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ABSTRACT

Daxx has been reported to mediate the Fas/JNK-dependent signals in the cytoplasm.
However, several evidences have suggested that Daxx is located mainly in the nucleus
and functions as a transcriptional regulator. Recently, we identified DMAPL, a
TSG101-interacting protein as a Daxx binding partner by yeast two-hybrid screening.
TSG101 has been shown to act as transcriptional co-repressor of nuclear hormone
receptors. Here we examined whether TSG101also interacts with Daxx directly. The
association of Daxx and TSG101 was confirmed using co-expressed tagged proteins. The
interaction regions in both proteins were also mapped, and the cellular localization of the
interaction was examined. TSG101 formed a complex with Daxx through its coiled-coil
domain and co-localized in the nucleus. Furthermore, TSG101 enhanced Daxx-mediated
repression of glucocorticoid receptor transcriptional activity. These results provide the
novel molecular interactions between Daxx and TSG101, which establish an efficient

repressive transcription complex in the nucleus.



INTRODUCTION

Daxx was first identified as a Fas-binding protein by yeast two-hybrid screening and

known as a pro-apoptotic protein that can enhance Fas-mediated apoptosis through Jun
N-terminal kinase (JNK) activation (1). While the interaction between Daxx and Fas
indicated the importance of Daxx in cytoplasm, nuclear localization of Daxx was
observed in various cell lines and the interactions of Daxx with several nuclear proteins
such as the centromeric protein CENP-C, DNA methyltransferase 1 (DNMT1), Pax-3,
Pax-5, ETS1, Ubc9, SUMO-1 and PML were reported (2-9). These studies suggest that
Daxx may play a role in the nucleus and it has been reported that it functions as a
transcriptional co-regulator by interaction with various transcription factors.
Daxx has been shown to possess transcriptional repression activity by inhibiting several
transcription factors such as Pax3, ETS1 and GR through direct protein-protein
interactions (4, 6, 10). Daxx is also shown to act as a transcriptional co-activator or
co-repressor of Pax5 in different cell types (5). Although the exact mechanism
accounting for these observations is still unclear, the recruitment of nuclear factors
possessing either histone acetyltransferase or histone deacetylase (HDAC) activity by
Daxx to modulate Pax5 transcriptional activity was proposed (5). In addition, the
transcriptional repression effect of Daxx could be modulated by subnuclear or subcellular
compartmentalization through protein-protein interactions (11, 12, 13). Furthermore,
PML has been shown to relieve the transrepression effect of Daxx on Pax3 or GR
transcriptional activity through sequestering Daxx into the PML oncogenic domains
(PODs) (10, 14).

TSG101 was discovered as a multifunctional domain protein in a screen for

tumor-susceptibility genes in NIH 3T3 fibroblasts (15). The TSG101 protein plays an



essential role during development, as demonstrated by the early lethality observed in null
mutant mouse embryos (16). Sequence analysis indicates that the TSG101 protein
contains an amino-terminal region of homology to ubiquitin-conjugating enzymes (UBC
E2), a proline-rich sequence with the features of a transcription transactivation domain, a
leucine zipper, and a central coiled-coil domain (16, 17, 18). It has been shown that
TSG101 and the yeast homolog Vps23 have an important role in ubiquitin-mediated
endosomal sorting pathways (19, 20). Subsequently, TSG101 has been shown to act as a
transcriptional co-repressor involved in the silencing of nuclear hormone receptor
induced genes through the coiled-coil domain (21, 22, 23).

Recently, we identified DMAP1 as a novel Daxx partner using yeast two-hybrid
screening (24). DMAP1 has been shown to interact directly with DNMT1 and a
co-repressor, TSG101, and can mediate transcriptional repression (25).

In this study, we have examined both biochemical and functional interactions between
Daxx and TSG101. Daxx and TSG101 formed a complex and co-localized in the nucleus
through the coiled coil domain of TSG101. TSG101 enhanced Daxx-mediated repression
of glucocorticoid receptor transcriptional activity. These results provide an important
linkage between Daxx and TSG101, which establishes an efficient complex with other

repressors.



MATERIALS AND METHODS

Reagents and antibodies

Dexamethasone (DEX) was purchased from Wako Chemicals (Osaka, Japan).
Expression vectors, FLAG-tagged Daxx (26), MMTV-LUC (27), Myc-tagged TSG101
(28), were kindly provided by Dr. H. Ariga and Dr. T. Taira (Hokkaido Univ., Sapporo,
Japan), Dr. S. N. Cohen (Stanford Univ. Sch. Med., Stanford, CA), and Dr. G. L. Hager
(NCI, NIH, Bethesda, Maryland), respectively. Myc-tagged Daxx and TSG101 mutants
(TSG101N, TSG101C, TSG101CC) were generated by polymerase chain reaction (PCR)
methods and sequenced (primer sequences are available upon request). Anti-Myc and
anti-Daxx antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).

Anti-FLAG M2 antibody was purchased from Sigma (St Louis, MO).

Cell culture, transfection and luciferase assays

Human embryonic Kidney carcinoma cell line, 293T, was maintained in DMEM
containing 10% FCS and transfected by the standard calcium precipitation protocol (29).
The cells were harvested 48 h after transfection and lysed in 100 ul of PicaGene Reporter
Lysis Buffer (Toyo Ink, Tokyo, Japan) and assayed for luciferase and p-galactosidase
activities according to the manufacturer’s instructions. Luciferase activities were
normalized to the -galactosidase activities. Three or more independent experiments

were carried out for each assay.

Immunoprecipitation and immunoblotting



The immunoprecipitation and Western blotting assays were performed as described
previously (29). Cells were harvested and lysed in lysis buffer (50 mM Tris-HCI, pH 7.4,
0.15 M NacCl, containing 1% NP-40, 1 uM sodium orthovanadate, 1 uM
phenylmethylsulfonyl fluoride and 10 ug/ml each of aprotinin, pepstatin and leupeptin).
The immunoprecipitates from cell lysates were resolved on SDS-PAGE and transferred
to Immobilon filter (Millipore; Bedford, MA). The filters were then immunoblotted with
each antibody. Immunoreactive proteins were visualized using an enhanced

chemiluminescence detection system (Amersham Pharmacia Biotech).

Indirect Immunofluorescence

Monkey COS7 cells were maintained in DMEM containing 10% FCS transfected with
Daxx and/or TSG101 Full and/or TSG101CC by the calcium phosphate precipitation
protocol. 48 h after transfection, cells were fixed with a solution containing 4%
paraformaldehyde and reacted with an anti-Myc antibody or an anti-Daxx antibody. The
cells were then reacted with a FITC-conjugated anti-rabbit 1gG or rhodamine-conjugated
anti-mouse 1gG (CHEMICON, Temecula, CA) and observed under a confocal laser
fluorescent microscope. At the same time, the nuclei in the cells were stained with 4,
6-diamidino-2-phenylindole (DAPI). Images were obtained by using a Zeiss LSM 510
laser scanning microscope with an Apochromat x63/1.4 oil immersion objective and x4

Zzoom.



RESULTS

Association of Daxx with DMAP1 and TSG101 in 293T cells

In the previous study, a DNMT1 associated protein, DMAP1 was shown to interact
with TSG101 by yeast two-hybrid screening (25). The co-immunoprecipitation
experiments also demonstrated that TSG101 interacts with DMAP1 and DNMTL1 in
COST cells (25). To confirm the association of DMAP1 with TSG101 in 293T cells, 293T
cells were transfected with FLAG -tagged DMAP1 together with or without Myc-tagged
TSG101. As shown in Fig. 1A, Western blot analysis of the immunoprecipitates with an
anti-FLAG antibody revealed that DMAPL1 interacts with TSG101 in 293T cells. Our
recent study revealed that DMAP1 interacted with Daxx in cells (24). We then examine
whether TSG101 also associates with Daxx in 293T cells. To examine the association of
Daxx with TSG101 in 293T cells, 293T cells were transfected with FLAG -tagged Daxx
together with or without Myc-tagged TSG101 and/or DMAPL. As shown in Fig. 1B,
Western blot analysis of the immunoprecipitates with an anti-FLAG antibody revealed
that Daxx interacts with TSG101 in 293T cells. Furthermore, an additional expression of
DMAP1 with TSG101 did not enhance the association between Daxx and TSG101,
suggesting that Daxx directly interacts with TSG101 in 293T cells.
To delineate which regions of Daxx is involved in Daxx/TSG101 interaction, various
deletion constructs of Daxx were engineered (Fig. 2A) and subjected to analyse in
co-immunoprecipitation assays in 293T cells. As shown in Fig. 2A, the N-terminal
deletion mutant of Daxx, Daxx(493-740) failed to interact with TSG101. In contrast, the
C-terminal deletion mutant Daxx(1-240) or Daxx(241-492) was capable of interacting

with TSG101. These results implicated that the N-terminal region of Daxx is necessary



and sufficient for its interaction with TSG101. We then examined the interacting domains
on TSG101 with Daxx. To delineate the domains in the TSG101 that mediate the
protein-protein interaction with Daxx, co-immunoprecipitation experiments were
performed with a series of mutant TSG101 proteins (Fig. 2B). Expression vectors
encoding FLAG-tagged Daxx and a series of Myc-tagged TSG101 mutants were
transiently transfected into 293T cells. Cells were lysed, and subjected to
immunoprecipitation with an anti-FLAG antibody. Immunoprecipitates were then used
in Western blot analysis with an anti-Myc antibody. As shown in Fig. 2B, the C-terminal
domain of TSG101 (TSG101C; amino acid residues 220-380) interacted with Daxx.
Furthermore, only coiled-coil region of the C-terminal domain of TSG101 (TSG101CC,;
amino acid residues 231-302) mediated the protein-protein interaction between TSG101
and Daxx. These results indicate that the N-ternimal domain of Daxx interacts with the

coiled-coil domain of TSG101.

Co-localization of Daxx and TSG101 in the nucleus

To determine whether TSG101 co-localizes with Daxx in the nucleus, expression
vectors for Myc-tagged TSG101 and FLAG-tagged Daxx were transfected into COS7
cells. Forty-eight hours after transfection, the cells were stained with anti-Myc and
anti-Daxx antibodies, and they were visualized with rhodamine and FITC-conjugated
secondary antibodies, respectively, under a confocal laser microscope. As shown in Fig.
3A, TSG101 was localized throughout the cytoplasm and nucleus, while Daxx was
located mainly in the nucleus. However, they were found to be co-localized after
demonstration of the merged figure, in which the red and green colors turned yellow (Fig.
3A), suggesting that both Daxx and TSG101 co-localize in the nucleus. We also

examined whether the coiled-coil domain of TSG101(TSG101CC) co-localizes with



Daxx, expression vectors for Myc-tagged TSG101CC and FLAG-tagged Daxx were
transfected into COS7 cells. Interestingly, TSG101CC was predominantly localized in
the nucleus and co-localized with Daxx. These results indicates that Daxx and

TSG101co-localize in the nucleus through the coiled-coil domain of TSG101.

TSG101 and Daxx cooperatively repress glucocorticoid receptor-mediated

transcriptional activity

Daxx has been reported to function as a transcriptional modulator in the nucleus (4, 5,
6, 9, 30, 31). It has been also demonstrated that overexpression of Daxx suppresses
glucocorticoid receptor (GR)-mediated activation of the mouse mammary tumor virus
(MMTYV) promoter in a human embryonic kidney carcinoma cell line, 293T cells (10).
TSG101 is also shown to function as a transcriptional repressor, decreasing
GR-dependent transcriptional activation by binding and repressing AF-1 domain of GR
(22). Toexamine the functional relevance of the Daxx/TSG101 interaction in the context
of GR signaling pathway, we performed the transient transfection assay using 293T cells.
The GR-mediated transcriptional responses were measured by MMTV-LUC, which is
one of the standard reporters for assessing GR activity (27). When 293T cells were
transfected with MMTV-LUC together with an expression vector for GR and treated with
dexamethasone (Dex), LUC expression was increased by about 100-fold (Fig.4A, B). As
shown in Fig. 4A, overexpression of Daxx suppressed GR-mediated transactivation in a
dose-dependent manner. We also examined the effect of overexpression of TSG101 on
GR-mediated transactivation in 293T cells. Overexpression of TSG101 showed a
moderate suppression in GR-induced MMTV-LUC activity (Fig. 4A). Interesting, in the
presence of Daxx, overexpression of TSG101 more effectively suppressed GR-induced

MMTV-LUC activity, although the effect was additive.
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The previous study demonstrated that the suppression of GR activity was mediated
through the coiled-coil region of TSG101 (21). We then tested whether the coiled-coil
domain of TSG101 mediates the suppression of GR activity together with Daxx. As
shown in Fig. 4B, the Daxx-mediated suppression of GR activity was enhanced by the
coiled-coil domain of TSG101. These results suggest that Daxx and TSG101 can

independently act as a co-repressor for GR-mediated transcription.

DISCUSSION

Transcriptional repressor complexes often contain several proteins that can exert an
efficient modulation of transcription. In our previous study, the two-hybrid screening has
led us identify a TSG101 associated protein, DMAP1 as a Daxx-interacting protein (24).
Furthermore, we demonstrated that Daxx and DMAP1 form a complex and additively
repress GR-mediated transcription, although DMAP1 had no effect on
Fas/Daxx-mediated apoptosis (24). We here show that TSG101 also interacts with Daxx
directly and perform an efficient transcriptional repression with Daxx.

Daxx was originally cloned as a Fas-associated protein and binds specifically to the
death domain of Fas, although Daxx by itself lacks a death domain (1). There are two
independent signaling pathways downstream of Fas, involving the adapter protein
Fas-associated death domain (FADD) and Daxx (32). The activation of FADD induces a
protease cascade (33), while that of Daxx enhances JNK activation, leading to apoptosis
(1, 33). Overexpression of Daxx enhances Fas-induced apoptosis (1, 26, 31), and the
targeted disruption of the Daxx gene in mice results in embryonic lethality (2). Daxx is
also involved in coupling of the type Il TGF- receptor signaling with components of the

apoptotic machinery (34). Recent studies also demonstrated that Daxx might function as
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a transcriptional co-regulator for several transcription factors such as Pax3, ETS1 and GR
through direct protein-protein interactions (4, 6, 10). Daxx recruits nuclear factors
possessing either histone acetyltransferase or HDAC activity to modulate transcriptional
activity (5, 9, 35). In fact, Daxx is shown to bind to HDAC2 (9, 35). In addition, the
transcriptional repression effect of Daxx could be modulated by subnuclear
compartmentalization through protein-protein interactions. For example, PML has been
shown to relieve the transrepression effect of Daxx through sequestering Daxx into the
PODs (9, 10, 14).

TSG101 was originally identified in a screening for genes that promote neoplastic
transformation when it was inactivated (15). Recently, TSG101 has been also shown to
function as a transcriptional repressor protein, decreasing GR-dependent transcriptional
activation by binding and repressing AF-1 of GR through the coiled-coil domain of
TSG101(22). TSG101 was also demonstrated to suppress the transcriptional activity of
various nuclear receptors including ER, AR, VDR and RAR (21, 23). These studies
suggest that TSG101 may function by recruiting a HDAC to GR and repressing its
transcriptional activity through changes in chromatin structure. However, no data
whether it is mediated by HDACS is presented yet.

The present paper describes both physical and functional interactions between Daxx and
TSG101. Daxx and DMAP1, TSG101 formed a complex and co-localized in the nucleus.
TSG101 enhanced Daxx-mediated repression of a GR transcriptional activity. These
results provide an important linkage between Daxx and TSG101, which forms an

efficient transcription repression complex in the nucleus.
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FIGURE LEGENDS

Fig. 1. Physical interactions between Daxx and TSG101.

(A) 293T cells (1x107) were transfected with FLAG-tagged DMAP1 (7.5ug) and/or
Myc-tagged TSG101 (7.5ug). Cell lysates were then immunoprecipitated with
anti-FLAG antibody, and immunoblotted with anti-Myc antibody (upper panel) or
anti-FLAG antibody (middle panel). Total cell lysates (1%) were blotted with anti-Myc
antibody as indicated (lower panel).

(B) 293T cells (1x107) were transfected with FLAG-tagged Daxx (7.5ug) and/or
Myc-tagged TSG101 (7.5ug) and/or Myc-tagged DMAP1(7.5ug). Cell lysates were then
immunoprecipitated with anti-FLAG antibody, and immunoblotted with anti-Myc
antibody (upper panel) or anti-FLAG antibody (middle panel). Total cell lysates (1%)

were blotted with anti-Myc antibody as indicated (lower panel).

Fig. 2. Mapping of the interacting domain between Daxx and TSG101.

(A) Schematic overview depicting interaction domains. Daxx mutant fragments used in
experiments are also schematically shown. 293T cells (1x107) were transfected with a
series of Myc-tagged Daxx mutants (7.5 nug) and FLAG-tagged TSG101(7.5ug). 48 h
after transfection, cells were lysed and immunoprecipitated with an anti-FLAG antibody,
and immunoblotted with anti-Myc antibody (upper panel) or anti-FLAG antibody
(middle panel). Total cell lysates (1%) were blotted with anti-Myc antibody (lower panel).
The asterisks indicate the migration position of Daxx deletion mutants.

(B) Domain structure of TSG101 and mutant fragments are schematically shown. 293T
cells (1x107) were transfected with a series of Myc-tagged TSG101 mutants (7.5pg) and

FLAG-tagged Daxx (7.5ug). 48 h after transfection, cells were lysed and
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immunoprecipitated with an anti-FLAG antibody, and immunoblotted with anti-Myc
antibody (upper panel) or anti-FLAG antibody (middle panel). Total cell lysates (1%)
were blotted with anti-Myc antibody (lower panel). The asterisks indicate the migration

position of the full-length TSG101 or deletion mutants.

Fig. 3. Colocalization of Daxx with TSG101 in the nucleus.

(A) COST7 cells were cotransfected with FLAG-tagged Daxx and Myc-tagged TSG101 by
the calcium phosphate precipitation protocol. 48 h after transfection, cells were fixed,
reacted with an anti-Daxx polyclonal antibody and an anti-Myc monoclonal antibody,
and visualized with a FITC-conjugated anti-rabbit antibody (Daxx) and a
rhodamine-conjugated anti-mouse antibody (TSG101). These figures were merged. The
same slide was also stained with DAPI.

(B) COS7 cells were cotransfected with FLAG-tagged Daxx and Myc-tagged
TSG101CC by the calcium phosphate precipitation protocol. 48 h after transfection, cells
were fixed, reacted with an anti-Myc polyclonal antibody and an anti-FLAG monoclonal
antibody, and visualized with an FITC-conjugated anti-rabbit antibody (Daxx) and a

rhodamine-conjugated anti-mouse antibody (TSG101). These figures were merged.

Fig. 4. TSG101 and Daxx cooperatively repress glucocorticoid receptor-mediated
transcriptional activity.

(A) 293T cells (12-well plate) were transfected with MMTV-LUC (0.2ug) and/or
TSG101 and/or Daxx as indicated. 48 h after transfection, cells were stimulated for an
additional 12h for DEX (107M) as indicated. LUC activities were determined.

(B) 293T cells (12-well plate) were transfected with MMTV-LUC (0.2ug) and/or Daxx

and/or TSG101CC as indicated. 48 h after transfection, cells were stimulated for an



21

additional 12h for DEX (10”'M) as indicated. LUC activities were determined. The
results are presented as fold induction of luciferase activity from triplicate experiments,

and the error bars represent the standard deviations.
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