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The adenovirus E1B 55-kDa protein impairs the p53 pathway and enhances transformation, although the
underlying mechanisms remain to be defined. We found that Daxx binds to the E1B 55-kDa protein in a yeast
two-hybrid screen. The two proteins interact through their C termini. Mutation of three potential phosphor-
ylation sites (S489/490 and T494 to alanine) within the E1B 55-kDa protein did not affect its interaction with
Daxx, although such mutations were previously shown to inhibit E1B’s ability to repress p53-dependent
transcription and to enhance transformation. In addition to their coimmunoprecipitation in 293 extracts,
purified Daxx interacted with the E1B 55-kDa protein in vitro, indicating their direct interaction. In 293 cells,
Daxx colocalized with the E1B 55-kDa protein within discrete nuclear dots, where p53 was also found. Such
structures were distinct from PML (promyelocytic leukemia protein) bodies, and it appeared that Daxx was
displaced from PML bodies. Thus, the Daxx concentration was diminished in dots with a prominent presence
of PML and vice versa. Indeed, PML overexpression led to dramatic redistribution of Daxx from p53-E1B
55-kDa protein complexes to PML bodies. Additionally, expression of the E1B 55-kDa protein in Saos2
osteosarcoma cells reduced the number of PML bodies. Our data suggest that E1B and PML compete for
available Daxx in the cell. Surprisingly, Daxx significantly augmented p53-mediated transcription and the E1B
55-kDa protein eliminated this effect. Thus, it is likely that the E1B 55-kDa protein sequesters Daxx and p53
in specific nuclear locations, where p53 cannot activate transcription. One consequence of the Daxx-E1B
interaction might be an alteration of normal interactions of Daxx, PML, and p53, which may contribute to cell

transformation.

Cancer arises from a cell that undergoes a number of specific
changes. Transformation of primary human cells requires at
least four genetic events: inactivation of both the p53 and pRb
pathways, activation of mitogenic oncogenes such as ras, and
telomere maintenance (11). These genetic changes may also
underlie cell transformation induced by DNA tumor viruses. In
fact, it is well known that several viral oncogenes involved in
virus-induced cell transformation inactivate both the p5S3 and
pRb pathways. These viral oncogenes include the simian virus
40 (SV40) large T antigen, the human papillomavirus (HPV)
16 E6 and E7 proteins, and the adenovirus (Ad) E1A and E1B
proteins (1). Recent in vitro cell transformation experiments
used the SV40 large T antigen and the HPV E6 and E7 onco-
genes to inactivate the p53 and pRb pathways (11, 25). Inter-
estingly, in combination with ras and the gene for the catalytic
subunit of telomerase, the SV40 large T antigen effectively
transformed human primary cells (11), but HPV E6 and E7
failed to do so (25), suggesting that inactivation of cellular
pathways in addition to pRb and p53 may be required in
malignant transformation.
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The mechanisms underlying Ad-induced transformation
have been a subject of extensive investigation. The E1A pro-
teins activate the cell cycle of quiescent, nondividing cells and
induce partial proliferation and immortalization (33, 35). This
may stem from E1A’s ability to inhibit both pRb (7) and p53
functions (17, 37). In addition, E1A binds to cellular transcrip-
tional coactivators and acetylases p300, CREB-binding protein
(CBP) (1), and PCAF (32), which may alter the expression of
genes involved in proliferation and differentiation (7). How-
ever, E1A expression causes apoptosis (3, 21), thus undermin-
ing complete cell transformation. On the other hand, the E1B
19- and 55-kDa proteins can inhibit apoptosis (3, 22, 39). The
E1B 19-kDa protein is a functional homologue of the apopto-
sis inhibitor Bc12 (34). The E1B 55-kDa protein is a potent
inhibitor of p53’s transactivation function (38, 43) and thus can
effectively repress p53-dependent cellular processes such as
cell cycle arrest and apoptosis (22, 38). Together, these Ad E1
proteins can fully transform cells (1, 33, 40).

The Ad type 2 (Ad2) and Ad5 E1B 55-kDa protein binds to
the amino-terminal transcriptional transactivation domain of
p53 (19, 43). This interaction is thought to impair p53’s trans-
activation activity, the key function of p53 as a tumor suppres-
sor (42, 43). The E1B 55-kDa protein binds to Edorf6 (27),
which plays a role in targeting p53 for ubiquitin-dependent
proteolysis (12, 31). Apart from modulating p53 activities and
stability, we recently showed that the E1B 55-kDa protein from
Ad2 and Ad12 can specifically inhibit acetylation of p53 by
PCAF (20), thus preventing p53 activation, because acetylation
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FIG. 1. The E1B 55-kDa protein interacts with Daxx in yeast two-hybrid assays. (A) Domain of the E1B 55-kDa protein required for binding
to Daxx. The C-terminal fragment (aa 621 to 740) of Daxx fused to the Gal4 activation domain was assayed for interaction with various E1B
constructs fused with the Gal4 BD in two-hybrid assays. Sectors 1 to 6: Ad2 E1B 55-kDa protein aa 1 to 437, 155 to 495, and 437 to 495 and Ad12
E1B 55-kDa protein aa 1 to 204 and 1 to 408 and the full-length protein. Yeast cells were plated on medium lacking histidine but containing 5 mM
3-aminotriazole. (B) Summary of E1B-Daxx interaction based on panel A. (C to E) Mapping of the E1B-binding domains of Daxx. Various Daxx
fragments fused with the Gal4 BD as depicted in panel E were cotransformed into yeast with the Ad2 E1B 55-kDa protein (aa 155 to 495, panel
C) or the Ad12 E1B 55-kDa protein (full-length protein, panel D), and yeast growth was scored in selective medium as in panel A. Sector 1 in
panels C and D represents a positive control with cotransformation of SV40 T antigen fused with the Gal4 activation domain and mouse p53 aa

70 to the C terminus fused with the Gal4 BD. NS, not shown.

of p53 at specific sites is important for p53’s transactivation
function (10, 29). The E1B 55-kDa protein is a transcriptional
repressor, probably through interaction with transcription ma-
chinery (23, 24) and/or histone deacetylase and corepressor
mSin3A complexes (30). While it has been shown that the E1B
55-kDa protein is involved in several processes that could po-
tentially contribute to Ad-induced transformation, including
promotion of preferential export of viral mRNAs during lytic
viral growth (4, 8, 12, 41) and, in the case of Adl12 EIB,
induction of chromosomal fragility at specific loci in the human
genome (16, 44), only the transcriptional repression function
of E1B has been demonstrated to be important for Ad-induced
transformation (39, 42, 43). In particular, there is a positive
correlation between E1B’s transcriptional repression function
and its ability to repress apoptosis and to cooperate with E1A
in transformation. Teodoro et al. showed that mutations that
convert several potential phosphorylation sites near E1B’s C
terminus abolish its ability to act as a transcription repressor
and as an inhibitor of apoptosis and to transform cells with the
E1A and E1B 19-kDa proteins (39). As such a mutant E1B
protein can still bind to p53 (39), the interaction of E1B with
other cellular proteins may be required for the transcriptional
repression and transformation mediated by the E1B 55-kDa
protein. Therefore, identification of new E1B-binding proteins

may provide further insights into the roles of E1B in transfor-
mation.

To identify cellular proteins that may be exploited by E1B
55-kDa proteins to bring about transcriptional repression and
cell transformation, we have searched human cDNA libraries
by using E1B as a probe in yeast two-hybrid screens. The
human Daxx protein was identified as an E1B 55 kDa-binding
protein. We report here data that support a specific interaction
between the E1B 55-kDa protein and Daxx and the potential
impact of this interaction on the p53 and PML pathways. The
implications of our findings for mechanisms by which the E1B
55-kDa oncoprotein modifies the functions of important cell
growth regulators such as p53 and PML are discussed.

MATERIALS AND METHODS

Plasmids and antibodies. Vectors pGAD-C(x) and pGBDU-C(x), used for
yeast two-hybrid assays, were as previously described (14). Various DNA frag-
ments encoding the Ad2 and Adl12 E1B 55-kDa proteins were cloned into
pGAD-C(x) and pGDBU-C(x) as reported previously (20). The full-length Daxx
c¢DNA clone was purchased from Invitrogen. Daxx fragments covering different
regions of the cDNA were cloned into pGAD-C(x) and pGBDU-C(x) for two-
hybrid assays. The green fluorescent protein (GFP)-Daxx fusion was constructed
by inserting full-length Daxx cDNA into pEGFP-C2 (Clontech).

Antibodies against Daxx (M-112), PML (PG-M3), and p53 (DO-1 and anti-
p53-393FL) were purchased from Santa Cruz Biotechnology. Mouse anti-Flag
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FIG. 2. Daxx binds to the E1B 55-kDa protein in vivo and in vitro. (A) Coimmunoprecipitation of E1B and Daxx with anti-Ad12 E1B 55-kDa
protein antibodies (Ab). The WCE of 293 cells was subjected to IP with a rabbit polyclonal antibody raised against the Ad12 E1B 55-kDa protein
(lanes 2 and 8), and the precipitates were analyzed with an anti-Ad5 E1B 55-kDa protein monoclonal antibody (2A6; left side) or rabbit polyclonal
anti-Daxx antibodies (M112; right side) in an immunoblot analysis. Control IPs included rabbit preimmune serum (lanes 3 and 6), 293 WCE with
rabbit polyclonal anti-DNMT1 (lane 9), and G401 WCE that did not contain the E1B 55-kDa protein with anti-Ad12 E1B 55-kDa protein
antibodies (lanes 4 and 7). (B) Coimmunoprecipitation of E1B and Daxx with anti-Daxx antibodies. The WCE of 293 cells was subjected to IP with
M-112 (lane 3) or mock antibody to GST (lane 2). The precipitates were analyzed in a Western blot assay with 2A6. (C) Direct interaction between
the E1B 55-kDa protein and Daxx in vitro. Full-length Daxx was expressed in Sf9 cells with a baculovirus vector, and the purified protein was
incubated with either an antibody to E1B alone (2A6; lane 2) or 2A6 plus the purified Ad2 E1B 55-kDa protein from Sf9 cells (lane 3). The
mixtures were then subjected to IP, and the precipitates were analyzed in a Western blot assay with an antibody to Daxx M-112.

monoclonal (M2) and rabbit polyclonal antibodies were purchased from Sigma.
Rabbit polyclonal anti-DNMT1 (DNA methyltransferase 1) antibody was pur-
chased from New England Biolabs. Rabbit anti-Ad12 E1B 55-kDa protein poly-
clonal antibody was described previously (16). Hybridoma cells (2A6) producing
mouse monoclonal anti-Ad5 E1B 55-kDa protein antibody were provided by
Arnold Levine. Monoclonal antifibrillarin antibody was obtained from John Aris.

Yeast two-hybrid screens. The Ad2 E1B 55-kDa protein amino acid (aa) 155
to 495 segment was fused with the Gal4 DNA-binding domain (BD) in plasmid
pGBDU-C1 and used as bait (we were unable to clone the full-length open
reading frame of the Ad2 E1B 55-kDa protein into this and other high-copy-
number plasmids, as explained previously [16]). The HeLa cDNA library consists
of ¢cDNA fragments cloned into pPGADGH (a Clontech Matchmaker library).
The bait and the cDNA library were introduced into yeast strain PJ69-4A (14).
The transformed yeast cells were replica plated on synthetic dropout (SD)
medium lacking histidine but containing 5 mM 3-aminotriazole and SD medium
lacking adenine. Positive clones were selected in accordance with the manufac-
turer’s (Clontech) protocol. Each recovered positive plasmid was reintroduced
into yeast along with Ad2 E1B in pGBDU-C1 or empty pGBDU-CI1. Only the
clones that supported yeast growth in SD medium in the presence of Ad2 E1B
in pPGBDU-C1 were considered truly positive. About 10° yeast transformants
were screened in this way.

Immunofluorescence microscopy. Antibody staining of transfected cells was
done in accordance with the previously published protocol (16). Briefly, 24 h
after transfection, cells grown on glass coverslips were fixed with 4% parafor-
maldehyde for 20 min at room temperature and permeabilized with 0.2% Triton
X in phosphate-buffered saline (PBS). The slides were then incubated with
blocking buffer (2% fetal bovine serum, 0.1% sodium azide, 0.1% Tween 20 in
PBS). After incubation with primary antibodies, the cells were washed with PBS
containing 0.1% Tween 20 and then incubated with appropriate secondary an-
tibodies conjugated with fluorescent dyes. The cells were washed and mounted in
medium with or without 4’,6’-diamidino-2-phenylindole (DAPI). The processed
cells were examined with a Zeiss Axiophot microscope.

Luciferase reporter gene assays. AdS-transformed human embryonic kidney
cell line 293, osteosarcoma cell line Saos2, and p53-deficient HCT116 cells (2)
were cultured in Dulbecco modified Eagle medium with 10% fetal bovine serum.
The luciferase reporter construct PG13 contains multiple copies of the p53
DNA-binding site upstream of a TATA box cloned into pGL3-Basic (Promega),
and pWAFI1-Luc contains the promoter fragment of the p2 gene as previously
described (5). Bax-Luc contains a part of the bax promoter that encompasses the
p53-binding sites in pGL3-Basic (Science Reagents). Daxx-Luc contains a 1.7-kb
DNA fragment of the Daxx gene promoter spanning the CpG island, exon 1

(noncoding), intron 1, and the 5’ portion of exon 2 (coding) in pGL3-Basic. The
reporter plasmids were transiently transfected into cells alone or with other
plasmids with SuperFect transfection reagent (Qiagen). The transfected cells
were harvested 24 to 48 h posttransfection and processed for dual-luciferase
assays (Promega). Firefly luciferase activity was normalized against sea pansy
luciferase activity.

RESULTS

Identification of Daxx as an E1B-binding protein. With Ad2
E1B aa 155 to 495 as bait, we have screened approximately 10°
yeast transformants. Among 11 positive clones, two identical
clones encoding Daxx C-terminal aa 621 to 740 were isolated.
This Daxx fragment did not bind to the Gal4 BD (data not
shown) or its fusion constructs with various Ad2 and Ad12 E1B
fragments lacking the C-terminal domain (Fig. 1A, sectors 1, 4,
and 5). By contrast, this Daxx fragment bound to Ad2 E1B aa
155 to 495 (sector 2) and the full-length Ad12 E1B protein
(sector 6), as well as the Ad2 C-terminal aa 437 to 495 frag-
ment (sector 3). These results indicate that the Daxx C termi-
nus interacts specifically with the C-terminal domain of the
E1B 55-kDa oncoprotein (Fig. 1B).

We then tested various Daxx fragments for interaction with
the E1B 55-kDa protein. Full-length Daxx (Fig. 1C and D,
sector 2), aa 1 to 574 (sector 3), and aa 516 to 574 (sector 6),
as well as aa 621 to 740 (see Fig. 1A) bind to both the Ad2 and
Ad12 E1B 55-kDa proteins. These results suggest that two
segments (aa 500 to 574 and 621 to 740) within Daxx can bind
to the E1B 55-kDa protein.

The E1B 55-kDa protein binds to Daxx in vivo and in vitro.
To confirm the Daxx-E1B interaction observed in yeast two-
hybrid assays, we performed immunoprecipitation (IP) exper-
iments. The human embryonic kidney cell line 293 expresses
AdS proteins encoded in the early 14 and IB regions (9). The
whole-cell extract (WCE) of 293 cells was subjected to IP with
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FIG. 4. Displacement of Daxx from PML bodies by the E1B 55-kDa protein. The GFP-Daxx fusion construct was transfected into 293 cells.
The cells were stained with a monoclonal antibody to PML (PG-M3; panels b, f, and j) and counterstained with DAPI (panels ¢, g, and k). Arrows
(white and yellow) pinpoint the same positions in each panel to facilitate visualization of the locations of Daxx and PML.

rabbit polyclonal antibodies raised against the Ad12 E1B 55-
kDa protein N-terminal region (aa 1 to 158) (16), and the
immunoprecipitates were probed with mouse anti-Ad2/5 E1B
55-kDa protein monoclonal antibody 2A6 (36). The Ad5 E1B
55-kDa protein was effectively precipitated (Fig. 2A, lane 2).
Rabbit preimmunization serum did not recognize Ad5 E1B
(lane 3). In a different control IP, the anti-Ad12 E1B 55-kDa
protein antibody was used for immunoprecipitation from G401
WCE that does not contain the E1B 55-kDa protein, and as
expected, this antibody did not precipitate cellular proteins
that might cross-react with 2A6 (lane 4). Thus, the rabbit
anti-Ad12 E1B polyclonal antibodies specifically recognized
the Ad5 E1B 55-kDa protein in IP experiments. The immuno-
precipitates were then analyzed in WB with anti-Daxx antibody

M112. As shown in Fig. 2A, Daxx was present in the anti-E1B
immunocomplexes (lane 8) but not in preimmune serum (lane
6). Daxx was not precipitated by either anti-E1B antibody in
cells without E1B 55-kDa protein expression (lane 7) or in the
precipitates of anti-DNMT1 rabbit polyclonal antibodies (lane
9), indicating a specific Daxx-E1B 55-kDa protein interaction.
In a reciprocal IP, the E1B 55-kDa protein was precipitated by
anti-Daxx M112 antibody (Fig. 2B, lane 3) but not by mock
antibody (lane 2). Thus, the E1B 55-kDa protein binds to Daxx
in vivo.

We then examined the in vitro interaction of purified Daxx
and the Ad2 E1B 55-kDa protein. Both proteins were ex-
pressed in Sf9 insect cells with a baculovirus expression system
and purified with Ni** affinity chromatography. The purified

FIG. 3. Colocalization of the E1B 55-kDa protein, p53, and Daxx in 293 cells. (A) Colocalization of the E1B 55-kDa protein and Daxx. GFP
(parts a to ¢) or GFP-Daxx fusion (parts d to o) constructs were transfected into 293 cells. The cells were stained with monoclonal antifibrillarin
(part e) or anti-AdS E1B 55-kDa protein antibody 2A6 (parts i and m). Nuclei were stained with DAPI (parts b, f, j, and n). Merged images are
also shown. Yellow color indicates colocalization of proteins. (B) Daxx and p53 colocalized in discrete nuclear structures. The GFP-Daxx fusion
construct was transfected into 293 cells. The cells were stained with a monoclonal antibody to p53 (DO-1; part b) and counterstained with DAPI
(part c). (C) Colocalization of the E1B 55-kDa protein, Daxx, and p53. The GFP-Daxx construct was transfected into 293 cells, which were stained
with a goat anti-p53 polyclonal antibody (FL-393; Santa Cruz; part b) or a mouse anti-Ad5 E1B 55-kDa protein monoclonal antibody (2A6; part
c). The donkey secondary antibodies were anti-goat immunoglobulin G conjugated with rhodamine (for detection of p53) and anti-mouse
immunoglobulin G conjugated with Alexa-Fluor 350 (highly cross-absorbed, for detection of the E1B 55-kDa protein; Molecular Probes).
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FIG. 5. Dynamic redistribution of Daxx in PML bodies and E1B 55-kDa protein-p53 complexes. (A) Effect of PML overexpression on
Daxx-E1B 55-kDa protein colocalization. GFP-Daxx alone or together with PML constructs was transfected into 293 cells, as indicated. The
transfected cells were stained with appropriate antibodies (anti-PML [part b], anti-Flag [part e], 2A6 [parts h and k], and anti-p53 DOI1 [parts n
and q]). (B) Quantification of Daxx—E1B 55-kDa protein and Daxx-PML colocalization. The discrete Daxx-containing nuclear bodies were
counted, and the bodies that exhibited colocalization with the E1B 55-kDa protein, p53, or PML were separately tallied. The ratio of the number
of bodies with colocalization of two proteins as indicated to the total number of Daxx-containing bodies is expressed as a percentage (left). The
average number of Daxx-containing bodies per transfected cell is also shown (right). White bar, with GFP-Daxx transfection; solid bar, with
GFP-Daxx and PML cotransfection. Error bars represent 1 standard deviation.
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proteins were mixed and subjected to IP with anti-E1B 2A6. As
shown in Fig. 2C, Daxx was coprecipitated with the E1B 55-
kDa protein, indicating a direct interaction in vitro.

Daxx and the E1B 55-kDa protein colocalize in the nucleus.
To further substantiate the Daxx—-E1B 55-kDa protein inter-
action, we examined the potential colocalization of Daxx and
the E1B 55-kDa oncoprotein. GFP and GFP-Daxx fusion con-
structs were transfected into 293 cells. GFP was present in the
nuclei and cytoplasm of the transfected cells (Fig. 3, a to c).
The GFP-Daxx fusion protein localizes the same way as wild-
type Daxx, including predominantly nuclear localization and
appearance in the nucleolus along with the nucleolar protein
fibrillarin (Fig. 3A, d to g). Nucleolar localization of Daxx was
also previously reported (18). We thus concluded that GFP-
Daxx behaved identically to wild-type Daxx in terms of subcel-
lular distribution.

In 293 cells, the E1B 55-kDa protein is localized mainly in
the cytoplasm, especially in the dense perinuclear aggregates;
diffused nuclear staining of E1B was also evident (Fig. 3A, m),
consistent with previous observations (40, 45). Strikingly, dis-
crete nuclear dots containing the E1B 55-kDa protein were
found and Daxx was colocalized with E1B within such nuclear
structures (Fig. 3A, h to o; see also Fig. 5A, g to i). Interest-
ingly, GFP-Daxx was never detectable in the cytoplasm. Con-
versely, although Daxx was seen in the nucleolus in 293 cells
(Fig. 3A, d to g), the E1B 55-kDa protein was not found in the
nucleolus. Thus, the Daxx-E1B 55-kDa protein interaction may
occur only in the nucleoplasm, mostly concentrated in dot-like
structures (Fig. 3A, h to o; see also Fig. 5A, g to i).

pS3 is present in nuclear structures containing Daxx and
the E1B 55-kDa protein. The tumor suppressor p53 is found in
dense cytoplasmic bodies containing the E1B 55-kDa protein
in adenovirus-transformed cells (40, 45). In agreement with
this, a high concentration of p53 was found in the cytoplasmic
bodies in 293 cells, although a substantial nuclear presence of
p53 was also evident (Fig. 3B). To examine whether p53 also
colocalizes with Daxx, GFP-Daxx was transfected into 293
cells, which were stained with anti-p53 antibody DO-1. Colo-
calization of p53 with Daxx in nuclear dots was clearly dem-
onstrated (Fig. 3B, a to d). In addition, simultaneous staining
of the transfected 293 cells with goat anti-p53 antibody and
2A6 indicated that Daxx, p53, and the E1B 55-kDa protein
were present in the same complex in the nuclear dots (Fig. 3C).

Dynamic redistribution of Daxx between PML bodies and
E1B 55-kDa protein—p53 structures. The nuclear dots contain-

E1B 55-kDa ONCOPROTEIN INTERACTS WITH Daxx 11815

ing Daxx, the E1B 55-kDa protein, and p53 resemble PML
bodies (also called nuclear domain 10 [ND10], the PML on-
cogenic domain, or POD), and Daxx has been seen frequently
in PML bodies (13). To examine whether these structures were
indeed PML bodies, a GFP-Daxx construct was transfected
into 293 cells, which were stained with an anti-PML antibody
(PG-M3). Surprisingly, PML and Daxx only partially colocal-
ized in 293 cells (Fig. 4; see also Fig. 5). In some instances,
Daxx and PML appeared to be concentrated in neighboring
structures, and colocalization of these two proteins was only
evident in the overlapping region (Fig. 4a to d, white arrows;
see also Fig. 7B). In other cases, dots with intense PML signals
contained diminished amount of Daxx (panels e to 1, white
arrows). Conversely, structures with a high concentration of
Daxx had a reduced presence of PML (panels a tod anditol,
yellow arrows). These results suggest that Daxx may be re-
cruited away from PML bodies in the presence of the E1B
55-kDa oncoprotein.

If Daxx is distributed dynamically between the E1B-p53
structure and PML bodies, increased expression of PML might
reduce the colocalization of Daxx with E1B-p53 structures. To
test this, we transfected 293 cells with a PML expression plas-
mid and then examined the colocalization of Daxx with E1B,
pS3, and PML, respectively. Indeed, in cells without exogenous
PML expression, GFP-Daxx colocalized with E1B in ~90% of
the Daxx-containing speckles (Fig. 5A and B, g to i). Daxx—
E1B 55-kDa protein colocalization was dramatically reduced
when PML construct was transfected (Fig. 5A, j to 1, and B);
only ~20% of the Daxx-containing bodies had the E1B 55-kDa
protein. The patterns of Daxx-p53 colocalization were nearly
identical to that of Daxx-E1B 55-kDa protein colocalization
(Fig. 5A, m to r, and B), suggesting that p53 and the E1B
55-kDa protein reside in the same structures, consistent with
the observations described above (Fig. 3C). The opposite was
observed for PML-Daxx colocalization. While about 50% of
the Daxx-containing bodies have PML in 293 cells expressing
GFP-Daxx, PML was present in nearly all of the Daxx-contain-
ing bodies when GFP-Daxx and a PML-expressing plasmid
were cotransfected (Fig. 5A, a to f, and B).

We also examined whether PML overexpression could in-
crease the number of Daxx-containing bodies. As shown in Fig.
5B, overexpression of PML did not significantly affect the num-
ber of Daxx-containing bodies. On average, the number of
Daxx-containing bodies was about five per cell in the >1,000
GFP-Daxx-transfected cells we examined. Collectively, these
results suggest that PML and the E1B 55-kDa protein compete
in recruiting cellular Daxx to different nuclear structures.

To further examine how the E1B 55-kDa protein influences
Daxx distribution in the cell, GFP-Daxx was transfected into
pS53-null Saos2 osteosarcoma cells. Daxx was diffusely distrib-
uted in the nucleus with or without E1B 55-kDa construct
cotransfection (Fig. 6A, a to ¢, and data not shown), although
discrete speckles, albeit very small, were also observed (Fig.
6A, a to ¢, white arrows). Thus, the intracellular distribution of
Daxx in Saos2 cells is different from that in 293 cells. This may
be due to low expression of PML or lack of p53 in Saos2 cells.
Indeed, the endogenous PML was largely undetectable (data
not shown). Transfection of PML into Saos2 cells dramatically
increased the size and number of PML bodies, and Daxx was
found in nearly all PML bodies (Fig. 6A d to f, and B,).



11816 ZHAO ET AL. J. VIROL.

A GFP-Daxx . E1B 55-kDa -

GFP-Daxx
+ E1B 55-kDa

GFP-Daxx

GFP-Daxx
+ PML

GFP-Daxx

+ PML

+ E1B 55-kDa
+ p53

h

GFP-Daxx E1B 55-kDa

GFP-Daxx

+ PML

+ E1B 55-kDa
+ p53

GFP-Daxx

GFP-Daxx

+ PML

+ E1B 55-kDa
+ p53



VoL. 77, 2003

B

[] GFP-Daxx
120 7l GFP-Daxx + PML

100 H

# of Daxx-containing bodies
N
1

i 5 80
g
2 = 60
o
o
h S 40
0 X
GFP-Daxx o+ o+ o+ o+ 20
PML -+ o+ o+ + o+
Ad2 E1B 55-kDa - + - 4+ o+ 0 -
Ad2 GFP-EIB3A - - - + B E1B-Daxx PML-Daxx
p53 - -+ 4+

FIG. 6. Influence of Daxx distribution by PML and the E1B 55-kDa
protein in Saos2 cells. (A) Colocalization of Daxx with the E1B 55-kDa
protein, p53, or PML in Saos2 cells. The cells were transfected with
different combinations of plasmids as indicated, and the cells were
stained with the indicated antibodies as in Fig. 3. Representative mi-
crographs are shown. Each arrow points to a cell where Daxx and the
E1B 55-kDa protein colocalized in discrete nuclear bodies, and the
enlarged images of this cell are shown below. (B) Quantification of
Daxx-E1B 55-kDa protein and Daxx-PML colocalization in Saos2
cells. The average number of Daxx-containing bodies per transfected
cell (left) and percent colocalization are shown as in Fig. 5B. Note that
because of extremely low levels of endogenous PML, an examination
of the colocalization of Daxx and PML without PML transfection was
not possible. GFP-E1B 3A, Ad2 aa 155 to 495 with alanine substitu-
tions at S489/490 and T494 with GFP fusion at the N terminus (see Fig.
7).

Interestingly, expression of the E1B 55-kDa protein signifi-
cantly reduced the number of PML bodies from about six per
cell to about three per cell (Fig. 6A, g to o, and B). Although
the Daxx-containing speckles are small in the absence of PML
transfection, colocalization of the E1B 55-kDa protein with
Daxx in these speckles was observed (Fig. 6A, a to c, white
arrows; the cell with Daxx—E1B 55-kDa protein colocalization
in parts a to c is enlarged for better visualization). We found
that the E1B 55-kDa protein localized in ~20% of these Daxx-
containing bodies, and exogenous expression of PML reduced
the colocalization of E1B and Daxx (Fig. 6B). Transfection of
pS3 into Saos2 cells was not able to increase the size or number
of speckles with Daxx and the E1B 55-kDa protein, and p53
was not concentrated in the speckles (Fig. 6A, g to o, and B).
Thus, lack of p5S3 was not the cause of the decreased colocal-
ization of Daxx and the E1B 55-kDa protein observed in Saos2
cells. Since 293 cells express both the Ad E1A and E1B pro-
teins, it is possible that E1A proteins and the E1B 19-kDa
protein are involved in the formation of the conspicuous Daxx—
p53-E1B 55-kDa protein structures observed in 293 cells (Fig.
3 and 5). However, we failed to reconstitute the frequency and
size of Daxx—p53-E1B 55-kDa protein structures in Saos2 cells
when an E1A-expressing plasmid or the entire E1 region was
transfected in Saos2 cells (data not shown). Therefore, un-
known cellular proteins that are present in 293, but not in
Saos2, cells may be involved in the formation of Daxx-p53-E1B
structures. Nonetheless, the data obtained with Saos2 cells are
fully consistent with the finding obtained with 293 cells that
Daxx is actively recruited by the E1B 55-kDa protein and PML
to distinct nuclear complexes.

E1B 55-kDa ONCOPROTEIN INTERACTS WITH Daxx
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Mutations of C-terminal phosphorylation sites of the E1B
55-kDa protein do not affect the Daxx-E1B interaction. Three
potential phosphorylation sites in the Ad5 E1B 55-kDa protein
(S490/491 and T495) are critical for its repression of transcrip-
tion and cooperation with the E1A and E1B 19-kDa proteins
to transform cells, as mutation of these sites to alanine essen-
tially abolished its repression and transformation activities
(39). To test if these mutations would also affect the Daxx-E1B
55-kDa protein interaction, we mutated the equivalent sites in
the Ad2 E1B 55-kDa protein (S489/490 and T494) to alanine
and assayed the interaction of these mutant forms with Daxx in
a yeast two-hybrid system. As shown in Fig. 7A, mutation of
S489/490, T494, or all three residues to alanine did not affect
the Daxx-E1B interaction. We then assayed if these mutations
would affect the distribution of Daxx in the cell. Like the
wild-type Ad2 E1B 55-kDa protein, the GFP-E1B 3A mutant
protein (S489/490/T494A) reduced the number of Daxx-con-
taining PML bodies in transfected Saos2 cells (Fig. 6B), indi-
cating that the Daxx-E1B interaction might be sufficient for
recruitment of Daxx from PML bodies. Interestingly, GFP-
E1B 3A was concentrated predominantly in discrete nuclear
dots, although this mutant protein was also present in the
cytoplasm (Fig. 7B). By contrast, while such nuclear dots were
clearly observed for the wild-type E1B 55-kDa protein in 293
cells (Fig. 5A, h and i), they were not present in all of cells in
the population. In transfected Saos2 cells, the wild-type Ad2
E1B 55-kDa protein was distributed evenly within the nucleus,
with occasional small dots in some cells, and as in 293 cells, it
was localized to large cytoplasmic bodies (Fig. 6A; also Fig.
5A). It is worth noting that the Ad2 E1B S489/490A or T494A
mutant proteins or their fusion constructs made with GFP
were all expressed at a low level in transfected cells, but E1B
3A was highly expressed whether or not it was fused with GFP
(data not shown), suggesting that GFP tagging at the N termi-
nus of the 55-kDa protein may not have an obvious effect on
the structure and function of this viral protein.

We then examined the colocalization of Daxx and the GFP-
E1B 3A mutant protein. As shown in Fig. 7B, Daxx speckles
did not completely overlap with the E1B dots, and they were
concentrated on closely spaced neighbor structures with a par-
tial overlap (Fig. 7B, a to c). PML exhibited a similar pattern
of localization in relation to GFP-E1B 3A (Fig. 7B, d to f). p53
was uniformly distributed in the nuclei of transfected Saos2
cells and was not concentrated within the dots of the GFP-E1B
3A mutant protein (Fig. 7B, g to i). Collectively, these results
indicate that interaction between Daxx and E1B is sufficient to
reduce the number of PML bodies, consistent with our model
in which the E1B 55-kDa protein recruits Daxx from PML
bodies.

Daxx enhances p53-mediated transactivation, and the E1B
55-kDa protein inhibits such enhancement. Daxx colocalizes
with p53 in 293 cells (Fig. 3 and 5), and a recent yeast two-
hybrid screen identified a Daxx-pS3 interaction (26). Thus,
Daxx could modulate p53 function. We assessed whether Daxx
could influence p53-mediated transactivation with luciferase
reporter assays. As shown in Fig. 8A, wild-type Daxx, but not
a mutant Daxx protein (Daxx-M) that cannot bind to p53,
significantly stimulated p53-mediated transcription from the
Bax promoter, which contains p53-binding sites, when p53- and
Daxx-expressing plasmids were cotransfected into p53-defi-
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FIG. 7. The C-terminal phosphorylation sites of the E1B 55-kDa protein are not required for its binding to Daxx. (A) Yeast two-hybrid assay
of interaction between Daxx and mutant E1B proteins. Three potential phosphorylation sites (S489/490 and T494) near the C terminus of the Ad2
E1B 55-kDa protein (aa 155 to 495) were mutated to alanine, and the mutant constructs were fused with the Gal4 activation domain and introduced
along with the Gal4 BD-Daxx construct into yeast. The two-hybrid assays were as described in the legend to Fig. 1. WT, wild type. (B) Localization
of GFP-mutant E1B 3A (5489/490/T494A) in transfected cells. The GFP-E1B 3A fusion was cotransfected with Flag-Daxx (parts a to c), Flag-PML
(parts d to f), and p53 (parts g to i), and the transfected Saos2 cells were stained with rabbit polyclonal anti-Flag (parts b and e) and anti-p53 (part
h) antibodies and a rhodamine-conjugated antibody to rabbit immunoglobulin G.

cient HCT116 cells (2). Specifically, the fold induction was
markedly different in the presence of wild-type versus mutant
Daxx. In cells cotransfected with p53 and wild-type Daxx, p53
led to a 74-fold increase in reporter activity (in comparison to
that in cells transfected with reporters only) or a 45-fold in-
crease relative to that of Daxx-transfected cells. By contrast, in
cells transfected with p53 and Daxx-M, the increase in reporter
activity was 42-fold greater than that in cells transfected with
the reporters only or 34-fold greater than that of cells trans-
fected with Daxx-M. Transfection of a Daxx or Daxx-M con-
struct alone had virtually no effect on Bax promoter-mediated

reporter activity (a 1.6-fold increase for wild-type Daxx versus
a 1.3-fold increase for Daxx-M transfection above that from
cells transfected with reporters only; Fig. 8A).

With a different reporter that contains the p53-binding se-
quence derived from the MDM?2 gene promoter, Daxx similarly
enhanced p53-mediated transactivation when p53- and Daxx-
expressing vectors were transfected into Saos2 cells (Fig. 8B).
In control reporter assays, we examined whether p53 affects
the promoter activity of the human Daxx gene. This promoter
is highly active in driving the expression of the firefly luciferase
reporter in transfected Saos2 cells (Fig. 8C). This promoter
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FIG. 8. The E1B 55-kDa protein inhibits enhancement of p53’s transactivation by Daxx. The indicated p53-responsive luciferase reporter or a
control luciferase reporter along with pRL-SV40 (internal control) was transfected with various combinations of expression vectors as indicated.
Dual-luciferase assays were performed 24 to 48 h after transfection. The values shown are means of two independent experiments, and the error
bars represent 1 standard deviation. (A) Daxx enhances p53-dependent transcription from the Bax promoter in p53~/~ HCT116 cells. The Bax
promoter (between positions 286 and 656 of GenBank entry U17193) cloned into pGL3-Basic and pRL-SV40 (0.2 ug of each) along with other
indicated plasmids was transfected into p53~/~ HCT116 cells grown on 24-well plates. Dual-luciferase assays were performed 48 h after
transfection. Daxx-M is an internal fragment of Daxx cDNA that encodes aa 129 to 396 (Fig. 1E). This fragment did not bind to p53 (data not
shown), consistent with the finding that the acidic domain of Daxx (aa 400 to 500) interacts with p53 (26). Both wild-type Daxx and Daxx-M were
tagged with Flag at the N terminus and cloned into pcDNA3.1(—). The vector used for expression of wild-type p53 was pCMV-Neo-Bam. (B) Daxx
enhances p53-dependent transcription from the MDM?2 promoter in Saos2 cells. The reporter (pGL2-Basic) carries a DNA fragment encompassing
the p53-binding sites from the human MDM?2 gene. The reporter assays were performed 24 h after transfection. (C) p53 does not activate the Daxx
promoter. The promoter of the human Daxx gene was cloned into pGL3-Basic and used for the reporter assay in Saos2 cells as described for panel
B. (D) The E1B 55-kDa protein eliminates Daxx’s enhancement of p53-mediated transactivation. p53~/~ HCT116 cells were transfected with
Bax-Luc plus pRL-SV40 (0.2 pg of each) and with the specified amounts of the other plasmids indicated. Dual-luciferase assays were performed
as described for panel A. The Ad2 E1B 55-kDa protein open reading frame cloned in vector pcDL-SRa-296 was used for E1B expression.

does not contain any recognizable p53-binding elements, and
as expected, p53 did not affect the reporter activity driven by
the Daxx promoter, and cotransfection of expression vectors for
Daxx and p53 had no effect (Fig. 8C). Therefore, we concluded
that Daxx specifically enhances p53-mediated transcription.
We then assessed how the E1B 55-kDa protein might affect
Daxx-mediated enhancement of p53 transactivation. p53-defi-
cient HCT116 cells were transfected with the luciferase re-
porter driven by the Bax promoter and various combinations of
expression vectors for p53, Daxx, and the E1B 55-kDa protein.
As shown in Fig. 8D, p53 expression led to a 53-fold increase
in reporter activity (compared to that of cells transfected with
only reporters), whereas in the presence of the Ad2 E1B 55-
kDa protein, the fold induction was reduced to 34 (compared
to that of reporter-transfected cells) or only 16-fold relative to
that in cells transfected with E1B and a reporter. In the pres-
ence of E1B, Daxx expression was no longer able to augment

pS3-dependent transcription; the fold induction was essentially
unchanged whether or not a Daxx expression vector was co-
transfected (35-fold when Daxx was transfected above that of
reporter-transfected cells or 16-fold versus that of cells trans-
fected with either Daxx plus reporters or E1B plus reporters).
Taken together, these data suggest that sequestration of Daxx
and p53 in dot-like nuclear structures by the E1B 55-kDa
oncoprotein impairs p53-dependent transcription and entirely
blocks the enhancement of such activities by Daxx.

DISCUSSION

In this study, we have identified Daxx as a binding protein of
the E1B 55-kDa protein through yeast two-hybrid screens. The
interaction between these two proteins was confirmed in vivo
and in vitro by biochemical and immunological methods. The
in vitro binding result indicates that the two proteins directly
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bind to each other (Fig. 2). Strikingly, Daxx, p53, and the E1B
55-kDa protein colocalize in a few punctate nuclear dots in 293
cells (Fig. 3 and 5). Overexpression of PML drastically reduced
the colocalization of Daxx with p53 and E1B, and at the same
time, Daxx-PML colocalization markedly increased (Fig. 5).
Furthermore, expression of the E1B 55-kDa protein in Saos2
cells significantly reduced the number of PML bodies (Fig. 6
and 7). Thus, there appears to be an active competition be-
tween PML and the E1B 55-kDa protein in the recruitment of
Daxx between PML bodies and p53-E1B 55-kDa protein com-
plexes.

What could be the biological consequence of dynamic redis-
tribution of Daxx? It is possible that Daxx is required for
PML-mediated, as well as E1B 55-kDa protein-mediated, pro-
cesses. Daxx could tether enzymatic activities to the E1B 55-
kDa protein and PML bodies. This possibility is consistent with
the fact that Daxx interacts with diverse cellular, as well as
viral, proteins that have very different functions and subcellular
distributions. What kind of enzymatic activities that Daxx can
deliver remains to be determined. One obvious possibility is
that Daxx can bring various modifying enzymes. For example,
Daxx is found to associate with histone deacetylases (15). Our
unpublished data indicated that Daxx associates with several
kinases, including casein kinase II (CK2; data not shown). This
finding may be significant with respect to the function of the
E1B 55-kDa protein. Branton and colleagues found that CK2
can phosphorylate several serine residues in the C-terminal
domain of the 55-kDa protein and phosphorylation of these
sites is critical for its repression of p53-dependent transcrip-
tion, inhibition of apoptosis, and cooperation with E1As and
the E1B 19-kDa protein in cell transformation (39). With our
findings regarding Daxx-E1B interaction, we propose that
Daxx may facilitate phosphorylation of the E1B 55-kDa pro-
tein by CK2 or other kinases. This facilitation does not neces-
sarily require the phosphorylation sites in the 55-kDa protein
for Daxx-E1B interaction. Indeed, mutation of the C-terminal
phosphorylation sites of the Ad2 E1B 55-kDa protein (S489/
490 and T494) to alanine did not affect the Daxx-E1B interac-
tion (Fig. 7).

On the other hand, control of access to Daxx might have
important regulatory roles in the cell. Thus, sequestration of
Daxx by PML and the E1B 55-kDa oncoprotein may regulate
various cellular processes. We report here that Daxx can en-
hance p53-mediated transcription (Fig. 8). This enhancement
might be explained in the light of our proposal. Daxx may
tether kinases to p53 and facilitate its phosphorylation. This
might lead to the observed enhancement of p53’s transactiva-
tion function by Daxx. Importantly, expression of the E1B
55-kDa protein eliminated Daxx’s effect on p53 (Fig. 8). As
both the p53 and E1B 55-kDa proteins colocalize with Daxx in
large nuclear bodies (Fig. 3 to 5), it is plausible that Daxx is
removed from sites of p53 action (e.g., pS3-responsive promot-
ers) and sequestered in E1B 55-kDa protein complexes.

Recruitment of Daxx from PML bodies and reduction of
their number by the E1B 55-kDa protein could compromise
PML’s role in the regulation of cell growth. It was shown
previously that oncogenic Ras upregulates both p53 and PML
and induces premature senescence (6, 28). In the same time,
Ras stimulates the localization of CBP, a transcriptional coac-
tivator and acetylase, to PML bodies and stabilizes a trimeric
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complex containing p53, PML, and CBP. Significantly, p53
acetylation appears to be increased in response to Ras expres-
sion, but this enhancement of p53 acetylation is lost in PML-
null cells (28). Thus, acetylation of p53 by CBP may be facil-
itated in PML bodies in the context of cell nuclei. We note that
Daxx may be recruited away from PML bodies (Fig. 5 and 6) to
a structure containing E1B, p53, and Daxx (Fig. 4 to 6). There-
fore, one can envision that expression of the E1B 55-kDa
protein alters the intracellular interactions of PML, p53, Daxx,
and CBP, among others, which could affect p53 acetylation and
its transactivation activity. Consistently, our previous results
showed that the E1B 55-kDa protein specifically inhibits p53
acetylation (20). Precisely how the E1B 55-kDa protein mod-
ulates PML and p53 function through competitive recruitment
of Daxx and its ensuing implication in Ad-induced cell trans-
formation remain to be investigated.
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