated c-Myb) in both fractions was immunoprecipitated using an
anti-c-Myb antibody (1-1) and analyzed by SDS-PAGE and Western blotting
using an anti-c-Myb antibody (1-1) or an anti-GMP-1 antibody.

RESULTS

Identification of TRAF7 as a c-Myb-binding Protein
To identify the regulator that binds to c-Myb, we performed
a yeast two-hybrid screening of a mouse embryo library
using the c-Myb mutant protein lacking its transcriptional
activation domain (�TA) as the bait. Among 109 clones
isolated, 2 clones encoded a protein containing WD40 re-
peats. Full-length clones of the protein were isolated and
characterized. The cDNA encodes a 594-amino acid protein
identical to the short form of TRAF7, which contains RING
and zinc finger domains, a coiled-coil region, and WD40
repeats (Figure 1A; Xu et al., 2004). TRAF7 was designated
based on its high homology to RING and zinc finger do-
mains of TRAF proteins (Xu et al., 2004). However, TRAF7
lacks the conserved C-terminal domain found in TRAF1–6,
and instead has several WD40 repeats in its C-terminal
domain. Although TRAF7 functionally interacts with
MEKK3, similar to other TRAF proteins, it is not known
whether TRAF7 binds to members of TNF receptor family.

TRAF7 Binds to the DBD of c-Myb via Its WD40 Repeats
To examine whether c-Myb directly interacts with TRAF7,
we performed GST pulldown assays using in vitro-trans-
lated TRAF7 and GST-c-Myb containing the full-length c-
Myb. In vitro-translated full-length TRAF7 and the C-termi-
nal 285-amino acid fragment of TRAF7 containing the WD40
repeats bound efficiently to GST-c-Myb (Figure 1A). In con-
trast, a TRAF7 fragment lacking the WD40 repeats failed to
bind to GST-c-Myb. Thus, c-Myb directly binds to the WD40
repeats of TRAF7. Coimmunoprecipitation experiments
were then performed to investigate in vivo interactions be-
tween these proteins. CV-1 cells were transfected with c-
Myb and TRAF7 expression plasmids, and cell lysates were
prepared from the transfected cells. Anti-c-Myb and anti-

TRAF7 antibodies coprecipitated TRAF7 and c-Myb, respec-
tively, whereas control IgG did not (Figure 1B). To further
confirm the in vivo association of c-Myb with TRAF7, coim-
munoprecipitation of endogenous proteins in M1 cell lysates
was performed (Figure 1C). Anti-TRAF7 antibodies copre-
cipitated c-Myb, whereas normal IgG did not.

To determine which domain of c-Myb interacts with
TRAF7, we used various forms of in vitro-translated c-Myb
and TRAF7-bound Sepharose resin for binding assays. To
prepare TRAF7-bound Sepharose, 293T cells were trans-
fected with the FLAG-tagged TRAF7 expression vector, and
the cell lysates were immunoprecipitated with an anti-FLAG
antibody. Immunocomplexes bound to protein G-Sepharose
were then used for binding assays with c-Myb translated in
vitro. The results demonstrate that the DBD of c-Myb is
essential for the interaction with TRAF7 and that the R2 and

Figure 1. TRAF7 binds to c-Myb via its WD40 repeat. (A) GST
pulldown assays. Top, the functional domain of TRAF7, and the
deletion mutants used are shown schematically. The results of the
binding assays are indicated on the right. The relative binding
activities of the deleted forms of TRAF7 are designated � and � to
indicate the binding of 9–20% and �1% of the input protein, re-
spectively. Bottom, in the input lanes, three forms of 35S-TRAF7
were synthesized in vitro and analyzed by SDS-PAGE followed by
autoradiography. The 35S-TRAF7 proteins indicated above each
lane were mixed with a GST-c-Myb affinity resin, and the bound
proteins were analyzed by SDS-PAGE followed by autoradiogra-
phy. Less than 0.2% of the input TRAF7 proteins bound to the
control resin bearing GST alone (unpublished data). (B) Coimmun-
noprecipitation of overexpressed TRAF7 and c-Myb proteins. Ly-
sates were prepared from CV-1 cells transfected with a mixture of
TRAF7 and c-Myb expression plasmids. Lysates were precipitated
by anti-TRAF7 or anti-c-Myb antibody or control IgG, and the
immunocomplexes were analyzed by Western blotting using anti-
c-Myb or anti-TRAF7 antibody. (C) Endogenous c-Myb is coimmu-
noprecipitated with antibodies to TRAF7. Lysates from M1 cells
were precipitated with the antibody shown above and the immu-
nocomplexes were analyzed by Western blotting with the anti-c-
Myb antibody.

Sumoylation of c-Myb by TRAF7
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R3 repeats of the DBD are sufficient for binding (Figure 2).
Thus, TRAF7 binds to the DBD of c-Myb via its WD40
repeats. TRAF7 bound to CT3, which lacks the C-terminal
half containing the NRD. Therefore, oncogenic activation of
c-myb by removal of the NRD is not due to the loss of
interaction with TRAF7.

Expression Pattern of TRAF7 mRNA
To examine the tissue distribution of TRAF7 expression, we
performed Northern blot analysis. The results suggest that
mouse TRAF7 mRNA is expressed in all tissues examined as
transcripts of �3.0 kb. Expression of TRAF7 mRNA is rela-
tively high in heart, liver, kidney, testis, prostate, thyroid,
and salivary gland (Figure 3A). TRAF7 mRNA was also
expressed in the myeloid precursor cell line M1, which was
derived from a spontaneous myeloid leukemia of SL mice
(Ichikawa, 1969), and its expression was down-regulated
during IL-6-induced terminal differentiation of the cells into
macrophages (Figure 3B), similar to the pattern of c-myb
(Figure 3B). Thus, the expression levels of both TRAF7 and

c-myb mRNA are high in undifferentiated M1 cells and are
down-regulated during differentiation.

TRAF7 Stimulates the Sumoylation of c-Myb
TRAF2 and TRAF6 have been shown to function as ubiq-
uitin ligases (E3) through their N-terminal RING domains
(Deng et al., 2000). TRAF7 was also demonstrated to be an E3
ubiquitin ligase capable of self-ubiquitination (Bouwmeester
et al., 2004). Therefore, we tested whether TRAF7 stimulates
the ubiquitination of c-Myb. However, TRAF7 did not en-
hance the ubiquitination of c-Myb (unpublished data). The
RING finger domain has been found not only in ubiquitin E3
ligases but also in SUMO E3 ligases such as PIAS (Gostissa
et al., 1999; Rodriguez et al., 1999; Sachdev et al., 2001).
Therefore, we next tested whether TRAF7 induces sumoy-
lation of c-Myb. 293T cells were transfected with the c-Myb
expression plasmid, with or without TRAF7 and His-tagged
SUMO1 expression plasmids, and the lysates were mixed
with cobalt-Sepharose resin to purify the proteins linked to
His-SUMO1. The bound proteins were then analyzed by

Figure 2. In vitro binding of c-Myb to TRAF7 via its DBD. (A) Summary of GST pulldown assays. The functional domain of c-Myb and the
deletion mutants used are shown schematically. The results of binding assays shown in B are indicated on the right. The relative binding
activities of various forms of c-Myb are designated � and � to indicate the binding of 9–20% and �1% of the input protein, respectively.
(B) In vitro binding. In the input lanes, various forms of 35S-c-Myb were synthesized in vitro and analyzed by SDS-PAGE, followed by
autoradiography. FLAG-TRAF7 was expressed in 293T cells and immunoprecipitated with an anti-FLAG antibody or control IgG. The
35S-c-Myb proteins indicated above each lane were mixed with the FLAG-TRAF7 bound to protein G-Sepharose or control IgG-Sepharose.
The bound proteins were analyzed by SDS-PAGE, followed by autoradiography.
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Western blotting using an anti-Myb antibody. The three
bands for sumoylated c-Myb were detected and their den-
sities significantly increased in cells coexpressing TRAF7
(Figure 4A, left). In addition, similar results were also ob-
tained using an anti-SUMO1 antibody in Western blotting
(Figure 4A, right). Thus, TRAF7 stimulates the sumoylation
of c-Myb in vivo.

The consensus sequence of the sumoylation site, �KXE (�,
hydrophobic amino acid; X, any amino acid), was identified
by analyzing multiple sumoylation sites. Analysis of mouse
c-Myb sequence using the SUMOplot Prediction Program
indicated the presence of four putative sumoylation sites,
Lys-499, Lys-523, Lys-92, and Lys-476, each of which had a
probability score of more than 0.70. Lys-499 and Lys-523
were previously shown to be sumoylated by PIASy (Bies et
al., 2002; Dahle et al., 2003). To determine the TRAF7-in-
duced sumoylation sites in c-Myb, we expressed various
c-Myb mutants of these putative sumoylation sites for in
vivo sumoylation assays (Figure 4B). TRAF7-induced
sumoylation was not observed in the 4KR mutant, in which
all four putative sumoylation sites were mutated to Arg.
TRAF7 also failed to sumoylate the 2KR mutant, in which
Lys-499 and Lys-523 were mutated. The K499R mutant was
still sumoylated by TRAF7 to some degree, whereas TRAF7
only slightly enhanced the sumoylation of the K523R mu-
tant. These results indicate that TRAF7 sumoylates c-Myb
primarily at Lys-499 and Lys-523.

To further confirm the sumoylation of c-Myb by TRAF7,
we performed in vitro sumoylation assays. To prepare c-
Myb and TRAF7, 293T cells were transfected with plasmids
to express either FLAG-c-Myb or FLAG-TRAF7, and the cell
lysates were immunoprecipitated with an anti-FLAG anti-
body in RIPA buffer and washed in the presence of 1.0 M
NaCl and 2% NP40. c-Myb, E1 and E2 enzymes, and SUMO1
were incubated with or without TRAF7, and the immuno-
precipitates were analyzed by Western blotting using an
anti-Myb antibody (Figure 4C). In the absence of TRAF7,
two bands migrating more slowly than intact c-Myb were
generated. These bands were not observed when either E1,
E2, or SUMO1 was absent. Addition of TRAF7 increased the
densities of these two slower migrating bands, and also

generated one additional band. These bands were also de-
tected with an anti-SUMO1 antibody, indicating that the
bands correspond to sumoylated c-Myb. Thus, TRAF7 can
stimulate sumoylation of c-Myb both in vivo and in vitro.

TRAF7 Inhibits c-Myb-induced trans-Activation
To examine whether TRAF7 regulates c-Myb-induced tran-
scriptional activation, we performed cotransfection assays
using the CAT reporter containing the c-myc promoter (pc-
myc-luc), which is a c-Myb target (Nakagoshi et al., 1992;
Figure 5). TRAF7 decreased c-Myb-induced trans-activation
from the c-myc promoter to 50% of the control. On the other
hand, TRAF7 (1–4 �g) did not inhibit trans-activation by the
2KR mutant of c-Myb, which cannot be sumoylated by
TRAF7. However, higher amount of TRAF7 (8 �g) partly
inhibited 2KR mutant-induced trans-activation. No effect of
the high amount of TRAF7 on the 4KR-induced trans-acti-
vation suggests that overexpressed TRAF7 may induce the
sumoylation of c-Myb at minor sites, leading to the inhibi-
tion of activity of 2KR mutant. Thus, TRAF7 inhibited the
trans-activation induced by wild-type c-Myb, but not by the
sumoylation site mutants.

Subcellular Localization of TRAF7 and c-Myb in M1 Cells
To understand the role of TRAF7, we investigated the sub-
cellular localization of endogenous TRAF7 in M1 cells. Be-
cause M1 cells have little cytoplasm, cytoplasmic localiza-
tion can be difficult to verify. Therefore, we used two
different methods to permeabilize M1 cells for immunostain-
ing. When M1 cells were permeabilized using digitonin,
which disrupts the cellular membranes but not the nuclear
membrane, cytoplasmic �-actin, but not the nuclear lamin B,
was detected (Figure 6B). In these digitonin-treated cells,
TRAF7 and c-Myb signals were detected, and appeared to be
nonuniformly distributed (Figure 6A), suggesting that both
proteins were localized in the cytosol. When cells were
permeabilized using Triton X-100, which also disrupts the
nuclear membrane, not only cytoplasmic �-actin but also
nuclear lamin B were detected (Figure 6B). In these Triton
X-100-treated cells, the TRAF7 and c-Myb signals were al-

Figure 3. TRAF7 is down-regu-
lated during differentiation of M1
cells. (A) Expression of TRAF7
mRNA in various tissues of mice.
Northern blot analysis was per-
formed using an RNA filter con-
taining RNAs prepared from vari-
ous tissues of mice. (B) Down-
regulation of TRAF7 expression
during differentiation of M1 cells.
M1 cells were treated with IL-6 to
induce differentiation into macro-
phages and total RNAs were pre-
pared at various times after stim-
ulation and used for the Northern
blot analysis.
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Figure 4. TRAF7 stimulates the sumoylation of c-Myb. (A) Stimulation of in vivo sumoylation of c-Myb by TRAF7. CV-1 cells were
transfected with plasmids expressing c-Myb, TRAF7, and His-tagged SUMO1, as shown above each lane. Whole cell lysates were mixed with
cobalt resin to purify proteins modified with His-tagged SUMO1, and the bound proteins were analyzed by Western blotting with anti-c-Myb
(left panel) or anti-SUMO1 (right panel) antibody. (B) TRAF7 sumoylates c-Myb at two sites. CV-1 cells were transfected with plasmids
expressing various forms of c-Myb, TRAF7, and His-tagged SUMO1, as shown above each lane. Sumoylated c-Myb was detected as described
above. (C) In vitro sumoylation of c-Myb by TRAF7. 293T cells were transfected with c-Myb or TRAF7 expression plasmids, and both proteins
were immunoprecipitated. These proteins were incubated with E1, E2, and SUMO1, and the reactions were analyzed by Western blotting
with anti-c-Myb or anti-SUMO1 antibody.
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most uniformly distributed (Figure 6A), indicating that both
proteins were in the nucleus. Thus, the results of immuno-
staining of M1 cells suggested that TRAF7 and c-Myb are
localized in both the cytoplasm and nucleus. We also used a
human Burkitt’s B lymphoma cell line, DND39 (Miyazaki et
al., 2002), for immunostaining (Supplementary Figure S1).
TRAF7 and c-Myb are localized in both the cytoplasm and
nucleus also in DND39 cells.

To further confirm these results, the cytoplasmic and nu-
clear fractions of M1 cells were separated and used for
immunoprecipitation using an anti-c-Myb antibody, fol-
lowed by Western blotting with anti-c-Myb or anti-SUMO1
antibody (Figure 6C). Similar amounts of sumoylated c-
Myb, which had the molecular weight of �100 kDa, were
localized in both the cytoplasm and the nucleus, whereas
unmodified c-Myb was enriched in the nucleus. The sumoy-
lated c-Myb detected in M1 cells had a molecular weight
(�100 kDa) similar to that of in vitro-sumoylated c-Myb
shown in Figure 4C. Western blotting to detect lamin B and
�-actin indicated that the cytoplasmic and nuclear fractions
were not contaminated by each other (Figure 6D). These
results suggest that c-Myb is retained in the cytoplasm by
sumoylation.

TRAF7 Sequesters c-Myb in the Cytoplasm
We next examined the effect of overexpressed TRAF7 on the
subcellular localization of c-Myb in transfected CV-1 cells
(Figure 7). When either wild-type c-Myb, 2KR mutant or
TRAF7 alone was overexpressed in CV-1 cells, both forms of
c-Myb were found almost uniformly distributed throughout
the nucleoplasm, whereas TRAF7 was in the cytoplasm (Fig-
ure 7, A and B, and Supplementary Figure S2A). It is inter-
esting that TRAF7 appears to be localized in the specific
regions of cytoplasm or uniformly in the cytoplasm, de-
pending on each cell. TRAF7 also accumulated noticeably at
the periphery of the nuclear membrane. To examine whether
TRAF7 affects the subcellular localization of c-Myb, CV-1
cells were transfected the wild-type or the 2KR mutant of

c-Myb and the TRAF7 expression plasmid. Transfected cells
were permeabilized using digitonin or Triton X-100 and
stained with antibodies against c-Myb or TRAF7. When
wild-type c-Myb was coexpressed with TRAF7, significant
amounts of c-Myb were detected in the cytoplasm (Figure
7C and Supplementary Figure S2B). In contrast, the subcel-
lular localization of the 2KR mutant was not affected by TRAF7
(Figure 7C and Supplementary Figure S2C). In these experi-
ments, digitonin disrupted the cellular membranes but not the
nuclear membrane, because the nuclear lamin B was not de-
tected in the digitonin-permeabilized cells (Figure 7D).

To further investigate whether sumoylation of c-Myb is
important for cytoplasmic sequestration of c-Myb, we exam-
ined the colocalization of TRAF7 with SUMO1 and c-Myb.
When c-Myb was coexpressed with only SUMO1, both c-
Myb and SUMO1 were detected only in the nucleus (Figure
8A). When c-Myb and SUMO1 were coexpressed with
TRAF7, however, significant amounts of c-Myb and SUMO1
were localized not only in the nucleus but also in the cyto-
plasm (Figure 8, B and C, and Supplementary Figure S3, A
and B). The 2KR mutant of c-Myb, which cannot be sumoy-
lated by TRAF7, was detected only in the nucleus when it
was coexpressed with TRAF7 and SUMO1 (Figure 8D).
SUMO1 was also localized not only in the nucleus but also
in the cytoplasm when expressed with TRAF7 and 2KR
mutant of c-Myb (Figure 8C and Supplementary Figure
S3C), probably because TRAF7 also sequesters SUMO1 or
sumoylated-proteins other than c-Myb in the cytoplasm.
These results further support that the cytoplasmic retention
of c-Myb requires its sumoylation by TRAF7.

Previously, PIASy was reported to stimulate sumoylation
of c-Myb (Dahle et al., 2003). To directly compare the sub-
cellular localization of two sumo E3 ligases of c-Myb, PIASy,
and TRAF7, we also examined the subcellular localization of
PIASy. When PIASy was expressed alone in CV-1 cells, it
was localized almost uniformly in the nucleoplasm (Figure
8E). PIASy was reported to be detected in the nuclear bodies
which are the dot-like domain (Sachdev et al., 2001), whereas
it was also shown to be localized almost uniformly in the
nucleoplasm in other types of cells (Chun et al., 2003). Thus,
PIASy appears to be localized in the nuclear dotlike domain
or uniformly in the nucleoplasm. When c-Myb and SUMO1
were coexpressed with PIASy, all c-Myb and SUMO1 were
detected only in the nucleus, and neither c-Myb nor SUMO1
was localized in the cytoplasm (Figure 8, F and G). Thus, the
subcellular localization of TRAF7 and PIASy exhibit a striking
difference, although both stimulate sumoylation of c-Myb.

DISCUSSION

In the present study, we identified TRAF7 as a c-Myb-
binding protein. TRAF7 enhances the sumoylation of c-Myb,
causing c-Myb to be retained in the cytoplasm. Thus, TRAF7
negatively regulates c-Myb-induced trans-activation via its
sumoylation.

In CV-1 cells, overexpressed TRAF7 localized primarily in
the cytosol, and coexpression of TRAF7 with c-Myb stimu-
lated the sumoylation of c-Myb and its retention in the
cytoplasm. Thus, TRAF7 inhibits wild-type c-Myb-induced
trans-activation by blocking the nuclear entry of c-Myb via
sumoylation. Endogenous sumoylated c-Myb was detected
in the cytosol of M1 cells. The cytoplasmic distribution of
c-Myb in human hematopoietic cells has also been reported
(Bading et al., 1988), but the mechanism is unknown. Our
present study demonstrates that sumoylation by TRAF7
contributes to the cytoplasmic retention of c-Myb. Multiple
reports have suggested that SUMO modification could be

Figure 5. TRAF7 inhibits c-Myb-dependent transcriptional activa-
tion. CV-1 cells were transfected with a mixture of the CAT reporter
bearing the c-myc promoter (pc-myc-CAT) and either the wild-type,
2KR mutant, or 4KR mutant c-Myb expression plasmid or the con-
trol plasmid, with or without increasing amounts (0, 1, 2, 4, or 8 �g)
of the TRAF7 expression plasmid. CAT activity was then measured.
All CAT cotransfection experiments were repeated at least three
times, and typical results are shown. The differences between each
set of experiments were within 20%.
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coupled to the transport of proteins between the nucleus and
the cytoplasm. RanBP2 (also referred as to Nup358) has
SUMO E3-like activity (Pichler et al., 2002), suggesting that
SUMO modification may occur at nuclear pore complexes
(NPCs) because proteins are transported between the nu-
cleus and the cytoplasm. In addition, Ubc9 localizes to both
the cytoplasmic and nucleoplasmic fibrils of the NPC
(Zhang et al., 2002). SENP2, a SUMO protease that is able to
remove SUMO from modified proteins, localizes to the nu-
cleoplasmic face of the NPC (Zhang et al., 2002). TRAF7 may
be one of the E3 ligases that is enriched on the outer nuclear
membrane to regulate nuclear entry of transcription factors
such as c-Myb.

Endogenous TRAF7 in M1 cells is found not only in the
cytosol but also in the nucleus, whereas overexpressed
TRAF7 in CV-1 cells is primarily localized to the cytosol. M1
cells could have some factor which transports TRAF7 into
the nucleus by modifying or binding to TRAF7. In the nu-
cleus of M1 cells, TRAF7 appears to be almost uniformly
distributed in the nucleoplasm. On the other hand, PIASy is
found associated with the nuclear bodies (Sachdev et al.,
2001) or almost uniformly in the nucleoplasm (Chun et al.,
2003). Although overexpressed TRAF7 in CV-1 cells is
mainly localized in the cytoplasm, we cannot exclude the
possibility that small amounts of TRAF7 are also present in
the nucleus. Because TRAF7 and PIASy sumoylate c-Myb at
the same sites, it is important to analyze whether TRAF7 and
PIASy have any difference in regulating c-Myb activity in
the nucleus.

We have observed that coexpression of TRAF7 inhibited
the transactivation by wild-type c-Myb, but not by the
sumoylation site mutants of c-Myb (Figure 5). In these ex-
periments, we prepared the lysates for CAT assays 24 h after
transfection. When we measured the CAT activity 48 h after
transfection, however, TRAF7 affected similarly both the
wild-type and 2KR-dependent transactivation (unpublished
data). These results suggest that accumulated TRAF7 non-
specifically affects the Myb-dependent transactivation by
regulating other proteins. It should be noted that multiple
reports demonstrated that the repression of activity of mul-
tiple transcription factors by sumo E3 ligase, such as PIAS,
does not depend on the sumoylation sites (see review by
Verger et al., 2003). For instance, PIAS1 and PIASy act as
sumo E3 ligase of p53 and LEF-1, respectively, and repress
the activity of both wild-type and the sumoylation site mu-
tant of p53 and LEF-1 (Sachdev et al., 2001; Schmidt and
Muller, 2002). Although the mechanism of these observa-
tions remains unknown at present, it is possible that PIAS
may also indirectly affect the transactivation by p53 and
LEF-1 by regulating some other factors that bind to p53 and
LEF-1.

c-Myb is sumoylated by TRAF7 at Lys-523 and Lys-499,
which are the same sites as those previously shown to be
sumoylated by PIASy. PIASy is found in the nucleus (Sach-
dev et al., 2001; Chun et al., 2003), whereas TRAF7 is found
only in the cytoplasm in transfected CV-1 cells. Both TRAF7
and PIASy inhibit c-Myb-induced trans-activation. PIASy
was speculated to inhibit transactivation by multiple tran-

Figure 6. Endogenous TRAF7 and c-Myb
are localized in both cytoplasm and nucleus.
(A) Immunostaining of endogenous TRAF7
and c-Myb. M1 cells were permeabilized
with digitonin (top panels) or Triton X-100
(bottom panels), immunostained with anti-
bodies against the protein indicated above
the panel, and visualized by FITC- and rhoda-
mine-conjugated secondary antibodies, using
confocal microscopy. DNA was stained with
TOTO3. Typical staining pattern of single cell
is shown below with higher magnification. In
the left three panels, TRAF7, c-Myb, and
DNA are shown in red, green, and blue, re-
spectively. In the right three panels, TRAF7
and lamin B are shown in green and red,
respectively. TRAF7 and lamin B are super-
imposed (the right-most panels). Transfec-
tion of empty vector alone did not give rise
any signals (unpublished data). (B) Control
experiments for permeabilization. M1 cells
were permeabilized with digitonin (top pan-
els) or Triton X-100 (bottom panels), immu-
nostained with anti-�-actin or anti-lamin B
antibodies, and visualized as described
above. �-Actin and lamin B are shown in red
and green, respectively. Typical staining pat-
tern of single cell is shown below with higher
magnification. (C) Subcellular fractionation
of TRAF7 and c-Myb. M1 cells were lysed in
hypotonic buffer, and the cytosol and nuclear
fractions were separated. Proteins of both
fractions were immunoprecipitated using an-
ti-c-Myb antibody, and subjected to Western
blotting using anti-TRAF7 or anti-SUMO1
antibody. (D) �-tubulin and lamin B were
detected as controls.
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scription factors, including c-Myb, by recruiting sumoylated
transcription factors into the nuclear matrix, and probably
into PML nuclear bodies (Sachdev et al., 2001; Ross et al.,
2002; Schmidt and Muller, 2002; Dahle et al., 2003). In con-
trast, cytosolic TRAF7 sequesters c-Myb outside the nuclear
membrane and inhibits the c-Myb-induced trans-activation.
Thus, PIASy and TRAF7 sumoylate c-Myb at the same sites,
but the mechanisms by which they regulate c-Myb activity
are different. However, we cannot completely exclude the
possibility that inhibition of c-Myb activity by TRAF7 may
be an effect of sumoylation per se, because the cytoplasmic
sequestration of TRF7-sumoylated c-Myb is not complete.

TRAF7 was previously demonstrated to be an E3 ubiq-
uitin ligase capable of self-ubiquitination (Bouwmeester et
al., 2004). However, we have shown that TRAF7 stimulates
the sumoylation of c-Myb. Thus, TRAF7 can stimulate both

ubiquitination and sumoylation. Recently, it was reported
that the Mdm2 RING finger E3 ubiquitin ligase can also
promote NEDD8 modification of p53 (Xirodimas et al., 2004).
Thus, one RING finger protein may be able to have the
activity of multiple members of the ubiquitin ligase family.

TRAF7 was designated as a TRAF family protein based on
the high homology with the RING and zinc finger domains
of TRAF proteins (Xu et al., 2004). However, the C-terminal
domain conserved in TRAF1–6 is replaced by the WD40
repeats in TRAF7. TRAF2 and TRAF6 have been most ex-
tensively studied, and these proteins associate, directly or
indirectly, with members of the TNF receptor family to
mediate signals from these receptors. TRAF2 and TRAF6
have been shown to function as ubiquitin ligases (E3)
through their N-terminal RING domains (Deng et al., 2000).
Although ubiquitination normally targets a protein for deg-

Figure 7. Overexpressed TRAF7 in CV-1
cells sequesters c-Myb in the cytoplasm. (A)
Localization of overexpressed TRAF7 in the
cytoplasm. CV-1 cells were transfected with
plasmids expressing the proteins shown
above each panel. The cells were permeabil-
ized with Triton X-100 and immunostained
with antibodies against each protein, visual-
ized by rhodamine-or FITC-conjugated sec-
ondary antibodies, and analyzed by confocal
microscopy. DNA was stained with Hoechst
33258. c-Myb, TRAF7, and DNA are shown in
red, green, and blue, respectively. Transfec-
tion of empty vector alone did not give rise
any signals (unpublished data). (B) Localiza-
tion of overexpressed c-Myb in the nucleus.
CV-1 cells were transfected with the wild-
type c-Myb expression plasmid (2 �g) and the
�-galactosidase expression plasmid (2 �g).
Transfected cells were permeabilized with
digitonin (top panels) or Triton X-100 (bottom
panels), immunostained with antibodies
against the proteins shown above, visualized
by FITC- and rhodamine-conjugated second-
ary antibodies, and analyzed by confocal mi-
croscopy. DNA was stained with TOTO3.
�-Galactosidase, c-Myb, and DNA are shown
in green, red, and blue, respectively. In the
right-most panels, the signals for both pro-
teins and DNA are superimposed. (C) TRAF7
sequesters c-Myb in the cytoplasm. CV-1 cells
were transfected with the wild-type or 2KR
mutant c-Myb expression plasmid (2 �g) and
the TRAF7 expression plasmid (4 �g). Trans-
fected cells were permeabilized with digito-
nin (top panels) or Triton X-100 (bottom pan-
els), immunostained with antibodies against
the proteins shown above, visualized by
FITC- and rhodamine-conjugated secondary
antibodies, and analyzed by confocal micros-
copy. DNA was stained with TOTO3. TRAF7,
c-Myb, and DNA are shown in red, green, and
blue, respectively. In the right-most panels, the
signals for both proteins and DNA are super-
imposed. More examples of immunostaining
are shown in Supplementary Figure S2, B and
C. (D) Control experiments for permeabiliza-
tion. CV-1 cells were permeabilized with digi-
tonin (top panels) or Triton X-100 (bottom pan-
els), immunostained with the anti-lamin B
antibody, and visualized as described above.
DNA was stained with TOTO3. Lamin B and
DNA are shown in red and blue, respectively.
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radation, TRAF2- and TRAF6-mediated ubiquitination leads
to the activation of downstream kinases through a protea-
some-independent mechanism. Specifically, the TRAF ubiq-
uitin ligases catalyze the synthesis of a unique polyubiquitin
chain linked through lysine 63 (K63) of ubiquitin. The inter-
action of TRAF2 with the TNF receptor 2 requires the C-
terminal domain conserved in TRAF1–6 (Takeuchi et al.,
1996), which TRAF7 lacks, suggesting that TRAF7 cannot
interact with members of the TNF receptor family. However,
TRAF proteins form a trimer via the coiled-coil region (Park
et al., 1999), which is a present in TRAF7. Thus, we are
presented with the interesting possibility that the signals
from members of the TNF receptor family induce TRAF7-
dependent sumoylation via trimers containing TRAF7 and
other TRAF family members. The present results demon-
strating the TRAF7-induced sumoylation of c-Myb may lead
to an understanding of the molecular mechanisms by which
c-Myb activity is regulated.

ACKNOWLEDGMENTS

We are grateful to H. Saitoh for SUMO1 expression plasmid and valuable
discussions, to R. Sato for the His-SUMO1 expression plasmid, to K. Shuai for
the PIASy expression plasmid, and to Y. Matsuo for the DND39 cell line. This
work was supported in part by Grants-in-Aid for Scientific Research from the
Ministry of Education, Culture, Sports, Science and Technology of Japan.

REFERENCES

Bading, H., Gerdes, J., Schwarting, R., Stein, H., and Moelling, K. (1988).
Nuclear and cytoplasmic distribution of cellular myb protein in human
haematopoietic cells evidenced by monoclonal antibody. Oncogene 3, 257–
265.

Bender, T. P., Kremer, C. S., Kraus, M., Buch, T., and Rajewsky, K. (2004).
Critical functions for c-Myb at three checkpoints during thymocyte develop-
ment. Nature Immunol. 5, 721–729.

Bernier-Villamor, V., Sampson, D. A., Matunis, M. J., and Lima, C. D. (2002).
Structural basis for E2-mediated SUMO conjugation revealed by a complex
between ubiquitin-conjugating enzyme Ubc9 and RanGAP1. Cell 108, 345–
356.

Figure 8. TRAF7 sequesters SUMO1 in the
cytoplasm. (A) Colocalization of c-Myb and
SUMO1 in the nucleus in the absence of
TRAF7. CV-1 cells were transfected with plas-
mids expressing c-Myb (2 �g) and SUMO1 (1
�g). The cells were permeabilized with Triton
X-100 and immunostained with antibodies
against each protein, visualized by FITC- or
rhodamine-conjugated secondary antibodies,
and analyzed by confocal microscopy. DNA
was stained with TOTO3. c-Myb, SUMO1,
and DNA are shown in green, red, and blue,
respectively. The signals for c-Myb, SUMO1,
and DNA are superimposed in the bottom
right panel. (B and C) TRAF7 sequesters
SUMO1 and c-Myb in the cytoplasm. CV-1
cells were transfected with plasmids express-
ing c-Myb (2 �g), SUMO1 (1 �g), and TRAF7
(4 �g), permeabilized with Triton X-100, and
immunostained with antibodies against each
protein, visualized by FITC- or rhodamine-
conjugated secondary antibodies, and ana-
lyzed by confocal microscopy. DNA was
stained with TOTO3. In B, TRAF7, SUMO1,
and DNA were shown in green, red, and blue,
respectively. In C, c-Myb, SUMO1, and DNA
were shown in green, red, and blue, respec-
tively. The signals for the proteins and DNA
were superimposed in the bottom right pan-
els. (D) TRAF7 sequesters SUMO1, but not the
2KR mutant of c-Myb in the cytoplasm. CV-1
cells were transfected with plasmids express-
ing the 2KR mutant of c-Myb (2 �g), SUMO1
(1 �g), and TRAF7 (4 �g), and immunostain-
ing was performed as described above. DNA
was stained with TOTO3. 2KR mutant of c-
Myb, SUMO1, and DNA are shown in red,
green, and blue, respectively. The signals for
c-Myb, SUMO1, and DNA are superimposed
in the bottom right panel. (E) Nuclear local-
ization of PIASy. CV-1 cells were transfected
with the PIASy expression plasmid (2 �g),
and immunostaining was performed as de-
scribed above. DNA was stained with TO-
TO3. PIASy and DNA are shown in green and
blue, respectively. (F and G) Nuclear localiza-
tion of c-Myb and SUMO1 in the presence of

PIASy. CV-1 cells were transfected with plasmids expressing c-Myb (2 �g), SUMO1 (1 �g), and PIASy (4 �g), and immunostaining was
performed as described above. DNA was stained with TOTO3 (blue). In F, PIASy and SUMO1 were shown in green and red, respectively.
In G, c-Myb and PIASy were shown in green and red, respectively. The signals for the proteins and DNA were superimposed in the bottom
right panels.

Y. Morita et al.

Molecular Biology of the Cell5442



Biedenkapp, H., Borgmeyer, U., Sippel, A. E., and Klempnauer, K. H. (1988).
Viral myb oncogene encodes a sequence-specific DNA-binding activity. Na-
ture 335, 835–837.

Bies, J., Markus, J., and Wolff, L. (2002). Covalent attachment of the SUMO-1
protein to the negative regulatory domain of the c-Myb transcription factor
modifies its stability and transactivation capacity. J. Biol. Chem. 277, 8999–
9009.

Bouwmeester, T. et al. (2004). A physical and functional map of the human
TNF-alpha/NF-kappa B signal transduction pathway. Nat. Cell Biol. 6, 97–
105.

Chun, T. H., Itoh, H., Subramanian, L., Iniguez-Lluhi, J. A., and Nakao, K.
(2003). Modification of GATA-2 transcriptional activity in endothelial cells by
the SUMO E3 ligase PIASy. Circ. Res. 92, 1201–1208.

Dahle, O., Andersen, T. O., Nordgard, O., Matre, V., Del Sal, G., and Gabri-
elsen, O. S. (2003). Transactivation properties of c-Myb are critically depen-
dent on two SUMO-1 acceptor sites that are conjugated in a PIASy enhanced
manner. Eur. J. Biochem. 270, 1338–1348.

Dai, P., Akimaru, H., Tanaka, Y., Hou, D. X., Yasukawa, T., Kanei-Ishii, C.,
Takahashi, T., and Ishii, S. (1996). CBP as a transcriptional coactivator of
c-Myb. Genes Dev. 10, 528–540.

Deng, L., Wang, C., Spencer, E., Yang, L., Braun, A., You, J., Slaughter, C.,
Pickart, C., and Chen, Z. J. (2000). Activation of the IkappaB kinase complex
by TRAF6 requires a dimeric ubiquitin-conjugating enzyme complex and a
unique polyubiquitin chain. Cell 103, 351–361.

Desterro, J. M., Rodriguez, M. S., and Hay, R. T. (1998). SUMO-1 modification
of I�B� inhibits NF-�B activation. Mol. Cell 2, 233–239.

Dubendorff, J. W., Whittaker, L. J., Eltman, J. T., and Lipsick, J. S. (1992).
Carboxy-terminal elements of c-Myb negatively regulate transcriptional acti-
vation in cis and in trans. Genes Dev. 6, 2524–2535.

Duprez, E., Saurin, A. J., Desterro, J. M., Lallemand-Breitenbach, V., Howe, K.,
Boddy, M. N., Solomon, E., de The, H., Hay, R. T., and Freemont, P. S. (1999).
SUMO-1 modification of the acute promyelocytic leukaemia protein PML:
implications for nuclear localisation. J. Cell Sci. 112, 381–393.

Frampton, J., Ramqvist, T., and Graf, T. (1996). v-Myb of E26 leukemia virus
up-regulates bcl-2 and suppresses apoptosis in myeloid cells. Genes Dev. 10,
2720–2731.

Gill, G. (2004). SUMO and ubiquitin in the nucleus: different functions, similar
mechanisms? Genes Dev. 18, 2046–2059.

Gonda, T. J., and Metcalf, D. (1984). Expression of myb, myc, and fos proto-
oncogenes during the differentiation of a murine myeloid leukaemia. Nature
310, 249–251.

Gostissa, M., Hengstermann, A., Fogal, V., Sandy, P., Schwarz, S. E., Scheffner,
M., and Del Sal, G. (1999). Activation of p53 by conjugation to the ubiquitin-
like protein SUMO-1. EMBO J. 18, 6462–6471.

Hochstrasser, M. (2001). SP-RING for SUMO: new functions bloom for a
ubiquitin-like protein. Cell 107, 5–8.

Hu, Y. L., Ramsay, R. G., Kanei-Ishii, C., Ishii, S., and Gonda, T. J. (1991).
Transformation by carboxyl-deleted Myb reflects increased transactivating
capacity and disruption of a negative regulatory domain. Oncogene 6, 1549–
1553.

Ichikawa, Y. (1969). Differentiation of a cell line of myeloid leukemia. J. Cell
Physiol. 74, 223–234.

Jackson, P. K. (2001). A new RING for SUMO: wrestling transcriptional
responses into nuclear bodies with PIAS family E3 SUMO ligases. Genes Dev.
15, 3053–3058.

Johnson, E. S. (2004). Protein modification by SUMO. Annu. Rev. Biochem. 73,
355–382.

Johnson, E. S., and Gupta, A. A. (2001). An E3-like factor that promotes SUMO
conjugation to the yeast septins. Cell 106, 735–744.

Kagey, M. H., and Melhuish, T. A., and Wotton, D. (2003). The polycomb
protein Pc2 is a SUMO E3. Cell 113, 127–137.

Kahyo, T., Nishida, T., and Yasuda, H. (2001). Involvement of PIAS1 in the
sumoylation of tumor suppressor p53. Mol. Cell 8, 713–718.

Kamitani, T., Kito, K., Nguyen, H. P., Wada, H., Fukuda-Kamitani, T., and
Yeh, E. T. (1998). Identification of three major sentrinization sites in PML. J.
Biol. Chem. 273, 26675–26682.

Kanei-Ishii, C., MacMillan, E. M., Nomura, T., Sarai, A., Ramsay, R. G.,
Aimoto, S., Ishii, S., and Gonda, T. J. (1992). Transactivation and transforma-

tion by Myb are negatively regulated by a leucine-zipper structure. Proc. Natl.
Acad. Sci. USA 89, 3088–3092.

Kanei-Ishii, C. et al. (2004). Wnt-1 signal induces phosphorylation and deg-
radation of c-Myb protein via TAK1, HIPK2, and NLK. Genes Dev. 18,
816–829.

Kirsh, O. et al. (2002). The SUMO E3 ligase RanBP2 promotes modification of
the HDAC4 deacetylase. EMBO J. 21, 2682–2691.

Klempnauer, K. H., Gonda, T. J., and Bishop, J. M. (1982). Nucleotide se-
quence of the retroviral leukemia gene v-myb and its cellular progenitor
c-myb: the architecture of a transduced oncogene. Cell 31, 453–463.

Kowenz-Leutz, E., Herr, P., Niss, K., and Leutz, A. (1997). The homeobox gene
GBX2, a target of the myb oncogene, mediates autocrine growth and mono-
cyte differentiation. Cell 91, 185–195.

Ladendorff, N. E., Wu, S., and Lipsick, J. S. (2001). BS69, an adenovirus
E1A-associated protein, inhibits the transcriptional activity of c-Myb. Onco-
gene 20, 125–132.

Leprince, D., Gegonne, A., Coll, J., de Taisne, C., Schneeberger, A., Lagrou, C.,
and Stehelin, D. (1983). A putative second cell-derived oncogene of the avian
leukaemia retrovirus E26. Nature 306, 395–397.

Matunis, M. J., Coutavas, E., and Blobel, G. (1996). A novel ubiquitin-like
modification modulates the partitioning of the Ran-GTPase-activating protein
RanGAP1 between the cytosol and the nuclear pore complex. J. Cell Biol. 135,
1457–1470.

Melchior, F. (2000). SUMO—nonclassical ubiquitin. Annu. Rev. Cell Dev. Biol.
16, 591–626.

Miyazaki, Y., Tachibana, H., and Yamada, K. (2002). Inhibitory effect of
peroxisome proliferator-activated receptor-gamma ligands on the expression
of IgE heavy chain germline transcripts in the human B cell line DND39.
Biochem. Biophys. Res. Commun. 295, 547–552.

Mucenski, M. L., McLain, K., Kier, A. B., Swerdlow, S. H., Schereiner, C. M.,
Miller, T. A., Pietryga, D. W., Scott, W. J., and Potter, S. S. (1991). A functional
c-myb gene is required for normal murine fetal hepatic hematopoiesis. Cell 65,
677–689.

Muller, S., Hoege, C., Pyrowolakis, G., and Jentsch, S. (2001). SUMO, ubiq-
uitin’s mysterious cousin. Nat. Rev. Mol. Cell. Biol. 2, 202–210.

Muller, S., Matunis, M. J., and Dejean, A. (1998). Conjugation with the ubiq-
uitin-related modifier SUMO-1 regulates the partitioning of PML within the
nucleus. EMBO J. 17, 61–70.

Nakagoshi, H., Kanei-Ishii, C., Sawazaki, T., Mizuguchi, G., and Ishii, S.
(1992). Transcriptional activation of the c-myc gene by the c-myb and B-myb
gene products. Oncogene 7, 1233–1240.

Ness, S. A., Marknell, A., and Graf, T. (1989). The v-myb oncogene product
binds to and activates the promyelocyte-specific mim-1 gene. Cell 59, 1115–
1125.

Nomura, T., Tanikawa, J., Akimaru, H., Kanei-Ishii, C., Ichikawa-Iwata, E.,
Khan, M. M., Ito, H., and Ishii, S. (2004). Oncogenic activation of c-Myb
correlates with a loss of negative regulation by TIF1� and Ski. J. Biol. Chem.
279, 16715–16726.

Ogata, K., Morikawa, S., Nakamura, H., Sekikawa, A., Inoue, T., Kanai, H.,
Sarai, A., Ishii, S., and Nishimura, Y. (1994). Solution structure of a specific
DNA complex of the Myb DNA-binding domain with cooperative recognition
helices. Cell 79, 639–648.

Park, Y. C., Burkitt, V., Villa, A. R., Tong, L., and Wu, H. (1999). Structural
basis for self-association and receptor recognition of human TRAF2. Nature
398, 533–538.

Pichler, A., Gast, A., Seeler, J. S., Dejean, A., and Melchior, F. (2002). The
nucleoporin RanBP2 has SUMO1 E3 ligase activity. Cell 108, 109–120.

Rodriguez, M. S., Desterro, J. M., Lain, S., Midgley, C. A., Lane, D. P., and
Hay, R. T. (1999). SUMO-1 modification activates the transcriptional response
of p53. EMBO J. 18, 6455–6461.

Ross, S., Best, J. L., Zon, L. I., and Gill, G. (2002). SUMO-1 modification
represses Sp3 transcriptional activation and modulates its subnuclear local-
ization. Mol. Cell 10, 831–842.

Sakura, H., Kanei-Ishii, C., Nagase, T., Nakagoshi, H., Gonda, T. J., and Ishii,
S. (1989). Delineation of three functional domains of the transcriptional acti-
vator encoded by the c-myb protooncogene. Proc. Natl. Acad. Sci. USA 86,
5758–5762.

Sachdev, S., Bruhn, L., Sieber, H., Pichler, A., Melchior, F., and Grosschedl, R.
(2001). PIASy, a nuclear matrix-associated SUMO E3 ligase, represses LEF1
activity by sequestration into nuclear bodies. Genes Dev. 15, 3088–3103.

Sumoylation of c-Myb by TRAF7

Vol. 16, November 2005 5443



Sapetschnig, A., Rischitor, G., Braun, H., Doll, A., Schergaut, M., Melchior, F.,
and Suske, G. (2002). Transcription factor Sp3 is silenced through SUMO
modification by PIAS1. EMBO J. 21, 5206–5215.

Schmidt, D., and Muller, S. (2002). Members of the PIAS family act as SUMO
ligases for c-Jun and p53 and repress p53 activity. Proc. Natl. Acad. Sci. USA
99, 2872–2877.

Seeler, J. S., and Dejean, A. (2003). Nuclear and unclear functions of SUMO.
Nat. Rev. Mol. Cell Biol. 4, 690–699.

Takeuchi, M., Rothe, M., and Goeddel, D. V. (1996). Anatomy of TRAF2.
Distinct domains for nuclear factor-kappaB activation and association with
tumor necrosis factor signaling proteins. J. Biol. Chem. 271, 19935–19942.

Taylor, D., Badiani, P., and Weston, K. (1996). A dominant interfering Myb
mutant causes apoptosis in T cells. Genes Dev. 10, 2732–2744.

Verger, A., Perdomo, J., and Crossley, M. (2003). Modification with SUMO. A
role in transcriptional regulation. EMBO Rep. 4, 137–142.

Weston, K., and Bishop, J. M. (1989). Transcriptional activation by the v-myb
oncogene and its cellular progenitor, c-myb. Cell 58, 85–93.

Xirodimas, D. P., Saville, M. K., Bourdon, J. C., Hay, R. T., and Lane, D. P.
(2004). Mdm2-mediated NEDD8 conjugation of p53 inhibits its transcriptional
activity. Cell 118, 83–97.

Xu, L. G., Li, L. Y., and Shu, H. B. (2004). TRAF7 potentiates MEKK3-induced
AP1 and CHOP activation and induces apoptosis. J. Biol. Chem. 279, 17278–
17282.

Zhang, H., Saitoh, H., and Matunis. M. J. (2002). Enzymes of the SUMO
modification pathway localize to filaments of the nuclear pore complex. Mol.
Cell. Biol. 22, 6498–6508.

Y. Morita et al.

Molecular Biology of the Cell5444


