MOLECULAR AND CELLULAR BIOLOGY, Mar. 2006, p. 2175-2186
0270-7306/06/$08.00+0  doi:10.1128/MCB.26.6.2175-2186.2006

Vol. 26, No. 6

Copyright © 2006, American Society for Microbiology. All Rights Reserved.

Myosin VI Is a Mediator of the p53-Dependent Cell Survival Pathway

Eun Joo Jung, Gang Liu, Wenjing Zhou, and Xinbin Chen*
Department of Cell Biology, The University of Alabama at Birmingham, Birmingham, Alabama 35294

Received 25 April 2005/Returned for modification 31 August 2005/Accepted 27 December 2005

Myosin VI is an unconventional motor protein, and its mutation is responsible for the familiar conditions
sensorineural deafness and hypertrophic cardiomyopathy. Myosin VI is found to play a key role in the protein
trafficking and homeostasis of the Golgi complex. However, very little is known about how myosin VI is
regulated and whether myosin VI has a function in the DNA damage response. Here, we found that myosin VI
is regulated by DNA damage in a pS3-dependent manner and possesses a novel function in the p53-dependent
prosurvival pathway. Specifically, we show that myosin VI is induced by p53 and DNA damage in a p53-
dependent manner. We found that p53 directly binds to, and activates, the promoter of the myosin VI gene. We
also show that the intracellular localization of myosin VI is substantially altered by p53 and DNA damage in
a p53-dependent manner such that the pool of myosin VI in endocytic vesicles, membrane ruffles, and cytosol
migrates to the Golgi complex, perinuclear membrane, and nucleus. Furthermore, we show that knockdown of
myosin VI attenuates activation of pS3 and impairs Golgi complex integrity, which makes myosin VI-deficient
cells susceptible to apoptosis upon DNA damage. Taken together, we found a novel function for p53 in the

maintenance of Golgi complex integrity and for myosin VI in the p53-dependent prosurvival pathway.

p53, a tumor suppressor protein, exerts its tumor suppres-
sion by regulating a plethora of p53 target genes (22). Based on
their biological functions, these target genes can be classified
into the following categories based on their products: cell cycle
arrest, such as p21; apoptosis, such as Bax and Fas; DNA
repair, such as XPB and DDB2; and antiangiogenesis and
antimetastasis, such as VEGF and maspin. Induction of these
genes is necessary for the host to repair or eliminate damaged
cells and to prevent cellular transformation during exposure to
genotoxic stresses (14, 22, 28, 43). Interestingly, recent evi-
dence also indicates that p53 up-regulates a group of target
genes that are prosurvival, such as those coding for DDRI,
COX2, and HB-EGF (16, 20, 34). Presumably, induction of
these prosurvival genes is necessary for the tissue homeostasis
once the stress signals are subsided (22).

Myosins are the primary motor protein that use the energy
derived from ATP to move cargos along actin filaments (11, 18,
23). Myosin VI, a member of the myosin superfamily, is an
unconventional actin-based motor protein. One of the unique
features of myosin VI is that myosin VI moves toward the
minus end of actin filaments and therefore moves away from
the plasma membrane into the cell and away from the surface
of internal organelles such as the Golgi complex (11, 18, 23).
Due to its localization in endocytic vesicles, membrane ruffles,
cytosol, the Golgi complex, and perinuclear membrane, the
motor activity of myosin VI is required for several physiolog-
ical functions of the cell, such as protein secretion (9, 44),
endocytosis (2, 3, 8, 10, 44), cell migration (19), spindle orien-
tation (37), and spermatogenesis (24, 27).

In addition to its motor function, myosin VI is found to play
a role in the maintenance of integrity of cellular organelles.
For example, as part of the Golgi complex, myosin VI is nec-
essary for the proper maintenance of Golgi complex morphol-
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ogy such that loss of myosin VI leads to a reduction of up to
40% of the organelle (44). Myosin VI is also found to be
necessary for the maintenance of the normal stereocilial struc-
ture of the inner ear hair cell. Loss of myosin VI leads to the
fusion of stereocilia and subsequently results in loss of hearing
observed in humans and the Snell’s waltzer mouse deficient in
the myosin VI gene (1, 4, 31, 39). Furthermore, myosin VI-
deficient mice exhibit a decrease in synapse number, abnor-
mally short dendritic spines, and profound astrogliosis in hip-
pocampus (35).

Although myosin VI is expressed in several organelles with
distinct physiological functions, as outlined above, very little is
known about how myosin VI is regulated within the cell and
whether myosin VI has a function in the DNA damage response
(11). Alternative splicing of the myosin VI gene produces four
myosin VI isoforms (8), some of which have targeted expression
in various organelles of the cell. Phosphorylation of myosin VI has
also been shown to regulate its cellular localization (9, 32), but the
responsible kinase(s) has not been characterized. In this report,
we show that p53 regulates myosin VI in two major pathways:
transactivation of myosin VI gene expression and intracellular
localization of myosin VI protein such that the pool of myosin VI
in the endocytic vesicles, membrane ruffles, and cytosol migrates
to the Golgi complex, perinuclear membrane, and nucleus. Fur-
thermore, we found a novel function for myosin VI in the p53-
dependent prosurvival pathway and for p53 in the maintenance of
Golgi complex integrity.

MATERIALS AND METHODS

Cell culture. Tetracycline-inducible H1299 cell lines that express wild-type
p53, p53(AAD1), p53(APRD), p53(ABD), p53(AD17), or p53(R249S) were
cultured as previously reported (49). Dually inducible H1299 cell lines that
express wild-type p53 under the ecdysone-inducible system and mutant
p53(R273H) under the tetracycline-inducible system or that express wild-type
p53 under the ecdysone-inducible system and wild-type p738 under the tetracy-
cline-inducible system, were cultured as previously reported (45, 46, 49). RKO,
LS174T, and HeLa cells were purchased from the American Type Culture
Collection and cultured as instructed.
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siRNA knockdown of myosin VI. To generate a cell line in which myosin VI is
stably knocked down, a U6 promoter-based small interfering RNA (siRNA) expres-
sion vector, pBabe-U6, was used (29). The following oligonucleotides were used:
forward primer, 5'-tagaggtcccGATATTAGAGAAAAACTTC CttcaagagaGAAG
TTTTTCTCTAATATCttttg-3'; and reverse primer, 5'-gatccaaaaaGATATTAG
AGAAAAACTT CtetcttgaaGAAGTTTTTCTCTAATATCggace-3'. Upon anneal-
ing, DNA oligonucleotides were cloned into Xhol and BamHI sites. The resulting
construct, designated pBabe-U6-myo6, was transfected into RKO cells, and siRNA
expression cell lines were selected with 0.6 pg/ml of puromycin. Western blot anal-
ysis was used to measure the level of myosin VI in RKO cells. To generate inducible
myosin VI-knockdown cell lines, an H1 promoter-based tetracycline-inducible
siRNA expression vector, pBabe-H1, was used (41). The following oligonucleotides
were used: forward, 5'-gatccccGATATTAGAGAAAAACTTCttcaagagaGAAG
TTTTTCTCTAATATCtttttggaaa-3'; and reverse, 5'-agcttttccaaaaaGATATTA
GAGAAAAACTTCtetcttgaaGAAGTTTTTCTCTAATATCggg-3'. Upon anneal-
ing, DNA oligonucleotides were cloned into BglIT and HindIIT sites. The resulting
construct, designated pBabe-H1-myo6, was transfected into RKO cells in which a
tetracycline repressor is expressed by pcDNAG6. siRNA-expressing RKO cell lines
were selected with 0.6 pg/ml of puromycin. Western blot analysis was used to
measure the level of myosin VI in RKO cells with or without tetracycline.

Northern blot analysis. Northern blots were prepared by using 10 pg of total
RNA isolated from cells induced to express p53 or treated with the DNA-
damaging agent camptothecin. The myosin VI probe was prepared with a cDNA
fragment of the myosin VI gene isolated from H1299 cells. The p21 and GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) probes were prepared as previ-
ously described (48).

Western blot analysis. Whole cells were harvested by scrapping and extracted
with 2X sodium dodecyl sulfate sample buffer. Proteins were separated by 7.5%
or 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred
to a nitrocellulose membrane, and probed with indicated antibodies followed by
ECL enhanced chemiluminescence detection. The following antibodies were
used in this study: anti-myosin VI (KA-15; Sigma), anti-p53 (FL-393 and
Pab1801; Santa Cruz), anti-p21 (C-19; Santa Cruz), anti-Mdm2 (Ab-2 and SMP-
14; Oncogene), anti-Fas (FL-335; Santa Cruz), anti-14-3-30 (Ab-1; Oncogene),
anti-Bax (Ab-2 from Oncogene and P-19 from Santa Cruz), anti-phospho-histone
H2AX (Upstate), antiactin (Sigma), antihemagglutinin (anti-HA) (Berkeley An-
tibody Company), anti-GM130 (Transduction Laboratories), anti-TGN p230
(Transduction Laboratories), anti-PARP (Pharmingen), anti-caspase 8 (Bio-
Source), and anti-cyclin B1 (H-433; Santa Cruz). Anti-GBF and anti-p115 were
provided by E. Sztul’s laboratory (The University of Alabama at Birmingham).

Luciferase assay. A 795-bp DNA fragment containing the myosin VI promoter
was PCR amplified using genomic DNAs from MCF7 cells with the forward
primer 5'-TGAGGGTACCGGGGCTCTAAATAAAGT-3" and the reverse
primer 5'-AATTAAGCTTGCGGTGAGAAGTGATGAGGG-3'. The PCR
product, Myo6-766, was cloned into pGEM-T-Easy vector and confirmed by
DNA sequencing. After digesting with Kpnl and HindIII, Myo6-766 was
cloned into pGL2-Basic vector. The resulting luciferase reporter was desig-
nated as pGL2-Myo6-766. Using pGL2-Myo06-766 as a template, several mu-
tated constructs were generated by PCR using the above reverse primer and
one of the following forward primers: Myo6-571 (5'-GGTACCAACCGCCAC
GCAGCCTCG-3'), Myo6-371 (5'-GGTACCAAAGAGGCCGTT-3"), Myoo6-
mut 371 (5'-GGTACCAAAGAGGCCGTTTCGCCATGGGAAGAAAAA
TAACTTCCGGATT-3"), Myo6-del-348 (5'-GGTACCAAAGAGGCCGTT
TCGCCATGGGAAAGGGGCAGCCCCCCTCTGCGCTGCAGG-3"), Myo6-
321 (5'-GGTACCGGCAGCCCCCCTCT-3"), Myo6-171 (5'-GGTACCCCC
GCCCCTTCG-3"), and Myo6-71 (5'-GGTACCCGAGCAGGAAGCCAG-3").
To generate various internal deletions in the GC-rich region, deletion constructs
were generated by PCR using the above forward primer and a primer that spans
the deleted region as indicated. These PCR products were confirmed and then
cloned into pGL2-Basic vector. To measure whether the myosin VI promoter is
responsive to p53, 0.5 pg of pGL2-Myo6-766 or one of its derivatives was
cotransfected with 2 ug of pcDNA3 control vector or a vector expressing wild-
type p53 or mutant p53(R249S) into p53-null H1299 cells by the calcium phos-
phate method. Twenty nanograms of pRL-CMYV was also cotransfected as an
internal control. A dual-luciferase assay was performed 24 h after transfection as
instructed (Promega).

ChIP assay. The chromatin immunoprecipitation (ChIP) assay was per-
formed as previously described (29). The fragment containing the p53-re-
sponsive element in the myosin VI promoter was detected with a forward
primer (5'-Myo6, 5'-GCAAAAGAGGCCGTTTCGCCATGGG-3') and a re-
verse primer (3'-Myo6, 5'-GTCACGGCTACGGAGGCCCGAAGG-3"). The
fragment containing the p53-responsive element in the p21 promoter was de-
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FIG. 1. Myosin VI is a novel target gene of p53. (A) Myosin VI is
induced by p53 in a time-dependent manner. (B) Induction of myosin
VI by wild-type and various mutated forms of p53. (C) Myosin VI is
induced by DNA damage in a p53-dependent manner. RKO and
LS174T were either untreated (—) or treated (+) with 300 nM camp-
tothecin for 24 h. Northern blots were probed with **P-labeled cDNA
for myosin VI, p21, and/or GAPDH.

tected with a forward primer (5'-p21, 5'-CAGGCTGTGGCTCTGATTGG-3")
and a reverse primer (3'-p21, 5'-TTCAGAGTAACAGGCTAAGG-3).

Immunofluorescence microscopy. Cells were grown on four-well chamber slides
and treated as indicated. After being washed with phosphate-buffered saline, cells
were fixed with 3% formaldehyde for 45 min, permeabilized with 0.5% Triton X-100
for 5 min, blocked with 1% bovine serum albumin for 1 h, and then incubated with
primary antibody/antibodies for 1 to 2 h followed by incubation with fluorescein
isothiocyanate (FITC)-, Texas red-, and/or Cy3-conjugated secondary antibodies
(Jackson ImmunoResearch and Molecular Probes). Cells were also stained with
4',6'-diamidino-2-phenylindole (DAPI) (Sigma) to visualize nuclei and then
mounted with a solution containing 0.1% of purified protein derivative (Sigma) and
80% glycerol in phosphate-buffered saline. Intracellular localization of proteins was
analyzed by immunofluorescence microscopy.

DNA histogram analysis. Various cells were seeded at 2 X 10° per 90-mm plate
and then uninduced or induced to express various proteins for 36 h or myosin VI
siRNA for 3 days followed by treatment with 1 pg/ml of doxorubicin for 16 h. Both
floating cells in the medium and live cells on the plates were collected, and DNA
histogram analysis was performed as described previously (12).

RESULTS

The myosin VI gene is a novel p53 target gene. Upon expo-
sure to various extrinsic and intrinsic stresses, p53 is activated
in cells (21, 28, 43), which then regulates an array of target
genes that mediate the function of p53 as a tumor suppressor
(14, 22). To identify novel p53 target genes, we performed a
cDNA subtraction assay and found many known target genes
induced by p53, such as those coding for p21, MDM2, and
PIG3. We also found the gene coding for myosin VI, a poten-
tial target gene induced by p53. To confirm the cDNA sub-
traction assay, Northern blot analysis was performed. We
showed that myosin VI was highly induced by p53 in a time-
dependent manner (Fig. 1A, upper panel). As a control, the
expression of p21 was examined and found to be induced by
p53 (Fig. 1A, bottom panel). We also examined the induction
of myosin VI by several p53 mutants (Fig. 1B). As expected,
p53(R249S), a tumor-derived mutant, was incapable of induc-
ing myosin VI and p21 (Fig. 1B, compare lanes 11 and 12,
upper and lower panels). In addition, p5S3(AD17), a double-
point mutant at codons 22 and 23 that inactivates the first
activation domain in p53, was also unable to induce myosin VI
(Fig. 1B). In contrast, myosin VI was weakly induced by
p53(AAD1), which lacks the first activation domain in residues
1 to 42, pS3(APRD), which lacks the proline-rich domain in
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residues 62 to 91, and p53(ABD), which lacks the C-terminal
basic domain in residues 364 to 393 (Fig. 1B). These data are
consistent with a previous report that these p5S3 mutants have
a reduced transcriptional activity (49).

DNA damage stabilizes and activates p53, leading to induc-
tion of p53 target genes (14, 22). If myosin VI is a true p53
target, it would be induced by DNA damage in cells that
contain an endogenous wild-type p53 gene. To this end, we
tested two cell lines untreated or treated with camptothecin, an
inhibitor of topoisomerase 1 which can induce double-strand
breaks (33). We found that myosin VI was induced in camp-
tothecin-treated RKO and LS174T cells (Fig. 1C, lanes 1 to 4).
These cell lines contain wild-type p53. As a positive control,
the expression of p21 was measured and found to be induced
as expected (Fig. 1C, p21 panel).

Next, we determined whether an increase in myosin VI tran-
scripts correlates with an increase in myosin VI protein. En-
dogenous wild-type p53 was activated in RKO cells by treat-
ment with doxorubicin or camptothecin. RKO-p53-KD, an
RKO derivative in which endogenous p53 is silenced by RNA
interference (RNAi), was similarly treated with doxorubicin or
camptothecin. As expected, p53 was stabilized and p21 was
concomitantly induced upon treatment with doxorubicin or
camptothecin in RKO but not RKO-p53-KD cells (Fig. 2A,
p53 and p2l panels). Similarly, we found that the level of
myosin VI was increased in RKO cells by treatment with either
doxorubicin or camptothecin (Fig. 2A). However, the level of
myosin VI was not significantly increased in RKO-p53-KD
cells upon DNA damage (Fig. 2A, myosin VI panel). We also
determined the induction of myosin VI in RKO cells when
treated with doxorubicin for various times. We found that like
p21, myosin VI was induced in RKO cells by DNA damage in
a time-dependent manner (Fig. 2B).

Since myosin VI is known to be localized in the Golgi com-
plex, we wanted to determine whether other Golgi proteins are
regulated by p53. To test this, the induction of myosin VI and
other Golgi proteins, including GBF, GM130, and p115, was
assayed in RKO, LS174T, and HeLa cells upon treatment with
doxorubicin. As shown in Fig. 2C, the level of phosphorylated
histone H2AX (y-H2AX) in all three cell lines was increased
upon treatment with doxorubicin in a dose-dependent manner,
indicating that double-strand DNA breaks were generated
(17). As expected, the level of p53 was increased in wild-type
pS3-containing RKO and LS174T cells, but not in p53-null-like
HelLa cells (Fig. 2C, p53 panel). We also showed that as a p53
target gene, the myosin VI, p21, Hdm2, Fas, and 14-3-3c genes
were induced by activated p53 in RKO and LS174T cells, but
not in HeLa cells (Fig. 2C). However, unlike myosin VI, GBF,
GM130, and pl15 were not increased by activated p53 (Fig.
2C). Taken together, we showed that myosin VI, a novel p53
target, is specifically up-regulated by DNA damage in a p53-
dependent manner.

If myosin VI is transcriptionally regulated by p53, one or
more p53 responsive elements should exist in the myosin VI
gene (14, 22). To test this, we analyzed the genomic locus
containing myosin VI and found one potential p53 binding site
(GAACAAGAACtccCGGCTTGTCC) (Fig. 3A, box A) and a
stretch of GC-rich region (Fig. 3A, box B) located within the
promoter of the myosin VI gene between nucleotides (nt)
—347 and —71, with +1 as the putative transcription start site.
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FIG. 2. Level of myosin VI, but not GBF, GM130 and pl15, is
increased by DNA damage in a p53-dependent manner. (A) The
induction of myosin VI by DNA damage is dependent on p53. RKO
and RKO-p53-KD were untreated (—) or treated with dimethyl sulf-
oxide (DMSO), 0.2 pg/ml of doxorubicin (DOX), or 200 nM campto-
thecin (CPT). (B) The level of myosin VI protein is increased by DNA
damage in a time-dependent manner. RKO cells were untreated (—)
or treated with 0.2 pg/ml of DMSO, 0.2 pg/ml of doxorubicin, or 100
nM camptothecin for 12, 24, and 48 h. (C) The level of myosin VI, but
not other Golgi proteins, is increased by DNA damage in a p53-
dependent manner. RKO, LS174T, and HeLa cells were treated with
0, 0.1, 0.3, or 0.5 pg/ml of doxorubicin. Whole-cell extracts were ana-
lyzed by Western blotting with antibodies as indicated. Actin was
analyzed as a loading control.
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The potential p53 binding site contains three mismatches in the
noncritical positions of the consensus p53-binding site (15).
The GC-rich region is also shown to be recognized by p53 (5).
To determine whether p53 transactivates myosin VI via the
potential p53 binding site or the GC-rich region, a 795-bp
DNA fragment, which contains both putative p53-responsive
elements, was cloned into the promoterless luciferase reporter
vector, pGL2. The resulting vector was designated Myo6-766
(Fig. 3A). We also generated several deletion or point mutants
of the myosin VI promoter (Fig. 3A). Each of these luciferase
reporters was cotransfected into H1299 cells with either a
pcDNA3 control vector or a vector that expresses wild-type or
mutant p53. We found that the luciferase activity for Myo6-766
was markedly increased by wild-type p53, but not by mutant
p53(R249S) (Fig. 3B). Interestingly, deletion or mutation of
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FIG. 3. Myosin VI is a direct target of the p53 transcription factor. (A) Schematic presentation of the human myosin VI gene locus and
luciferase (Luc) reporter constructs. Box A represents a potential p53-binding site from nt —347 to —325, whereas box B is a GC-rich region from
nt —171 to —72. (B) The GC-rich region in the myosin VI promoter is responsive to wild-type (wt) p53, but not mutant (mut) p53. The luciferase
assay was performed as described in Materials and Methods. con, control. (C) Schematic presentation of 11 additional myosin VI promoter/



VoL. 26, 2006

the potential p53 binding site had no effect on the transacti-
vation of the myosin VI promoter by p53 (Fig. 3A and B). In
contrast, the GC-rich region located between nt —171 and —71
was required since p53 was unable to increase the luciferase
activity for myo6-71 reporter (Fig. 3A and B). To demonstrate
the requirement of the GC-rich region for p53 induction of
myosin VI, we generated 11 additional promoter constructs
that still contain box A but lack a part of or the entire GC-rich
region (Fig. 3C). We found that the 3’ half of the GC-rich
region was required for the response of the myosin VI pro-
moter to p53 as the promoter with deletion of nt —120 to —71
was inert to pS3 (Fig. 3D). Upon further dissection of the 3’
half of the GC-rich region, we found that nucleotides from
—80 to —71 (GGGATCTGTC) were required for the pro-
moter activity, whereas nucleotides from —120 to —110 (GAC
TCGGCGG) were partially necessary (Fig. 3E). Nevertheless,
both of the half-sites conform somewhat to the consensus
sequence as determined by the pS3MH algorithm (25).

To determine whether wild-type p53 induces myosin VI by
directly binding to the myosin VI promoter, we performed a
ChIP assay with a pair of primers that amplify the GC-rich
region (Fig. 3F). As a positive control, the interaction of p53
with the responsive element 1 (pS3RE-1) in the p21 promoter
was determined (Fig. 3G). The p53-DNA complexes were im-
munoprecipitated with anti-p53 antibody. We found that the
captured DNA fragment with the GC-rich region was mark-
edly increased upon inducible expression of p53 (Fig. 3H and
I, compare lanes 3 and 4). Similarly, p53 bound to the respon-
sive element 1 (pS3RE-1) in the p21 promoter (Fig. 3H, com-
pare lanes 1 and 2). As a negative control, no DNA fragment
was enriched by the control antibody Pab419 (Fig. 31, compare
lanes 5 and 6). In addition, mutant p53(R249S) was incapable
of binding to the GC-rich region in the myosin VI promoter
(Fig. 31, lanes 7 to 12).

The intracellular localization of myosin VI is altered by
wild-type p53, but not mutant p53 or wild-type p73p. The
intracellular localization dictates the function of myosin VI in
the homeostasis of the Golgi complex, intracellular protein
trafficking, endocytosis, and cell migration (11, 18, 23). In or-
der to determine what role myosin VI plays in the p53 pathway,
we examined the cellular localization of myosin VI in the
presence or absence of p53. To test this, two previously char-
acterized H1299-derived cell lines, H24-208 and H24-112, were
used (45, 46). H1299 is a p53-null and non-small-cell lung
carcinoma cell line. H24-208 is a dually inducible cell line,
which expresses Flag-tagged wild-type p53 by the ecdysone-
inducible system and HA-tagged mutant pS3(R273H) by the
tetracycline-inducible system (45). H24-112 is also a dually
inducible cell line, which expresses HA-tagged wild-type p53 by
the ecdysone-inducible system and HA-tagged wild-type p73
by the tetracycline-inducible system (46). First, we checked the
inducibility of various proteins upon induction. In H24-208
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cells, Flag-tagged wild-type p53 was expressed upon treatment
with the ecdysone analog ponasterone A; HA-tagged mutant
p53 was expressed upon withdrawal of tetracycline; and both
proteins were expressed upon treatment with ponasterone and
withdrawal of tetracycline (Fig. 4A, the top panel). In H24-112
cells, HA-tagged wild-type p53 was expressed upon treatment
with ponasterone, HA-tagged wild-type p738 was expressed
upon withdrawal of tetracycline, and both proteins were ex-
pressed upon treatment with ponasterone and withdrawal of
tetracycline (Fig. 4B, the top panel). Second, we examined the
activity of p53 and p73 to induce myosin VI expression. In
H24-208 cells, myosin VI and p21 were induced by wild-type,
but not mutant, p53, as expected (Fig. 4A, myosin VI and p21
panels). In addition, we showed that as a dominant-negative
mutant, p5S3(R273H) inhibited the induction of p21 and myo-
sin VI by wild-type p53 (Fig. 4A, myosin VI and p21 panels).
The level of GBF, a Golgi protein, was not affected by both
wild-type and mutant p53 (Fig. 4A, GBF panel). In H24-112
cells, p21 was induced by both wild-type p53 and p73p (Fig. 4B,
p21 panel). Interestingly, myosin VI was induced by wild-type
p53, but not wild-type p73B (Fig. 4B, myosin VI panel). This is
not entirely surprising since p53 and p73 are known to regulate
both common and distinct target genes (22). The level of p115,
a Golgi protein, was not affected by both wild-type p53 and
p73B (Fig. 4B, pl115 panel).

Next, the intracellular localization of myosin VI was exam-
ined in these cells upon expression of wild-type p53, mutant
p53(R273H), and/or wild-type p73B. In H24-208 cells, both
wild-type and mutant p53 were detected in the nucleus upon
induction (Fig. 4C, p53 column). We also found that in gen-
eral, the intensity of myosin VI staining was much stronger in
the presence of wild-type p53 than that in the absence of p53
or in the presence of mutant p53(R273H) (data not shown).
This is consistent with the above data that myosin VI is induced
by wild-type p53. Interestingly, we found that the myosin VI
localization was markedly altered in the presence of wild-type
p53 such that the pool of myosin VI in the intracellular vesi-
cles, membrane ruffles, and cytosol migrates to the Golgi com-
plex, perinuclear membrane, and nucleus (Fig. 4C, wild-type
p53 panel). In contrast, mutant p53(R273H) had no effect (Fig.
4C, mutant p53 panel). In addition, the effect of wild-type p53
on myosin VI localization was attenuated by mutant p53 (Fig.
4C, wild-type p53 and mutant p53 panel). In H24-112 cells, we
also found that the myosin VI localization was similarly altered
by wild-type p53, whereas p73B had no effect (Fig. 4D). When
both wild-type p53 and p73 were expressed, wild-type p53 was
still capable of altering the localization of myosin VI (Fig. 4D).
To make certain that myosin VI is located in the frans-Golgi,
we examined the colocalization of myosin VI and TGN p230,
a well-defined trans-Golgi marker (6). As shown in Fig. 4E,
myosin VI was colocalized with TGN p230 and the level of
myosin VI in trans-Golgi was markedly increased by p53, but

reporter constructs with deletion in the GC-rich region. (D and E) The GC-rich region is required for p53 transactivation of the myosin VI
promoter. (F and G) Schematic representation of the myosin VI and p21 promoters with the locations of the transcription start site, p53-responsive
elements, and primers used for ChIP assays. (H) p53 binds directly to the myosin VI promoter. The ChIP assay was performed as described in
Materials and Methods. (I) Wild-type p53, but not mutant p53(R249S), binds directly to the myosin VI promoter. a-p53 and a-419, anti-p53 and

anti-419 antibodies, respectively.
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not p73B. To rule out the possibility that the effect of pS3 on
myosin VI is an indirect outcome of cell cycle arrest by p53, we
examined the cell cycle profile in the presence of p53, p73, or
both. We found that under the same condition, p73 had an
effect on the cell cycle similar to that of p53 (Fig. 4F) and yet
did not affect myosin VI relocalization (Fig. 4D to E).

To examine whether endogenous p53, when activated upon
DNA damage, is capable of altering the intracellular localiza-
tion of myosin VI, both parental RKO cells (Fig. 5A) and
RKO-p53-KD cells in which endogenous p53 is knocked down
by siRNA (Fig. 5B) were mock treated or treated with doxo-
rubicin. These cells were then stained with anti-p53, anti-my-
osin VI, and DAPI. We found that p53 was accumulated upon
DNA damage in parental RKO but not RKO-p53-KD cells
(Fig. 5A and B, p53 column). Furthermore, like that in the
H1299 cells (Fig. 4C and D), myosin VI localization was al-
tered by DNA damage in parental RKO cells (Fig. 5A, myosin
VI column), but not in RKO-p53-KD cells (Fig. 5B, myosin VI
column), demonstrating that the DNA damage-induced alter-
ation of myosin VI localization is p53 dependent. To make
certain that some fraction of myosin VI is located in the trans-
Golgi, we examined the colocalization of myosin VI and frans-
Golgi TGN p230. As shown in Fig. 5C, myosin VI was colo-
calized with TGN p230 and the level of myosin VI in the
trans-Golgi was markedly increased in RKO cells upon treat-
ment with nutlin and camptothecin. Nutlin is a small molecular
inhibitor of Mdm?2 that binds to Mdm2, blocks the interaction
of p53 with Mdm2, and leads to p53 activation without causing
other cellular stresses (40, 42). Therefore, the enhanced ex-
pression and accumulation of myosin VI in the trans-Golgi by
Nutlin reconfirmed the notion that p53 directly induces myosin
VI expression and alters its subcellular localization.

To further confirm that myosin VI nuclear localization is
increased by p53, whole-cell extracts and nuclear extracts were
prepared from H1299 cells, which were uninduced or induced
to express pS3. We showed that upon induction of p53, myosin
VI, but not GM130, a Golgi marker (6), was markedly in-
creased (Fig. 6), consistent with the above data (Fig. 4A and
B). In addition, we showed that the nuclear fraction of myosin
VI was also substantially increased (Fig. 6). We would like to
mention that only a minute fraction of GM130 was detected in
the nuclear extracts, suggesting that the level of myosin VI in
the nuclear extracts reflects the extent of the nuclear localiza-
tion of myosin VI.

Myosin VI knockdown attenuates the activation of p53 and
inhibits myosin VI-mediated maintenance of Golgi complex
integrity. To determine the role of myosin VI in the p53 path-
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way, we generated stable RKO cell lines in which endogenous
myosin VI is silenced by siRNA. Interestingly, we observed
that upon DNA damage, the accumulation of p53 and induc-
tion of p21 were impaired in an RKO cell line in which en-
dogenous myosin VI is >80% knocked down compared to the
parental RKO cell line or an RKO cell line in which myosin VI
is only partially knocked down (data not shown). To further
test this, we generated RKO cell lines in which myosin VI is
inducibly knocked down by siRNA using the tetracycline-in-
ducible system. One representative cell line, RKO-myo6-KD-
87, was chosen for further characterization (Fig. 7A). Upon
induction of myosin VI siRNA, the level of myosin VI was
markedly reduced (Fig. 7A, compare lanes 1 and 2). To deter-
mine the effect of myosin VI on p53 activation, RKO cells were
treated with doxorubicin for 0.5, 2, or 4 h with or without
myosin VI knockdown. We found that phosphorylated histone
H2AX (y-H2AX) was increased in a time-dependent manner,
indicating that double-strand DNA breaks were generated
upon treatment with doxorubicin. Again, we found that the
accumulation of p53 upon DNA damage was attenuated in
RKO cells with myosin VI knockdown (Fig. 7A, compare lanes
3 with 4, 7 with 8, and 11 with 12). It should be noted that in
RKO cells, a short-term exposure to doxorubicin (within 4 h)
did not lead to an increase of myosin VI (Fig. 7A, compare
lanes 1 with 3, 5 with 7, and 9 with 11), whereas long-term
exposure (12 h or longer) did lead to a marked increase (Fig.
2B, compare lanes 1, 3, and 5 with 2, 4, and 6, respectively).
In the experiments above, we showed that in addition to the
enhanced expression of myosin VI, p53 also alters the intra-
cellular localization of myosin VI (Fig. 4C and D, above).
Thus, we wanted to examine the intracellular localization of
myosin VI in RKO-myo6-KD-87 cells (Fig. 7B). We found that
myosin VI was distributed normally in the Golgi complex,
intracellular vesicles, membrane ruffles and cytosol under the
control condition (Fig. 7B, the top panel), which is similar to
that in the parental RKO cells (Fig. 5A). Upon treatment with
doxorubicin, p53 was accumulated in nucleus and the level of
myosin VI increased. In addition, the concentration of myosin
VI in the Golgi complex and nucleus was detectably increased
(Fig. 7B, second panel). Upon myosin VI knockdown, the
myosin VI signal in the intracellular organelles, including the
Golgi complex, was substantially reduced (Fig. 7B, third
panel). When RKO cells were subjected to both myosin VI
knockdown and treatment with doxorubicin, we found that p53
was still accumulated in the nucleus, albeit more weakly than
that in RKO cells without myosin VI knockdown (Fig. 7B, p53
column, compare the second panel with the bottom panel). We

FIG. 4. Intracellular localization of myosin VI is altered by wild-type p53, but not mutant p53 or wild-type p73B. (A) Myosin VI is induced by
wild-type (wt) p53, but not mutant (mut) p5S3(R273H). H24-208 cells were uninduced (control), induced to express wild-type p53, induced to
express mutant pS3(R273H), or induced to express both for 48 h. The expression level of wild-type p53, mutant p53, myosin VI, p21, and GBF
was quantified by Western blot analysis. Actin was analyzed as a loading control. (B) Myosin VI is induced by wild-type p53, but not wild-type p73p.
H24-112 cells were uninduced (control), induced to express wild-type p73B, induced to express wild-type p53, or induced to express both for 48 h.
The expression level of p73B, p53, myosin VI, p21, and p115 was quantified by Western blot analysis. (C) The intracellular localization of myosin
VI is altered by wild-type p53, which is inhibited by mutant p53(R273H). Immunofluorescence staining was performed as described in Materials
and Methods. p53 was stained green, whereas myosin VI was stained red. Nuclei were stained blue. con, control. (D) The intracellular localization
of myosin V1 is altered by wild-type p53, but not wild-type p73p3. (E) Colocalization of myosin VI with trans-Golgi marker TGN p230. (F) Cell cycle
arrest is not sufficient to alter cellular localization of myosin VI. H1299 cells were uninduced or induced to express p53, p73p3, or both. The cell
cycle profile was determined by DNA histogram analysis 36 h following induction of p53, p73, or both.
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FIG. 6. Nuclear localization of myosin VI is increased by p53.
Whole-cell extracts (WCE) or nuclear extracts (NE) were prepared
from H1299 cells uninduced or induced to express p53. The level of
myosin VI, cis-Golgi marker GM130, p53, and actin was quantified by
Western blot analysis.

also found that the intensity of myosin VI staining was mark-
edly reduced as expected (Fig. 7B, bottom panel). However, we
found that the accumulation of the intracellular myosin VI in
the Golgi complex and nucleus following doxorubicin treat-
ment was markedly reduced in myosin VI-knockdown RKO
cells (Fig. 7B, compare the second panel with the bottom
panel).

To determine whether the decreased accumulation of myo-
sin VI in the Golgi complex has any effect on the integrity of
the organelle upon DNA damage, we analyzed the expression
of TGN p230, a trans-Golgi protein (6). We showed that under
the control condition, myosin VI was colocalized with TGN
p230 in the Golgi complex, although the majority of myosin VI
was expressed in the perinuclear membrane and cytosol (Fig.
7C, the top panel). When cells were treated with doxorubicin,
the level of myosin VI was substantially increased as expected
and myosin VI was still colocalized with TGN p230 in the
Golgi complex (Fig. 7C, second panel). When cells were in-
duced to knock down myosin VI, the level of myosin VI was
substantially reduced, as expected (Fig. 7C, third panel). Sim-
ilarly, when cells were induced to knock down myosin VI and
treated with doxorubicin, the level of myosin VI was slightly
increased due to stabilized p53 (Fig. 7C, bottom panel), but
was still lower than that in RKO cells without myosin VI
knockdown (Fig. 7C, myosin VI column, compare the second
panel with the bottom panel). Most importantly, we found that
the colocalization of myosin VI with TGN p230 in the Golgi
complex was markedly reduced when myosin VI was knocked
down (Fig. 7C, compare the top two panels with the bottom
two panels). Furthermore, upon knockdown of myosin VI
and/or DNA damage, the integrity of the Golgi complex was
altered since the pattern of TGN p230 staining was scattered
(Fig. 7C).

Previous studies have shown that when the integrity of the
Golgi complex is compromised by cleavage of a Golgi protein,
the cell becomes prone to stress-induced apoptosis (13). Thus,
we reasoned that upon DNA damage, p53 is activated, which
then regulates myosin VI to protect the integrity of the Golgi
complex for cell survival. To test this, we examined the extent
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of cell death in two RKO cell lines in which myosin VI is
inducibly knocked down. We showed that myosin VI knock-
down alone did not induce apoptosis in Myo6-KD-87 RKO
cells (Fig. 8A, compare myosin VI-KD with the control). Upon
treatment with doxorubicin, approximately 43% of RKO cells
underwent apoptosis (Fig. 8A, doxorubicin panel). Interest-
ingly, we found that the susceptibility to undergo DNA dam-
age-induced apoptosis was significantly increased in RKO cells
upon myosin VI knockdown (Fig. 8A, compare doxorubicin
panel with doxorubicin plus myosin VI-KD). Similar results
were detected in another myosin VI-knockdown RKO cell line,
Myo06-KD-3 (data not shown). We also analyzed the apoptotic
response of RKO cells to nutlin, an inhibitor of Mdm2. We
found that upon myosin VI knockdown, the nutlin-induced
apoptosis was substantially increased in RKO cells.

To determine the mechanism by whether myosin VI knock-
down predisposes a cell to DNA damage-induced apoptosis,
we examined the cleavage of caspase 8 and PARP. Cleavage of
caspase leads to caspase activation, whereas PARP is an es-
sential enzyme for cell survival and its cleavage by caspase is a
hallmark of apoptosis (26). We found that both caspase 8 and
PARP were cleaved in RKO cells upon treatment with doxo-
rubicin (Fig. 8B, caspase 8 and PARP panels, lanes 3 and 7).
However, the extent of caspase 8 and PARP cleavage was
increased in myosin VI-knockdown RKO cells (Fig. 8B,
caspase 8 and PARP panels, compare lanes 3 with 4 and 7 with
8). We also examined the level of p21 and determined whether
the weakened accumulation of p53 in myosin VI-knockdown
cells leads to weak induction of p21. We found that the level of
p21 was markedly lower in RKO cells with myosin VI knock-
down than that without myosin VI knockdown (Fig. 8C, p21
panel, compare lanes 3 with 4 and 7 with 8).

To further determine the underlying mechanism by which
lack of myosin VI alters the prosurvival function of the p53
pathway, we examined the ATM-p53 pathway and Fas, which
is known to be stored in the Golgi complex and is an effector
of p53-dependent apoptosis (7, 36). We showed that knock-
down of myosin VI lead to a decreased activation of ATM and
its subsequent phosphorylation of p53 (Fig. 8C). In addition,
we showed that the level of Fas was slightly increased by
myosin VI knockdown, probably due to alteration of the Golgi
structure and thus release of Fas from the Golgi reservoir.
Interestingly, the level of Fas in the myosin VI-knockdown
cells was further increased by activated p53 upon DNA dam-
age. Thus, there is a feedback loop in which p53 induces my-
osin VI, which then maintains the Golgi structure for cell
survival upon DNA damage.

DISCUSSION

Myosin VI is known to be ubiquitously expressed in a variety
of tissues and at different stages of development (11, 18, 23).
However, very little is known about how myosin VI is regu-
lated, and, especially, whether myosin VI is subject to tran-
scriptional regulation is not certain. Here, we showed that
myosin VI is induced by p53 and DNA damage in a p53-
dependent manner. We also showed that p53 binds directly to
the promoter of the myosin VI gene and transcriptionally reg-
ulates myosin VI gene expression. Interestingly, we found that
myosin VI is a unique target of p53, although some p53 target
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genes are also regulated by other p53 family proteins (22).
Furthermore, we found that the p53-responsive element in the
myosin VI promoter appears to be a GC-rich element, which is
different from the consensus p53-binding site. This is not sur-
prising since one of the first identified p5S3-responsive elements
was found to be GC-rich (5). Thus, for the first time, we found
that myosin VI can be transcriptionally regulated by p53 and
stress signals.

In this study, we also found that p53 regulates the intracel-
lular localization of myosin VI. This is particularly significant
given that the intracellular localization dictates the function of
myosin VI (11, 18, 23). For example, myosin VI is involved in
moving endocytic vesicles out of actin-rich regions when ex-
pressed in uncoated endocytic vesicles in epithelial cells, pro-
tein secretion and maintenance of Golgi complex integrity
when expressed in the Golgi complex, cell migration when
expressed in membrane ruffles at the leading edge, and main-
taining the hearing capability of the host when expressed in
inner ear stereocilia. We showed that upon expression of p53
or in response to DNA damage in cells carrying a functional
p53 pathway, myosin VI is relocated from endocytic vesicles,
membrane ruffles, and cytosol to the Golgi complex, perinu-
clear membrane, and nucleus. Since loss of myosin VI leads to
increased DNA damage-induced apoptotic response, we con-
clude that in response to stress stimuli, p53 has a novel func-
tion in the maintenance of Golgi complex integrity via myosin
VI and that myosin VI has a novel prosurvival function in the
DNA damage response pathway.

It is well established that when cells are exposed to various
stress signals, pS3 stability is increased by several mechanisms,
including phosphorylation and acetylation (30, 38). In this
study, we showed that upon DNA damage, p53 stabilization is
compromised in myosin VI-knockdown cells. As an essential
organelle of the secretory pathway, the Golgi complex regu-
lates the posttranslational modification and the destination of
every protein synthesized in the endoplasmic reticulum. It is
possible that as a protein expressed in the Golgi complex,
myosin VI knockdown alters the structure of the Golgi com-
plex and subsequently the normal function of the secretory
pathway (11, 18, 23), which then leads to reduced stability of
p53. Since myosin VI is also relocalized to the nucleus upon
DNA damage, the possibility exists that nuclear myosin VI may
regulate p53 stability. Indeed, we found that myosin VI knock-
down results in decreased activation of ATM, which is known
to phosphorylate p53 and thus leads to reduced stability and

p53, and y-H2AX was quantified by Western blot analysis. Actin was
analyzed as an internal loading control. (B) Intracellular localization of
p53 and myosin VI in Myo6-KD-87 RKO cells. RKO cells were unin-
duced (top panel), treated with 1.0 pg/ml of doxorubicin (DOX) for
16 h (second panel), induced to express siRNA against myosin VI
(third panel), or induced to express siRNA against myosin VI and
treated with 1.0 pg/ml of doxorubicin (bottom panel). Immunofluo-
rescence staining was performed as described in Materials and Meth-
ods. p53 was stained green, whereas myosin VI was stained red. Nuclei
were stained blue. (C) Intracellular localization of myosin VI and
Golgi marker protein TGN p230 in Myo6-KD-87 RKO cells. The
experiments were performed similarly to those in panel B. TGN p230
was stained green, whereas myosin VI was stained red. Nuclei were
stained blue.
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activation of p53. How myosin VI serves as a DNA damage
sensor for ATM activation merits further investigation, which
is beyond the scope of the current study.

Myosin VI has been shown to be overexpressed in advanced
ovarian carcinomas compared to normal tissues (47). As a
result, myosin VI knockdown impedes cell spreading and mi-

gration of ovarian carcinoma cells in vitro and dissemination of
ovarian carcinoma cells propagated in nude mice (47). In this
study, we found that myosin VI is a mediator of the p53
prosurvival pathway and myosin VI knockdown increases the
susceptibility of a cell to DNA damage-induced apoptosis, at
least in part through release of Fas death receptor from the
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Golgi reservoir and inhibition of the p53 prosurvival pathway.
Thus, blocking the prosurvival function of p53, such as through
myosin VI, can be explored as a potential sensitizer of tumor
cells to chemo- or radiotherapies.
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