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In normal cells p53 activity is tightly controlled and
MDM2 is a known negative regulator. Here we show that
via its acidic domain, Daxx binds to the COOH-terminal
domain of p53, whose positive charges are critical for
this interaction, as Lys to Arg mutations preserved, but
Lys to Ala or Ser to Glu mutations abolished Daxx-p53
interaction. These results thus implicate acetylation
and phosphorylation of p53 in regulating its binding to
Daxx. Interestingly, whereas Daxx did not bind to p53 in
cells as assessed by immunoprecipitation, MDM2 ex-
pression restored p53-Daxx interaction, and this corre-
lated with deacetylation of p53. In p53/MDM2-null
mouse embryonic fibroblasts (DKO MEF), Daxx re-
pressed p53 target promoters whose p53-binding ele-
ments were required for the repression. Coexpression of
Daxx and MDM2 led to further repression. p53 expres-
sion in DKO MEF induced apoptosis and Daxx expres-
sion relieved this effect. Similarly, in HCT116 cells, Daxx
conferred striking resistance to 5-fluorouracil-induced
apoptosis. As p53 is required for 5-fluorouracil-induced
cell death, our data show that Daxx can suppress cell
death induced by p53 overexpression and p53-depend-
ent stress response. Collectively, our data reveal Daxx
as a novel negative regulator of p53. Importantly, post-
translational modifications of p53 inhibit Daxx-p53 in-
teraction, thereby relieving negative regulation of p53
by Daxx.

The critical role of p53 in tumor suppression is manifested in
frequent mutations of the p53 gene in cancers (�50% of all
human cancers) and in its inactivation in many other cancers
by cellular or viral oncogenes and other epigenetic alterations
(1). p53-deficient mice develop normally, although such mice
exhibit higher incidence of tumors than their wild-type coun-
terparts, demonstrating a critical role for p53 in suppressing
tumors (2). p53 exerts its tumor suppression function by acti-

vating expression of genes involved in growth arrest and apo-
ptosis (3, 4), and it can also induce apoptosis directly by binding
to Bcl-2 family proteins and triggering cytochrome c release (5).
Inducing growth arrest and cell death by p53 can impact neg-
atively on normal cell growth and organismal development.
Indeed, deletion of the mdm2 gene, whose product is a negative
regulator of p53, results in embryonic lethality, but deletion of
both p53 and mdm2 simultaneously completely rescues such
lethal phenotype (6, 7). Thus, p53 activity must be tightly
controlled under physiological conditions. In addition to
MDM2, numerous cellular and viral proteins interact with p53
and these proteins can positively or negatively modulate p53-
mediated biological effects. Recently, we and others demon-
strated that the transcriptional corepressor Daxx interacts
with p53 (8–10), but the biological significance of this interac-
tion remains to be explored.

Daxx was initially identified as a binding protein of Fas
death domain and was shown to potentiate Fas-mediated apo-
ptosis (11). Subsequent studies implicate Daxx in promoting
apoptosis in diverse stress conditions (12–15). Paradoxically,
homozygous deletion of the Daxx gene in mice results in em-
bryonic lethality and widespread apoptosis was observed in
Daxx-deficient embryos and cells (16), indicating that Daxx has
anti-apoptotic function and is critical for organismal develop-
ment. The anti-apoptotic property of Daxx was confirmed in a
recent study. Reducing Daxx expression by small interfering
RNA sensitized apoptosis by multiple death stimuli (17).

Biochemically, Daxx may act as a transcription regulator
that can repress or activate transcription (18–21). Thus, Daxx
might regulate cellular processes by modulating transcription
of specific genes under different conditions. Daxx has been
found to partition in large multiprotein complexes that include
core histones and histone deacetylases (HDACs)1 (22) and a
chromatin-remodeling complex that includes ATRX syndrome
protein and displays ATP-dependent activities (23, 24). As
Daxx associates directly with a number of DNA-binding tran-
scription factors, including Pax3 and -5 (18, 21), ETS1 (20), and
p53 and its family members p73 and p63 (8–10), it is likely that
Daxx represents a crucial link between DNA-binding factors
and transcription regulatory complexes. Whereas this model
might provide a framework for better understanding the roles
of Daxx in apoptosis and other cellular mechanisms, it remains
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contentious regarding the biological significance of Daxx-p53
interaction. In particular, it was shown that tumor-derived p53
mutants, but not the wild-type protein, interacted with Daxx
(10). We report here that both wild-type p53 and its mutants
interacted effectively with Daxx in vitro. Daxx-p53 interaction
was strongly influenced by posttranslational modifications of
the p53 COOH-terminal regulatory domain. Cellular oncopro-
tein MDM2 enhances Daxx-p53 interaction in vivo. We also
provide evidence that Daxx inhibited both p53 transcriptional
and apoptotic activities.

EXPERIMENTAL PROCEDURES

Yeast Two-hybrid Assay—Various DNA fragments spanning differ-
ent regions of the Daxx open reading frame were fused either to the
yeast Gal4 activation domain (TAD) in plasmid pGAD-C(x) or to Gal4
DNA-binding domain (DBD) in plasmid pGBDU-C(x). Similarly, vari-
ous WT and mutant p53 constructs were fused with Gal4 TAD. Yeast
two-hybrid assays were conducted as described (25).

Cell Culture and Transfection—The tumor cell lines HCT116,
HCT116 p53�/� (26), Saos2, and the p53 and MDM2 double knockout
mouse embryonic fibroblast (DKO MEF) (7) were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum.
Cells were transfected with various DNA constructs using the Effectene
transfection reagents (Qiagen).

Expression of Daxx in Insect Cells—The Daxx-coding sequence was
cloned into the EcoRI site of pFastBacHTa (donor vector, Invitrogen).
Recombinant baculovirus expressing Daxx was obtained using the Bac-
to-Bac kit according to the manufacturer’s protocol as described previ-
ously (25). Sf9 insect cells were infected with Daxx recombinant virus
and harvested at 72 h postinfection. Daxx with the amino-terminal His6

tag was purified from the infected insect cells using nickel-nitrilotri-
acetic acid-agarose beads (Qiagen) with binding and washing buffers
containing 5 and 10 mM imidazole (Sigma), respectively. His-Daxx was
eluted with buffer containing 0.2 M imidazole.

Immunoprecipitation (IP)—Cells were trypsinized and resuspended
in Buffer B (20 mM Tris-HCl, pH 8.0, 5 mM MgCl2, 10% glycerol, 0.1%
Nonidet P-40 (Sigma Igepal CA-630), 150 mM KCl) supplemented with
1� protease inhibitor mixture (16 �g of benzamidin HCl/ml, 10 �g of
phenanthroline/ml, 10 �g of aprotinin/ml, 10 �g of leupeptin/ml, 10 �g
of pepstatin A/ml, 1 mM phenylmethylsulfonyl fluoride). Cell suspen-
sion was frozen at �80 °C and thawed at room temperature. Cell
lysates were cleared by centrifugation at 4 °C for 1 h at 15,000 � g. The
supernatant was precleared with Protein G-agarose beads for 1 h at
4 °C and then incubated with primary antibody at 4 °C overnight,
followed by a 2-h incubation with Protein G-agarose. The antibody-
conjugated beads were washed 4 times with Buffer B and then 1 time
with RIPA (1% (w/w) Nonidet P-40, 1% (w/v) sodium deoxycholate, 0.1%
(w/v) SDS, 0.15 M NaCl, 0.01 M sodium phosphate, pH 7.2, 2 mM EDTA,
50 mM sodium fluoride, 0.2 mM sodium vanadate), and finally resus-
pended in SDS gel loading buffer. In some experiments, FLAG-tagged
proteins were precipitated using anti-FLAG antibody (M2) conjugated
to agarose beads and the precipitated proteins were eluted using buffer
B containing 0.2 mg/ml FLAG peptide (Sigma).

Immunofluorescence Microscopy—Previously published protocols
were used (8, 27). Briefly, DKO MEF cells grown on glass coverslips
were transfected with the indicated plasmids and 24 h later were fixed
with 3% paraformaldehyde for 20 min at room temperature and per-
meabilized with 0.2% Triton X-100 in phosphate-buffered saline. The
slides were then incubated with blocking buffer (2% fetal bovine serum,
0.1% sodium azide, and 0.1% Tween 20 in phosphate-buffered saline).
After incubation with primary antibodies (anti-p53 (DO-1) or anti-
MDM2 (SMP14 or N20), Santa Cruz, all 1:200 dilution), the cells were
washed with phosphate-buffered saline containing 0.1% Tween 20 and
then incubated with appropriate secondary antibodies conjugated with
fluorescent dyes. The cells were washed and mounted in medium Vec-
torShields containing 4�,6-diamidino-2-phenylindole.

Luciferase Reporter Gene Assays—DKO MEF (p53- and MDM2-defi-
cient) cells were cultured in a 24-well plate. The luciferase reporter
constructs pWAF1-Luc and pWAF1mut-Luc were described previously
(28). p53AIP1-Luc contains the p53 DNA-binding elements within the
intron 1 of the human p53AIP1 gene as described (29). The control
reporter carries the luciferase gene from the sea pansy (Promega).
Reporter plasmids were transiently transfected into cells alone or with
other plasmids as indicated in the figures. Transfected cells were har-
vested 24 h posttransfection and processed for dual luciferase assays

(Promega). Firefly luciferase activity was normalized against the sea
pansy luciferase activity.

Apoptosis Assay—HCT116 cells grown on glass coverslips were
transfected with various combinations of expression plasmids for GFP-
CRM1 (marker), FLAG-Daxx, and MDM2. The amount of DNA in each
transfection was balanced with empty expression plasmid (pcDNA3.1).
Cell cultures were then treated with vehicle (Me2SO) or 5-fluorouracil
(5-FU) (0.4 mM, final concentration) 12 h after transfection. The cells
were fixed with 3% paraformaldehyde and mounted on antifade me-
dium containing 4�,6-diamidino-2-phenylindole 24 h after transfection.
Cells were examined under a fluorescence microscope and were consid-
ered apoptotic if they had condensed or fragmented nuclei that also
exhibited rounded and shrunken morphology as revealed by the GFP-
CRM1 marker. Five random fields under a �20 objective were photo-
graphed. The green cells (total transfected cells) and apoptotic green
cells were counted and percent of apoptotic cells was calculated.

Stable Transfections and Flow Cytometry Analysis—HCT116 cells
were transfected with FLAG-Daxx expression vector or empty vector
(pcDNA3.1). Twenty-four hours after transfection, cells were split and
grown under G418 (0.6 mg/ml) selection until visible colonies appeared.
Colony isolation and expansion were done as described previously (30).
Several independent clones were grown and either treated with Me2SO
or 5-FU. Cells (both floating and adherent) were collected at specific
time points after treatment and washed with phosphate-buffered sa-
line. The cells in suspension were fixed by adding an equal volume of
cold (�20 °C) 100% ethanol for at least 1 h with intermittent pipetting
for suspending the cells. The cells were pelleted by centrifugation for 3
min at 300 � g and then resuspended in a solution with RNase A (0.5
mg/ml, final concentration) and incubated for 15 min at 37 °C. The cells
were then stained with propidium iodide (50 mg/ml) for 30 min at room
temperature in the dark. Samples were analyzed with a FACSort in-
strument (BD Biosciences).

RESULTS

Daxx Binds to p53 in Vitro—Because we have identified an
interaction between Daxx and E1B 55-kDa oncoprotein and
that Daxx and p53 colocalized in the nucleus in 293 cells (8), we
wondered whether Daxx could also bind directly to p53. To
detect a potential interaction between Daxx and p53, we first
tested their interaction in vitro. When the extract of insect Sf9
cells expressing Daxx was mixed with purified WT p53, Daxx
was precipitated along with p53 in an IP assay using DO-1 (Fig.
1A, lane 3). Reciprocally, p53 was precipitated from the same
mixture using anti-Daxx antibody M112 (Fig. 1A, lane 6). Yeast
two-hybrid assays were used to map the regions required for
Daxx-p53 interactions. As shown in Fig. 1, B–E, full-length
Daxx (panel B, sector 1) and Daxx fragments lacking the
COOH terminus (aa 1–501 and 1–574, sectors 7 and 10) spe-
cifically interacted with p53, but not other Daxx fragments (aa
516–740 (sector 4), 1–130, 129–396, and 621–740 (data not
shown)). Deletion of the acidic domain (aa 434–496) from Daxx
abolished its interaction with p53 (Fig. 1B, sector 15). Thus,
Daxx sequence between 400 and 501 encompassing the acidic
domain is required for binding to p53 (summarized in panel C).
Conversely, p53 constructs with progressive deletions from the
NH2 terminus up to residue 253 were able to bind to Daxx
(sectors 1–4 in panel D). Further deletion from the NH2 termi-
nus abolished p53-Daxx interaction (sectors 5 and 6, panel D).
These deletion mutants were all well expressed in yeast (Fig.
1H, lanes 1–5). p53 NH2-terminal TAD (aa 1–145) and the DBD
(aa 76–315) did not interact with Daxx (data not shown, see
panel E). Point mutations in the p53 NH2 terminus (L22Q/
W23S and K24T) did not affect Daxx-p53 interaction (panel F,
sectors 6 and 7). Likewise, mutations in the core domain
(V143A, R175H, R273H, “hot spots” of tumor-derived muta-
tions, sectors 2, 3, and 5, panel F), except hot spot mutation
R248W (sector 4), did not affect binding of p53 to Daxx (Fig.
1F). These p53 mutants were expressed at similar levels in
yeast (Fig. 1H, lanes 13–18). The results contrast that from a
recent report indicating that tumor-derived mutants, but not
wild-type p53, interacted with Daxx (10). However, COOH-
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FIG. 1. Daxx binds to p53 in vitro and in yeast. A, Daxx and p53 interact in vitro. Extracts from Sf9 cells expressing human Daxx were
incubated with purified human p53. The mixture was subjected to IP with either an anti-p53 antibody (DO-1, lanes 2 and 3) or anti-Daxx M112
(lanes 5 and 6). The precipitates were analyzed by Western blot using M112 (lanes 1–3) or DO-1 (lanes 4–6). B, mapping of the p53-interacting
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terminal truncations of p53 abolished p53-Daxx interaction (aa
1–315 and 1–355, see Fig. 1G). Therefore, the p53 COOH-
terminal regulatory domain is required for binding to Daxx,
and mutations in the NH2 terminus or core domain do not
affect binding of p53 to Daxx in yeast. The data also indicate
that some part of the DBD of p53 may also be involved in
binding to Daxx, as the Daxx-binding region maps to residues
253–385 in p53; this region includes part of the DBD and most
of the COOH-terminal domain of p53. In the case of the p53
R248W mutant, it is possible that this mutation might alter the
conformation of the COOH-terminal domain so that Daxx can
no longer bind to p53.

Positive Charges of the COOH-terminal Domain of p53 Are
Critical for Daxx-p53 Interaction—The Daxx-binding region of
p53 is important in regulating p53 activity. It was shown that
this domain might negatively regulate the p53 transactivation
function (31). In addition, it contains sites of acetylation by
PCAF and p300/CBP as well as phosphorylation (32, 33). To
assess potential roles of acetylation and phosphorylation in
regulating Daxx-p53 interaction, we mutated known and po-
tential acetylation and phosphorylation sites within the Daxx-
binding region of p53 and assayed the interaction of Daxx with
such p53 mutants. As shown in Fig. 1G, any COOH-terminal
truncation before residue 371 abolished Daxx-p53 interaction,
whereas residues after 385 were dispensable for binding (sec-
tors 2–5 in Fig. 1G). Mutation of any block of lysines surround-
ing PCAF (K320) and p300/CBP (Lys-372 and -381) acetylation
sites (34–36) into positively charged arginine did not affect
interaction (sectors 6–9, 12, and 35–38). Nonetheless, when all
seven lysines at 319–321, 372, 373, 381, and 382 were changed
into arginine (K7R), p53-Daxx interaction was notably reduced
(sector 13). Significantly, Daxx-p53 interaction was abolished
when any block of lysines were mutated into neutral residue
alanine, which presumably mimics acetylated lysine (sectors
10, 14, 16, 18, and 20). Moreover, mutation of lysine residues
into negatively charged glutamic acid also abolished Daxx-p53
interaction (sectors 11, 15, 17, 19, and 21). However, mutation
of the potential phosphorylation sites into alanine did not affect
Daxx-p53 interaction (sectors 25–29 in Fig. 1G). Strikingly,
mutation of Ser-376 to glutamic acid that mimics phosphoryl-
ated residues severely inhibited the Daxx-p53 interaction (sec-
tors 32 and 33), whereas similarly mutated Ser-392 did not
affect p53-Daxx interaction (sector 31) (Ser-376 and Ser-392 are
documented phosphorylation sites of p53 (32)). All of the p53
constructs shown in Fig. 1G exhibited interaction with p300 in
yeast two-hybrid assays (data not shown). In addition, we have
examined expression of these p53 mutants in yeast and found
that they were all expressed at similar levels (Fig. 1H). Thus,

negative interaction results of some p53 mutants were because
of specific mutations, not because of protein instability in yeast.
Collectively, these results indicate that positive charges in the
p53 COOH terminus play a critical role in mediating Daxx-p53
interaction, but lysine is preferred over arginine for this bind-
ing, indicating that Daxx-p53 interaction is specific and is not
purely mediated by opposite static electric charges. Because
mutation of either PCAF or p300/CBP acetylation sites into
alanine is sufficient to inhibit Daxx-p53 interaction, acetyla-
tion by either acetylase could potentially block the binding of
Daxx to p53. In addition, phosphorylation within the Daxx-
binding region of p53 may also inhibit binding of Daxx to p53.
Therefore both acetylation and phosphorylation might dissoci-
ate Daxx from p53.

MDM2 Restored Daxx-p53 Interaction in the Cell—Previous
attempts by us and others to recover Daxx-p53 interaction in
cell extracts by immunoprecipitation were unsuccessful (10).2

Because Daxx-p53 interaction was readily detected using re-
combinant Daxx and p53 purified from insect cells as well as in
yeast (Fig. 1), posttranslationally modified p53 in the cell might
prevent p53 from binding to Daxx. Indeed, Daxx purified from
insect Sf9 cells does not bind to p53 purified from cultured
human cells (data not shown).

If acetylation of p53 inhibits Daxx-p53 interaction, overex-
pression of proteins that influence acetylation of p53 might
affect binding of Daxx to p53. HDAC1 has been found to
deacetylate p53 (37). Likewise, MDM2 inhibits p53 acetylation
(38) and also facilitates HDAC1-mediated deacetylation of p53
(39). To assess whether these proteins might affect Daxx-p53
interaction, FLAG-Daxx (aa 1–574) was cotransfected into p53-
deficient HCT116 cells along with various combinations of p53,
MDM2, and HDAC1. Expression of p53, Daxx, HDAC1, and
MDM2 in transfected cells was determined by Western blot
(Fig. 2A). The cell extracts were then subjected to IP using
anti-FLAG M2 beads. Strikingly, only in the presence of trans-
fected MDM2 was Daxx-p53 interaction restored (lanes 6 and
10, Fig. 2B). We then examined the status of p53 acetylation in
cell extracts. Approximately equal amounts of p53 protein was
loaded (Fig. 2C) and the rabbit antiserum that recognizes p53
acetylated at Lys-373 and -382 was used to detect acetylated
p53. As shown in Fig. 2C, the presence of MDM2 resulted in
deacetylation of p53 (compares lanes 2 and 4 with other lanes),
suggesting that MDM2 might restore Daxx-p53 interaction at
least in part by inhibiting p53 acetylation.

Sequence Determinants of Daxx-p53 Interaction in the Cell—

2 L. Y. Zhao, J. Liu, G. S. Sidhu, Y. Niu, Y. Liu, F. Wang, and D. Liao,
unpublished data.

domain of Daxx. Full-length p53-Gal4 TAD was assayed for interaction with various Daxx fragments fused with Gal4 DBD using the yeast
two-hybrid system: sectors 1–3, full-length Daxx with p53, Gal4 TAD, or alone; sectors 4-6, Daxx aa 516–740 with p53, Gal4 TAD, or alone; sectors
7–9, Daxx aa 1–501 with p53, Gal4 TAD, or alone; sectors 10–12, Daxx aa 1–574 with p53, Gal4 TAD, or alone. Sector 13 illustrates the E1B-p53
interaction (positive control). Sectors 14 and 15 show the results of two-hybrid assays of Gal4-TAD-p53 and Gal4-DBD-Daxx (full-length, sector 14;
and full-length with deletion of acidic domain, aa 434–496, sector 15). Yeast cells were plated on medium lacking adenine. C, summary of the
Daxx-p53 interaction based on B, indicating that the Daxx domain around aa 400–501 is required for binding to p53. CC, coil-coiled domain; PAH,
paired amphipathic helix domain; NLS, nuclear localization signal. D, mapping of the Daxx-binding domain of p53. Daxx aa 1–574 fused with Gal4
DBD was introduced into yeast with various p53-Gal4 TAD constructs: sectors 1–6, p53-(1–393), p53-(87–393), p53-(171–393), p53-(253–393),
p53-(293–393), and p53-(331–393), and yeast growth was scored in medium lacking adenine. E, summary of the Daxx-p53 interaction based on D,
and data not shown, indicating that the Daxx-binding domain resides in the p53 COOH terminus between aa 253 and 385 (also see panel G). RD,
regulatory domain; TD, tetramerization domain. F, hot spot mutations of p53 did not affect its interaction with Daxx. Indicated tumor-derived and
artificial p53 mutants were fused with Gal4-TAD and cotransformed into yeast with Gal4-DBD-Daxx-(1–574) hybrid. Yeast were grown on plates
lacking adenine. G, mutations of lysine to alanine and serine to glutamic acid within the Daxx-binding region of p53 abolished p53-Daxx interaction
in yeast. Lysines (white letters in black background) or serines/threonines (underlined) were mutated individually or in various combinations by
the QuikChange protocol. The positions of these mutated residues within the p53 sequence are indicated. These mutants as depicted in the bottom
panel were fused with Gal4 TAD, which were tested for interaction with the Gal4-DBD Daxx (aa 1–574) hybrid. Yeast cells were grown in SD
medium lacking adenine. H, expression of various Gal4TAD-p53 fusion constructs in yeast. The yeast transformants harboring Gal4DBD-Daxx-
(1–574) and an indicated Gal4TAD-p53 construct were grown in SD medium lacking lysine, leucine, and uracil. Yeast cell extracts were prepared
according to a protocol described previously (25). The extracts were subjected to SDS-PAGE and Western blot using anti-p53 antibody (FL393,
Santa Cruz).
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Having shown that MDM2 is critical for Daxx-p53 interaction
in the cell, we wished to determine what sequences of Daxx are
required for binding to p53 in vivo. Various Daxx constructs
with the NH2-terminal FLAG tag were cotransfected with vec-
tors for p53 and MDM2 into p53-null HCT116 cells and expres-
sion of these proteins in the transfected cells was examined
(Fig. 3A). The cell extracts were subjected to IP with anti-FLAG
M2-agarose beads and the coprecipitated proteins were ana-
lyzed using anti-p53 antibody (Fig. 3B). Full-length Daxx led to
abundant p53 coprecipitation (lanes 1 and 2). Daxx constructs
aa 1–574, 1–501, and a construct with deletion of aa 191–242 (a
putative amphipathic helix (18)) bound to p53 less effectively
than wild-type Daxx (lanes 4, 6, and 10). In addition, the Daxx
construct with a deletion between aa 502 and 574 exhibited
weak binding to p53 (Fig. 3B, lane 16). The Daxx NH2-terminal
domain (aa 1–130) and the COOH-terminal constructs (aa
516–740 and 573–740) did not bind to p53. These results indi-
cate that the acidic domain of Daxx is required for binding to
p53, consistent with the results obtained from yeast two-hybrid
assays (Fig. 1).

To examine whether MDM2 was present in the same FLAG-
Daxx immunocomplexes, the same membrane shown in Fig. 3B
was stripped and reprobed with anti-MDM2 antibody. MDM2
was coprecipitated with WT Daxx and its fragments (aa 1–574
and 1–502, Fig. 3C, lanes 2, 4, and 6). Evidently, more MDM2
was precipitated with WT Daxx than with the two Daxx frag-
ments, in parallel with the amounts of precipitated p53. Inter-
estingly, although p53 was precipitated with Daxx �191–242
and �502–574 constructs, little MDM2 was coprecipitated with
them (lanes 10 and 16, Fig. 3C). These results suggest that
MDM2 might play two roles in mediating Daxx-p53 interac-
tion: (i) physically bridging and stabilizing the Daxx-p53 com-
plex, and (ii) inhibiting covalent modifications of p53, thereby
facilitating Daxx-p53 interaction. Alternatively, MDM2 might
alter the conformation of Daxx to expose its p53-binding do-
main, because removing aa 191–242 or 502–574 from Daxx
resulted in Daxx-p53 interaction in the absence of MDM2 co-
precipitation (lanes 10 and 16 in Fig. 3, B and C).

We showed above that several p53 mutants that mimic
acetylated or phosphorylated p53 abolished binding of p53 to

FIG. 2. Expression of MDM2 restored Daxx-p53 interaction in human cells. A, p53-null HCT116 cells were transfected with various
combinations of expression plasmids as indicated and 24 h after transfection, cells were harvested and analyzed for the expression of p53 (top),
Daxx and HDAC1 (middle), and MDM2 (bottom). NT, untransfected HCT116 p53�/� cells. B, Daxx-p53 interaction was restored upon
exogenous MDM2 expression. The whole cell extracts of HCT116 p53�/� cells without transfection (NT) or with introduction of expression
plasmids of the indicated proteins were subjected to immunoprecipitation using anti-FLAG M2 beads. The beads were washed extensively and
eluted with FLAG peptide. The immunocomplexes were then analyzed in Western blot using rabbit polyclonal anti-p53 antibodies (FL393). IN,
input whole cell extracts before immunoprecipitation (�5% of total input). P, immunoprecipitates. C, deacetylation of p53 upon MDM2
expression. Equal amounts of p53 based on Western blot (WB) with anti-p53 antibody DO-1 were analyzed in blots using antiserum specific
to p53 acetylated at 373 and 382 (Upstate Biotechnology).
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Daxx in yeast (Fig. 1G). To assess if these results also hold true
in cultured human cells, hemagglutinin-Daxx was cotrans-
fected with various p53 constructs and the cell extracts were
subjected to IP using anti-p53 antibodies (FL393). Daxx was
coprecipitated with WT p53 (Fig. 4B, lane 2) and to a lesser
extent with p53 K381A/K382A (lane 6), K381R/K382R (lane 8),
S376A (lane 10), and p53 S376E (lane 12). No Daxx was de-
tectably precipitated with p53 K381E/K382E (lane 4) and
L22Q/W23S (lane 14). In the absence of p53, Daxx was not
precipitated (lane 16). Because p53 mutant L22Q/W23S does
not bind to MDM2 (40), the fact that it also failed to bind to

Daxx in HCT116 colon cancer cells suggests two possibilities:
MDM2 is required for physically stabilizing the Daxx-p53 com-
plex, and/or MDM2 cannot mediate deacetylation of the p53
L22Q/W23S mutant and consequently, Daxx could not bind to
this mutant. However, the p53 L22Q/W23S mutant was not
acetylated at Lys-373 and Lys-382 (data not shown), probably
because of disruption of the p53-p300/CBP interaction by the
double mutation, as it has been shown that both Leu-22 and
Trp-23 are critical for p53 to bind to p300, and mutating Trp-23
completely abolished p53-p300 interaction (41). Intriguingly,
although Daxx did not bind to p53 K381A/K382A and S376E

FIG. 3. The acidic domain of Daxx is required for binding to p53 in human cell. HCT116 p53�/� cells were transfected with vectors for
p53, MDM2, and an indicated Daxx construct and the cells were harvested 24 h after transfection. Whole cell extracts were then subjected to IP
using anti-FLAG M2 beads. A, expression of Daxx constructs, p53 and MDM2 in transfected cells. B, Western blot (WB) analysis of immunocom-
plexes associated with FLAG-Daxx constructs. The blots were probed with anti-p53 DO-1. IN and P were as described in the legend to Fig. 2.
Asterisks denote mouse IgG heavy or light chains. C, Western blot analysis of MDM2 in FLAG-Daxx immunocomplexes. The same membranes as
in B were striped and reprobed with rabbit anti-MDM2 polyclonal antibody (N20).
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mutants in yeast (Fig. 1G), they were still detectably coprecipi-
tated with Daxx (Fig. 4B, lanes 6 and 12). Taken together, our
data suggest that MDM2 stabilizes the interaction of p53 with
Daxx in human cells.

MDM2 Enhances p53-Daxx Interaction in Primary Cells—To
further examine the requirement of MDM2 for Daxx-p53 inter-
action, we employed p53/MDM2 DKO MEF (7). FLAG-Daxx
was cotransfected with various combinations of p53, its mu-
tants, and MDM2. All transfected constructs expressed well in
DKO MEF (Fig. 5, A and B). The cell extracts were immuno-
precipitated with anti-FLAG M2-beads and the immunocom-
plexes were analyzed with anti-p53 (FL393) and MDM2 anti-
bodies (Fig. 5, C and D). Notably, WT p53 was very efficiently
precipitated in the presence of MDM2 (Fig. 5C, lane 2). Small
but detectable amounts of p53 was precipitated in the absence
of MDM2 expression (lane 4, p53 band was visible upon longer
exposure). p53 mutants K381A/K382A and L22Q/W23S were
also coprecipitated with FLAG-Daxx, although to a much lesser
extent than WT p53 (compare lanes 6 and 8 with 2 in Fig. 5C).
Interestingly, the precipitated p53 was extensively modified. In
the case of WT p53, two bands with approximately equal abun-
dance were precipitated (see Fig. 5C, lower panel): the lower
band presumably is the unmodified p53, and the upper band
could be monoubiquitinated. The other more slowly migrating

bands may be polyubiquitinated p53. Interestingly, reprobing
the same membrane with anti-ubiquitin antibody revealed
both prominent bands in addition to polyubiquitinated bands
(data not shown). Multiple p53 bands were also precipitated
with p53 mutants K381A/K382A and L23Q/W23S (Fig. 5C,
lanes 6 and 8). Notably, the precipitated WT p53 was more
extensively modified (compare lanes 6 and 8 with 2 in Fig. 5C),
raising an intriguing possibility that Daxx might play a role in
MDM2-mediated ubiquitination of p53 (see “Discussion”).

MDM2 appears to constitutively associate with Daxx (Fig.
5D). Nonetheless, in the absence of p53 expression, the amount
of precipitated MDM2 was slightly reduced (compare lane 8
with 2, 4, and 6 in Fig. 5D). Collectively, these results suggest
that the MDM2-Daxx binary complex exists constitutively and
Daxx does not efficiently bind to p53 in the absence of MDM2.
When all three are expressed, they form a stable complex.

Codistribution of Daxx, MDM2, and p53 in DKO MEF—We
also examined subcellular distributions of these proteins. In
DKO MEF cells, all three proteins were predominantly local-
ized in the nucleus (Fig. 5E). Daxx appeared in nuclear body-
like structures as well as in the nucleolus (panels a, i, and m in
Fig. 5E), as reported previously (8), whereas both p53 and
MDM2 were largely excluded from these locations (Fig. 5E, b, f,
and j). Interestingly, in substantial fractions of the transfected

FIG. 4. Interaction of Daxx with various p53 constructs. HCT116 p53�/� cells were transfected with vectors for hemagglutinin-Daxx,
MDM2, and an indicated p53 construct and the cells were harvested 24 h after transfection. The whole cell extracts were then subjected to IP using
rabbit polyclonal anti-p53 antibody (FL393) and protein G-agarose beads. A, expression of p53 constructs and hemagglutinin-Daxx in transfected
cells. The expected band of each p53 construct is indicated with an arrow. B, Western blot (WB) analysis of immunocomplexes associated with p53
constructs. The blots were probed with rabbit polyclonal anti-Daxx M112. IN and P were as described in the legend to Fig. 2. The IgG heavy or
light chains are indicated. NT, no transfection.
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FIG. 5. Interactions of Daxx, MDM2, and p53 in DKO MEF cells. Cells were transfected with vectors for FLAG-Daxx (full-length), MDM2,
and different p53 constructs as indicated and the cells were harvested 24 h after transfection. Whole cell extracts were then subjected to IP using
anti-FLAG M2 beads. A and B, expression of FLAG-Daxx and p53 constructs in transfected cells. C, Western blot (WB) analysis of p53 associated
with FLAG-Daxx immunocomplexes. The blots were probed with rabbit polyclonal anti-p53 FL393 antibodies. Lane 9 shows the immunoprecipi-
tates of untransfected DKO MEF. The lower panel shows the image of the same blot with a shorter exposure. Upon a much longer exposure, a p53
band was revealed in lane 4 and the position of this band is the same as that shown in lane 3, but the slower migrating bands were not detected.
D, Western blot analysis of MDM2 associated with FLAG-Daxx immunocomplexes. The blots were probed with rabbit polyclonal anti-MDM2 (N20)
antibodies. Lane 9 shows the whole cell extracts of DKO MEF without transfection. IN and P were as described in the legend to Fig. 2. E, subcellular
distributions of Daxx, p53, and MDM2 in DKO MEF cells. GFP-Daxx plasmid was cotransfected with either p53 or MDM2 expression plasmid, or
both, and 24 h after transfection, the cells were fixed and immunostained with anti-p53 antibody (DO-1, panels b and n) or anti-MDM2 antibody
(SMP14, panels f and j). The anti-mouse IgG antibodies coupled with rhodamine were used as the secondary antibody (panels b, f, j, and n). The
nuclei were revealed with 4�,6-diamidino-2-phenylindole (DAPI). In panel o, rabbit polyclonal anti-MDM2 antibody (N20) was used as the primary
antibody and goat anti-rabbit IgG-Alexa Fluor 350 conjugate as secondary antibody.
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cells, all three proteins were seen simultaneously in both the
cytoplasm and nucleus (white arrows in Fig. 5E). The immu-
nostaining patterns of p53 or MDM2 were essentially identical
whether both together (panels m–p) or each individually (pan-
els a–i) were coexpressed with GFP-Daxx (Fig. 5E).

Daxx Represses the Promoters of p53 Target Genes—To in-
vestigate the biological significance of the Daxx-p53 interac-

tion, we examined whether Daxx affects p53-mediated tran-
scription. DKO MEF cells were transfected with the p21WAF1

luciferase reporter that contains the promoter of the p21WAF1

gene. Expression of p53 led to a dramatic increase of reporter
activity (�16-fold induction, Fig. 6A). Expression of Daxx or
MDM2 alone in the absence of p53 expression had no obvious
effects on the p21 promoter. Expression of p53 together with

FIG. 6. Daxx represses the promoters of the p53 target genes. The indicated p53-responsive luciferase reporter along with pRL-SV40
(internal control) was transfected with various combinations of expression vectors into DKO MEF as indicated. Dual luciferase assays were
performed 24 h after transfection. The values shown are the average of two independent experiments, and the error bars represent 1 S.D. A, Daxx
represses the p21WAF1/cip1 promoter in DKO MEF cells. The reporter carries the 2.4-kb region of the p21WAF1/cip1 promoter that contains both
p53-binding elements. B, p53 binding sequences in the p21WAF1/cip1 are required for Daxx-mediated repression. Both p53 binding elements of the
p21WAF1/cip1 promoter were mutated in the pWAF1mut-Luc reporter as shown previously (8). C, effects of Daxx on transactivation mediated by p53
mutants. The p53 mutants K381R/K382R or K381A/K382A carry point mutations that convert lysines at 381 and 382 to arginine or alanine,
respectively (see Fig. 1). D, Daxx represses p53-mediated transcription on the p53AIP1 promoter. The p53AIP1 reporter carries the intron 1 of the
human p53AIP1 gene that harbors the p53 binding elements as described (29).
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Daxx or MDM2 resulted in significant reduction of the reporter
activity (induction was reduced from 16- to �11- or 8-fold,
respectively, Fig. 6A). Expression of all three proteins led to a
further reduction of the reporter activity (to �3-fold induction).
As expected, p53 did not activate the p21 promoter in the
absence of p53-binding sequences in the p21 promoter (Fig.
6B). Similarly, Daxx and MDM2 had no effects on p21 promoter
in the absence of p53-binding sequences (Fig. 6B). Thus, Daxx-
mediated repression of p21 promoter requires binding of p53 to
the promoter.

We also examined whether Daxx affects transcription medi-
ated by p53 mutants K381R/K382R or K381A/K382A. In yeast,
the K381R/K382R, but not K381A/K382A mutant, binds to
Daxx (Fig. 1G), whereas both bind to p53 in mammalian cells
(Figs. 4 and 5). As shown in Fig. 6C, both mutants exhibited a
reduced ability to activate the p21 promoter, consistent with a
positive role of acetylation at these two sites for p53-mediated
transcription (42). Interestingly, Daxx or MDM2 could still
repress the p21 promoter when co-expressed with either of
these two p53 mutants (Fig. 6C). Coexpression of Daxx and
MDM2 with p53 K381R/K382R led to further, albeit small,
reduction of the reporter activity, but no additional repression
was observed when they were expressed with the p53 K381A/
K382A mutant (Fig. 6C). Finally, Daxx also exerted obvious
repression of the reporter construct containing the p53AIP1
intron that harbors the p53-binding sites, and coexpression of
both Daxx and MDM2 resulted in further reduction of p53-de-
pendent transcription (Fig. 6D).

Daxx Relieved p53-mediated Apoptosis—In examining sub-
cellular distribution of p53, Daxx, and MDM2 in DKO MEF, we

noticed that a few transfected cells were observed when p53
alone was expressed, but many more transfected cells were
seen when p53 was cotransfected with either Daxx or MDM2 or
both together. This suggested to us that Daxx might inhibit
p53-induced apoptosis. We then quantitatively investigated
this initial observation. We used the GFP-CRM1 fusion con-
struct as a transfection marker, which, unlike GFP, exhibited
no cytotoxic effects. The marker was transfected alone or to-
gether with other expression plasmids as indicated in Fig. 7. In
each transfection, about 20 random microscopic fields were
examined. The total number of cells and transfected cells in
these fields were tallied. As shown in Fig. 7A, about 22% of cells
were transfected when GFP-CRM1 was transfected alone. In
p53-transfected cells, only about 7% of cells were transfected,
an indication of cell death. Expression of Daxx, MDM2, or the
caspase inhibitor p35 from baculovirus resulted in �12–17%
transfection efficiency. Interestingly, all three proteins, Daxx,
MDM2, and p35, when coexpressed with p53, resulted in more
transfected cells than when p53 was expressed alone (Fig. 7A).
Thus, like MDM2 and p35, Daxx can protect cells from p53-
mediated apoptosis. Essentially identical results were obtained
when Escherichia coli �-galactosidase was used as a transfec-
tion marker and the cells were stained with 5-bromo-4-chloro-
3-indolyl-�-D-galactopyranoside (X-gal) (data not shown).

Among transfected cells, a large fraction of them exhibited
condensed nuclei (white arrow, Fig. 7C) when only p53 was
expressed. These cells were considered apoptotic but had not
yet been cleared in the culture. When data from all transfec-
tions were tabulated, it became obvious that p53 expression
resulted in elevated levels of apoptosis, and this was sup-

FIG. 7. Daxx inhibits p53-mediated apoptosis. Indicated expression vectors were transfected into DKO MEF cells grown on glass coverslips,
and 24 h after transfection, cells were fixed with paraformaldehyde and mounted on antifade medium containing 4�,6-diamidino-2-phenylindole
(DAPI) (VectorShields). The amount of plasmid DNA in each transfection was strictly balanced with the empty vector plasmid (pcDNA3.1). The
GFP-CRM1 fusion was used as the transfection marker. A, Daxx relieved p53-mediated cell killing. The percentage of transfected cells in random
microscopic fields is shown from each transfection experiment. Error bars are 1 S.D. B, Daxx inhibits p53-induced cell death. The percentage of
cells with condensed nuclei (apoptotic) out of total GFP-positive cells is shown. C, shown are representative micrographs of transfected
GFP-positive cells with normal nuclear morphology (panels a–f) or condensed nuclei (denoted with white arrow, panels g–l).
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pressed when Daxx, MDM2, or p35 were coexpressed (Fig. 7B).
Taken together, these data indicate that Daxx inhibits p53-de-
pendent apoptosis.

The data shown above indicates that expression of Daxx
alone can suppress p53-induced cell death in MEF DKO cells.
To further explore this observation, we next examined whether
p53-dependent apoptosis induced by stress, not by p53 overex-
pression, can also be suppressed by Daxx. We transfected
HCT116 cells with expression plasmids for GFP-CRM1 alone or
together with that for either Daxx or MDM2 or both. The
transfected cell cultures were then treated with 5-FU, which is
known to induce p53-dependent cell death in HCT116 cells
(43). The apoptotic cells clearly exhibited condensed and/or
fragmented nuclei. Transfected cells were revealed with the
GFP-CRM1 marker. For transfected cells that underwent apo-
ptosis, in addition to condensed chromatin, they also displayed
an intense GFP signal along with rounded and shrunken mor-
phology (indicated with arrows in Fig. 8A, panels m–r are
enlarged images for better visualization of apoptotic cells). By
contrast, live cells showed normal distribution of GFP-CRM1
that is characteristic of CRM1 including localization in the
nuclear rim (Fig. 8A, panels n and o, also see Fig. 7). Five
random fields with �500 transfected cells in each transfection
were quantitatively analyzed. As shown in Fig. 8B, �20% of
GFP-CRM1-transfected cells were apoptotic. Coexpression of
either Daxx or MDM2 or both together suppressed 5-FU-in-
duced apoptosis to �7%. As expected, the p53 protein level was
markedly elevated in response to 5-FU treatment, in compar-
ison with similarly transfected but not treated cells (Fig. 8C).
Thus, Daxx can effectively inhibit p53-dependent apoptosis
induced by stress.

We have carried out further experiments to independently
assess inhibition of 5-FU-induced cell death by Daxx in HCT116
cells. Daxx overexpression clones were generated by stable trans-
fection of the Daxx-expression plasmid into HCT116 cells. Sev-
eral independent clones expressing exogenous Daxx along with a
clone transfected with vector were mock-treated (Me2SO) or
treated with 0.4 mM 5-FU and the cells were collected at different
time points after treatment and processed for flow cytometry
(FACS) analysis. As shown in Fig. 9A, the protein level of Daxx
was higher in a clone called Daxx135 than that in the clone with
vector transfection, and 5-FU markedly induced p53 protein lev-
els in both vector clone and Daxx135 cells (Fig. 9B). Consistent
with published results (43), HCT116 cells were very sensitive to
5-FU treatment; virtually all cells from the vector clone were
killed 96 h after treatment. In striking contrast, a substantial
portion of Daxx135 cells remained viable (Fig. 9C) after 5-FU
treatment. The percentage of cells with sub-G1 DNA content in
Daxx135 was lower than that in the vector clone throughout the
time course (Fig. 9, C and D). The cell cycle profiles of vector clone
and Daxx135 were similar in Me2SO-treated cells (Fig. 9C). Fur-
thermore, two independent Daxx overexpression clones
(Daxx145 and Daxx171) exhibited similar resistance to 5-FU-
mediated apoptosis (data not shown). Thus, the observations
must not be because of clonal effects. Therefore, Daxx confers
marked resistance to 5-FU-induced and p53-dependent cell death
in HCT116 cells, in agreement with results shown in Fig. 8.

DISCUSSION

Daxx exhibits complex biological functions ranging from
modulating apoptosis to transcriptional regulation. Daxx was
originally discovered as a proapoptotic protein that binds to the
cytoplasmic domains of Fas receptor and transforming growth
factor-� receptor type II by activating the Jun NH2-terminal
kinase pathway (11, 14). In cultured cells, Daxx localizes pre-
dominantly in the nuclei, in which it can induce apoptosis (12,
13). Our unpublished data2 also indicates that Daxx could

markedly induce apoptosis in several tumor cell lines. Thus,
Daxx may participate in multiple apoptotic pathways. In con-
trast, deletion of the Daxx gene is lethal to mouse embryonic
development and Daxx-deficient cells exhibited widespread ap-
optosis (16, 44). Consistent with these findings, ablation of
Daxx by RNAi sensitizes cells to Fas ligand and stress-induced
apoptosis (17). Therefore, Daxx may prevent cell death during
animal development and in cultured cells. We described in this
paper that Daxx binds to p53 in vitro (Fig. 1), and interestingly,
MDM2 enhances Daxx-p53 interaction in cells (Figs. 2–5). We
also showed that Daxx can repress p53 target genes (Fig. 6) and
protects cells from p53-mediated apoptosis (Figs. 7–9). There-
fore, our findings are consistent with a role for Daxx in cell
survival. Specifically, Daxx can inhibit p53-regulated tran-
scription and apoptosis and thus represents a new negative
regulator of p53.

It is interesting that MDM2 appears to enhance the p53-
Daxx interaction in the cell (Figs. 2 and 5). These two proteins
also exhibit cooperation in repressing p53-mediated transacti-
vation (Fig. 6). MDM2 is a well known negative regulator of p53
and it controls p53 activities at several levels. It binds to p53
TAD and inhibits p53-mediated transcription, probably by ste-
reo hindrance so that the transcriptional machinery cannot
bind to p53 efficiently. MDM2 can also specifically inhibit
acetylation of p53 (39, 45, 46), which impacts negatively on p53
activities, because acetylation of p53 enhances its binding to
the chromatin of its target promoters (42), and may also inhibit
ubiquitination of p53, thereby protecting it from degradation
(33). Perhaps the most extensively studied aspect of regulation
of p53 by MDM2 is its ubiquination of p53 (47). MDM2 acts as
a p53 E3 ubiquitin ligase, thereby promoting ubiquitin-depend-
ent proteolysis of p53. Although it has been well established
that MDM2 mediates ubiquitination of p53, other factors that
affect MDM2-mediated p53 ubiquitination remain to be iden-
tified. Our results hint at an intriguing possibility that Daxx
might also play a role in MDM2-mediated ubiquitination of
p53. Data presented in Fig. 5 indicates that the p53 species
associated with Daxx were extensively ubiquitinated. Nonethe-
less, it is also possible that ubiquitinated p53 binds to Daxx
more efficiently. Further studies are required to investigate
these possibilities.

Apart from a potential role in p53 ubiquitination, Daxx
might also affect p53 activities in other ways. Daxx is a core-
pressor and binds to HDACs (19, 22). Daxx also binds to core-
pressors DNMT1 (DNA methyltransferase I) (16) and mSin3a.2

Thus, Daxx could conceivably recruit various corepressors to
p53 target promoters and repress the expression of p53 target
genes. Noticeably, in the absence of MDM2, Daxx binds to p53
poorly as assessed in IP experiments, but their interaction
remains detectable in DKO MEF upon longer exposure of the
blot (Fig. 5). Thus, MDM2 enhances but is not absolutely re-
quired for Daxx to bind to p53. Consistent with this, Daxx could
repress p53-mediated transcription in the absence of MDM2
(Fig. 6). Additionally, Daxx can potently inhibit p53-induced
cell death in the absence of MDM2 in DKO MEF (Fig. 7).
Similarly, overexpression of Daxx alone can protect HCT116
cells from 5-FU-induced cell death (Figs. 8 and 9), although IP
failed to recover Daxx-p53 interaction in the absence of MDM2
overexpression (Fig. 2). There are several scenarios that may
explain our observations. First, inhibition of p53-induced apo-
ptosis does not require direct p53-Daxx interaction. For exam-
ple, Daxx might repress proapoptotic p53 genes such as PUMA,
p53AIP1, and Bax and this repression is mediated through
direct interaction of Daxx with proteins that in turn contact
p53. Second, Daxx might also inhibit the ability of p53 to
directly trigger apoptosis from mitochondria without a direct
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FIG. 8. Daxx suppresses 5-FU-induced apoptosis in HCT116 cells. A, the cells were grown on glass coverslips and transfected with the
indicated expression plasmids and 12 h after transfection, 5-FU was added to a final concentration of 0.4 mM. Twenty-four hours after transfection,
cells were fixed with paraformaldehyde and mounted on VectorShields and examined under a �20 objective. Cells with condensed and/or
fragmented nuclei are considered apoptotic. In the meantime, the GFP-CRM1 signals became intense with rounded and shrunken morphology.
Representative apoptotic cells are denoted with arrows. Shown is one complete field from each transfection. Panels m–r are enlarged images of
selected areas (Box A and B) of images shown in the top row (panels a–c) for better visualization of the features of apoptotic cells. B, quantification
of apoptosis in transfected cells. About five microscopic fields were analyzed in each transfection. The percentage of apoptotic cells out of the total
transfected cells is plotted. C, induction of p53 by 5-FU in HCT116 cells. Cells were grown in 6-well plates, transfected, and treated as in A. The
cells were harvested and whole cell extracts were subjected to Western blot with anti-p53 antibody (DO-1). For comparison, cells similarly
transfected but not treated with 5-FU (NT) were included in the blot. The same membrane was stripped and reprobed with antibody to �-tubulin
as loading control.
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p53-Daxx interaction. As shown in Fig. 5, Daxx and p53 codis-
tribute in both the cytoplasm and nucleus. Although purely
speculative, cytoplasmic Daxx might be able to suppress the
ability of p53 to activate the mitochondrial mechanism of apo-
ptosis. Finally, Daxx-p53 interaction might still occur in the
absence of MDM2 (see Fig. 5). This interaction may be tran-
sient in nature and sensitive to posttranslational modifications
of the COOH-terminal domain of p53 so that it is not readily
detected in IP. Alternatively, Daxx and p53 might be a part of
the large complexes and both p53 and Daxx might be inacces-
sible for anti-p53 and Daxx antibodies, so that IP is ineffective
for detecting Daxx-p53 interaction. In accordance with this
latter possibility, we have observed striking co-localization of
Daxx and p53 in 293 cells (8).

Intriguingly, our results show that posttranslational modifica-
tions including acetylation and phosphorylation of p53 in the
COOH-terminal regulatory domain can inhibit the association of
Daxx with p53 (Figs. 1 and 2). On a technical note, the yeast
two-hybrid data presented in this paper document the general
utility of using yeast for studying the influence of p53 posttrans-
lational modifications on its binding to other human proteins.
Yeast has neither Daxx nor p53 as well as many modifying
enzymes of these two proteins. Thus, although one cannot rule
out that some human proteins may be nonspecifically modified in
yeast, our data showed that Daxx-p53 interaction could be ro-
bustly scored in yeast. Significantly, only specific mutations of
p53 affected Daxx-p53 interaction in yeast. In contrast, Daxx
does not bind to p53 isolated from cultured cells in IP experi-

ments (data not shown, also see discussion above). Importantly,
expression of MDM2 restores Daxx-p53 interaction, and this
apparently resulted from deacetylation of p53 upon MDM2 ex-
pression (Fig. 2). It is well known that various types of stress
activate p53 through inducing phosphorylation of p53 by a num-
ber of kinases and acetylation of p53 by acetylases p300 and
PCAF (33). Phosphorylation at the TAD of p53 has been impli-
cated in dissociating MDM2 from p53 (33). We show here that
both phosphorylation and acetylation at the COOH-terminal reg-
ulatory domain might disrupt the complex of p53 with Daxx,
another negative regulator of p53. Our data thus further under-
scores the importance of posttranslational modifications of p53 in
regulating p53-mediated stress responses.

Our results have some other important implications. It has
been known for a long time that the COOH terminus of p53
inhibits its transactivation functions. Thus removal of the
COOH terminus or binding of antibody to it can dramatically
enhance the transactivation potential of p53 (31, 48). Inhibi-
tory effects of the COOH terminus could be neutralized by its
phosphorylation, acetylation, or both (31). In addition, expres-
sion of the p53 mutant containing a COOH-terminal fragment
results in p53 activation (49). Recently, it was proposed that a
transacting factor mediates the inhibitory effects of the p53
COOH terminus (50). Because Daxx binds to the COOH-termi-
nal domain of p53 and both acetylation and phosphorylation
can disrupt this interaction, Daxx may be an important factor
that mediates the inhibitory effects by tethering corepressors
to the p53 COOH-terminal domain. Thus, our findings provide

FIG. 9. Resistance to 5-FU-mediated apoptosis in HCT116 cells with stable overexpression of Daxx. A, Daxx protein levels in
vector-transfected and Daxx135 cells. Daxx135 is a clone of HCT116 with stable transfection of the FLAG-Daxx expression vector, whereas Vector
is a stable clone of the expression vector-transfected HCT116 cells. Daxx was detected with M112 in Western blot (WB) and equal loading was
assessed with Western blot using antibodies to �-tubulin. B, induction of p53 by 5-FU in vector and Daxx135 cells. The cells were treated with
Me2SO (control) or 5-FU (0.4 mM) for 24 h and whole cell extracts were analyzed for p53 and �-tubulin protein levels. C, FACS analysis of vector
and Daxx135 cells. The cells were treated with Me2SO (control) or 5-FU (0.4 mM) and analyzed by flow cytometry and the cell cycle profiles of both
vector and Daxx135 cells at different time points were determined by propidium iodide staining and FACS analysis. The four numbers in each cell
cycle graph are percentage of cells in sub-G1, G0/G1, S, or G2/M stages, respectively. D, Daxx135 is resistant to 5-FU-mediated killing. The
percentage of cells with sub-G1 DNA content of 5-FU-treated cells in both vector and Daxx135 was plotted. The results are the average of two
independent experiments and variations are indicated with error bars (1 S.D.).
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some insights into these important early observations. Finally,
in light of the embryonic lethality phenotype of Daxx-deficient
mice embryos (16), it is tempting to suggest that like MDM2
and related MDMX (51), Daxx might also facilitate embryonic
development by negating p53-mediated effects. MDM2-defi-
cient mice die very early before day E6.5, whereas Daxx and
MDMX-deficient mice die at a similar stage during develop-
ment (7, 16, 51). Thus, these proteins may control p53 activity
in complementary, fail-safe mechanisms.
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