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Background: The role of p38IP in cell cycle regulation remains unclear.
Results: p38IP inhibits ubiquitination-induced GCN5 degradation and therefore promotes �-tubulin acetylation, facilitating
spindle formation and G2/M progression.
Conclusion: p38IP is required for G2/M progression.
Significance: This study reveals the necessity of p38IP for GCN5 stability and for G2/M progression.

p38-interacting protein (p38IP) is a component of the
GCN5 histone acetyltransferase-containing coactivator com-
plex (GCN5-SAGA complex). It remains unclear whether p38IP
or GCN5-SAGA is involved in cell cycle regulation. Using RNA
interference to knock down p38IP, we observed that cells were
arrested at the G2/M phase, exhibiting accumulation of cyclins,
shrunken spindles, and hypoacetylation of �-tubulin. Further
analysis revealed that knockdown of p38IP led to proteasome-
dependent degradation of GCN5. GCN5 associated with and
acetylated �-tubulin, and recovering GCN5 protein levels in
p38IP knockdown cells by ectopic expression of GCN5 effi-
ciently reversed �-tubulin hypoacetylation and G2/M arrest.
During the G2/M transition, the association of �-tubulin with
GCN5 increased, and the acetylation of �-tubulin reached a
peak. Biochemical analyses demonstrated that the interaction
between p38IP and GCN5 depended on the p38IP N terminus
(1–381 amino acids) and GCN5 histone acetyltransferase
domain and bromodomain. The p38IP N terminus could effec-
tively reverse p38IP depletion-inducedGCN5degradation, thus
recovering �-tubulin acetylation and G2/M progression. p38IP-
mediated suppression of GCN5 ubiquitination most likely
occurs via nuclear sequestration of GCN5. Our data indicate
that the GCN5-SAGA complex is required for G2/M progres-
sion, mainly because p38IP promotes the acetylation of �-tubu-
lin by preventing the degradation of GCN5, in turn facilitating
the formation of the mitotic spindle.

GCN5 (general control non-derepressible 5) is named for its
original role in yeast general control of the amino acid synthesis

pathway, and yeast strains with GCN mutations cannot dere-
press a number of amino acid biosynthetic genes during amino
acid starvation (1, 2). Later, GCN5was proved to be a transcrip-
tion-related histone acetyltransferase (HAT)2 (3, 4). GCN5 dis-
plays a sequence structure and enzyme specificity that are
highly evolutionarily conserved from yeast to humans (5, 6). In
addition to its roles in transcriptionalmodulation, the potential
functions of GCN5 in cell cycle regulation have also been iden-
tified in yeast and in mammalian cells. In yeast, the absence of
GCN5 induced several types of mitotic abnormalities, includ-
ing cell cycle G2/M arrest, chromosome loss, and defects in
spindle elongation (7, 8). During mammalian embryogenesis,
disruption of GCN5 was lethal due to increased cell apoptosis
and G2/M retardation (9–11).
In yeast cells, GCN5was found to coexist withAda2 (adaptor

protein for transcriptional activation) in a multiprotein com-
plex in 1994 (12); this complex was characterized and named as
SAGA (Spt-Ada-GCN5 acetyltransferase)3 with GCN5 as its
catalytic core after several years of research in yeast (13, 14). In
mammalian cells, there are two evolutionarily diverged GCN5
acetylase complexes: SAGA and ATAC (Ada2a or Ada Two-A-
containing); both have their own specific subunits while they
share a commonGCN5 catalytic subunit (14). These complexes
have essential but distinct functions in transcription, histone
modification, signaling pathways, and cell cycle regulation (14).
p38IP (p38 mitogen-activated protein kinase-interacting

protein) was first identified in a search for p38 binding partners
using the yeast two-hybrid system (National Center for Bio-
technology Information (NCBI) accession number AF093250).
p38IP is required for the down-regulation of E-cadherin during
mouse gastrulation via its activation of p38 (15). Using mass
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3 Spt proteins (named for suppressor of TTy (SPT) genes) can restore gene
expression disrupted by the insertion of the Ty transposable element in the
yeast Saccharomyces cerevisiae (39).
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spectrometry, p38IPwas identified as a novel specific subunit of
the human GCN5-SAGA and is highly similar to yeast Spt20
(ySpt20), which is a subunit of yeast SAGA (ySAGA) (16, 17).
Human p38IP also exhibits similar regulatory functions to
ySpt20 in the regulation of SAGA complex assembly and endo-
plasmic reticulum stress-induced genes (13, 16, 18). Recently,
p38IP has been discovered to participate in starvation-induced
autophagy via its regulation of mammalian Atg9 trafficking
(19). These results suggest that p38IP is a multifunctional pro-
tein. However, so far, studies on p38IP are very limited, and it is
unclear whether p38IP is involved in cell cycle regulation.
Recently, upon the ablation of its specific subunit Ada2a, the

ATAC-GCN5 complex has been proven to be essential for cell
cycle mitotic progression; by contrast, disruption of SAGA
complex by knockdown of p38IP, a specific subunit of the
GCN5-SAGA complex, did not lead to a cell cycle defect (20).
This study suggests that the ATAC complex endows GCN5
with its role in theG2/M transition, but ruled out the possibility
of regulatory functions of p38IP aswell as SAGAcomplex in the
cell cycle progression (14, 20). In other words, p38IP may
obstruct GCN5 regulation of the cell cycle progression.
In this study, we demonstrated that p38IP plays an essential

role in G2/M progression. In the absence of p38IP, cells showed
a retardation of the G2/M phase progression, abnormal spindle
formation, and a hypoacetylation of �-tubulin. We discovered
that p38IP maintained GCN5 stability by suppressing ubiquiti-
nation-induced degradation of GCN5. GCN5 associated with
�-tubulin independent of p38IP. DuringG2/Mprogression, the
association of GCN5 with �-tubulin increased, thus promoting
acetylation of�-tubulin and facilitating G2/Mprogression. The
N terminus (1–381 amino acids) of p38IP was identified as the
key domain for interacting with and inhibiting the ubiquitina-
tion ofGCN5, and correspondingly the p38IPN terminus could
promote the nuclear translocation of cytosolic GCN5
HAT&BD truncated construct, whereas knockdown of p38IP
increased the ratio of cytosolic to nuclear localization of GCN5,
suggesting that p38IP may stabilize GCN5 via nuclear seques-
tration of GCN5. Our results demonstrate the essential roles
and underlying mechanism of p38IP and the GCN5-SAGA
complex in cell cycle regulation.

MATERIALS AND METHODS

Plasmids and siRNAs—p38IP was amplified from HeLa
cDNA and introduced into the pYFP-C1 and pCMV5-HA vec-
tors using the EcoRI and BamHI restriction sites. p38IP-N
(1–381 amino acids) and p38IP-C (380–733 amino acids) were
cloned into pEYFP-C1 using EcoRI andBamHI restriction sites.
GCN5 was amplified by PCR from the cDNA of HeLa cells and
cloned into the EcoRI andKpnI restriction sites of pFlag-CMV2
(Sigma). GCN5�BD, GCN5�HAT&BD, and GCN5HAT&BD
were also cloned into pFlag-CMV2 using the same sites. The
scrambled control short hairpin RNA (shRNA) (5�-CGCTA-
ATTCGACTCGGATA-3�) and the p38IP mRNA-specific
(shp38IP) (NM_001014286) shRNAs (shp38IP-1, target
sequences, 5�-GCTTGTTATGCAAGAGACT-3�, ORF, and
shp38IP-2, target sequences, 5�-ACACAAGAGCACTGAA-
TCA-3�, 3�-UTR) were inserted into the RNA interference ex-
pression vector pSUPER.Retro.Neo-GFP (OligoEngine, Seattle,

WA) for RNAi expression in cells. siRNA duplexes targeting
human p38IP (sip38IP-1, 5�-CAAACAGACUGCUCUAUAA-
dTdT-3�, ORF), (sip38IP-2, 5�-GCUUGUUAUGCAAGAGA-
CUdTdT-3�, ORF), and GCN5 (siGCN5, 5�-GGAAAUGCAU-
CCUGCAGAUdTdT-3�) were obtained from RiboBio Co. Ltd
(Guangzhou, China).
Reagents and Antibodies—Thymidine and nocodazole were

purchased from Sigma. Cycloheximide and MG132 were from
Calbiochem. �-Tubulin (T5168) and FLAG (M2) were from
Sigma; anti-acetyl-�-tubulin (ab24610) was from Abcam
(Cambridge, MA); HA (12CA5) was from Roche Applied Sci-
ence; GCN5 (C26A10) (3305) was fromCell Signaling Technol-
ogy (Beverly, MA); and actin (5A7) was from Abmart (Shang-
hai, China). HA-probe (Y-11) (sc-805), GCN5 (N-18) (sc-6303),
FAM48A (P-16) (sc-84118), FAM48A (S-19) (sc-84119), actin
(I-19) (sc-1616), lamin B (M-20), cyclin A (H-432) (sc-751),
cyclin B1 (GNS1) (sc-245), GFP (B-2) (sc-9996), ubiquitin
(P4D1) (sc-8017), and HRP-conjugated secondary antibodies
were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Alexa Fluor 488-, Alexa Fluor 594-, and Alexa Fluor 647-
labeled secondary antibodies were from Molecular Probes
(Eugene, OR). As GFP (B-2) is also reactive against YFP, it was
used for detection of YFP.
Cell Culture, Transfections, and Synchronization—HeLa,

MCF-7, MDA-MB-231, and 293T cells were grown in Dulbec-
co’s modified Eagle’s medium (Invitrogen) supplemented with
10% (v/v) fetal bovine serum (HyClone, Logan, UT), 100
units/ml streptomycin, and 100 units/ml penicillin (Invitrogen)
at 37 °C, 5% CO2. shp38IP HeLa cells, which were transfected
with short hairpin RNA against p38IP and sorted for GFP fluo-
rescence after 24 h, were cultured in the above conditions with
the addition of 0.5 mg/ml G418 and were maintained for a few
generations. Transient transfection of HeLa and 293T cells was
carried out using TurboFect transfection reagent (Thermo
Fisher Scientific) and Lipofectamine 2000 (Invitrogen), respec-
tively, according to the manufacturer’s protocol. For synchro-
nization at G1/S, HeLa cells were incubated with 2 mM thymi-
dine for 18 h, released into thymidine-freemedium for 9 h, then
recultured in the presence of 2 mM thymidine for another 17 h.
S, G2, andM phase cells were harvested sequentially at 4, 8, and
10 h after release from thymidine block.MCF-7 cells were incu-
bated for 24 h in culturewith 2mM thymidine forG1/S synchro-
nization. For G2/M arrest, cells were treated with nocodazole
(100 ng/ml) for 16 h.
Cell Proliferation Assay and Flow Cytometric Analysis—

Equal numbers of control and p38IP-deficient cells were seeded
and harvested at the indicated time points. Cell number was
calculated by using a Z1 single threshold particle counter
(Beckman Coulter). For flow cytometric analysis, cells were
trypsinized, fixed overnight in 70% ice-cold ethanol, and then
washed with PBS, incubated in RNase (100 �g/ml) for 10 min,
stained with propidium iodide (50 �g/ml) for 1 h at room tem-
perature, and analyzed with a FACSCalibur (BD Biosciences)
using CellQuest software. ModFit and FlowJo software were
used for data analysis.
Real-time PCR—Total RNA was extracted from HeLa cells

using TRIzol reagent (Invitrogen) and reverse-transcribed into
cDNAs followed by real-time PCR (quantitative PCR) using
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SYBR Green (Roche Applied Science). Relative quantitative
RNA was normalized with the housekeeping gene GAPDH.
Primer sequences used for the reactions were as follows: GCN5
(sense, 5�-CTGAAGACCATGACTGAGCGG-3�, antisense,
5�-TCGGCCACAAAGAGCTTCC-3�), GAPDH (sense, 5�-
ACGGATTTGGTCGTATTGGG-3�, antisense, 5�-TGAT-
TTTGGAGGGATCTCGC-3�).
Western Blotting and Immunoprecipitation—Monolayer cells

were harvested with lysis buffer (20 mM Tris-HCl, pH 7.5, 150
mM NaCl, 5 mM EDTA, pH 8.0, 5 mM NaPPi, 1 mM sodium
orthovanadate (Na3VO4), 1 mM PMSF, 1% Nonidet P-40, and
10 �g/ml aprotinin and leupeptin each). For ubiquitin samples,
0.1% SDS was added. After centrifugation at 15,000 � g to
remove cell debris, the supernatant was denatured in 1�SDS
loading buffer, boiled, and run on denaturing gels. Proteins
were transferred onto PVDF membranes at 400 mA. After
blocking in 4% BSA for 1 h, membranes were incubated in pri-
mary antibodies with 2% BSA overnight at 4 °C followed by
HRP-conjugated secondary antibodies for 1 h at room temper-
ature. For immunoprecipitations, after overnight incubation
with the indicated antibodies, proteins were immunoprecipi-
tated with protein G-Sepharose (GE Healthcare) for an addi-
tional 4 h at 4 °C. Immunoprecipitated beads were washed with
lysis buffer at least three times, denatured by boiling in 2� SDS
loading buffer, and subjected to SDS-PAGE.
Immunofluorescence—Cells were plated at 50�70% densities

on glass slides. At the indicated time points, cells were col-
lected, fixed with 4% paraformaldehyde, and permeabilized
with 0.2% Triton X-100. After blocking with 2% BSA for 1 h,
cells were incubated in primary antibody overnight at 4 °C and
then incubated in Alexa Fluor 488-, Alexa Fluor 594-, or Alexa
Fluor 647-labeled secondary antibody for 1 h at room temper-
ature,mounted inmountingmedium, and analyzed by confocal
microscopy (LeicaMicrosystems,HeidelbergGmbH, Leica SP5
microscope confocal). Laser excitations at 405, 488, 550, and
633 nm were used in the research. Spindle length was taken as
the distance between two mitotic centrosomes; the spindle
width was defined as the largest distance over which kineto-
chores spread out (21–23). For calculation of z distance
between mitotic centrosomes, one centrosome was marked as
Z1 followed by scanning along the z axis of the microscope at
0.2-�m increments until reaching the other centrosome (Z2),
and thus the z distance is the vertical distance between two
mitotic centrosomes, which were labeled by �-tubul in (22).
ImageJ software was used to quantify the ratio of cytosolic/nu-
clear GCN5 protein levels. Specifically, the total immunofluo-
rescence intensity of GCN5 in the whole cell (WI) or in the
nucleus (NI), as well as in areas of the cell (WA) or the nucleus
(NA), were quantified separately, and then the cytosol area-
average fluorescence intensity (C) was obtained by the formula
(WI � NI)/(WA � NA), whereas the nucleus area-average
fluorescence intensity (N) was obtained by the formula NI/NA.
Finally the ratio C/Nwas obtained to present the area-average
fluorescence intensity ratio of cytosolic GCN5 to nuclear
GCN5.
Nuclear Extraction—Cells were washed twice with ice-cold

PBS supplemented with 1 mM EDTA and resuspended in five
packed-cell volumes of cytosolic extraction buffer (10 mM

Hepes-KOH (pH 7.9), 60 mM KCl, 1 mM EDTA, 0.54% Nonidet
P-40, 1 mM DTT, 1 mM PMSF, and 10 �g/ml aprotinin and
leupeptin each). After centrifugation at 4,000 � g for 5 min,
pelleted nuclei were washed in cytosolic extraction buffer and
then lysedwith nuclear extraction buffer (250mMTris (pH7.8),
60mMKCl, 1mMEDTA, 1mMDTT, 1mMPMSF, and 10�g/ml
aprotinin and leupeptin each) for 10 min at 4 °C. After freezing
and thawing three times, nuclear extracts were pelleted by cen-
trifugation at 14,000 � g.
Statistical Analysis—All experiments presented were repeated

at least three times. Statistical analysis was performed using Stu-
dent’s t test (GraphPad PrismV5.0; GraphPad Software).

RESULTS

Depletion of p38IP Impairs Cell Proliferation and Induces a
Defective Cell Cycle—ySpt20, the homologue of p38IP in yeast,
regulates yeast cell proliferation by stabilizing the integrity of
the SAGA complex; however, the detailed mechanism under-
lying this phenomenon is still unclear. Furthermore, whether
p38IP exhibits an evolutionarily conserved function in the
modulation of mammalian cell proliferation has not been
shown. If so, how it participates in this process remains
unknown. To address these questions, we checked the cell pro-
liferation rate after knockdown of p38IP. HeLa cells expressing
p38IP-specific short hairpin RNAs showed remarkably
impaired cell proliferation (Fig. 1A) (shp38IP-1 and shp38IP-2,
targeting the reading frame and the 3�-UTR of p38IP, respec-
tively; shp38IP-1 was used in the following experiments and is
referred to as shp38IP). Depletion of p38IP inMCF-7 orMDA-
MB-231 cells using specific small interfering RNAs (sip38IP-1
and sip38IP-2, targeting different coding regions) also
decreased cell proliferation (Fig. 1, B and C). To further under-
stand this phenomenon, flow cytometric analysiswas employed
to examine cell cycle distribution. As shown in Fig. 1D, p38IP
depletion resulted in a significant increase in the number of
cells in G2/M phase. After synchronization at the G1/S bound-
ary using a thymidine double block at the indicated time points
after release, p38IP-depleted cells showed an obvious cell cycle
arrest in G2/M and a slight retardation at the G1/S transition. It
was found that HeLa control cells synchronously entered S
phase at 4 h after release, whereas p38IP-deficient cells pro-
ceeded into S phase and a small percentage (�5.8%) lagged in
G1 phase. At 10 h after release, �46% of the control cells and
only 16% of the shp38IP cells underwent cell mitosis with 2N
DNA content (Fig. 1E). Similar results were also observed in
MCF-7 cells expressing the p38IP-specific short hairpin RNAs
(Fig. 1F). These results indicate that p38IP is critical for cell
cycle G2/Mprogression. Because degradation ofmitotic cyclins
was closely correlated with cell cycle G2/M progression (24–
26), we further examined the protein levels of mitotic cyclins in
shp38IP cells and found that the protein abundance of cyclin A
and cyclin B was significantly enhanced after p38IP depletion
(Fig. 1G). We synchronized the cells at G1/S or G2/M using
thymidine or nocodazole, respectively. After the control cells
were released from the G1/S boundary, cyclin A exhibited an
increase and then a subsequent decrease at 10 h and a disap-
pearance at 12 h. By contrast, cyclin A levels were sustained at
12 h in p38IP-depleted cells (Fig. 1H). A similar pattern of cyclin
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B was also observed. Similarly, delayed degradation of cyclin A
and B was also observed in shp38IP cells released from G2/M
phase (Fig. 1I). Analysis of the protein half-lives using cyclohex-
imide showed that cyclin A and B had prolonged half-lives in
p38IP-depleted cells (Fig. 1, J and K). Thus, the cell cycle-de-
pendent degradation of cyclins was impaired.
p38IP Depletion Results in Defective Spindle Morphology—

Interestingly, knockdown of p38IP resulted in a smaller cell size

at metaphase (Fig. 2, A and B). In metaphase, most of the con-
trol cells were�17–19�m in diameter, whereas themajority of
the p38IP-depleted cells exhibited a much smaller diameter
between 14 and 16 �m (Fig. 2C). A similar phenomenon was
observed in mitotic spindles. When compared with control
cells, where themajority had approximate dimensions of 10–11
�m in length and no less than 7 �m in width, p38IP-deficient
cells displayed a shrunken spindle shape, with the majority of

FIGURE 1. Depletion of p38IP impairs cell proliferation and induces a defective cell cycle. A–C, p38IP depletion impaired cell proliferation in HeLa, MCF-7,
and MDA-MB-231 cells. Left panel: Western blot analysis of p38IP depletion efficiency in HeLa (A), MCF-7 (B), and MDA-MB-231 (C) cells. �-Tubulin or actin served
as the loading control. Right panel: cell proliferation was measured at the indicated time points in control and p38IP-depleted cells as described under
“Materials and Methods” (mean � S.D., n � 3, **, p � 0.05, ***, p � 0.001). D, accumulated cells in G2/M after p38IP depletion. Cell cycle distribution was analyzed
using propidium iodide staining and flow cytometry in asynchronous HeLa cells. x axis: DNA content; y axis, cell numbers. The data presented were represent-
ative of three independent experiments. E and F, impaired cell cycle progression after p38IP depletion. HeLa (E) and MCF-7 (F) cells were synchronized using
thymidine block and harvested at the indicated times after release. Cells were stained using propidium iodide followed by flow cytometry analysis. x axis, DNA
content; y axis, cell numbers. The data shown were representative of four independent experiments. G, p38IP depletion increased the endogenous levels of
cyclin A and cyclin B in asynchronous HeLa cells. Whole cell extracts (WCL) were prepared from asynchronous HeLa cells and analyzed using Western blot with
the indicated antibodies. H, depletion of p38IP postponed the degradation of cyclin A and cyclin B in the cell cycle. Cell extracts were prepared from cells
released from the G1/S block at the indicated time points for immunoblotting with the indicated antibodies. The densitometric intensities of cyclin A and cyclin
B blot signals were normalized to actin; the relative intensity value when compared with that of the starting point sample is shown below each panel. I, p38IP
depletion caused the accumulation of cyclin A in the cell cycle. Cells were treated with nocodazole (100 ng/ml) for the G2/M block. After release from the G2/M
boundary, cells were collected at the indicated time points and processed for immunoblotting. J and K, knockdown of p38IP postponed the degradation of
cyclin A (J) and cyclin B (K). Cells were harvested at the indicated time points upon treatment of cycloheximide (40 �M) followed by Western blot analysis with
the indicated antibodies.
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the spindles being 8–9 �m in length and nomore than 7 �m in
width (Fig. 2, D–F). (Spindle length and width were measured
as described under “Materials and Methods.”) Moreover, the
microscopic observation of�-tubulin revealed that knockdown
of p38IP resulted in a high proportion of defective spindle for-
mation,whichwas characterized by aberrant spindle fibers (Fig.
2G). The proportion of irregular spindles in the p38IP-deficient
cells was approximately twice that of normal cells (Fig. 2H).
Furthermore, centrosomal �-tubulin was stained to indicate
the spindle poles and the vertical or z distance (measured as
described under “Materials andMethods”) between themitotic
spindle poles and was measured in control and shp38IP cells.
p38IP-deficient cells at metaphase tended to display an
increased vertical distance between the two centrosomes.
�43.5% were greater than 1.5 �m and �4.7% reached 2.6�3

�m,whereas only�14.1% of the control cells were greater than
1.5 �m, and none reached 2.6–3 �m (Fig. 2, I and J); thus, the
control and shp38IP cells had a significant difference in their
vertical centrosome distances (Fig. 2K). Altogether, spindle
assembly and orientation were both impaired upon p38IP
depletion. A schematic of the control and p38IP-deficient cells
at metaphase is shown in Fig. 2L.
Knockdown of p38IP Blocks �-Tubulin Acetylation—The

mitotic spindle is a highly dynamic microtubule-based struc-
ture that consists of polymerized �/�-tubulin heterodimers.
Acetylation of�-tubulin is closely relatedwithmicrotubule sta-
bilization, although the mechanism is still unclear (27–31).
Thus, we wondered whether the shrunken spindle and G2/M
retardation induced by p38IP depletion may result from the
abnormal acetylation of �-tubulin. As expected, depletion of

FIGURE 2. p38IP depletion results in defective spindle morphology. A, microscopic analysis of cell size in control and p38IP-depleted HeLa cells (scale bar:
10 �m). B and C, quantification of the average (B) and distribution (C) of the cell diameter in metaphase cells expressing shRNAs as indicated (n � 135 cells from
three independent experiments, mean � S.E., ***, p � 0.001). D, immunofluorescence analysis of the mitotic spindle in control and p38IP-depleted HeLa cells
by staining with �-tubulin (red). DNA was visualized by 4,6-diamidino-2-phenylindole (DAPI, blue) (scale bar: 10 �m). E, distribution of spindle length and width
in metaphase cells expressing shRNAs as indicated (n � 155 cells from three independent experiments). The spindle length and width were measured as
described under “Materials and Methods.” F, quantification of the average spindle length and width in cells expressing shRNAs as indicated (n � 155 cells from
three independent experiments, mean � S.E., ***, p � 0.001). G, immunofluorescence analysis of the mitotic spindle staining with �-tubulin antibody
(microtubules, red) and DNA by DAPI (blue) (scale bars: 5 �m). H, quantification of cells with defective mitotic spindles in control and p38IP-depleted cells (50
cells/experiment, mean � S.E., n � 3, **, p � 0.05). I, different z sections of cells stained for �-tubulin (purple) in control and shp38IP HeLa cells. DNA was
visualized by DAPI (blue) (scale bar: 5 �m). J and K, quantification of the distribution (J) and average (K) of the vertical distance between two centrosomes in
metaphase cells expressing shRNAs as indicated (n � 90 cells from three independent experiments, mean � S.E., ***, p � 0.001). z sections were taken at 0.2-�m
increments as described under “Materials and Methods.” L, a schematic representation of the z distance measurement in control and shp38IP cells.

p38IP Is Required for G2/M Progression

36652 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 51 • DECEMBER 20, 2013



p38IP using siRNAs targeting different sites of p38IP inhibited
acetylation on lysine 40 of �-tubulin (Fig. 3A). Conversely,
overexpression of p38IP promoted the acetylation of �-tubulin
(Fig. 3B). We further confirmed these results by immunofluo-
rescence analysis, which showed that shp38IP cells harbored a
much weaker fluorescence intensity of acetylated �-tubulin
when compared with control cells, whereas the overall fluores-
cence intensities of �-tubulin showed no difference (Fig. 3, C
and D). Next, the cells were treated with the microtubule-de-
polymerizing agent nocodazole to disrupt highly dynamic
microtubules. Microtubules in p38IP-depleted cells were more

sensitive to nocodazole and crashed after 20 min of treatment,
leading to a much weaker staining of acetylated �-tubulin (Fig.
3, E and F). These results indicate that the microtubules are
unstable in the absence of p38IP. Furthermore, we compared
the levels of acetylated �-tubulin at each step of the cell cycle in
control and shp38IP cells afterG1/S synchronization. In control
cells, the acetylation level of �-tubulin fluctuated throughout
the cell cycle, increasing at 8 h (G2/M) and decreasing at 12 h
(G1) after release; however, after depletion of p38IP, the levels
of acetylated �-tubulin were maintained at a hypo-level during
the entire cell cycle and demonstrated little elevation at the

FIGURE 3. Knockdown of p38IP blocks �-tubulin acetylation. A, Western blot analysis of the cell lysates from HeLa cells expressing the indicated
siRNAs using the specific antibodies. B, p38IP promoted the acetylation of �-tubulin. HeLa cells were transfected with YFP or YFP-p38IP. After 24 h, the
cells were harvested for immunoblotting with the indicated antibodies. C, immunofluorescence was performed for acetylated �-tubulin (red) (upper
panels) and �-tubulin (red) (lower panels) of control and p38IP-depleted cells. DNA was visualized by DAPI (blue) (scale bars: 50 �m). D, quantification of
the average fluorescence intensity of acetyl-�-tubulin and �-tubulin in control and shp38IP cells (mean � S.E., n � 3, *, p � 0.05, ns indicates no
significant difference). E, cells were treated with 0.6 �M nocodazole for 20 min and collected for immunofluorescence analysis performed as that in C
(scale bars: 50 �m). F, quantification of the average fluorescence intensity of acetyl-�-tubulin and �-tubulin in control and p38IP-depleted cells in the
presence of nocodazole (mean � S.E., n � 3, *, p � 0.05, ns indicates no significant deference). Three fluorescent microscopic fields were randomly
selected in the control and shp38IP cells. The quantitative fluorescence intensity of acetyl-�-tubulin and �-tubulin in D and F were normalized by the
acetyl-�-tubulin and �-tubulin fluorescence intensity in one of the selected microscopic fields in control cells. G, cell cycle distribution of acetylated
�-tubulin in control and p38IP-depleted cells. After G1/S synchronization by the thymidine double block, the cells were released at the indicated time
points and collected for immunoblotting using the indicated antibodies. H, immunofluorescence analysis of acetylated �-tubulin in late G2 and stages
of cell mitosis. Control and p38IP-depleted HeLa cells in the indicated phases of cell cycle were fixed and stained with acetylated �-tubulin (red) and DAPI
(blue) (scale bar: 5 �m).
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G2/M phase (Fig. 3G). Thus, p38IP may promote �-tubulin
acetylation during the G2/M phase, which is down-regulated
after cell mitosis. Moreover, acetylated �-tubulin in late G2 and
each stage of cell mitosis was examined using immunofluores-
cence analysis. After p38IP depletion, the cells exhibited a
much weaker acetylation of �-tubulin in the late G2 phase, and
the hypoacetylation of �-tubulin was sustained throughout
mitosis (Fig. 3H). Taken together, all of these data suggest
that p38IP serves as an important regulator of �-tubulin
acetylation, which ensures the stability of microtubules for
correct mitotic spindle conformation as well as for orderly
cell cycle progression.
p38IP Maintains GCN5 Stability—Given that p38IP is

important for the integrity of the SAGA complex and that
GCN5, the catalytic subunit of the SAGA complex, serves as
an acetyltransferase for �-tubulin in muscle cell differentia-
tion (16, 29), we next analyzed GCN5 to determine whether
it was related to p38IP depletion-caused defects in cell cycle

progression and �-tubulin acetylation. We observed a
remarkable reduction in GCN5 expression in p38IP-de-
pleted cells (Fig. 4A). However, the abundance of Spt3,
another subunit of the human SAGA complex, did not
decrease after p38IP depletion. Increased mRNA levels of
GCN5 indicated that down-regulation of GCN5 protein in
shp38IP cells did not occur at the transcriptional level (Fig.
4B), and thus, the stability of GCN5 protein was confirmed.
Upon cycloheximide treatment, GCN5 exhibited a much
shorter half-life after p38IP depletion (Fig. 4C). Consistent
with this finding, a robust elevation of ubiquitinated GCN5
was detected when p38IP was knocked down (Fig. 4D), and
treatment with the proteasome inhibitor MG132 stabilized
GCN5 protein in p38IP-depleted cells (Fig. 4E), indicating
that p38IP depletion targets GCN5 for degradation via the
ubiquitin-proteasome pathway. As expected, p38IP remark-
ably inhibited the ubiquitination of endogenous GCN5 (Fig.
4F), and the protein level of GCN5 was gradually increased

FIGURE 4. p38IP maintains GCN5 stability. A, GCN5 declined after p38IP knockdown. Cell extracts were prepared from HeLa cells expressing the indicated
shRNAs or MCF-7 and MDA-MB-231 cells with the indicated siRNAs for Western blot analysis using specific antibodies. B, quantification of mRNA levels of GCN5
upon p38IP depletion. mRNA levels of GCN5 were examined using quantitative PCR. (mean � S.D., n � 3, **, p � 0.05). C, p38IP depletion impaired GCN5
stability. Cells were harvested at the indicated time points upon 40 �M cycloheximide treatment and analyzed using Western blot analysis. D, disruption of
p38IP resulted in the hyper-ubiquitination of GCN5 in HeLa cells. WCL were immunoprecipitated (IP) using the GCN5 antibody followed by immunoblotting
with an anti-ubiquitin antibody. Ub, ubiquitin. E, MG132 stabilized GCN5 protein in p38IP-depleted cells. HeLa cells expressing the indicated shRNAs or MCF-7
transfected with p38IP siRNAs were treated with dimethyl sulfoxide (DMSO) or 10 �M MG132 for 4 h and then collected and processed for immunoblotting. F,
p38IP decreased GCN5 ubiquitination. 293T cells transfected with or without YFP-p38IP were collected. Immunoprecipitation was then performed with
anti-GCN5 followed by Western blot using an anti-ubiquitin antibody. G and H, p38IP increased the protein levels of GCN5. Protein extracts were prepared from
293T cells expressing FLAG-GCN5 with increasing concentrations of YFP-p38IP (G) or only expressing increasing doses of HA-p38IP (H) and blotted using the
indicated antibodies. * indicates a nonspecific band.
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with increasing doses of transfected p38IP (Fig. 4, G and H).
Taken together, these results suggest that p38IP serves as a
critical regulator for maintaining GCN5 protein stability and
in turn the integrity of SAGA.
p38IP Regulates the Acetylation of �-Tubulin via GCN5—Al-

though the decrease inGCN5 levelsmight explain the phenom-
enonof accumulation ofmitotic cyclins in p38IP-deficient cells,
consistent with previous reports that ATAC-GCN5 induced
the degradation of cyclin A via acetylation (20, 26), the decrease
in both GCN5 protein level and �-tubulin acetylation upon
p38IP depletion obviously contradicts the observed increase in
�-tubulin acetylation caused byATAC-GCN5destruction (20).
To date, it remains unclear whether and how �-tubulin acety-
lation is regulated by GCN5 in cell cycle progression. Thus, we
focused on determining the mechanism of p38IP-GCN5 regu-
lation on the acetylation of �-tubulin. First, we confirmed that
GCN5 acetylates �-tubulin in HeLa cells. Overexpression and
depletion of GCN5 promoted and inhibited the acetylation of
�-tubulin and decreased and enhanced cyclin A, respectively,
as expected (Fig. 5A). In addition, GCN5 depletion also caused
cell cycle G2/M arrest similar to p38IP depletion (Fig. 5B). We
further restored GCN5 in p38IP-depleted cells and observed
that re-expression of GCN5 relieved to some degree the
hypoacetylation of �-tubulin as well as G2/M arrest induced by

p38IP depletion (Fig. 5C). By contrast, once GCN5 was
depleted, re-expression of p38IP failed to reverse the siGCN5-
induced hypoacetylation of �-tubulin (Fig. 5D). Moreover,
GCN5 was constitutively associated with �-tubulin before and
after p38IP depletion, ruling out the possibility that p38IP
affected the interaction betweenGCN5 and�-tubulin (Fig. 5E);
nevertheless, p38IP depletion-induced degradation of GCN5
resulted in littleGCN5binding to�-tubulin (Fig. 5F). The inter-
action between GCN5 and �-tubulin fluctuated through the
cell cycle and increased at G2/M transition (Fig. 5G), which
coincided with the variation of acetylated �-tubulin through
the cell cycle (Fig. 3G). Taken together, these results indicate
that GCN5may directly acetylate�-tubulin and that p38IP reg-
ulates the acetylation of �-tubulin via GCN5.
The N Terminus of p38IP Mediates Its Association with

GCN5—To determine how p38IP regulates the stability of
GCN5, we first identified the binding domains of p38IP
andGCN5. p38IPwas truncated intoN- (amino acids 1–381) and
C- (amino acids 380–733) terminal fragments as described pre-
viously (15) and then checked for association with GCN5. We
found that full-length p38IP and the p38IP N terminus both
bound to GCN5, whereas the p38IP C terminus failed to bind
despite high expression (Fig. 6A). Next, the truncated proteins
containing either amino acids 1–729 (GCN5�BD, bromodo-

FIGURE 5. GCN5 mediates p38IP depletion-induced �-tubulin hypoacetylation. A, GCN5 enhanced �-tubulin acetylation. HeLa cells were transfected
with FLAG-GCN5 or an empty vector and harvested 24 h later followed by immunoblotting with the indicated antibodies. B, GCN5 knockdown decreased
the level of acetylated �-tubulin and cell G2/M accumulation. HeLa cells were transfected with siControl or siRNA oligonucleotides against GCN5. After
48 h, the cells were collected and processed for Western blot and flow cytometric analysis. C, re-expression of GCN5 alleviated �-tubulin hypoacetylation
and G2/M arrest in p38IP-depleted cells. Control and p38IP-depleted cells were transfected with empty or GCN5-expressing vectors and collected for
immunoblotting with the indicated antibodies and flow cytometric analysis. D, p38IP restoration failed to rescue the hypoacetylated �-tubulin caused
by GCN5 depletion. Control and GCN5-depleted HeLa cells were transfected with YFP or YFP-p38IP. Cells were collected for immunoblotting with the
indicated antibodies. E and F, the association between GCN5 and �-tubulin was unaffected by p38IP depletion. WCL were prepared from control and
shp38IP HeLa cells and processed for the immunoprecipitation (IP) of �-tubulin (E) or GCN5 (F) with anti-GCN5 and anti-�-tubulin antibody, respectively.
G, the interaction between GCN5 and �-tubulin throughout cell cycle progression. HeLa cells were synchronized at the G1/S boundary and collected at
the indicated times after release and then immunoprecipitated with IgG or anti-GCN5 antibody and blotted with anti-�-tubulin antibody. * indicates a
nonspecific band.
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main deleted),4 1–497 (GCN5�HAT&BD, both HAT domain
and bromodomain deleted), or 498–837 (GCN5HAT&BD,
HAT domain and bromodomain) were coimmunoprecipitated
with YFP-p38IP (32). As shown in Fig. 6B, GCN5HAT&BD
exhibited the strongest association with p38IP among the three
mutants, whereas GCN5�BD only pulled down a trace amount
of p38IP and GCN5�HAT&BD did not bind to p38IP at all.
These results clearly indicate that the HAT domain and bro-
modomain of GCN5 and theN terminus of p38IPmediate their
mutual interaction. The binding schematic diagram is shown in
Fig. 6C.
The N Terminus of p38IP and the HAT Domain and Bro-

modomain of GCN5 Are Responsible for GCN5 Stability—
Given that amino acids 1–381 in p38IP mediate its association
with GCN5, we deduced that p38IP may regulate GCN5 stabil-
ity via this region. As shown in Fig. 7, A and B, p38IP-N as well
as full-length p38IP markedly increased GCN5 protein level by
more than �1.5-fold in contrast to p38IP-C, which had no
effect on GCN5 abundance although it was highly expressed.
Consistent with this result, the ubiquitination of GCN5 was
also strikingly inhibited in the presence of p38IP-N and p38IP
but not with p38IP-C (Fig. 7C). Next, we determined the
domain of GCN5 conjugated with polyubiquitin chains. The
results showed that GCN5HAT&BDwas heavily ubiquitinated,
whereas GCN5�HAT&BDwas only slightly ubiquitinated (Fig.
7D), which is consistent with a previous study (33). We further
observed that ubiquitination of GCN5HAT&BD was inhibited
effectively by p38IP-N (Fig. 7E), demonstrating that their inter-
action is required for p38IP inhibition of GCN5 ubiquitination.
Taken together, these results demonstrate that the N terminus
of p38IP maintains the stability of GCN5 via association with
GCN5 HAT&BD domain and in turn suppresses the ubiquiti-
nation of the HAT&BD domain.

P38IP Promotes GCN5 Nuclear Translocation—Next, we
explored how the interaction between p38IP and GCN5 blocks
the ubiquitination of GCN5. Cytosolic localization of
GCN5HAT&BD and nuclear localization of GCN5 and the
�HAT&BDmutant were observed (Fig. 8A). We also observed
the nuclear localization of both full-length p38IP and p38IP-N
and the cytosolic localization of p38IP-C in 293T cells (Fig. 8B).
Considering that GCN5HAT&BD was heavily ubiquitinated
and mediated association with p38IP, we presumed that p38IP
maystabilizeGCN5bypromotingGCN5nuclear translocationvia
its interaction. Therefore, we co-transfected GCN5HAT&BD
with p38IP or p38IP-N. As expected, obvious GCN5HAT&BD
nuclear translocation was detected (Fig. 8C). These results were
further confirmed by cell fractionation experiments (Fig. 8,D and
E). Next, GCN5 cellular localization after p38IP depletion was
detected. By quantification of the area-average fluorescence
intensities of GCN5 in the cytosol and nucleus, we found an
increased ratio of cytosolic to nuclear GCN5 in the absence of
p38IP (Fig. 8, F and G). (The measurement of area average fluo-
rescence intensities of GCN5 is described under “Materials and
Methods.”) To confirm this result and to avoid the degradation
of cytosolic GCN5, further cell fractionation assays were per-
formed in the presence of MG132. Consistently, p38IP deple-
tion led to increased cytosolic GCN5 and decreased nuclear
GCN5 (Fig. 8H). These results indicate that upon p38IP deple-
tion, GCN5 has a higher cytosolic localization. Taken together,
these observations suggest that p38IP may stabilize GCN5 by
retaining it in the nucleus.
Overexpression of p38IP and p38IP-N Rescues the Defects of

p38IP-depleted Cells—To confirm whether the mitotic defects
of p38IP-depleted cells directly resulted from p38IP disruption,
we transfected p38IP, p38IP-N, and p38IP-C deletion mutants
back into shp38IP cells. Indeed, overexpression of p38IP or
p38IP-Ndramatically or largely attenuated the accumulation of
cells in G2/M, respectively; however, p38IP-C did not effec-
tively rescue the abnormal G2/M accumulation of shp38IP
cells, although it showed very high expression (Fig. 9A). In

4 Bromodomain was first reported in and had its name from the Drosophila
protein brahma. It is recognized as an acetyl-lysine binding domain evolu-
tionarily conserved in many chromatin-associated proteins and nuclear
histone acetyltransferase (40).

FIGURE 6. The N terminus of p38IP mediates its association with GCN5. A, cell extracts from 293T cells transfected with the indicated constructs were
immunoprecipitated (IP) with anti-FLAG antibody followed by anti-YFP antibody immunoblotting. * indicates a nonspecific band. FL, full length; N, p38IP N
terminus; C, p38IP C terminus. B, GCN5 associated with p38IP via HAT&BD domains. 293T cells transfected with the indicated plasmids were harvested, and
lysates were immunoprecipitated with anti-FLAG antibody followed by anti-YFP antibody immunoblotting. C, schematic of interaction mapping of p38IP and
GCN5. GCN5�BD, deleted bromodomain; GCN5�HAT&BD, deleted both HAT domain and bromodomain; GCN5HAT&BD, HAT domain and bromodomain.
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shp38IP cells, re-expression of full-length p38IP markedly
recovered GCN5 protein level and significantly reversed cyclin
A/B accumulation and �-tubulin hypoacetylation; re-expres-
sion of p38IP-N could also obviously rescueGCN5 stability and
acetylation of �-tubulin, but it did not affect the abundance of
cyclinA andB as full-length p38IP did (Fig. 9B).Moreover, both
p38IP and p38IP-N could effectively reshape defective spindles
induced by p38IP depletion (Fig. 9C), and the extended vertical
distance between two centrosomes was greatly alleviated in the
presence of full-length p38IP or p38IP-N (Fig. 9D). Altogether,
our data suggest that p38IP regulates G2/M progressionmainly
through its N terminus, whichmaintains GCN5 stability and in
turn�-tubulin acetylation. Themodel of the role of p38IP in the
regulation of cell cycle G2/M progression is shown in Fig. 9E.

DISCUSSION

In this study, we have uncovered an essential role and mech-
anism of p38IP in regulating mammalian cell G2/M progres-
sion. We have demonstrated that by interacting with GCN5,
p38IP blocks the proteasome-dependent degradation ofGCN5,
likely via nuclear sequestration of GCN5, and thus stabilizes
GCN5 protein, thereby promoting the acetylation of �-tubulin,
leading to stable mitotic spindle formation and maintaining
proper G2/M progression.
In this study, knockdown of p38IP impeded cell prolifera-

tion, which was consistent with the phenotype observed in
ySpt20�/� yeast strains (34). Further evidence showed that
this impediment in cell proliferation was caused by p38IP
knockdown-induced G2/M cell cycle arrest, which appeared
to contradict previous reports that p38IP did not participate
in cell cycle regulation (20). This contradiction indeed

resulted from the different methods and criteria employed.
Our conclusion that p38IP is required for cell cycle proces-
sion is drawn from the analysis of the percentage of cells with
2N and 4N DNA content, which is a generally accepted
standard, whereas Orpinell et al. (20) determined that p38IP
was not involved in mitosis because more than two centro-
somes were not observed after p38IP depletion.
In the exploration of how p38IP affects the cell cycle, we

proved that p38IP depletion-induced degradation of GCN5 is
the key determinant. It is known that human p38IP as well as
ySpt20 is required for the integrity of the SAGA complex (13,
16); however, the detailed mechanism remains unknown. Our
work shows that p38IP stabilizes GCN5 by binding to and in
turn inhibiting the ubiquitination of GCN5 HAT domain and
bromodomain, whichmay result from p38IP blocking the asso-
ciation betweenGCN5 and its ubiquitin E3 ligase. Next, we find
that ectopic expression of p38IP increases nuclear distribution
of GCN5 HAT&BD, whereas depletion of p38IP increased the
cytosolic/nuclear GCN5 ratio, indicating a positive correlation
between GCN5 ubiquitination and cytosolic localization.
Therefore, we may propose that p38IP segregates GCN5 into
the nucleus, away from its potential cytosolic E3 ligase. A Cul-
lin4-RING E35 ubiquitin ligase complex (CRL4) containing

5 Cullin4-RING E3 ubiquitin ligase (CRL4) is a member of Cullin-RING E3
ligase family that is characterized by its enzymatic core that contains a
Cullin family member and a RING protein. The Cullin family is a family of
hydrophobic proteins providing a scaffold for E3 ubiquitin ligases, and
a RING (really interesting new gene) finger protein is a specialized type
of zinc finger protein that mediates the transfer the ubiquitin to sub-
strates (41).

FIGURE 7. The N terminus of p38IP is responsible for GCN5 stability. A and B, overexpression of p38IP and p38IP-N but not p38IP-C increased GCN5 protein
level. Cells were transfected with p38IP deletion mutants with or without FLAG-GCN5 as indicated, and Western blot analyses of exogenous GCN5 in 293T (A)
and endogenous GCN5 in HeLa (B) cells were performed using the indicated antibodies. * indicates a nonspecific band. FL, full length; N, p38IP N terminus; C,
p38IP C terminus. C, N terminus of p38IP inhibited GCN5 ubiquitination. 293T cells were transfected with YFP-p38IP, YFP-p38IP-N, and YFP-p38IP-C as indicated
and then incubated with MG132. WCL were immunoprecipitated (IP) with anti-GCN5 antibody followed by immunoblotting with ubiquitin (Ub) and GCN5
antibodies. * indicates a nonspecific band. D, GCN5HAT&BD was heavily ubiquitinated. Whole cell extracts from 293T cells co-expressing the indicated
constructs were immunoprecipitated with anti-FLAG antibody followed by immunoblotting with anti-ubiquitin and anti-FLAG antibodies. WCL were blotted
as indicated. E, p38IP-N greatly suppressed ubiquitination of FLAG-GCN5HAT&BD. WCL from 293T cells co-expressing the indicated constructs were immuno-
precipitated with anti-FLAG antibody followed by blotting with anti-ubiquitin and anti-FLAG antibodies. WCL were blotted as indicated.
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Cdt26 as the substrate recognition adaptor has been suggested
to be the E3 of GCN5 (33), yet we cannot detect the association
between Cdt2 and GCN5 in this study. It has been demon-
strated that CRL4Cdt2 degrades GCN5 in the nucleus (33); nev-
ertheless, our data suggest that the degradation of GCN5 may
occur in the cytosol, and thus, the E3 ligase responsible for

p38IP depletion-induced degradation of GCN5 could be a
ligase other than CRL4Cdt2.

Intriguingly, knockdown of p38IP or GCN5 blocked the
acetylation of �-tubulin, resulting in weak spindle formation.
This finding was consistent with a previous study indicating
that Myc-nick induced �-tubulin acetylation by recruiting
GCN5 to microtubules during muscle cell differentiation (29).
Unexpectedly, this finding seems to conflict with the conclu-
sion that the ATAC complex controls mitotic progression by

6 Cdt2 is Cdc10 (cell division control protein 10)-dependent transcript 2, the
substrate recognition subunit of the CRL4Cdt2 ubiquitin ligase.

FIGURE 8. p38IP stabilizes GCN5 by promoting GCN5 nuclear translocation. A, cellular localizations of GCN5 full-length and its truncated mutants.
The indicated constructs were overexpressed in 293T cells and visualized by staining with anti-FLAG antibody (green). DNA was stained with DAPI (blue)
(scale bar: 5 �m). B, cellular localization of YFP-p38IP and its truncated mutants in 293T cells. DNA was stained with DAPI (blue) (scale bar: 5 �m). C,
immunofluorescence of FLAG-GCN5HAT&BD (red) in 293T cells transfected with empty vector (green), p38IP (green), or p38IP-N (green). DNA was stained
with DAPI (blue) (scale bar: 5 �m). D and E, cytosolic (C) and nuclear (N) protein extracts of 293T cells co-expressing FLAG-GCN5HAT&BD together with
p38IP (D) or with p38IP-N (E) were subjected to Western blot with the indicated antibodies. C, cytosolic extract; N, nuclear extract. �-Tubulin and lamin
B were used as the cytosolic marker and nuclear marker, respectively. F and G, p38IP depletion increased GCN5 cytosolic localization. Immunofluores-
cence was performed in HeLa cells for GCN5 (red). DNA was visualized by DAPI (blue) (scale bar: 10 �m). G, quantification of the ratio of cytosolic to
nuclear GCN5 shown in F (n � 50 cells from three independent experiments, mean � S.E., ***, p � 0.001). H, cells were treated with 10 �M MG132 for 4 h,
and then cytosolic and nuclear protein extracts were prepared and subjected to immunoblotting with the indicated antibodies. C: cytosolic extract; N:
nuclear extract. �-Tubulin and lamin B were used as the cytosolic marker and nuclear marker, respectively.
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GCN5 indirectly down-regulating the acetylation of �-tubulin
(20). This contradictionmay be because the specific subunits of
SAGA or the ATAC complex can modulate GCN5 enzymatic
activity and specificity. Together, our results and those of
Orpinell et al. (20) on microtubule stability indicate that the
hyperacetylation of �-tubulin caused by ATAC complex defi-
ciency, which marked more static microtubules, might resist
the pulling and pushing forces on the spindle and thus block the
cells at theM/G1 transition. By contrast, the hypoacetylation of
�-tubulin caused by SAGA complex deficiency, which is
marked by decreased microtubule stability, might interfere
with mature mitotic spindle formation and thus arrest the cells
at the G2/M phase (35–38). The instability of microtubule pro-
teins induced by p38IP depletion may also explain why p38IP-
depleted cells have a smaller size because microtubules are

required for cell shape and unstable microtubules may not be
strong enough to support cells with a normal size.
Because�-tubulin localizes to the cytosol andGCN5primar-

ily localizes to the nucleus, how can GCN5 acetylate �-tubulin?
From our results in Fig. 8, F–H, we can see that there is a small
amount of GCN5 in the cytosol. GCN5 also constitutively asso-
ciates with �-tubulin, and the association peaked at G2/M (Fig.
5, E andG), which coincided with nuclear envelope breakdown
at the G2/M transition. This association resulted in the consti-
tutive acetylation of �-tubulin throughout the cell cycle, with
the strongest acetylation at the G2/M transition (Fig. 3G), facil-
itating not only mitotic spindle assembly but also cell shape
maintenance.
Of note, the p38IPN terminus could rescue p38IP depletion-

induced �-tubulin hypoacetylation as efficiently as full-length

FIGURE 9. Overexpression of p38IP and p38IP-N rescues the defects caused by p38IP knockdown. A, overexpression of p38IP and p38IP-N in deficient cell
lines alleviated the G2/M accumulation. YFP-p38IP, YFP-p38IP-N, YFP-p38IP-C, and YFP vector were separately transfected into shp38IP HeLa cells. Cell cycle
distribution was analyzed by propidium iodide staining and flow cytometry 24 h after transfection. Expression of transfected proteins was assessed by blotting
as indicated. (mean � S.E., n � 3, *,**, p � 0.05, ns indicates no significant difference). * indicates a nonspecific band. B, shp38IP cells were transfected with
full-length p38IP, P38IP-N or YFP vector. 24 h after transfection, cells were analyzed by Western blot with the indicated antibodies. * indicates a nonspecific
band. C, HeLa cells were co-transfected with siRNAs and YFP empty vector, YFP-p38IP, or YFP-p38IP-N as indicated. 24 h after transfection, cells were
synchronized by thymidine block and collected 10 h after release. Mitotic spindle was visualized by staining with �-tubulin (red), and DNA was stained with
DAPI (blue) (scale bar: 10 �m). D, quantification of the average vertical distance between two centrosomes in metaphase cells transfected with siRNAs and
constructs as indicated and then treated as in C (n � 15 cells, mean � S.E., ***, p � 0.001,*, p � 0.05, ns indicates no significant difference), z sections were taken
at 0.2-�m increments. The data shown are representative of three independent experiments. E, the model for the function of p38IP in the regulation of cell
cycle progression by inhibiting ubiquitination-induced degradation of GCN5.
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p38IP but could not rescue the cyclin A and B defects (Fig. 9B).
Meanwhile, knockdownor ectopic expression ofGCN5 leads to
the respective accumulation or decrease of cyclin A (Fig. 5, A
and B). These results suggest that p38IP-C terminus is required
for cooperation with GCN5 in the regulation of cyclins. Here, a
question remains. As GCN5 by rescued p38IP-N can restore
the acetylation of �-tubulin, why can it not release the accumu-
lation of cyclins thatmay result from hypoacetylation?We pro-
pose that this might be attributed to the association affinity of
GCN5 with �-tubulin or cyclin A; depletion of p38IP does not
affect �-tubulin binding to GCN5 (Fig. 5E), whereas recruit-
ment of cyclin A to GCN5 may require the p38IP C terminus.
Alternatively, the cyclin defects induced by p38IP depletion
could be caused by an independent function of the p38IP C
terminus, which is essential for association with p38 (15).
Altogether, this is the first demonstration of the essential role

of p38IP in G2/M progression and reveals the mechanism by
which p38IP maintains SAGA complex integrity by stabilizing
GCN5. The similar but distinct functions of the SAGA and
ATAC complexes in cell cycle regulation suggest the decisive
role of the specific subunits in the SAGA (such as p38IP) or
ATAC complexes and the complexity and delicacy of the
GCN5-containing complex to adapt to distinct physiological
requirements. This study sheds new light on understanding the
critical value of p38IP in the regulation of the cell cycle and the
GCN5-SAGA complex.
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