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Here, we demonstrate that p68 (DDX5) and p72 (DDX17), two
homologous RNA helicases and transcriptional cofactors, are
substrates for the acetyltransferase p300 in vitro and in vivo.
Mutation of acetylation sites affected the binding of p68/p72 to
histone deacetylases, but not to p300 or estrogen receptor.
Acetylation additionally increased the stability of p68 and p72
RNA helicase and stimulated their ability to coactivate the
estrogen receptor, thereby potentially contributing to its aber-
rantactivation in breast tumors. Also, acetylation of p72, but not
of p68 RNA helicase, enhanced p53-dependent activation of the
MDM?2 promoter, pointing at another mechanism of how p72
acetylation may facilitate carcinogenesis by boosting the nega-
tive p53-MDM2 feedback loop. Furthermore, blocking p72
acetylation caused cell cycle arrest and apoptosis, revealing an
essential role for p72 acetylation. In conclusion, our report has
identified for the first time that acetylation modulates RNA heli-
cases and provides multiple mechanisms how acetylation of p68
and p72 may affect normal and tumor cells.

One prominent post-translational modification is the acety-
lation of lysine residues. In particular, histones are reversibly
modified by acetylation, and this normally stimulates gene
transcription. However, acetylation also occurs on a plethora of
non-histone proteins and modulates their activity in various
ways, for instance by affecting DNA binding, transactivation,
protein stability, or intracellular localization (1, 2).

The acetyltransferase p300 is capable of modifying all four
core histones and is essential for development (3, 4). Moreover,
chromosomal translocations involving the p300 gene have been
observed in hematologic malignancies and mutations in several
solid tumors, suggesting an important role for p300 in human
carcinogenesis (5, 6). Among the known interactants of p300
are the homologous RNA helicases p68 (also called DEAD-box
protein 5, DDX5)? and p72 (DDX17) that synergize with p300
to activate gene transcription (7, 8). Several transcription fac-
tors, including estrogen receptor a (ERa), androgen receptor,
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Smad3, MyoD, and the tumor suppressor p53, not only bind to
p300 but also to p68/p72 (9-14). Accordingly, p68/p72 and
p300 are co-recruited into and jointly modulate the activity of
various multiprotein complexes involved in transcriptional
control (15).

Knocking out p68 or p72 causes embryonic or neonatal
lethality, indicating that p68 as well as p72 are crucial during
development (16). Additionally, these two RNA helicases are
overexpressed in colorectal tumors and thought to promote
tumorigenesis by stimulating 3-catenin, whose aberrant activa-
tion is responsible for neoplastic transformation in the vast
majority of colon tumors (17-19). Similarly, p68 is overex-
pressed in and may contribute to the formation of prostate
tumors by coactivating the androgen receptor (12). In addition,
both p68 and p72 are overexpressed in breast tumors (20, 21)
and stimulate ERa, whose abnormal activation is an underlying
cause in the development of most human breast tumors (9, 14).
Thus, p68 and p72 play important roles in the physiology of
normal and diseased cells, warranting investigation into how
these two homologous RNA helicases are regulated. Here, we
examined whether p68 and p72 are acetylated by p300 and
whether this is a means to modulate their function.

EXPERIMENTAL PROCEDURES

Luciferase Assays—CV-1 cells were grown in 6-cm dishes and
transiently transfected by the calcium phosphate coprecipita-
tion method (22). The TORU luciferase reporter construct (23)
was cotransfected with a p68 expression vector as described
before (7). Where indicated, cells were treated with 15 mm
sodium butyrate 12 h prior to lysis. Cells were lysed 36 h after
transfection (24) and luciferase activity was measured in a
Berthold Lumat (25, 26).

MDA-MB-231 cells were grown in 12-well plates and tran-
siently transfected using the calcium phosphate coprecipitation
method (27). As reporter plasmid, 500 ng of ERE-luc (28) or 200
ng of MDM2-luc (29) were employed. Where indicated, 1600
ng of HA-tagged p68 or p72 or empty vector pEV3S (30), 30 ng
of pSG5-ERa or empty vector pSG5, and 10 ng of pcDNA3-p53
or empty vector pcDNA3 were cotransfected. In case of stimu-
lation with 1 nMm estradiol or respective control, 5% charcoal-
stripped serum was employed after transfection. To determine
levels of p68 or p72 protein expression, cells were lysed in 10
mm Tris-HCI, 30 mm Na,P,O, (pH 7.1), 50 mm NaCl, 50 mm
NaF, 0.5 mm Na;VO,, 0.2 mm DTT, 1% sodium deoxycholate,
1% Triton X-100, 10 ug/ml leupeptin, 2 ug/ml aprotinin, 1
pg/ml pepstatin A, 1 mm phenylmethylsulfonyl fluoride, 0.2
mM DTT. Immunoprecipitations with anti-HA 12CA5 mono-
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clonal antibodies were then performed essentially as described
(31) and followed by anti-HA Western blotting (32).

Detection of Acetylated Lysine in Vivo—To probe for in vivo
acetylation, immunoprecipitations with two different acetyl-
lysine antibodies (AcK1: 06-933, Upstate; AcK2: PAN-ACI,
Abcam) were performed as described before (33). Acetylated
proteins were then detected by Western blotting (34). Alterna-
tively, immunoprecipitations were performed with Myc 9E10
monoclonal antibody followed by Western blotting with acetyl-
lysine antibodies (9441, New England Biolabs). Where indi-
cated, 293T cells were transfected with expression vectors for
p300-HA (35), Ras-G12V (36), Raf-BXB (37), or HER2/Neu-
V664E (38) as described before (33).

In Vitro Acetylation—Glutathione S-transferase (GST)
fusion proteins were produced and purified according to stan-
dard procedures (39). These proteins served as substrates for in
vitro acetylation assays that were performed for 6090 min at
30 °C in 50 mm Hepes (pH 7.4), 10 mm sodium butyrate, 1 mm
DTT, 0.1 mm phenylmethylsulfonyl fluoride in the presence
of ["*Clacetyl coenzyme A. Included were also the catalytic
domains of p300, P/CAF, or ACTR fused to GST or p300-HA
that was immunoprecipitated with HA antibodies from trans-
fected 293T cells (33, 40).

Mass Spectrometry—293T cells were plated in 10-cm dishes
and transiently transfected with 18 ug of 6Myc-p68 or 6Myc-
p72 with or without 9 ug of p300-HA expression plasmid (41).
Cells were lysed as described above in the presence of 10 mm
sodium butyrate and immunoprecipitations performed with
anti-Myc 9E10 monoclonal antibody. After SDS-PAGE on a 8%
polyacrylamide gel, colloidal Coomassie Brilliant Blue G-250
was employed for staining, the appropriate bands cut out,
digested with either trypsin or chymotrypsin, and subjected to
liquid chromatography-tandem mass spectrometry.

Pulse-chase Experiments—HeLa cells (Tet-On cell line, Clon-
tech) grown in 6-cm dishes were transiently transfected by the
calcium phosphate coprecipitation method (42) with 8 ug of
6Myc-p68 or 6Myc-p72 expression vectors. 36 h after transfec-
tion, cells were pulsed for 2 h with 100 wCi of [>**S]methionine
followed by a chase with non-radioactive methionine (33). At
various time points, cells were harvested, and immunoprecipi-
tations with anti-Myc 9E10 monoclonal antibody performed as
described (43). Immunoprecipitates were subjected to SDS-
PAGE, and radioactivity incorporated into 6Myc-p68 and
6Myc-p72 was quantitated with the help of a PhosphorImager.

Coimmunoprecipitations—To study complex formation be-
tween p68/p72 and ERq, 293T cells were grown in 6-cm dishes
and transiently transfected with 8 ug of 6Myc-p68 or 6Myc-p72
and 1 ug of Flag-ERa expression vector (44). Cells were lysed
8 h after transfection in 2.5 mm Tris-HCl, 7.5 mm Na,P,O,, (pH
7.1), 12.5 mm NaCl, 12.5 mm NaF, 0.25% Triton X-100, 0.5 mMm
Na,;VO,, 0.2 mm DTT, 1 mm phenylmethylsulfonyl fluoride, 10
pg/ml leupeptin, 2 pg/ml aprotinin, 1 ug/ml pepstatin A.
Immunoprecipitations with anti-Myc 9E10 antibody were per-
formed essentially as described before (40). Coimmunoprecipi-
tated ERa was detected by Western blotting utilizing anti-Flag
M2 monoclonal antibody (45). To probe for complex formation
with p300, 293T cells were transiently transfected with 3 ug
p300-HA and 1 ug of 6Myc-p68 or 6Myc-p72 constructs (46),
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immunoprecipitations performed with anti-Myc 9E10 anti-
body as described (47) and coprecipitated p300 detected by
anti-HA Western blotting. To explore complex formation with
histone deacetylases, 293T cells were similarly transfected with
plasmids encoding HA-p68 or HA-p72 (8 ug) and Flag-HDAC
(1 pg), anti-Flag immunoprecipitations performed and fol-
lowed by Western blotting employing anti-HA antibodies
(48).

Flow Cytometry—293T cells were seeded at 25% confluency
in 10-cm dishes (49). They were transiently transfected for 12 h
with 24 ug of HA-p68 or HA-p72 and additionally with 1 ug
of GFP expression vector employing the calcium phosphate
coprecipitation method (50). Cells were fixed with ethanol 8 h
or 24 h afterward, stained with propidium iodide overnight in
the presence of RNase A, and then subjected to flow cytometry.

RESULTS

Acetylation of p68 RNA Helicase by p300—Previously, we
showed that the RNA helicase p68 and the acetyltransferase
p300 cooperate in activating transcription mediated by a TPA
oncogene responsive unit (TORU) (7). We noted that treat-
ment of cells with sodium butyrate, an inhibitor of deacetylat-
ing enzymes (51), stimulated the ability of p68 to induce a
TORU luciferase reporter gene, whereas sodium butyrate had
no effect on transcription in the absence of p68 (Fig. 14). This
suggested that p68 may be acetylated by p300 and that this
acetylation enhances its coactivation potential. Indeed, p68 is
acetylated in vivo, because endogenous p68 was immunopre-
cipitated with two different acetyllysine antibodies but not with
GALA4 control antibodies (Fig. 1B). Moreover, treatment of cells
with sodium butyrate as well as overexpression of p300 led to
increased acetylation of endogenous p68 (Fig. 1B), indicating
that p68 is a substrate for p300 in vivo.

We then performed in vitro acetylation experiments utilizing
the catalytic domains of p300 and two other acetyltransferases,
P/CAF and ACTR, which are phylogenetically unrelated to
p300 (1). No acetylation was observed on the GST moiety, but
GST-p68 was robustly acetylated by p300 in vitro (Fig. 1C). In
contrast, P/CAF and ACTR were unable to acetylate p68. This
was not due to catalytic inactivity of our recombinant P/CAF
and ACTR proteins, because they readily acetylated a known
substrate, the transcription factor ER81 (33, 40), similarly as
p300. Thus, p68 can be acetylated by p300 both in vitro and
in vivo.

Oncoproteins such as Raf, Ras, and HER2/Neu stimulate the
enzymatic activity of p300, most likely by inducing the MAP
kinase pathway resulting into the phosphorylation of p300 (33).
Accordingly, the ability of p300 to acetylate p68 in vitro was
drastically enhanced when p300 was immunoprecipitated from
cells overexpressing oncogenic mutants of HER2/Neu, Ras, or
Raf (Fig. 1D). In addition, overexpression of Raf, Ras, or HER2/
Neu led to enhanced in vivo acetylation of p68 (Fig. 1, E and F).
These results strongly suggest that p68 acetylation levels rise
during the formation of HER2/Neu-, Ras-, or Raf-dependent
neoplasias that account for >50% of all human tumors.

Mapping of Acetylation Sites—To determine which lysine
residues become acetylated in p68, we split the molecule into
six parts and studied which of those would be acetylated by
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FIGURE 1. p68 is acetylated by p300. A, activation of the TORU luciferase reporter by p68. Where indicated,
CV-1 cells were transfected with p68 expression vector and treated with sodium butyrate. B, 293T cells were
untreated or either treated with sodium butyrate or transfected with a p300 expression vector. Immunopre-
cipitation (IP) was performed with two different acetyllysine antibodies (AcK1, AcK2) or control GAL4 antibod-
ies. Immunoprecipitated p68 was then revealed by blotting with a p68 antibody. The bottom panel shows that
comparable amounts of total p68 were present in each immunoprecipitation experiment. C, indicated GST
fusion proteins were incubated with recombinant p300, P/CAF or ACTR in the presence of ['“Clacetyl coen-
zyme A. Acetylation was revealed by determining the incorporation of radioactivity through autoradiography.
D, p300-HA and HER2/Neu-V664E, Ras-G12V, or Raf-BXB were coexpressed as indicated in 293T cells. Anti-HA
immunoprecipitates were then employed in an in vitro acetylation assay with ['*Clacetyl coenzyme A. Shown
is the incorporation of radioactivity into GST-p68. E, 293T cells were transfected with 6Myc-p68 and the indi-
cated oncogenic mutants of Ras or Raf. Immunoprecipitations were preformed with control (GAL4) or acetyl-
lysine (AcK1) antibodies. Shown are anti-Myc blots of the immunoprecipitates and the corresponding inputs.
F, analogous, impact of HER2/Neu on the in vivo acetylation of p68.
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FIGURE 2. Acetylation of p68 by p300 in vitro. A, indicated amino acids of p68 were fused to GST and
incubated with p300 and ['“Clacetyl coenzyme A in vitro. Acetylation was revealed by autoradiography. The
bottom panel (Coomassie Blue stain) shows the amounts of GST fusion proteins utilized. B, similar, in vitro
acetylation of indicated GST-p68 fusion proteins and mutants thereof. The top shows amino acids 1-80 of p68
with all nine lysine residues pointed out.

left panels). Next, we mutated each
of the four lysine residues in p68
amino acids 36-47 to arginine.
None of these individual mutations
abolished acetylation of respective
GST-p68,,_,- fusion proteins, but
acetylation with the K40R and
K43R mutants seemed to be
reduced. In addition, the double
mutant K40/43R was no longer
acetylated, indicating that both
Lys-40 and Lys-43 were acetylated
by p300 (Fig. 2B, middle panels).
Finally, we also observed that Lys-56
and Lys-80, but not Lys-53, were
acetylated by p300 (Fig. 2B, right
panels). Altogether, these in vitro
acetylation experiments implied
that Lys-32, Lys-33, Lys-40, Lys-43,
Lys-56, and Lys-80 are targeted by
p300.

To confirm that these in vitro
acetylation sites are also utilized in
vivo, we coexpressed p68 with and
without p300 in 293T cells, immu-
nopurified p68 and analyzed it after
proteolytic cleavage by liquid chro-
matography-tandem mass spec-
trometry. No acetylated peptides
derived from p68 were detectable in
the absence of coexpressed p300,
but several acetylated p68 peptides
were observable in the presence of
ectopic p300. One example is given
in Fig. 3A, validating that both
Lys-32 and Lys-33 are substrates for
p300 in vivo; please note that also
peptides without acetylation on
Lys-32 and/or Lys-33 were observed
(not shown), indicating that lysine
acetylation occurs at a substoichio-
metric level. We also confirmed
acetylation on Lys-40 and Lys-43
in vivo, but none of the tryptic and
chymotryptic peptides encom-
passing Lys-56 or Lys-80 showed
any in vivo acetylation. This dis-
crepancy to our in vitro results

p300 in vitro. Only the N-terminal 80 amino acids of p68 were a
substrate for p300 (Fig. 2A4). Further subdividing these 80
amino acids into three subfragments covering amino acids
1-35, 3647, and 48 — 80 revealed that all three subfragments
were acetylated by p300 in vitro (Fig. 2B). Thus, potentially all
nine lysine residues in the N-terminal 80 amino acids of p68
(see Fig. 2B, top) may become acetylated.

Indeed, when we mutated either Lys-32 or Lys-33 in GST-
p68, 55 to arginine, acetylation was not abolished, indicating
that both Lys-32 and Lys-33 were acetylated by p300 (Fig. 2B,
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may be due to the fact that Lys-56 and Lys-80 are not acces-
sible for p300 in the full-length p68 protein, but are in the
GST-p68,4_5, molecule, pointing at one limitation of our in
vitro acetylation experiments with short fragments of p68.
Moreover, in contrast to our in vitro acetylation assays with
GST-p68,,_,,, we observed acetylation of Lys-44 and Lys-45
by mass spectrometry, again pointing at the limited value of
in vitro acetylation data with short p68 fragments. In conclu-
sion, p300 acetylates the following six lysine residues in p68
in vivo: Lys-32, Lys-33, Lys-40, Lys-43, Lys-44, and Lys-45.
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FIGURE 3. Mapping of in vivo acetylation sites in p68/p72. A, 293T cells were cotransfected with p68 and p300 expression vectors. Immunopurified p68 was

digested with trypsin and subjected to tandem mass spectrometry. Shown

is the fragmentation of a peptide encompassing amino acids 26-40 as well as

expected masses of b and y ions in case of acetylation of both Lys-32 and Lys-33. B, 6Myc-p68 or mutants thereof were coexpressed with or without p300 in

293T cells. After anti-Myc immunoprecipitation, acetylation was probed with

acetyllysine antibodies (top). The bottom panel shows that comparable amounts

of Myc-tagged proteins were expressed. C, in vitro acetylation of indicated p72 amino acids fused to GST by recombinant p300. D, alignment of acetylated

amino acids in p68 and p72. E, as in panel B, in vivo acetylation of wild-type p

Accordingly, we found that a mutant of p68, in which these
six lysine residues were changed to arginine (K32/33/40/43/44/
45R mutant), was no longer recognizable with an acetyllysine
antibody upon p300 expression (Fig. 3B); please note that no
acetylation was detectable in the absence of coexpressed p300.
As a control, we also mutated a reported sumoylation site in
p68, lysine 53 (21, 52), and detected no significant difference of
the respective K53R mutant to become acetylated compared
with wild-type p68, also suggesting that sumoylation does not
interfere with acetylation. Interestingly, we observed in our
mass spectrometric analyses that acetylation of Lys-43 and
Lys-44 depended on Lys-40 acetylation. Consistently, mutation
of Lys-32, Lys-33, Lys-40, and Lys-45 sufficed to abolish all
p300-mediated acetylation in p68 as determined by mass spec-
trometry and by blotting with acetyllysine antibodies (not
shown).
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72 or its K29/30/42R mutant was assessed.

Next, we assessed acetylation of p72 RNA helicase. Like p68,
p72 was acetylated in vitro by p300 only in its N-terminal region
(Fig. 3C). Mass spectrometric analysis revealed that p72
becomes partially acetylated on three lysine residues in vivo
(Lys-29, Lys-30, and Lys-42), which are homologous to Lys-32,
Lys-33, and Lys-45 in p68 (see Fig. 3D); please note that no p72
acetylation was observable in the absence of p300 (compare
lanes 1 and 2in Fig. 3E). In contrast to Lys-43 and Lys-44 in p68,
no acetylation was observed on the homologous lysine residues
Lys-40 and Lys-41 in p72. This could be explained by the facts
that p72 has an arginine at position 37 instead of the homolo-
gous lysine 40 in p68, and that acetylation on Lys-40 is a pre-
requisite for Lys-43 and Lys-44 acetylation in p68. Finally, the
p72 triple mutant K29/30/42R was no longer acetylated by p300
in vivo as determined by mass spectrometry and immunoblot-
ting (Fig. 3E). Altogether, these data demonstrate that multiple
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in vivo acetylation sites exist in the N termini of p68 and p72
that may regulate their function.

Impact of Acetylation on p68/p72 Stability—The stability of a
protein can be affected by post-translational modifications.
One conceivable mechanism is that acetylation prevents the
ubiquitylation of the same lysine residue and thus proteasome-
mediated degradation, as for instance shown for the Smad?
protein (53). To test whether acetylation of p68/p72 affects
their stability, we determined the half-lives of wild-type p68/
p72 and their acetylation site mutants by performing pulse-
chase experiments with [>**S]methionine in HeLa cells. The
half-life of p68 decreased from 29.1 h to 13.8 h upon mutation
of its acetylation sites (Fig. 4, A and B), indicating that acetyla-
tion stabilizes p68. Similarly, the stability of p72 decreased by
half upon mutation of its acetylation sites (Fig. 4, A and B).
Thus, acetylation significantly stabilizes both p68 and p72.
However, this is not due to a competitive inhibition of ubiqui-
tylation at the same lysine residues, because if this were the
case, our K — R mutants, which can be neither acetylated nor
ubiquitylated at the identified acetylation sites, should be at
least as stable as the wild-type p68/p72 proteins. Rather, acety-
lation might prevent ubiquitylation at lysine residues that are

different from the acetylation sites,
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FIGURE 5. Acetylation promotes interaction with selected HDACs. A, interaction with p300. Myc-tagged p68
and p72 were coexpressed with HA-tagged p300. After anti-Myc immunoprecipitation, coprecipitated p300
was detected by anti-HA blotting. The bottom two panels show input levels of HA-tagged p300 and Myc-tagged
p68/p72.4xR and 6xR are the K32/33/40/45R and K32/33/40/43/44/45R mutants of p68, respectively. B, similar,
interaction of Myc-tagged p68/p72 with Flag-tagged ER« in the presence and absence of estrogen. C, coim-
munoprecipitation of HA-tagged p68 (wild-type or 4xR or 6xR mutant) with Flag-tagged HDACs. D, analogous,

analysis of the interaction of p72 with HDACs.
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Input / Blot: Flag

Input/Blot:Flag 1/ AC1 and 2, but not HDACS3 (Fig.

5C). Acetylation of p72 was likewise
important for its interaction with
HDACI, but had no significant
effect on HDAC2 binding (Fig. 5D).
However, HDAC3 binding was sup-
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FIGURE 6. Acetylation of p68 and p72 stimulates their coactivation potential. A, MDA-MB-231 cells were
transfected with HA-tagged p68 (wild-type or K32/33/40/45R mutant) and ERa or empty expression vector
pSG5. Cells were stimulated with estrogen as indicated. Resultant luciferase activities derived from the cotrans-
fected ERE-luc reporter are depicted. The inset is an anti-HA blot showing that comparable amounts of wild-
type and K32/33/40/45R p68 were expressed upon ERa cotransfection and estrogen stimulation. B, analogous,
activation of the ERE-luc reporter by p72 or three mutants thereof. C, stimulation of the MDM2-luc reporter by
p68 in MDA-MB-231 cells. As indicated, p53 or the parental pcDNA3 expression vector was cotransfected. The
anti-HA blot in the inset shows the comparable expression of wild-type p68 and its K32/33/40/45R mutant
upon p53 coexpression. D, similar, activation of the MDM2-luc reporter by p72.

pressed upon mutation of all p72 acetylation sites, pointing at
differences in the molecular consequences of p68 and p72
acetylation. Altogether, these data indicate that acetylation
promotes the interaction of p68 and p72 with selected HDACs.

Acetylation of p68/p72 Stimulates Coactivation Potential—A
well-known property of p68 and p72 is their ability to stimulate
transcription mediated by ER« (9, 14), and therefore we tested
whether this would be affected by acetylation of p68/p72. We
employed MDA-MB-231 breast cancer cells that are ERa-neg-
ative and the ERE-luc luciferase reporter that is driven by an
estrogen response element. Neither in the absence of trans-
fected ERa nor in the absence of estrogen stimulation was lucif-
erase activity measurable. However, when ERa was stimulated
with estrogen, robust luciferase activity was observed (Fig. 6A).
When wild-type p68 was coexpressed, it stimulated ER« activ-
ity ~6-fold, whereas the K32/33/40/45R mutant raised ERa-
dependent transcription only by ~2-fold. A control Western
blot indicated that this was not due to unequal expression of
wild-type p68 and its K32/33/40/45R mutant (see inset in Fig.
6A). Thus, acetylation enhances the ability of p68 to coactivate
ERa.
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Similarly, we observed that the

g’ ability of p72 to coactivate ERa was

g markedly reduced upon mutation of

S the acetylation site Lys-42 (Fig. 6B),

< whereas mutation of the acetylation
-] sites Lys-29 and Lys-30 resulted in
- less reduction of p72-mediated
coactivation. When we expressed

the triple mutant K29/30/42R in

MDA-MB-231 cells, massive cell
death was induced and accordingly,
we were unable to observe the K29/
30/42R mutant protein in Western
blots or any significant luciferase
activity (Fig. 6B), thereby not allow-
ing us to establish whether acetyla-
tion on Lys-29/ Lys-30 cooperates
with Lys-42 acetylation to stimu-
late p72 function. Regardless, our
data demonstrate that acetylation
of p72 stimulates ERa-dependent
transcription.

Another gene activated by p68
and p72 is the MDM2 gene, which is

-
-

-
-4

p53

pcDNA3

¥ p72

J p72-K42R

3§ p72-K29/30R
p72-K29/30/42R

— == — ===

k- k- a target of the tumor suppressor p53
oo f; Coo t; (8,10). We observed that p68 syner-
pcDNA3 p53 gized with p53 in the activation of

the MDM2 promoter in the p53-
negative MDA-MB-231 cells, as
expected (Fig. 6C). However, muta-
tion of the acetylation sites did not
reduce the p68 coactivation poten-
tial in this case; if at all, it was slightly
enhanced with the K32/33/40/45R
mutant. In contrast, mutation of the
p72 acetylation sites had the same
effect as observed before with the
ERE-luc reporter: the K42R mutant was severely impaired in its
coactivation potential, and the K29/30R mutant less so (Fig.
6D). Altogether, these data demonstrate that acetylation of p68
and p72 can, but does not necessarily, raise their coactivation
potential, pointing to promoter-specific effects of this post-
translational modification.

Acetylation of p72 Is Required for Cell Survival—Finally, we
asked the question how acetylation of p68 and p72 affects cell
physiology. To this end, we transiently transfected 293T cells
for 12 h and then imaged cells by phase-contrast microscopy
24 h thereafter. We did not observe any obvious changes in cell
morphology when comparing cells transfected with vector con-
trol, p68 or its K32/33/40/45R acetylation site mutant (Fig. 7A).
However, there was a marked difference between wild-type p72
and its K29/30R mutant on the one hand and the K42R and
K29/30/42R mutants on the other hand: round cell bodies were
observed with the K42R mutant and even more so with the
K29/30/42R mutant, which is indicative of cell death. Indeed,
Western blotting revealed that poly(ADP-ribose) polymerase
(PARP), a prominent substrate of caspases and early marker of
apoptosis, becomes cleaved already 8 h and even more so 24 h
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fection, and no S phase cells were
observable 24 h after transfection
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(Fig. 7D). This suggests that acetyla-
tion of p72 on Lys-42 is essential for
293T cell cycle progression.
DISCUSSION

In this report, we have identified
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multiple lysine residues in the N ter-
mini of p68 and p72 RNA helicase
that are acetylated by p300 in vitro
and in vivo. This post-translational
modification of p68/p72 has pro-
found effects on their function and
is the first demonstration that RNA
helicases can be regulated by
acetylation.

Post-translational Modifications
in p68/p72—The helicase domain
residing in the center of p68 and p72
is highly conserved between these
two proteins and also among the
greater family of RNA helicases
(55). Amino acids flanking the heli-
case domain are much less con-
served evolutionary and thought to
selectively modulate the activity of
RNA helicases (56, 57). One way of
functionally regulating a protein is
through post-translational modifi-
cations. Indeed, we mapped six and
three acetylation sites in p68 and
p72, respectively, that are all located
N-terminal of the helicase domain.
Similarly, attachment of SUMO, a
small molecule sharing high struc-
tural homology with ubiquitin, has

:

p68-6xR

p72

p72-K42R
p72-K29/30R
p72-K29/30/42R

8h 24h 8h 24h

p68- p68-
wild-type 4xR
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wild-type
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FIGURE 7. Cell survival and cell cycling depend on p72 acetylation. A, 293T cells were transfected with
indicated HA-tagged proteins and observed 24 h afterward by phase-contrast microscopy. B, corresponding
Western blots showing the expression of PARP 8 h or 24 h after transfection. The arrow points to PARP cleaved
by caspases. The bottom panels reveal expression levels of HA-tagged p68/p72 and of endogenous actin. 4xR
and 6xR p68 mutants are K32/33/40/45R and K32/33/40/43/44/45R, respectively. Lys-53 in p68 and Lys-50 in
p72 are reported sumoylation sites and respective K — R mutants served as a control. C, representative exper-
iment showing the percentage of 293T cells with a sub-G1 DNA content (indicative of apoptosis) 8 h or 24 h
after transfection with indicated expression vectors. D, corresponding cell cycle distribution.

after transfection in the presence of the K42R and K29/30/42R
mutants of p72 (Fig. 7B). Furthermore, a drastic increase in cells
with a sub-G1 DNA content, another marker of apoptosis, was
observed 24 h after transfection with the K42R and K29/30/42R
mutants of p72 (Fig. 7C). Altogether, these data indicate that
acetylation of p72 on K42 is required for 293T cell survival.
Furthermore, we studied the cell cycle distribution of trans-
fected 293T cells by flow cytometry. Whereas there was little, if
any, impact of p68 acetylation or acetylation of Lys-29 and
Lys-30 in p72 on the distribution of cells in G1/G0, G2/M, and
S phase, the K42R and K29/30/42R mutants of p72 showed a
significant decrease of cells in S phase already 8 h after trans-
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p72- p72-

KaomoR  K2SAGA2R been reported to occur on Lys-53 in

p68 and on Lys-50 in p72 (21, 52),
further suggesting that the N termi-
nus of p68 and p72 is critical for the
modulation of their activity.
Blocking acetylation in p68 led to
the suppression of its interaction
with HDAC1 and HDAC?2, but had
no effect on the binding to HDAC3,
p300 or ERe, whereas acetylation of p72 enhanced its interac-
tion with HDAC1 and HDACS3. This reveals one mechanism of
how acetylation may regulate the activity of p68/p72 by selec-
tively modulating the binding to partner proteins. Because two
out of five interactions tested in this report were influenced by
acetylation of p68 or p72, it is highly likely that acetylation will
affect the ability of p68 and p72 to form complexes with many
more of the known and to-be-discovered interaction partners
and thus constitutes a seminal post-translational modification
of p68/p72. Like acetylation, sumoylation promoted the inter-
action of p68 and p72 with HDAC]I, but not with HDAC2 or
HDACS3 (21, 52), indicating that acetylation and sumoylation
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differentially affect p68/p72 function. Indeed, in contrast to
acetylation (see Fig. 6B), sumoylation represses the ability of
p72 to coactivate ER« (21).

Histone acetylation is generally associated with transcribed
regions of the chromatin, suggesting that recruitment of
HDAC:s leads to the repression of gene transcription. Following
this argument, the enhanced recruitment of HDAC1 and
HDAC2 upon acetylation of p68 and of HDAC1 and HDAC3
upon acetylation of p72 should lead to repression of transcrip-
tion, but our data indicate that acetylation of p68 and p72 stim-
ulates ERa-dependent transcription. This may argue that
enhanced HDAC recruitment is not the prevailing acetylation-
induced incident with regard to the coactivation potential of
p68/p72. For instance, enhanced HDAC recruitment could be
more than counterbalanced by increased coactivator binding
upon acetylation of p68/p72. However, recent studies indicated
that HDACs may actually activate selected transcriptional
complexes (58, 59). If so in case of the ERa/p68/p72 complexes,
this would provide a mechanism of how acetylation stimulates
the coactivation potential of p68 and p72 through enhanced
HDAC recruitment.

Tyrosine phosphorylation of p68 has been reported to be
elevated in cancer cells (60). In particular, phosphorylation of
Tyr-593 on p68 is induced by platelet-derived growth factor in
colon cancer cells and promotes epithelial-mesenchymal-tran-
sition (19). Additionally, p68 that is phosphorylated on Tyr-593
and Tyr-595 protects glioblastoma cells from TRAIL-induced
apoptosis (61). Thus, tyrosine phosphorylation C-terminal of
the p68 helicase domain as well as N-terminal acetylation and
sumoylation may jointly govern the activity of p68, and it
remains to be determined whether these different post-transla-
tional modifications are interdependent.

Enhanced Coactivation Potential and Cell Survival Mediated
by p68/p72 Acetylation—Both p68 and p72 physically interact
with ERa and thereby stimulate estrogen-dependent transcrip-
tion (9, 14). However, it has remained unknown how the inter-
action between p68/p72 and ERa is regulated. Our data indi-
cate that acetylation of p68/p72 does not lead to obvious
changes in association with ERe, but enhances their ability to
coactivate ERa-mediated transcription. Thus, acetylation of
p68/p72 may impact on the pleiotropic effects of estrogen dur-
ing embryonal development and in adult tissues.

In addition, acetylation of p72 raised its ability to stimulate
p53-dependent MDM2 transcription, but p68 acetylation had
no significant impact in this regard, marking a clear difference
between these two homologous proteins. The tumor suppres-
sor p53 activates the MDM2 promoter, thereby establishing a
negative feedback loop, because MDM?2 is a ubiquitin ligase
causing the destruction of p53 (62— 64). Accordingly, p72 acety-
lation is predicted to strengthen this negative feedback loop
leading to less intracellular p53. Therefore, one mechanism of
how acetylation of p72 contributes to tumorigenesis may be by
reducing levels of the p53 tumor suppressor.

Mutation of Lys-42 alone or more pronouncedly of all three
acetylation sites in p72 resulted in cell death and cell cycle
blockage in 293T cells, whereas acetylation of p68 had no sig-
nificant effect. Thus, p72 acetylation is seminal for cell survival
and proliferation, an unsuspected result showing, to our knowl-
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edge for the first time, an essential function for post-transla-
tional modification of an RNA helicase. At present, we do not
know why p72 acetylation is required for cell survival, but this is
independent of p53, because apoptosis was observed with the
K29/30/42R mutant in MDA-MB-231 cells, which are p53-neg-
ative, as well as in 293T cells, in which endogenous p53 is inca-
pacitated by the presence of the adenoviral E1A and E1B pro-
teins and SV40 large T antigen. Interestingly, p300-mediated
acetylation of p53 at Lys-373 was reported to promote cell
death, whereas acetylation of the androgen receptor led to less
apoptosis (65, 66). This indicates that p300-mediated acetyla-
tion of transcription factors has opposite effects on cell survival
depending on which protein becomes acetylated.

Whereas mutation of Lys-42 in p72 was sufficient to induce
massive apoptosis and stop cell proliferation in 293T cells, it did
not do soin MDA-MB-231 cells. However, blocking acetylation
of Lys-29, Lys-30, and Lys-42 together resulted also in cell death
in MDA-MB-231 cells, and even in 293T cells it was slightly
more detrimental than mutating Lys-42 alone. Thus, there are
cell type-specific differences in which sites have to be acetylated
to prevent p72 from inducing apoptosis. In the same vein, we
did not observe increased apoptosis with any of the p72 acety-
lation site mutants in HeLa cells (this being the reason why we
chose this cell line to determine half-lives of p68 and p72 by
pulse-chase experiments), implicating that acetylation of the
ubiquitously expressed p72 RNA helicase is not always essential
for cell survival.

At present, it remains unknown why acetylation of p68 com-
pared with p72 has different consequences with regard to
MDM2 transcription and cell survival. Although p68 and p72
share 92% similarity within their helicase domains, their N- and
C-terminal domains are much less conserved (15). Thus, it is
likely that p68 and p72 are recruited into different protein com-
plexes by virtue of these divergent domains, and therefore
acetylation of these paralogous RNA helicases may be futile in
one case (e.g. p68), but crucial in the other case (e.g. p72) to
affect biological consequences. Future studies should compre-
hensively explore the different spectrum of interactants for
p68/p72 and determine how their acetylation modulates the
activity of p68/p72-containing protein complexes.

Role of p68/p72 Acetylation in Tumors—Raf, Ras, and HER2/
Neu stimulate the enzymatic activity of p300, most likely by
inducing its MAP kinase-dependent phosphorylation (33).
Accordingly, we observed that p68 acetylation was enhanced
upon overexpression of these oncoproteins, mutations of which
are found in the majority of all human tumors. Thus, p68/p72
acetylation levels are predicted to be enhanced in and therefore
potentially contribute to the genesis of many different tumors.

Estrogen plays a causal role in the development of ~70% of
all breast tumors and drugs targeting estrogen metabolism or
ERa are a mainstay in breast cancer therapy (67, 68). ERa-
positive breast tumors often display hyperactivation of MAP
kinases, in part due to the non-genomic actions of estrogen (69,
70). Thus, MAP kinase-mediated stimulation of p300 enzy-
matic activity is expected to enhance p68/p72 acetylation in
ERa-positive breast tumors, which will lead to increased acti-
vation of ERq, providing one mechanism how post-transla-
tional modification of p68/p72 fosters breast carcinogenesis. In
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addition, enhanced acetylation of p68 and p72, which signifi-
cantly increases their stability, may (partially) account for the
fact that p68 and p72 are overexpressed in human breast
tumors (20, 21). Consistently, we observed that overexpression
of Rafl in MCF7 breast cancer cells up-regulated both p68 and
p72 at the protein level (see supplemental Fig. S1).

Approximately 30% of all breast tumors display HER2/Neu
overexpression, and targeting this receptor with monoclonal
antibodies is now an established practice in the treatment of
breast tumors (71, 72). Because HER2/Neu stimulates the
acetyltransferase activity of p300 (33), acetylation of p68/p72
should also be enhanced in HER2/Neu-positive breast tumors.
However, these breast tumors are normally ERa-negative, pre-
cluding that acetylation of p68/p72 affects HER2/Neu-positive
breast tumors by stimulating ERa. But enhanced acetylation of
p72 could still increase MDM2 transcription, thereby leading to
MDM2-mediated destruction of the tumor suppressor p53 and
thus promoting tumorigenesis. And indeed, reduced p53 levels
are observed in many of the most malignant, HER2/Neu-posi-
tive breast tumors (73).

Recently, it was shown that p68 is a cofactor of androgen
receptor and overexpressed in prostate tumors (12). Moreover,
HER2/Neu overexpression is also common in prostate cancer
and increases with the progression of the disease (74-76).
Again, HER2/Neu-stimulated p300 acetyltransferase activity
may raise the coactivation potential of p68 and thereby its
tumor promoting activity by stimulating the androgen recep-
tor, the key villain in prostate cancer.

Both p68 and p72 are overexpressed in colorectal tumors and
their expression levels correlate with the progression of the
disease (17, 18). Knocking down p68 and p72 together in colon
cancer cells resulted in reduced cell proliferation and tumor
formation, indicating that they are causally involved in colon
carcinogenesis. Moreover, p68 mediates epithelial-mesenchy-
mal-transition in colon cancer cells, which is particularly
important during metastasis. All of these processes are most
likely related to the p68/p72-mediated activation of -catenin,
the linchpin of colon carcinogenesis (18, 19, 61). Notably, muta-
tions in K-Ras and B-Raf (77-79) as well as overexpression of
the receptor tyrosine kinase HER2/Neu (80-82) are often
found in colorectal tumors. Our data suggest that one mecha-
nism of how K-Ras, B-Raf, and HER2/Neu drive colon carcino-
genesis is through stimulating p300 enzymatic activity and the
resultant acetylation of p68/p72. This is predicted to increase
p68 and p72 protein stability and thus account, at least in part,
for the observed overexpression of p68 and p72 in colorectal
tumors. And overexpression of p68 or p72 alone is sufficient to
aberrantly activate B-catenin (18), thereby contributing to
colon cancer formation.

CONCLUSION

In this report, we have demonstrated for the first time that
two members of the RNA helicase superfamily are regulated by
acetylation of lysine residues. Acetylation stimulates the coac-
tivation potential of p68 and p72, modulates their interaction
with partner proteins, enhances their protein stability and pre-
vents p72-mediated cell cycle arrest and apoptosis, all of which
potentially promotes tumorigenesis. Because oncogenic HER2/
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Neu, Ras, or Raf as well as estrogen can enhance p300-mediated
acetylation of p68 and p72, this provides a novel pathway of
how these oncoproteins and estrogen may exert their deleteri-
ous effects in tumor cells.
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