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GAS41 is a common subunit of the TIP60 and SRCAP complexes and is essential for cell growth and
viability. Here, we report that GAS41 is required for repression of the p53 tumor suppressor pathway during
normal cellular proliferation. Either GAS41 small interfering RNA-mediated knockdown of GAS41 expression
or specific interruptions of the carboxy-terminal coiled-coil motif of the GAS41 protein activate the p53 tumor
suppressor pathway, as evidenced by p53 up-regulation, p53 serine-15 phosphorylation, and p21 transcrip-
tional activation. Activation of the p53 pathway does not result from changes in TIP60 complex assembly or
TIP60 coactivator functions for p53, since a TIP60 complex containing a coiled-coil mutant of GAS41 retains
the same composition and histone acetyltransferase activity as its wild-type counterpart and since mutant
GAS41 does not compromise ectopic p53-dependent transcriptional activation in a reporter gene assay. Finally,
we demonstrate that GAS41 is prebound to the promoters of two p53 tumor suppressor pathway genes (p21 and
p14ARF) in normal unstressed cells but is dissociated from both promoters in response to stress signals that
activate p53. Our data suggest that GAS41 plays a role in repressing the p53 tumor suppressor pathway during
the normal cell cycle by a TIP60-independent mechanism.

Epigenetic mechanisms are now widely accepted as impor-
tant regulators of gene expression (9, 19). Eucaryotic DNA is
packaged into a chromatin structure that consists of arrays of
core histone-containing nucleosomes organized, along with
linker histone H1, into higher-order structures. Tightly packed
nucleosomes generate an inherently repressive structure for
gene expression by restricting access of various transcription
factors and the general transcription machinery. Moreover,
DNA modifications, such as CpG island methylation, and his-
tone tail modifications, such as acetylation, methylation, phos-
phorylation, and ubiquitylation, allow complex epigenetic con-
trols of nuclear activities that include DNA replication,
transcription, DNA repair, and recombination (41).

The increasingly large group of chromatin-modifying com-
plexes contains enzymatic activities that covalently modify his-
tone tails. The enzymatic subunits of complexes with histone
acetyltransferase (HAT) activity include the H3 HAT GCN5 in
Saccharomyces cerevisiae SAGA and human STAGA com-
plexes and the H4 HAT Esa1 in the yeast NuA4 complex (1,
22, 35). In humans, a NuA4-like complex with TIP60 as the H4
HAT has been described, although there is also a similar com-
plex that lacks HAT activity but shares the TRRAP, p400,
Epc1, TIP49, TIP48, BAF53, and �-actin components (21, 24).
It is not clear whether the last complex has a distinct function
or whether it represents an intermediate in the assembly of the
TIP60-containing complex. The TIP60 complex was proposed
to play a role in DNA repair and apoptosis, and its largest
subunit, TRRAP, has been implicated in p53-dependent mdm2
transcriptional activation (3, 24, 27). TIP60 also has been pro-
posed as an essential coactivator for p53-dependent transcrip-

tional activation based on studies involving RNA interference-
mediated knockdown of TIP60 or overexpression of a dominant-
negative TIP60 mutant (6, 16, 29).

GAS41 was originally identified in the glioblastoma multi-
forme cell line and implicated in early gliomal tumor develop-
ment (18). GAS41 has an N-terminal tf2f domain that is con-
served in YEATS family members (18, 30). This family
includes yeast Yaf9, TAF14, and SAS5, as well as proteins
(ENL and AF9) implicated in human cancer. All of these
proteins are involved in transcriptional regulation through
multisubunit complexes. GAS41 is essential for cell survival
and growth and is found as a subunit of the human TIP60 (16,
23, 49) and SRCAP (7) complexes. Yaf9, a yeast ortholog of
GAS41, is a common subunit of both the yeast NuA4 HAT
complex and the yeast SWR1 chromatin-modifying complex
and is required for resistance to UV, DNA-damaging agents,
and spindle stress in yeast (30, 48).

An apparent structural and functional conservation between
the NuA4 and human TIP60 complexes prompted us to inves-
tigate the functional role of GAS41 in p53-dependent tran-
scriptional activation during DNA damage responses. Here,
we report that loss of GAS41 function induces up-regulation of
two tumor suppressor proteins, p14ARF and p53. Up-regula-
tion of p53 and accompanying serine-15 phosphorylation are
induced by mutations in the coiled-coil domain in the GAS41
C terminus and are sufficient to activate p21 gene expression.
GAS41 is bound to the promoters of the repressed p14ARF and
p21 genes in normal cells, and its dissociation correlates with
gene activation. We also provide evidence that the normal
function of GAS41 in down-regulation of p14ARF and p21
genes is independent of the TIP60 HAT and coactivator activ-
ities. We suggest that GAS41 may be involved in repression of
the p53 tumor suppressor pathway during the normal cell cycle
in order to prevent aberrant activation of growth inhibitory
genes, such as p14ARF and p21.
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MATERIALS AND METHODS

Expression vectors, antibodies, and PCR primers. A mammalian expression
plasmid, CbF, driven by a cytomegalovirus promoter was used to express GAS41
in both transient and stably transfected cells. Histidine-tagged fusion proteins of
full-length TIP60 and GAS41 were purified on Ni-nitrilotriacetic acid agarose
and used to raise rabbit polyclonal antibodies. Affinity-purified antibodies to
TIP60 and GAS41 were generated by the AminoLink Plus immobilization kit
(Pierce) and used for immunoblotting and chromatin immunoprecipitation
(ChIP) assays. Antibodies against TRRAP, TIP49/RUVBL1, and BAF53 were
described previously (36, 39, 46). Anti-FLAG antibodies and M2 agarose con-
jugates were obtained from Sigma. PCR site-directed mutagenesis was con-
ducted using a mutagenesis primer set and DpnI restriction enzyme (12). Mu-
tations were verified by DNA sequencing. Details of individual primer sets and
PCR conditions are available upon request. Semiquantitative reverse transcrip-
tion (RT)-PCR analysis was conducted using 5�-GAACTTCGACTTTGTCAC
CGAGAC and 3�-TGGAGTGGTAGAAATCTGTCATGCT (p21) primers, 5�-
TCTTGGTGACCCTCCGGATT and 3�-CTCCTCAGTAGCATCAGCA
CGAG (p14ARF) primers, and 5�-CTCAGACACCATGGGGAAGGTGA and
3�-ATGATCTTGAGGCTGTTGTCATA (GAPDH [glyceraldeyhyde-3-phos-
phate dehydrogenase]) primers. ChIP assays utilized 5�-CAGGCTGTGGCTCT
GATTGG and 3�-CCTTCCTCCC TGAAAACAGGC primers for the distal p53
binding region of the p21 promoter, 5�-TCAGAGCCGTTCCGAGATCTT and
3�-CTTAACTGCAGACTGGGACCC primers for the E2F binding region of
the p14ARF promoter, and 5�-ATCTTCCTCCCACAGCTCCT and 3�-TTTGCA
GCCTCACCTTCTTT primers for the human �-globin gene control.

Cell culture, transfection, and immunoprecipitation. Cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf serum.
HEK293T cells were transfected using calcium phosphate and lysed in 0.1%
Triton F lysis buffer (39). Cell lysates were immunoprecipitated with anti-FLAG
M2 agarose (Sigma) or appropriate antibodies in conjunction with protein A
beads. Immunoprecipitates were eluted with either sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis sample buffer (for denaturation conditions) or an
excess of FLAG peptide (for native elution). The immunoprecipitates were then
analyzed by immunoblotting with enhanced chemiluminescence detection (Am-
ersham).

Sepharose CL6B gel filtration chromatography and affinity purification. Nu-
clear extracts were prepared by a modified Dignam procedure (14) from 293T
cells that stably express FLAG-GAS41 or a FLAG-GAS41 mutant and directly
applied to a Sepharose CL6B gel filtration column equilibrated with BC200
buffer containing 0.1% NP-40. Fractions corresponding to the TRRAP peak, as
determined by immunoblotting, were combined and subjected to M2 agarose
affinity purification. After being serially washed with BC300 and BC500 buffer
containing 0.1% NP-40, captured FLAG-GAS41 was eluted by the addition of
250 �g/ml of FLAG peptide for 24 h at 4°C.

HAT assay. HeLa core histones were purified as described previously (45). In
vitro chromatin assembly was done as described previously (2). HAT reactions
using HeLa core histones (1 �g) or in vitro-assembled nucleosomes (0.3 �g) were
carried out as described previously (39).

siRNA design and transfection. Nontargeting control and GAS41 small inter-
fering RNAs (siRNAs) were purchased from Dharmacon (Lafayett, CO). Sense
(CCAAUAGUUUACGGUAAUGUU) and antisense (CAUUACCGUAAAC
UAUUGGUU) oligonucleotides for GAS41 siRNA were annealed in the recon-
stitution buffer (20 mM KCl, 6 mM HEPES-KOH, pH 7.5, 0.2 mM MgCl2), and
a final concentration of 100 nM siRNA was used in oligofectamin-mediated
transfection of U2OS cells. After 48 h, the medium was changed and cells were
analyzed for down-regulation of GAS41.

RT-PCR and luciferase expression analysis. Total RNA was isolated with the
RNeasy mini kit (QIAGEN), and 200 to 500 ng of total RNA was used for
semiquantitative RT-PCR by the Superscript III one-step RT-PCR kit (Invitro-
gen). Outputs of two different PCR cycle numbers were analyzed to ensure that
amplification was in the linear range. For luciferase assays, H1299 cells were
cotransfected with pWWP-Luc (37), control plasmid pRL-CMV, pVP-p53, and
plasmids expressing GAS41 and subsequently analyzed by the Dual-Luciferase
reporter assay system (Promega).

Retroviral infection. Retroviral infection of IMR-90 cells was described pre-
viously (40). Amphotropic PhoeNX cells were transfected with LXSH plasmid
using calcium phosphate, and resultant retroviral supernatants were used to
infect IMR90 cells. Transduced cells were selected for resistance to hygromycin
(150 �g/ml) for 7 days and then subjected to RT-PCR and ChIP assays.

ChIP assay. Chromatin immunoprecipitation assays were conducted as de-
scribed previously (38). Briefly, 107 cells were cross-linked by the direct addition
of formaldehyde (final concentration, 1%) to cells for 10 min at room temper-

ature. Fixed cells were harvested and washed twice with swelling buffer (5 mM
PIPES [piperazine-N-N�-bis(2-ethanesulfonic acid)], pH 8.0, 85 mM KCl, 0.5%
NP-40, 0.5 mM phenylmethylsulfonyl fluoride, and 100 ng of leupeptin and
aprotinin per ml). Collected nuclei were resuspended in sonication buffer (0.2%
sodium dodecyl sulfate in F buffer, 0.5 mM phenylmethylsulfonyl fluoride, 100 ng
of leupeptin and aprotinin per ml) and sonicated on ice to obtain �500-bp DNA
fragments. Lysates were normalized and diluted with F buffer. Normalized chro-
matin lysates were incubated overnight with antibody and then with 20 �l of
protein A beads for an additional 1 h at 4°C. Beads were washed and eluted, and
following cross-link reversal, eluted material was subjected to semiquantitative
PCR amplification.

RESULTS

Human GAS41 is a genuine subunit of the TIP60 and SRCAP
complexes. Based on the apparent structural and functional
similarities between the human TIP60 and yeast NuA4 com-
plexes, we investigated the functional role of GAS41 in the
DNA damage response and p53 tumor suppressor pathway. To
confirm that GAS41 is a stable component of the human TIP60
complex under our isolation conditions, interactions between
the core subunits of the TIP60 complex and GAS41 were
examined both in vitro and in vivo (Fig. 1). FLAG-tagged
GAS41 was transiently expressed in 293T cells and immuno-
precipitated with M2 agarose (Fig. 1A). The complex contain-
ing FLAG-tagged GAS41 was eluted with a FLAG peptide and
subjected both to immunoblotting and to a HAT assay with
HeLa core histones as a substrate. Known TIP60 complex core
subunits TRRAP, TIP60, TIP49, and BAF53 were coimmuno-
precipitated with GAS41, and the immunoprecipitate dis-
played a typical TIP60-mediated H3 and H4 acetyltransferase
activity on free core histones.

In a further analysis, a FLAG-tagged GAS41 was stably
expressed in 293T cells, and the size distribution of GAS41-
containing complexes was analyzed by gel filtration chroma-
tography (Fig. 1B, upper panel). TRRAP appeared exclusively
in fractions corresponding to an apparent molecular mass of 2
MDa and a portion of the ectopically (over)expressed GAS41
cofractionated with TRRAP. Affinity purification of FLAG-
tagged GAS41 from these fractions resulted in copurification
of TRRAP, p400, and TIP60 proteins, indicative of a TIP60
complex (Fig. 1B, bottom panel, lane 3). Recently, GAS41 also
has been shown to be a stable subunit of the SRCAP (SWI2/
SNF2-related CBP activator protein) complex that is homolo-
gous to the yeast SWR1 chromatin-remodeling complex (7).
Because the TIP60 and SRCAP complexes share several sub-
units that include GAS41, we employed H2AZ as an indicator
of the SRCAP complex in the anti-FLAG GAS41 immunopre-
cipitation. Affinity purification of FLAG-tagged GAS41 from
the TRRAP-containing fractions also resulted in the copurifi-
cation of H2AZ (Fig. 1B, bottom panel, lane 3), confirming
the previous finding that H2AZ is a stable component of the
SRCAP complex. Taken together, these results, with some-
what different methodologies (based on the use of a tagged
GAS41), confirm the previous identification of GAS41 as a
TIP60-associated protein in the TIP60 complex (16) and as an
H2AZ-associated protein in the SRCAP complex (7).

siRNA-mediated knockdown of GAS41 induces p53-depen-
dent p21 gene expression. Based on the observation that a
Yaf9-null yeast strain is highly susceptible to various stress
conditions that include UV radiation and other DNA-damag-
ing agents (48), we asked whether siRNA-induced knockdown

VOL. 26, 2006 GAS41 FUNCTION IN THE p53 TUMOR SUPPRESSOR PATHWAY 4007



of GAS41 resulted in any compromised p53-dependent tran-
scriptional response. Transfection of U2OS cells with GAS41
siRNA consistently and significantly reduced the level of
GAS41 (up to 80 percent) compared to transfection with non-
targeting control siRNA (Fig. 2A). After transfection of cells
with siRNA, actinomycin D-induced p21 gene expression was
assessed by RT-PCR (Fig. 2B). Knockdown of GAS41 showed
no significant reduction in the actinomycin D-induced p21
gene expression (Fig. 2B, lanes 2 and 4) but, instead, induced
a significant up-regulation (2.4-fold) of p21 mRNA in normal
U2OS cells in the absence of a DNA-damaging agent (Fig. 2B,
lane 3 versus lane 1). Of note, concomitant GAS41 siRNA and
actinomycin D treatment did not further induce the level of
p21 expression beyond that observed with GAS41 siRNA or
actinomycin D alone (Fig. 2B, lane 4 versus lanes 2 and 3). The
induction of p21 by GAS41 knockdown is likely mediated by
up-regulation of p53 since the knockdown also induced a sig-
nificant stabilization of p53 in the absence of a DNA-damaging
agent (Fig. 2C, lane 3 versus lane 1). We also determined the
effect of GAS41 knockdown on cell cycle progression (Fig.
2D). The results clearly show that GAS41-depleted U2OS cells
undergo growth arrest and accumulate in G2/M, confirming the
essential role of GAS41 in cell proliferation (23).

To see whether GAS41 siRNA-mediated p21 gene induction
requires the p53 tumor suppressor, p53-null H1299 cells were
transfected with siRNA in the presence or absence of ectopic
p53 gene expression (Fig. 2E). In contrast to what was ob-
served in U2OS cells, GAS41 siRNA had no significant effect
on basal p21 gene expression in the absence of ectopic p53
(Fig. 2E, lane 4 versus lane 1). Ectopic p53 induced p21 gene
expression in these cells as expected and as a positive control,
and GAS41 siRNA did not further enhance the p53-dependent
p21 gene expression (Fig. 2E, lanes 5 and 6 versus lanes 2 and

3) and did not alter the levels of ectopic p53 (Fig. 2F, lanes 5
and 6 versus lanes 2 and 3). These latter results are consistent
with the failure of GAS41 siRNA to further enhance the level
of p21 gene expression induced by actinomycin D (through
endogenous p53) in U2OS cells (Fig. 2B). Altogether, these
results (Fig. 2B and E) indicate that GAS41 siRNA-induced
expression of the p21 gene requires p53. They further suggest
that GAS41 depletion may affect upstream events in the p53
tumor suppressor pathway, since there was no significant de-
fect in p53-dependent activation of the p21 gene in GAS41-
depleted cells in response to a DNA-damaging agent or ec-
topic p53 expression. Knockdown of TIP60 has been shown to
selectively reduce p21 gene expression in response to ectopic
p53 or DNA-damaging agents that induce p53 but not to affect
p21 expression in unstressed U2OS cells (6, 29). Therefore, the
effect of GAS41 knockdown, which is observed here in normal,
nonstressed cells, is distinct from the effect of TIP60 knock-
down and is not likely mediated by the modulation of TIP60
HAT activity.

Loss of a coiled-coil motif in the GAS41 C terminus induces
activation of the p53 tumor suppressor pathway. To verify the
results of the GAS41 siRNA-mediated knockdown, we sought
to identify a GAS41 mutant that could activate the p53 tumor
suppressor pathway in a dominant-negative manner. Sequence
alignment of YEATS family proteins reveals a highly con-
served N-terminal YEATS domain but relatively poor C-ter-
minal sequence conservation. GAS41 and Yaf9 are the most
closely related family members with respect to size and se-
quence conservation (30). A heptad repeat of amino acids is
defined as (abcdefg)n, with the a and d positions being pre-
dominantly hydrophobic and critical for structural integrity
and the e and g positions being mainly charged amino acids
that contribute to the interaction specificity (26). The sequence

FIG. 1. GAS41 is a core subunit of the human TIP60 and SRCAP complexes. (A) Coimmunoprecipitation of GAS41 with core subunits of the
TIP60 complex. 293T cells were transfected with empty vector or vector expressing FLAG-GAS41, and whole-cell lysates were immunoprecipitated
with M2 agarose beads. After extensive washes, the captured FLAG-GAS41 was eluted with FLAG peptide under nondenaturing conditions.
Eluates were analyzed by immunoblotting and HAT assays as indicated. Histone H2A was not separated from H3 in this minigel in which
acetylated H2A partially overlapped with H3 (see Fig. 4B for better separation). (B) Sepharose CL6B gel filtration chromatography. Nuclear
extracts were prepared from 293T cells stably expressing FLAG-GAS41 and directly applied to the Sepharose CL6B gel filtration column. Each
fraction (0.1%) was analyzed by immunoblotting for TRRAP and GAS41. Fractions corresponding to the TRRAP peak (fractions 4 and 5) were
combined and subjected to M2 agarose affinity purification. After being washed, captured FLAG-GAS41 was sequentially eluted with FLAG
peptide and 0.1 M glycine (pH 2.5) and analyzed by immunoblotting for TRRAP, TIP60, p400, H2AZ, and GAS41.
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FIG. 2. Effects of GAS41 siRNA on p53-dependent p21 gene induction and cell cycle progression. (A) GAS41 siRNA-mediated GAS41 knockdown
in U2OS cells. Cells were transfected in duplicate with the indicated siRNAs, and whole-cell lysates were analyzed for relative levels of GAS41 and
BAF53. (B) GAS41 siRNA-mediated induction of the p21 gene in U2OS cells. Cells were transfected with the indicated siRNAs and, after 48 h, treated
with actinomycin D (10 ng/ml) for 6 h as indicated. Total RNA was analyzed by RT-PCR to estimate the relative expression levels of the p21 and GAPDH
mRNAs. Relative levels of p21 gene expression (normalized to GAPDH expression) are shown in italics. (C) Effects of GAS41 siRNA on the levels of
GAS41 and p53 in U2OS cells. Cells were transfected with the indicated siRNAs and, after 48 h, treated with actinomycin D (10 ng/ml) for 6 h as
indicated. Total cell lysates were analyzed by immunoblotting for GAS41, p53, and actin. (D) Effects of GAS41 siRNA on cell cycle progression. U2OS
cells were transfected in duplicate with the indicated siRNAs for 48 h and analyzed for DNA content by fluorescence-activated cell sorter analysis.
Relative distributions of cell cycle were obtained from the analysis of FlowJo software. (E) Failure of GAS41 siRNA to induce p21 gene expression in
p53-deficient H1299 cells. H1299 cells were transfected with control or GAS41 siRNA and, after 24 h, with empty vector (1 �g [�]) or vector expressing
p53 (1 [�] or 2 [��] �g) as indicated. Total RNA was analyzed by RT-PCR for p21 and GAPDH mRNAs. (F) Effects of GAS41 siRNA on the levels
of GAS41 and ectopically expressed p53 in H1299 cells. Cells were transfected with control or GAS41 siRNA and, after 24 h, with empty vector (1 �g
[�]) or vector expressing p53 (1 [�] or 2 [��] �g). After 48 h, total cell lysates were analyzed by immunoblotting for GAS41, p53, and actin.
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of the coiled-coil region in the GAS41 C terminus matched
well with the heptad repeat pattern, and its functional signifi-
cance was assessed by site-directed mutagenesis (Fig. 3A).

Deletion of the coiled-coil motif (�Coil) did not result in any
significant induction of the p21 gene by the mutant GAS41
relative to wild-type GAS41 (Fig. 3B, lane 3 versus lanes 1 and
2) but completely abolished its ability to be incorporated into
the TIP60 complex (Fig. 3C, lane 3 versus lane 2). This is
consistent with previous studies showing that the Yaf9 C ter-

minus is critical for assembly into the yeast NuA4 complex
(48). Interestingly, expression of GAS41 mutants (L197G/
L201G and L211G/L218G) with critical heptad leucines
changed to glycines induced p21 gene activation (Fig. 3B, lanes
4 and 5 versus lane 1), as was observed in the GAS41 siRNA-
mediated knockdown experiment discussed above. In addition,
these same alterations of critical heptad leucine residues in
these coiled-coil motifs significantly reduced incorporation of
GAS41 into a stable TIP60 complex and, consequently, the

FIG. 3. Structure-function analysis of the GAS41 coiled-coil motif. (A) Schematic diagram of four heptad repeats in the coiled-coil domain in
the GAS41 and YAF9 C termini. The mutated amino acid residues are indicated by position numbers. (B) Disruption of the coiled-coil structure
induces p21 gene activation. U2OS cells were transiently transfected with an empty vector (V) or a vector expressing wild-type (WT) or mutant
GAS41. At 24 h posttransfection, total RNA and whole-cell extracts were analyzed by RT-PCR and immunoblotting, respectively. (C) Require-
ment of the GAS41 coiled-coil structure for interaction with the TIP60 complex. 293T cells were transfected with an empty vector or a vector
expressing FLAG-GAS41, and whole-cell lysates were immunoprecipitated with M2 agarose beads. Eluates were analyzed by immunoblotting and
HAT assays as indicated. (D) Requirement of the GAS41 coiled-coil structure for interaction with p400 and H2AZ. An experiment equivalent to
that used for panel C was conducted to analyze interactions of GAS41 mutants with p400 and H2AZ by coimmunoprecipitation. (E) Activation
of the p53 tumor suppressor pathway both by GAS41 mutants that are defective in TIP60 and SRCAP complex assembly and by GAS41 mutants
that are not. U2OS cells were transiently transfected with the same set of GAS41 mutant vectors as those shown in panel C, and whole-cell lysates
were analyzed by immunoblotting as indicated. Cells transfected with an empty vector followed by actinomycin D treatment (10 ng/ml) for 6 h were
used as a positive control for activation of the p53 pathway. An immunoblot against BAF53 was used as a loading control.
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level of associated HAT activity (Fig. 3C, lane 4 versus lane
2; data not shown for the L197G/L201G mutant). Taken to-
gether, these results confirm that a loss of function of GAS41
either by siRNA or by a dominant-negative mutation results in
p21 gene activation.

We further analyzed additional mutations of the third and
fourth heptad repeats that led to a prominent p21 gene induc-
tion by GAS41 to see whether this relates to changes in TIP60
complex assembly or the associated HAT activity. After ex-
pression and immunoprecipitation of FLAG-tagged wild-type
and mutant GAS41 proteins, the anti-FLAG immunoprecipi-
tates were analyzed for core subunits of the TIP60 complex.
The results show that alteration of a single leucine residue at
position 211 of the third coil motif is enough to produce a
significant reduction of interactions with other components of
the TIP60 complex (Fig. 3C, lane 5 versus lane 2). On the other
hand, GAS41 mutants bearing a point mutation at the critical
leucine residue of the fourth coil (L218A) or at charged resi-
dues of the third or fourth coil (K212A/E214A or E219A/
D221A) showed normal levels of TIP60 complex assembly and
associated TIP60 HAT activity (Fig. 3C, lanes 6 to 8 versus
lane 2).

Because GAS41 is also a common subunit of p400 and
SRCAP complexes, we attempted to analyze the effects of
GAS41 mutations on the respective complexes by analyzing
coimmunoprecipitation with p400 and H2AZ (Fig. 3D). As
observed for TIP60 complex assembly in Fig. 3C, the coiled-
coil region of GAS41 is also required for interactions with p400
and H2AZ (Fig. 3D, lane 3 versus lane 2). The impact of
individual GAS41 point mutations on incorporation into the
SRCAP complex is similar to that observed for the TIP60
complex (Fig. 3D, lanes 4 to 8 versus 3C, lanes 4 to 8), sug-
gesting that the subunit(s) that directly interacts with GAS41 is
shared in the TIP60 and SRCAP complexes.

To investigate the functional significance of these coiled-coil
mutations, corresponding GAS41 mutants were transiently ex-
pressed in U2OS cells and examined for their ability to activate
p53 and to induce p21 (Fig. 3E). The �Coil mutant, which
showed no incorporation into the TIP60 and SRCAP com-
plexes, produced no significant effects on p53 activation or (as
shown above) on p21 induction (Fig. 3E, lane 4 versus lane 1).
In contrast, all of the other tested coiled-coil mutants (L211A,
L218A, L211G/L218G, K212A/E214A, and E219A/D221A)
were capable of activating the p53 tumor suppressor pathway,
as evidenced by p53 up-regulation, p53 serine-15 phosphory-
lation, and p21 induction (Fig. 3E, lanes 5 to 9 versus lane 1).
These results suggest that GAS41 defects leading to the acti-
vation of p53 do not depend upon an inability of GAS41
mutants to be incorporated into the TIP60 or SRCAP complex
or to an alteration of associated TIP60 HAT activity.

Altogether, the results presented in Fig. 3 show p53 and p21
activation both by GAS41 mutants that do get incorporated
into the TIP60 and SRCAP complexes and by GAS41 mutants
that do not. This GAS41 mutant-mediated activation of p53
and p21 in unstressed cells indicates that wild-type GAS41 may
play a repressive role at a point upstream of the p53 tumor
suppressor pathway in unstressed proliferating cells.

A coiled-coil GAS41 (K212A/E214A) mutant that activates
the p53 pathway shows normal levels of complex assembly and
associated HAT activity. To investigate in more detail the

mechanism by which GAS41 mutants activate the p53 tumor
suppressor pathway in unstressed cells, we analyzed the GAS41
(K212A/E214A) mutant for more subtle defects in complex
assembly, TIP60 HAT activity, and p53-dependent tran-
scriptional activation, since this mutant showed no obvious
defects in association with known components of the TIP60
and SRCAP complexes and associated HAT activity in the
previous analysis.

To determine whether the purified complexes containing
this GAS41 mutant show any difference in subunit composition
relative to the wild-type GAS41 complex, complexes were pu-
rified by a two-step procedure involving Sepharose CL6B gel
filtration and M2 agarose affinity chromatography and ana-
lyzed by silver staining (Fig. 4A). Gel filtration showed that the
GAS41 mutant eluted coincidentally with TRRAP, as observed
for wild-type GAS41 (Fig. 1B and data not shown). The ap-
parent polypeptide composition of the wild-type GAS41 com-
plex was similar to that observed in the human TIP60 complex
purified through a triple-affinity-tagged DMAP1 subunit (16),
with typical dense doublet bands of TIP49 and TIP48 along
with TRRAP, TIP60, BAF53, and actin. Consistent with the
immunoblot analysis results shown in Fig. 3C, the polypeptide
patterns of wild-type and mutant GAS41 complexes were the
same (Fig. 4A, lane 4 versus lane 2), confirming that incor-
poration of the GAS41 mutant into the TIP60 and SRCAP
complexes is normal.

Monomeric TIP60 has a strong HAT activity with free core
histone substrates, whereas incorporation into the TIP60 com-
plex is necessary for acetylation of histones H2A and H4 in a
nucleosomal substrate (24). To determine whether the GAS41
(K212A/E214A) mutant results in any defect in acetylation of
nucleosomal substrates, TIP60 complexes containing wild-type
versus GAS41 mutant protein were tested for their ability to
acetylate histones in an in vitro-assembled chromatin (Fig. 4B).
Both the recombinant TIP60 alone and the GAS41-containing
TIP60 complex showed a robust HAT activity with free core
histones, but only the complex displayed an ability to acetylate
the nucleosomal substrate. Moreover, there was no significant
difference between wild-type GAS41 and the mutant GAS41-
containing complexes with respect to either free histone or
nucleosomal HAT activity. The result is consistent with the
observation that Yaf9 is not required either for NuA4 HAT
activity or for substrate specificity (48).

Previous studies showed that TIP60 HAT activity is essential
for p53-dependent p21 gene activation (6, 16). To determine
whether the GAS41 mutant-containing TIP60 complex has any
compromised coactivator activity in p53-dependent transcrip-
tional activation, H1299 cells were transfected with a p21 pro-
moter-driven luciferase reporter and vectors expressing either
wild-type or mutant GAS41. Overexpression of wild-type
GAS41 or the K212A/E214A mutant did not show any stimu-
latory or inhibitory effect on ectopic p53-dependent p21 gene
activation (Fig. 4C). In contrast, overexpression of a catalyti-
cally null TIP60 mutant significantly compromised p53-depen-
dent p21 gene activation in a p21 promoter-driven luciferase
assay (Fig. 4D). The above results on p21 gene activation by
loss of GAS41 function (Fig. 2) also indicate that the domi-
nant-negative GAS41 mutant that activates the p53 tumor sup-
pressor pathway does not counteract p53-dependent transcrip-
tional activation. Taken together, these results suggest that
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GAS41 does not act as a typical p53 coactivator within the
context of the TIP60 complex.

Activation of the p53 tumor suppressor pathway involves
dissociation of GAS41 from the p21 and p14ARF promoters.
The GAS41 mutant-mediated activation of the p53 signaling
pathway suggests that GAS41 may have a specialized function

distinct from a typical coactivator function within the TIP60
complex. One attractive idea that could explain how the loss of
GAS41 function can lead to activation of the p53 pathway
involves a derepression of certain upstream signaling proteins
that are normally repressed in proliferating primary cells. The
ARF-MDM2-p53-p21 pathway is a key signaling pathway that
is activated by abnormal mitogenic signals (42). These signals
activate p14ARF, and ARF in turn prevents the MDM2-depen-
dent ubiquitination (and subsequent degradation) of p53, thus
leading to p53 stabilization and activation (42). The ARF gene
has been shown to be repressed by E2F3b in primary cells,
since loss of E2F3b is sufficient to induce the ARF gene and to
activate p53 (4). In order to see whether loss of GAS41 func-
tion also leads to activation of the p14ARF gene, the GAS41
(K212A/E214A) mutant was stably expressed in both U2OS
and primary IMR-90 cells by retroviral transduction, and ef-
fects on p14ARF gene expression were investigated (Fig. 5A).
Ectopic expression of the GAS41 (K212A/E214A) mutant, but
not wild-type GAS41, produced a significant induction of
p14ARF gene expression in IMR-90 cells (Fig. 5A, lane 6 versus
lane 5) but not in U2OS cells (lane 3 versus lane 2). This result
suggested that GAS41 mutant-mediated activation of p53
could be initiated through the ARF-MDM2-p53-p21 signaling
pathway. However, based on the fact that U2OS cells with a
silenced p14ARF gene (43) showed activation of p53 upon loss
of GAS41 function (Fig. 5A, lane 3; Fig. 2B, lane 3; and Fig.
2C, lane 3), GAS41 mutant-mediated p53 activation would not
necessarily require activation of the ARF gene.

In order to determine whether GAS41 might be directly
involved in regulation of the p14ARF gene, we employed a ChIP
assay to determine whether GAS41 is bound to the promoter
of the repressed p14ARF gene in normal primary IMR-90 cells
(Fig. 5B). The result shows that GAS41 is specifically enriched
on the p14ARF gene promoter containing putative E2F binding
sites that have been shown to be involved in repression/dere-
pression of the mouse ARF gene (4). However, since the
(�500-bp) DNA fragments used in the ChIP assay likely in-
clude other responsive elements, such as pokemon sites (33), it
is not yet certain that GAS41 is bound at the E2F sites. Treat-
ment of cells with the cyclin-dependent kinase 2 inhibitor
roscovitine induces cell cycle arrest, probably through activa-
tion of E2F1 activity (8). Treatment of IMR-90 cells with
roscovitine rapidly induced p14ARF gene expression (data not
shown) and was used to artificially activate the p14ARF gene in
primary cells. A ChIP assay demonstrated dissociation of
GAS41 from the p14ARF gene promoter and correlation with
roscovitine-induced p14ARF gene activation (Fig. 5C). Since
treatment of roscovitine induces activation of p53 without af-
fecting GAS41 stability (data not shown), GAS41 down-regu-
lation is not the mechanism for decreased GAS41 binding on
the p14ARF gene promoter. The correlation of gene activation
with the dissociation of GAS41 was also observed on the p21
gene promoter (Fig. 5D, lanes 11 and 12), where activation of
p53 by actinomycin D resulted in the dissociation of GAS41
from the promoter. Taken together, these results indicate that
GAS41 plays a role in gene repression either directly or indi-
rectly (e.g., by recruiting some repressor complex to the pro-
moter).

In order to assess whether prebound GAS41 is part of a
TIP60 complex, ChIP assays were performed with U2OS

FIG. 4. Biochemical analysis of a GAS41 mutant-containing TIP60
complex. (A) Two-step purification of the GAS41-containing TIP60
complex. Nuclear extracts of 293T cells stably expressing FLAG-
GAS41 or the FLAG-GAS41 (K212A/E214A) mutant were first frac-
tionated by Sepharose CL6B gel filtration. Fractions corresponding to
the TRRAP peak were combined and subjected to M2 agarose affinity
purification. After being washed, captured FLAG-GAS41 was eluted
with FLAG peptide and analyzed by silver staining. A mock purifica-
tion was also conducted with a parental 293T cell extract using the
same procedures. (B) HAT activities of the GAS41 mutant-containing
TIP60 complex on free core histones and nucleosomes. Equivalent
amounts of purified complexes containing GAS41 or the GAS41
(K212A/E214A) mutant proteins (A) were assayed for HAT activity
using HeLa core histones or in vitro-assembled chromatin. Recombi-
nant p300 (from baculovirus) and TIP60 (from Escherichia coli) were
used as controls. (C) Effects of a GAS41 mutant on p53-dependent
transcriptional activation. H1299 cells were transfected with pVP-p53
(5 ng or 20 ng), a p21 promoter-driven luciferase plasmid, and 200 ng
of empty vector (�) or vector expressing wild-type GAS41 or the
GAS41 (K212A/E214A) mutant. Inductions (n-fold) were calculated
by dividing the normalized p53-dependent luciferase activity by the
basal activity observed in the absence of p53 expression. The data
presented are average values from triplicate samples. (D) Effects of a
catalytically null TIP60 mutant on p53-dependent transcriptional acti-
vation. H1299 cells were transfected with pVP-p53 (5 ng or 20 ng), a
p21 promoter-driven luciferase plasmid, and 200 ng of empty vector
(�) or vector expressing wild-type TIP60 or the TIP60M (Q377E)
mutant. Inductions (n-fold) were calculated by dividing the normalized
p53-dependent luciferase activity by the basal activity observed in the
absence of p53 expression. The data presented are average values from
triplicate samples.
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cells in the presence or absence of actinomycin D (Fig. 5D).
Actinomycin D induced p53 binding (above a basal level) to
the p21 promoter, and this was accompanied by modest
increases in TIP60 recruitment and histone H4 hyperacety-
lation (Fig. 5D, upper panel, lanes 5 to 10). These enrich-
ments depend on activation of p53 since p53-null H1299
cells did not produce similar enrichments. The binding of
GAS41 was different from that of TIP60 since activation of
the p21 gene correlates with the dissociation of GAS41. The
localization of GAS41 on the p53 binding site of the p21
promoter seems to require a preexisting basal level of p53
binding because H1299 cells did not show detectable GAS41
binding in the same region (Fig. 5D, lanes 11 and 12). The
ChIP data demonstrate that prebound GAS41, at least, is
not strictly correlated with bound TIP60, but it is as yet
undetermined whether it is a part of a TIP60-deficient sub-
complex, such as the E1A-associated p400 complex (21).
Analysis of p14ARF expression indicates that H1299 cells
show one of the highest levels of ARF gene expression
among cancer cell lines, whereas the ARF gene in U2OS
cells is silenced and not responsive to actinomycin D treat-

ment (43). Even though actinomycin D treatment does not
activate the p14ARF gene in U2OS cells, it still can induce
the dissociation of GAS41 from the p14ARF promoter in
these cells (Fig. 5D, lanes 11 and 12); in contrast, H1299
cells show no such regulation of the p14ARF gene promoter,
suggesting that p53 is required for regulated recruitment of
GAS41 to the promoter.

To investigate the mechanism of GAS41 mutant-mediated
p14ARF gene activation, a ChIP assay was used to monitor a
possible difference in recruitment of ectopic wild-type versus
mutant GAS41 onto the p14ARF gene promoter in primary
IMR-90 cells (Fig. 5E). The results showed no significant dif-
ferences between wild-type and GAS41 (K212A/E214A) mu-
tant proteins with respect to the p14ARF gene promoter. This
suggests that the promoter-bound GAS41 mutant loses a re-
pression function by a mechanism that does not involve disso-
ciation of GAS41 from the promoter. Taken together, the
results of the ChIP assays indicate a TIP60 complex-indepen-
dent role in repression of both the p21 and p14ARF genes in the
p53 tumor suppressor pathway, possibly by binding to the tar-
get promoter either directly or through a distinct complex.

FIG. 5. GAS41 binds to the promoters of repressed genes in the p53 tumor suppressor pathway. (A) Induction of p14ARF gene expression by
a coiled-coil mutant of GAS41. Retroviruses made from empty vector (LXSH) or from vectors expressing wild-type GAS41 or the GAS41
(K212A/E214A) mutant were used to infect U2OS and primary IMR-90 cells, and infected cells were selected for 7 days in hygromycin. Total RNA
was purified and analyzed by RT-PCR for relative levels of p14ARF and GAPDH mRNAs. Total cell lysates were analyzed by immunoblotting for
relative levels of p53, FLAG-GAS41, and actin. (B) Binding of GAS41 to the p14ARF gene promoter in unstressed IMR-90 cells. A ChIP assay was
performed with anti-GAS41 antibody using proliferating IMR-90 cells. Final eluates were analyzed by PCR against the E2F binding region of the
p14ARF gene promoter. As a background control, the �-globin intron region was amplified in the same PCR. (C) Dissociation of prebound GAS41
from the p14ARF promoter upon gene activation. IMR-90 cells were treated in the presence or absence of 20 �M roscovitine for 6 h, and ChIP
assays were performed for the p14ARF gene promoter and �-globin intron regions using antibodies against the H2AZ histone variant (as a control)
and GAS41. (D) Differential binding of TIP60 and GAS41 to p21 and p14ARF gene promoters. U2OS cells and H1299 cells were grown in the
presence or absence of actinomycin D (10 ng/ml) for 6 h, and ChIP assays were performed for the p21 and p14ARF gene promoter regions using
antibodies as indicated. (E) Binding of the GAS41 (K212A/E214A) mutant to the p21 and p14ARF gene promoters. Retroviruses expressing
wild-type FLAG-GAS41 or the FLAG-GAS41 (K212A/E214A) mutant were used to infect primary IMR-90 cells. After 7 days of hygromycin
selection, infected cells were used for the ChIP assay using anti-FLAG antibody.
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DISCUSSION

We demonstrate here that GAS41 possesses a putative an-
titumor suppressor activity through its ability to repress the
p14ARF and p21 genes. GAS41 resides on the p14ARF and p21
promoters in proliferating cells, and the knockdown of GAS41
or the disruption of its coiled-coil domain induces derepression
of the p14ARF and p21 genes and activation of p53. Based on
structure-function studies of GAS41, we propose that GAS41-
dependent antitumor suppressor activities are mediated by a
distinct mechanism(s) that does not involve the TIP60 histone
acetyltransferase.

Involvement of GAS41 in the p53 tumor suppressor path-
way. Structural and functional conservation of regulatory pro-
teins and features between yeast and humans have provided
insights for studying molecular mechanisms in more-complex
human cells. The human TIP60 complex is highly conserved
phylogenetically, and because structural homologs of all TIP60
complex subunits can be found in the yeast NuA4 and SWR1
complexes, the TIP60 complex appears to have evolved
through a merger of the yeast NuA4 and SWR1 complexes (15,
16). GAS41 and its homolog Yaf9 are core subunits of the
human TIP60 and yeast NuA4 complexes, respectively, and
targeted disruptions of these genes result in different outcomes
for cell viability. Several subunits of the NuA4 complex, in-
cluding Tra1, Esa1, Arp4, and God1, are essential for yeast cell
viability, whereas Yaf9 is dispensable under normal cell growth
conditions (30). In contrast, GAS41 is essential for cell viability
since targeted disruption of the gene in chicken cells causes
cell death (49). A milder GAS41 knockdown through siRNA
also revealed a growth arrest phenotype in HeLa cells, dem-
onstrating that GAS41 is essential for cell growth and survival
(23). We demonstrate here that GAS41 plays a role in sup-
pressing two principal tumor suppressor genes, p21 and
p14ARF, during normal cell growth. Subtle alterations of the
coiled-coil structure at the C terminus of GAS41 are sufficient
to induce activation of the p21 and p14ARF genes as well as p53.
Involvement of GAS41 in the p53 tumor suppressor pathway
may explain why GAS41 amplification occurs in certain tu-
mors, such as human glioma (18).

Defects in the TIP60 and SRCAP complexes do not account
for the phenotype of GAS41 mutants. In an attempt to corre-
late a GAS41 mutant phenotype with defects in the TIP60 and
SRCAP complexes, wild-type GAS41 and GAS41(K212A/
E214A) mutant proteins were compared with respect to their
intracellular association with components (including HAT ac-
tivity) in the TIP60 and SRCAP complexes and their activities
in p53-dependent reporter gene assays. However, in compari-
son with wild-type GAS41, the GAS41 (K212A/E214A) mu-
tant showed no particular defects in these assays. Therefore,
the mechanism underlying GAS41 mutant-mediated activation
of the p21 and p14ARF genes cannot be explained by defects in
the assembly of the TIP60 or SRCAP complex or by loss of
HAT or coactivator functions of the TIP60 complex. However,
current results do not exclude the possibility that GAS41 may
function to target the TIP60 complex at some other specific
genomic locations, analogous to the role of Yaf9 in histone
acetylation and gene expression near certain telomeres (48).

In addition to a chromatin-modifying TIP60 HAT activity,
the TIP60 complex possesses ATPase and helicase activities

that may be attributable to the p400 subunit (21, 27). Interest-
ingly, depletion of p400 has been shown to induce cell cycle
arrest and premature senescence in primary human cells (10).
Thus, the loss of either p400 or GAS41 appears to have an
outcome similar to that of p21 activation and cell cycle arrest.
However, the molecular mechanisms may be different because
p400 knockdown, unlike GAS41 knockdown, does not effect
p53 up-regulation and p53 serine-15 phosphorylation (10).
One possible explanation is that if GAS41 is important for the
regulation of p400 activity, the GAS41 mutant-induced activa-
tion of p53 and the p14ARF and p21 genes could result from the
deregulation of p400 activity in the TIP60 or a related p400-
containing complex (21). It has yet to be determined whether
GAS41 colocalizes with p400 on the p21 gene promoter of
unstressed normal cells and how a distinct repressive p400
complex, if one exists, interchanges with a similar TIP60 com-
plex in the process of gene activation.

GAS41-mediated repression of the p14ARF and p21 genes.
The ability of certain GAS41 mutants and GAS41 siRNA to
activate p14ARF and p21 in unstressed cells clearly indicates a
role for GAS41 in the repression of these genes. Although the
repression mechanisms are not understood, they appear to
involve promoter occupancy by GAS41 since derepression, in
each case, is associated with dissociation from the promoter of
prebound GAS41. While the derepression effects of GAS41
mutants are not correlated with an inability to be incorporated
into TIP60 and SRCAP complexes, the GAS41 mutant and
GAS41 siRNA results do not eliminate the possibility that
GAS41 acts in the context of a TIP60 complex that may be
dynamic. In this regard, activation of the p21 gene (and pos-
sibly the ARF gene) is associated not just with GAS41 disso-
ciation from the promoter but also with increased occupancy
by TIP60.

The human TIP60 and p400 complexes have been shown to
be recruited to promoters by transcription factors that are
required for cellular proliferation and transformation (3, 20,
21, 44). One such transcription factor, E2F1, shares binding
sites with other E2F family members and activates or represses
target genes, depending on cell cycle status. The ARF gene is
a unique E2F family member target gene because it remains
constitutively repressed during normal cell cycle progression
(4). It is known to be negatively regulated by p53 through a
feedback mechanism (43), although there is no clear evidence
that p53 directly binds to the p14ARF gene promoter. However,
a ChIP assay with p53-null H1299 cells, which show high levels
of p14ARF expression, demonstrated no enrichment of GAS41
on either the p14ARF or p21 promoter. Along with our dem-
onstration that mutant GAS41-mediated activation of p21 re-
quires p53, this raises the possibility that p53 could be involved
either directly or indirectly in the recruitment of GAS41 and in
subsequent repression. Consistent with this possibility, un-
stressed cells show low levels of constitutively bound p53 on
the p21 promoter (17). Several other transcriptional repres-
sors, such as Bmi1, Twist, and pokemon, have been implicated
in ARF gene repression and cellular transformation (25, 33,
34), but it remains to be determined whether they play any role
in the recruitment of GAS41 to the ARF promoter.

In relation to the regulation of p21 by mutation or down-
regulation of GAS41, it is known that ARF (induced by aber-
rant mitogenic or oncogenic signals) inhibits MDM2-mediated
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p53 degradation and thus, through p53 stabilization and acti-
vation, activates target genes such as p21 (5). Our demonstra-
tion that GAS41 down-regulation activates p14ARF expression
and the p53 protein is consistent with an indirect effect through
effects on p14ARF expression. However, and somewhat surpris-
ingly, our results show that the effect of GAS41 down-regula-
tion on p21 induction is independent of ARF, since it occurs in
ARF-deficient U2OS cells. While we did not exclude effects by
this mechanism in some situations, these observations none-
theless indicate the existence of a distinct ARF-independent
mechanism by which GAS41 down-regulation induces p53 ac-
tivation and p21 expression. The nature of this mechanism is
not yet known. However, p14ARF-independent p53 activation
is also observed in response to aberrant oncogenic stress sig-
nals. For example, Myc and E2F1 have been shown to induce
phosphorylation of p53 at serine-15, accumulation of p53, and
up-regulation of p21 following p14ARF knockdown (31). It will
be interesting to determine whether GAS41 mutant-dependent
p53 activation also requires ATM (or ATR), since ATM/ATR
inhibitors have been shown to block Myc- or E2F1-dependent
p53 activation (31).

Structure-function analysis of the coiled-coil motif in the
GAS41 C terminus. The prediction of coiled-coil motifs among
YEATS family members indicates that GAS41 and Yaf9 are
unique members with four consecutive heptad repeats at the C
terminus (32). The coiled coil is one of the most common
motifs for protein-protein interactions. This is also evident in
our GAS41 structure-function studies, which revealed that the
coiled coil is essential for GAS41 assembly into the TIP60 and
SRCAP complexes. An important finding in the present study
is that certain coil mutants apparently do not disturb the pro-
tein interactions necessary for assembly of GAS41 into TIP60
and SRCAP complexes but nonetheless result in a loss-of-
function phenotype equivalent to that observed when GAS41
is knocked down by siRNA. Studies of the heterodimerization
specificity of leucine zippers suggest that charged residues of
the heptad repeat can be sufficient to determine the dimeriza-
tion specificity (47). Importantly, removal of charged residues
at the third or fourth coil motif of GAS41 induces p14ARF gene
expression and activation of p53 without affecting TIP60 or
SRCAP complex assembly, suggesting that these charged res-
idues could be involved in interactions with proteins other than
those in the TIP60 or SRCAP complex. Interestingly, two
putative interacting partners of GAS41, TACC1 and AF10,
have coiled-coil structures that are implicated in the process of
oncogenic transformation (13, 28). TACC1 was first identified
as a potential oncogene, but the observation that it is down-
regulated in several human cancers suggests a role as a tumor
suppressor (11). The MLL fusion partner AF10 has a C-ter-
minal leucine zipper motif that is required for the oncogenic
activity of the MLL-AF10 fusion protein and for GAS41 in-
teraction (13). Further studies of potential interactions among
these proteins will provide further insights into the mechanism
by which GAS41 functions to regulate the p14ARF gene and the
p53 tumor suppressor. Furthermore, activation of two tumor
suppressors by subtle alterations of the GAS41 coiled-coil
structure will provide opportunities for rational drug design of
cancer therapy using peptidomimetics.
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