Shimizu etal.

Huh?

a Sorafenib (10 uM)
DMSO 2 4 6 12 18 24hr

 «— pactin

[ pERK

[ pSEK

8 |« 7308 paKt

" [M—5473 pAkt

¥ | ¢— BECN1

¥ | = ATGT

b Sorafenib (M) - 10 - - -

Torin1 (nM) - - - 250 500

Rapamycin (nM)

. |€== T37/46 p4E-BP1

553

HLF
Sorafenib (10 pM)
DMSO 6 12 18 24hr
pactin
pERK
pSBK
T37/46 p4E-BP1
T308 pAkt
S473 pAkt
BECN1
& ATG7

== pSEK

&= 137146 pdE-BP1

<= LC3-1

Wﬂ o LC3- 1

Figure 3. Raf/MEK/ERK and Akt/mTOR/S6K pathways in hepatoma cells treated with sorafenib. (a). Westem blot showing decrease in ERK,
S6K and 4E-BP1 phosphorylation, increase in Akt phosphorylation and stable expression of Beclin 1 and ATG7 in Huh7 cells and HLF cells
after treatment with 10 pM sorafenib. (b). Westem blot showing that rapamycin or Torinl dephosphorylates both S6K and 4E-BP1 and
increases the expression of LC3-11 in Huh7 cells. Huh7 cells were treated with 100 nM rapamycin or the indicated concentration of Torinl
for 12 hr. Huh7 treated with sorafenib (10 uM, 12 hr) serves as a positive control. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

administration of sorafenib alone (Fig. 65). Administration of
chloroquine alone did not affect the growth of the tumor.
We performed TUNEL staining and immunohistological
staining of cleaved caspase-3 of the xenograft tumor to exam-
ine the contribution of apoptosis in this xenograft model.
However, nonspecific staining of the xenograft tumors treated
with sorafenib interfered with an accurate evaluation of the
apoptotic change (data not shown).

Discussion

Accumulating evidence indicates that cancer therapies such
as irradiation and administration of cytotoxic drugs and
chemicals induce autophagy and autophagic cell death in a

Int. ). Cancer: 131, 548-557 (2012) © 2011 UICC

variety of tumor cells.® Research has shown that autophagy
induced by these treatments sometimes protects tumor cells
(autophagic resistance) but promotes cell death in other set-
tings (autophagic Type II programmed cell death). For exam-
ple, temozolomide, a DNA alkylating agent,”* and ionizing
radiation®® induce autophagy in malignant glioma cells and a
variety of epithelial tumors, respectively, and this inhibition
enhances antitumor effects. On the other hand, poly(dL:dC)
induces endosome-mediated autophagy leading to cell death
in melanoma cells.”® Arsenic trioxide induces autophagic cell
death in leukemia cells.’” In the present study, we demon-
strated that sorafenib, a recently approved molecular target-
ing drug for HCC, induced autophagy which appeared to
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Figure 6. Inhibition of autophagy potentiates sorafenib-induced antitumor effects in Huh7 xenograft. (a). Western blot showing increase in
LC3-1l expression in Huh7 xenograft tumor after sorafenib therapy. Mice bearing xenograft tumor were administered sorafenib (30 mg kg™
or vehicle for 7 days (n = 3/group). (b). Chloroquine (60 mg kg™ ?) itself did not affect the tumor growth of Huh7 xenograft (left panel), (7
= 7/group), but enhanced the effect of sorafenib (30 mg kg™ in a synergistic manner (right panel), (7 = 6/group). Mice bearing xenograft
tumor were administered sorafenib and/or chloroquine for 7 days. Tumor volume at 7 days is shown as a percentage of that before
initiation of the therapy. *p < 0.05. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

promote survival of hepatoma cells and thereby may be a cel-
lular adaptive response related to primary resistance to this
compound.

LC3 lipidation and its association with the isolation mem-
branes have been established as useful signs for autophagy
detectable by immunoblotting and fluorescence microscopy,
facilitating research on autophagy. Previous research has
shown that sorafenib induces GFP-LC3 punctate structure
and LC3-II conversion in tumor cells.*™*! However, these
techniques should be analyzed more carefully, because posi-
tive results clearly indicate increased numbers of autophago-
somes but do not always mean upregulation of autophagic
flux.?® For example, treatment with vinblastine or nocodazole
leads to LC3 conversion and produces GFP-LC3 punctate
structures, resulting from blockade of the fusion of autopha-
gosomes and lysosomes but not from autophagy induc-
tion.”?® In the present study, we applied several methods
including LC3 turnover assay using a lysosomal inhibitor of
chloroquine or bafilomycin Al, measurement of the amount
of a selective autophagy substrate p62, and observation of the
mRFP-GFP color change using a fluorescent-tagged LC3
probe, to obtain evidence showing that sorafenib not only

Int. J. Cancer: 131, 548-557 {2012) © 2011 UICC

increases the number of autophagosomes but also activates
the autophagic flux.

The underlying mechanisms by which sorafenib induces
autophagy are not completely clear at present. In addition to
the well-known target Raf/MEK/MAPK pathway, sorafenib
clearly inhibited the mTORC1 pathway in the present study.
Because mTOR inhibition by rapamycin or Torinl activates
autophagosome formation in hepatoma cells, sorafenib-
induced inhibition of the mTORC1 pathway might be
involved in sorafenib-mediated induction of autophagy.
Recently, a putative tumor-suppressor gene p53 has been
shown to transactivate an autophagy-inducing gene, dram,>
and p53-dependent induction of autophagy has been docu-
mented in response to DNA damage or reexpression of p53 in
p53-negative tumor cells.>* Because the hepatoma cells used in
the present study (Huh7, HLF and PLC/PRF/5) possess mu-
tant p53, sorafenib-induced adaptive autophagy could occur
independently of p53. This finding may be important, because
more than half of advanced HCC cases are p53-defective.”® In
such cases, our observations could be applicable and relevant.

Study of rodent carcinogenesis has revealed that autopha-
gic protein degradation is reduced in HCC.** In human,
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malignant HCC cell lines and HCC tissue with recurrent dis-
ease display lower autophagic activity with decreased expres-
sion of Beclin 1.** The autophagic pathway contributes to the
growth-inhibitory effect of TGF-beta in hepatoma cells.*®
Taken together, these findings suggest that defects in autoph-
agy may promote development or progression of HCC, fo-
cusing on the tumor suppressive or antitumor effect of
autophagy in the liver or HCC. In contrast, the present study
clearly showed that autophagy induced by sorafenib protects
hepatoma cells from apoptotic cell death, thus shedding light
on the tumor-promoting effect of autophagy in HCC. Inhibi-
tion of autophagy at both an early step (by ATG7 knock-
down) and a late step (by chloroquine treatment) sensitized
hepatoma cells by converting the autophagic process to an
apoptotic process. Of importance are the findings that sorafe-
nib induced autophagy in a xenograft model and that coad-
ministration of chloroquine and sorafenib led to better sup-
pression of xenograft tumor than sorafenib alone. Although

Sorafenib induces autophagy in human hepatoma cells

further study is needed to elucidate the mechanism(s)
involved in autophagy-mediated protection of tumor cells,
the induced autophagy might degrade the damaged or harm-
ful cellular proteins and organelles to suppress apoptosis and
promote survival of hepatoma cells under sorafenib
treatment.

In conclusion, the present study demonstrates both in
vitro and in vivo that sorafenib induces autophagosome for-
mation and upregulates cellular autophagy in tumor cells,
which is an adaptive response to this drug, and raises the im-
portant possibility that autophagy may be a novel target for
cancer treatment with sorafenib therapy.
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A Novel Acetylation Cycle of Transcription Co-activator
Yes-associated Protein That Is Downstream of Hippo
Pathway Is Triggered in Response to 5,2 Alkylating Agents™
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Background: YAP is a target molecule of the Hippo pathway.

Results: YAP acetylation and deacetylation were mediated by CBP/p300 acetyltransferase and SIRT1 deacetylase, respectively.
Conclusion: A YAP acetylation/deacetylation cycle is located downstream of the Hippo pathway.
Significance: The discovery that YAP undergoes an acetylation cycle advances our understanding of YAP functions.

Yes-associated protein (YAP) is a transcriptional co-activator
that acts downstream of the Hippo signaling pathway and regu-
lates multiple cellular processes. Although cytoplasmic reten-
tion of YAP is known to be mediated by Hippo pathway-depen-
dent phosphorylation, post-translational modifications that
regulate YAP in the nucleus remain unclear. Here we report the
discovery of anovel cycle of acetylation/deacetylation of nuclear
YAP induced in response to Sy2 alkylating agents. We show that
after treatment of cells with the Sy2 alkylating agent methyl
methanesulfonate, YAP phosphorylation mediated by the
Hippo pathway is markedly reduced, leading to nuclear translo-
cation of YAP and its acetylation. This YAP acetylation occurs
on specific and highly conserved C-terminal lysine residues and
is mediated by the nuclear acetyltransferases CBP (CREB bind-
ing protein) and p300. Conversely, the nuclear deacetylase
SIRT1 is responsible for YAP deacetylation. Intriguingly, we
found that YAP acetylation is induced specifically by Sy2 alkyl-
ating agents and not by other DNA-damaging stimuli. These
results identify a novel YAP acetylation cycle that occurs in the
nucleus downstream of the Hippo pathway. Intriguingly, our
findings also indicate that YAP acetylation is involved in
responses to a specific type of DNA damage.

The Yes-associated protein (YAP)? is a transcriptional co-ac-
tivator that contributes to the regulation of multiple cellular
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processes by activating several transcription factors (1).
Recently, YAP was shown to play an important role in organ
size control and to be inhibited by the Hippo signaling pathway
(2—4). Either transgenic overexpression of YAP or knock-out of
Hippo pathway genes in mouse liver results in enlargement of
this organ and the eventual development of hepatic tumors (5,
6). In vitro, YAP overexpression promotes cell proliferation and
induces oncogenic transformation by activating TEAD family
transcription factors (7, 8). YAP also plays a critical role in
maintaining stem cell pluripotency, as knockdown of YAP leads
to loss of this property in embryonic stem cells, and YAP over-
expression suppresses embryonic stem cell differentiation (9).
In certain tumor-derived cell lines exposed to various genotoxic
stimuli, YAP promotes apoptosis via the induction of pro-apo-
ptotic genes controlled by the transcription factor p73 (10).
The functions of YAP are regulated by multiple post-trans-
lational modifications. Cell-cell contact triggers YAP inactiva-
tion via phosphorylation mediated by the Hippo pathway (11).
The Hippo pathway component Lats kinase phosphorylates
serine 127 (Ser-127) of human YAP (hYAP), promoting its rec-
ognition and cytoplasmic retention by 14-3-3 protein. In addi-
tion, phosphorylation of hYAP Ser-381 by Lats primes subse-
quent phosphorylation of hYAP Ser-384 by casein kinase 1,
leading to hYAP ubiquitination and degradation (12). On the
other hand, the genotoxic agent cisplatin induces promyelo-
cytic leukemia-mediated sumoylation of YAP that prevents its
ubiquitination-dependent degradation and stabilizes it (13).
We previously reported that some components of the Hippo
pathway are involved in responses to stress stimuli, including

ment-binding protein (CREB)-binding protein; p300, E1A-binding protein
p300; HDAC, histone deacetylase; NAM, nicotinamide; SIRT, sirtuin; DMS,
dimethyl sulfate; MNNG, N-methyl-N-nitro-N-nitrosoguanidine; MNU,
N-methyl-N-nitrosourea; WRN, Wernersyndromehelicase; ABH, AlkBhomo-
log; ASCC3, activating signal co-integrator 1 complex subunit 3; Ab, anti-
body; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium.
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DNA alkylating agents (14, 15). Endogenous and environmen-
tal alkylating agents react with specific sites on the nucleic acid
bases of DNA or RNA to generate methylated bases that are
cytotoxic or mutagenic (16). The alkylating agents generating
such bases are classified as either Sl or Sy2, depending on
their reaction mechanism. The distribution of the methylated
products on nucleic acid bases depends not only on the type of
alkylating agent but also on whether the nucleic acid targeted is
ina single-stranded or double-stranded state (16, 17). S2 alky-
lating agents, but not Sy;1 agents, can act on single-stranded
DNA and RNA to generate 1-methyladenine and 3-methylcy-
tosine. However, the signal transduction events mediating cel-
lular responses to damage caused by 5,2 alkylating agents are
undefined. In this study we show that YAP is involved in spe-
cific cellular responses to Sy;2 alkylating agents and provide the
first evidence that YAP can be post-translationally modified via
acetylation in the nucleus.

EXPERIMENTAL PROCEDURES

Plasmids—pCMV-FLAG-hYAP, pCMV-FLAG-TEAD4,
pcDNA-VP16-hYAP, and pCS2-meYAP were constructed by
inserting PCR-amplified DNA fragments into the indicated
vectors. Sequences of PCR primers are listed in supplemental
Table S1. The meYAP-13KR, meYAP- 12KR/K, and hYAP-KR
mutants were constructed by site-directed mutagenesis. Other
plasmids used in this study have been described elsewhere (18).

Reagenis—Methyl methanesulfonate (MMS), cisplatin,
doxorubicin and N-methyl-N-nitrosourea (MNU) were pur-
chased from Sigma. Camptothecin, N-methyl-N-nitro-N-ni-
trosoguanidine (MNNG), and dimethyl sulfate (DMS) were
purchased from Tokyo Chemical Industry. H,O, was pur-
chased from Wako Pure Chemical Industries.

Antibodies—Anti-YAP antibody (Ab) has been described
previously (19). Polyclonal Abs recognizing Lys-494-acetylated
hYAP or Lys-497-acetylated hYAP were generated in rabbits
using synthetic peptides corresponding to acetylated human
YAP (residues 489 —499) (C-VLAATK(Ac)-LDKES) or acety-
lated human YAP (492-502) (C-ATKLDK(Ac)-ESFLT), re-
spectively. For immunizations, these peptides were conjugated
via cysteine to maleimide-activated keyhole limpet hemocya-
nin. Anti-Ac-YAP (Lys-494) and Anti-Ac-YAP (Lys-497) poly-
clonal Ab were affinity-purified using the acetylated peptide
and the SulfoLink Immobilization Kit for Peptides (Thermo
Scientific). Anti-FLAG (M2) Ab was purchased from Sigma;
anti-B-actin Ab, anti-CBP (C-20) Ab, and anti-p300 (N-15) Ab
were from Santa Cruz; anti-pYAP (Ser-127) Ab and anti-pan-
AcK Ab were from Cell Signaling; anti-SIRT1 Ab was from
Millipore; anti-HA Ab was from Immunology Consultants
Laboratory.

Cell Culture and Transfection—For routine culture, HeLa
cells and HEK293T cells were grown in Dulbecco’s modified
Eagle’s medium (Invitrogen) supplemented with 10% fetal
bovine serum (normal medium). Transfection with FuGENE
HD was performed according to the manufacturer’s instruc-
tions (Roche Applied Science).

Retroviral Vector Infection—To generate Hela cells stably
expressing hYAP-WT or hYAP-2KR, 293 retroviral packaging
cells were transfected with empty retroviral vector or
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pCLNCX-hYAP constructs. At 48 h post-transfection, retrovi-
ral supernatant was supplemented with Polybrene, passed
through a 0.22-um filter, and used to infect HeLa cells. At 36 h
post-infection, cells were selected by adding G418 to the cul-
ture medium.

RNA Interference—HeLa cells were transfected with siRNA
using DharmaFECT 1 (Dharmacon Inc.) according to the man-
ufacturer’s instructions. siRNAs specific for CBP (siGENOME
SMART pool human CREBBP, M-003477-02), p300
(siGENOME SMART pool human EP300, M-003486-04), or
SIRT1 (siGENOME SMART pool human SIRT1, M-003540-
01) and control siRNA (siGENOME Non-Targeting siRNA
Pool #1, D-001206-13), were obtained from Dharmacon Inc.

MTS Assays—HelLa cells (2 X 10%) were plated in a 96-well
dish in 100 wl of normal medium/well. For assessment of MMS
sensitivity, cells seeded for 24 h were exposed for 1 h to medium
containing an increasing concentration (0 -3 mm) of MMS. The
MMS-containing medium was then replaced with normal
medium, and cell survival was assessed using the MTS assay
(Promega) at 48 h after MMS exposure.

Immunoprecipitation—Immunoprecipitation and co-immu-
noprecipitation assays were performed as previously described
(18) with some modifications. HeLa cells and HEK293T cells
were seeded in 10-cm dishes and treated with DNA-damaging
agents or transfected with the appropriate expression vectors as
described in the figures. Cells were homogenized in immuno-
precipitation buffer (150 mm NaCl, 5 mm EDTA, 15 mm MgCl,,
1% Nonidet P-40, 1 mm DTT, 0.5% deoxycholic acid, and 50 mm
Tris-HCI, pH 8.0) or co-immunoprecipitation binding buffer
(150 mm NaCl, 1 mm EDTA, 0.5% Nonidet P-40, 1 mm EGTA,
5% glycerol, and 20 mm Tris-HCl, pH 7.4) containing protease
inhibitor mixture tablets. Homogenates were clarified by cen-
trifugation for 10 min at 15,000 X g. Total protein from the
supernatant was incubated for 12 h at 4 °C with the appropriate
Abs as described in the figures plus 20 ul of protein G-agarose
beads (GE Healthcare). The beads were washed 3 times with
immunoprecipitation buffer or co-immunoprecipitation wash
buffer containing 1% Nonidet P-40 and boiled in SDS sample
buffer. The supernatant was fractionated by SDS-PAGE and
analyzed by standard immunoblotting.

Immunofluorescence—HeLa cells were cultured on a glass
coverslip and fixed with 4% paraformaldehyde in PBS at room
temperature. After treatment with 0.2% Triton X-100 in PBS,
the cells were incubated with blocking solution (5% bovine
serum albumin in TBS) before incubation with primary Abs for
1 h at room temperature. Cells were washed with PBS and incu-
bated for 1 h with Alexa 488- or 546-conjugated secondary Abs.
After PBS washes, coverslips were mounted and viewed on a
Carl Zeiss confocal microscope equipped with LSM510
software.

Luciferase Reporter Assay—HEK293T cells or HeLa cells
were plated in 12-well plates at 1.5 X 10° cells per well and
incubated overnight. Cells were transfected the next day with
20 ng of firefly luciferase reporter plasmid (p5xUAS-c-fos-pro-
moter-Luc or 8xGT-IIC-851Lucll) and 5 ng of sea pansy lucif-
erase reporter plasmid (pRL-CMV; from Promega) plus 40 ng
of total of expression plasmids (as indicated in the figures). The
pcDNA vector was added as needed to make up the total
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FIGURE 1. hYAP translocates to the nucleus and is acetylated upon MMS
treatment. A and B, Hela cells were treated with 1 mM MMS for 0 or 3 h. A, cell
lysates were immunoblotted to detect total and Ser-127-phosphorylated
hYAP. B-Actin was the loading control. B, top, shown is immunofluorescence
visualization of endogenous hYAP localization by staining with anti-YAP Ab
(green). Middle, shown is Hoechst staining of nuclei (blue). Selected nuclei are
indicated by a dashed outline. Scale bar, 10 um. C, Hela cells were transfected
with the Upstream Activation Sequence (UAS)-luciferase reporter construct
with or without Gal4-hYAP and treated (or not) with 1 mm MMS for 3 h as
indicated. The level of hYAP-dependent transcription was expressed as rela-
tive luciferase activity. Values shown are the mean = S.D. (n = 3/group). *,p <
0.01, compared with lane 3. D and E, Hela cells were treated with 1 mm MMS
for the indicated times (D) or with the indicated concentrations of MMS for 4 h
(E). Endogenous hYAP was immunoprecipitated (/P) and acetylated hYAP (Ac-
hYAP) was detected by immunoblotting with anti-pan-AcK Ab. For all figures,
results shown are representative of at least three independent trials.

amount of expression plasmid DNA. At 24 h post-transfection,
luciferase activities were assayed using the dual luciferase
reporter assay system (Promega) according to the manufactur-
er’s instructions. Firefly and sea pansy luciferase activities were
quantified using a luminometer, with firefly luciferase activity
normalized for transfection efficiency based on sea pansy lucif-
erase activity.

Statistical Analyses—The significance of differences was
determined using two-tailed Student’s ¢ test. Differences were
considered statistically significant for p < 0.05. All experiments
were performed three times with similar results.

RESULTS

MMS Treatment Induces Nuclear Translocation and Acety-
lation of hYAP—To investigate the regulation of hYAP in
response to DNA damage, we treated HeLa cells with the 5,2
alkylating agent MMS and examined the phosphorylation sta-
tus of hYAP Ser-127. We found that hYAP Ser-127 phosphor-
ylation was markedly reduced upon MMS treatment (Fig. 14).
Consistent with previous evidence showing that the inhibition
of hYAP Ser-127 phosphorylation causes hYAP to translocate
to the nucleus, MMS treatment also induced hYAP nuclear
translocation (Fig. 1B). To assess the effect of MMS treatment
on hYAP-dependent transcription, we utilized a reporter sys-
tem consisting of the UAS-luciferase reporter and the Gal4
DNA binding domain fused to hYAP (Gal4-hYAP) (1). In this
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assay, exposure to MMS significantly enhanced Gal4-hYAP-
dependent luciferase reporter activity (Fig. 1C), indicating that
hYAP-dependent transcription is up-regulated upon MMS
treatment.

To investigate whether hYAP underwent a qualitative
change in response to MMS treatment, we carried out a screen
to identify post-translational modifications of hYAP. We used
anti-YAP Ab to immunoprecipitate endogenous hYAP from
lysates of MMS-treated HeLa cells and performed immuno-
blotting using several Abs that recognize specific post-transla-
tional modifications. As shown in Fig. 1D, we found that the
endogenous hYAP presentin MMS-treated HelLa cells could be
detected by anti-pan-AcK Ab, which specifically recognizes
acetylated lysine residues. Moreover, this hYAP acetylation was
induced in a dose-dependent manner (Fig. 1E). These results
clearly show that endogenous hYAP is acetylated in response to
MMS treatment.

hYAP Acetylation Is Mediated by CBP/p300—The above data
prompted us to identify the histone acetyltransferases respon-
sible for hYAP acetylation. Because MMS treatment induced
both the nuclear translocation and acetylation of hYAP, we
focused on the abilities of CBP, p300, and CLOCK, which are
histone acetyltransferases localized in the nucleus, to acetylate
hYAP (18, 20). We found that co-expression in HEK293T cells
of HA-tagged CBP or HA-p300 with FLAG-tagged hYAP sig-
nificantly increased hYAP acetylation (Fig. 24). In contrast,
hYAP acetylation was not induced by CLOCK under conditions
in which the well established CLOCK target BMAL1b was
acetylated (Fig. 2B). Thus, hYAP acetylation is induced specif-
ically by the closely related histone acetyltransferases CBP and
p300.

To determine whether hYAP physically interacts with CBP/
p300, we first performed co-immunoprecipitation assays which
revealed that HA-CBP co-immunoprecipitated with FLAG-
hYAP but not with FLAG-TEAD4 (Fig. 2C). To confirm this
result, we performed mammalian two-hybrid assays (21) in
which hYAP fused to the VP16 transactivation domain (VP16-
hYAP) was co-expressed in HEK293T cells with CBP or
BMALIDb fused to the GAL4 DNA binding domain. Only when
VP16-hYAP was co-expressed with GAL4-CBP and not with
Gal4-BMAL1lb was luciferase reporter activity significantly
increased (Fig. 2D). These results indicate that hYAP physically
interacts with CBP.

To investigate the effect of MMS treatment on CBP/p300-
induced hYAP acetylation, we treated HEK293T cells express-
ing HA-CBP or HA-p300 with MMS. Notably, acetylation of
endogenous hYAP was synergistically enhanced by a combina-
tion of CBP/p300 expression and MMS treatment (Fig. 2E).
These data imply that CBP/p300 serves as the histone acetyl-
transferase that acetylates hYAP in response to MMS
treatment.

CBP-mediated Acetylation of YAP Targets Its C-terminal
Lysine Residues—To identify the hYAP lysines targeted by
CBP-mediated acetylation, we first compared the predicted
amino acid sequences of human YAP, mouse YAP, and the YAP
(meYAP) present in the small fish medaka. This analysis
showed that there are 13 lysines shared by hYAP and meYAP
(Fig. 34 and supplemental Fig. S1) and that meYAP contains no
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FIGURE 2. CBP/p300 mediates hYAP acetylation. A, FLAG-hYAP was coex-
pressed with HA-p300 or HA-CBP in HEK293T cells. Immunoprecipitated (/P)
FLAG-hYAP was immunoblotted to detect acetylated hYAP. B, HEK293T cells
were transfected with the indicated plasmids. FLAG-hYAP and FLAG-BMAL1b
were immunoprecipitated and immunoblotted to detect the indicated acety-
lated proteins. C, HEK293T cells were transfected with indicated plasmids.
FLAG-hYAP and FLAG-TEAD4 were immunoprecipitated and immunoblotted
to detect HA-CBP. D, HEK293T cells were cotransfected with the luciferase
reporter construct and the indicated plasmids. Results are the relative lucifer-
ase activity analyzed as for Fig. 1C. Values shown are the mean = S.D. (n =
3/group).*, p < 0.01, compared with lane 5. E, HEK293T cells transfected with
HA-CBP, or HA-p300 were treated with 1 mm MMS for 3 h, asindicated. Endog-
enous hYAP was immunoprecipitated, and acetylated hYAP was detected by
immunoblotting.

additional lysines. This evolutionary conservation of critical
lysine residues allowed us to utilize meYAP protein for the
identification of common hYAP acetylation sites.

To determine precisely which YAP lysines are acetylated by
CBP/300, we generated a meYAP-13KR mutant in which all
lysine residues were replaced by arginine residues. As expected,
CBP-mediated acetylation of meYAP-13KR was completely
abolished (Fig. 3B). We then restored individual lysines one at a
time in meYAP- 13KR to generate a series of meYAP-12KR/K
mutants in which each retained a single, different lysine resi-
due. Strikingly, restoration of Lys-430 or Lys-433 allowed
resumption of CBP-mediated acetylation of meYAP-13KR (Fig.
3C). Consistent with this result, a meYAP-2KR mutantin which
Lys-430 and Lys-433 were replaced with arginines exhibited
dramatically reduced CBP-mediated acetylation compared
with wild type (WT) meYAP (Fig. 3D). Finally, we determined
whether hYAP is also acetylated at its conserved C-terminal
lysines. Analogous to our results with meYAP, mutation of the
C-terminal lysines 494 and 497 in FLAG-hYAP significantly
reduced its CBP-mediated acetylation (Fig. 3E). Taken
together, these data demonstrate that evolutionarily conserved
lysine residues at the C terminus of YAP are targets for CBP-
mediated acetylation.
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CBP/p300 Mediates Lys-494 Acetylation of hYAP upon MMS
Treatment—To investigate site-specific hYAP acetylation at
the endogenous level, we prepared polyclonal Abs that specifi-
cally recognized the hYAP protein acetylated at Lys-494 or Lys-
497. We first confirmed that these Abs detected exogenously
expressed W'T hYAP in the presence of HA-CBP expression but
did not recognize mutant hYAP proteins bearing altered acety-
lation sites (Fig. 44). Next, we used these Abs to confirm that
both Lys-494 and Lys-497 of endogenous hYAP are acetylated
upon MMS treatment (Fig. 4B). Immunofluorescence analysis
using anti-Ac-YAP (Lys-494) Ab showed that exogenously
expressed FLAG-hYAP-WT, but not FLAG-hYAP-2KR, was
acetylated after MMS treatment (Fig. 4C). Because the anti-Ac-
YAP (Lys-497) Ab was unsuitable for immunofluorescence
analysis (data not shown), we utilized the anti-AcYAP (Lys-
494) Ab for subsequent studies.
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lines. Nuclei were visualized by Hoechst staining (blue). Scale bar, 10 um.

To investigate whether MMS-induced acetylation of hYAP
Lys-494 is mediated by CBP/p300, we down-regulated CBP
and/or p300 expression in HeLa cells using RNA interference
(RNAi). Double knockdown of CBP and p300 completely
reduced endogenous hYAP Lys-494 acetylation upon MMS
treatment (Fig. 4D), indicating that MMS-induced acetylation
of hYAP at Lys-494 can indeed be mediated by either CBP or
p300. Because CBP and p300 are both nuclear proteins, we
speculated that hYAP Lys-494 acetylation occurs in the
nucleus. To determine the subcellular localization of endoge-
nous Lys-494-acetylated hYAP, we performed an immunofluo-
rescence analysis of HeLa cells transfected with HA-CBP.
Endogenous Lys-494-acetylated hYAP was detected mainly in
the nuclei of these cells (Fig. 4E). Taken together, these results
indicate that the acetylation of hYAP Lys-494 that is induced by
MMS is mediated by CBP and/or p300 and takes place in the
nucleus.
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SIRT1 Is Responsible for Deacetylation of hYAP Lys-494—
Lysine acetylation is a reversible protein modification, and
deacetylation of acetylated lysine is catalyzed by histone
deacetylases (HDAC). HDACs are grouped into four classes
according to phylogenetic analysis and sequence homology
(22). To identify the HDACs responsible for deacetylation of
hYAP Lys-494, we utilized class-specific HDAC inhibitors.
When we treated Hela cells with nicotinamide (NAM), an
inhibitor of class III HDACs, MMS-induced acetylation of
endogenous hYAP Lys-494 was markedly increased (Fig. 54). In
contrast, treatment with trichostatin A, an inhibitor of class I
and II HDACs, had no effect on hYAP Lys-494 acetylation.
Consistent with these results, CBP-mediated hYAP Lys-494
acetylation was also enhanced by NAM treatment but not by
trichostatin A (Fig. 5B). Intriguingly, even in the absence of
MMS, acetylation of endogenous hYAP Lys-494 was induced in
a time-dependent manner after NAM treatment (Fig. 5C).
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These results suggest that the acetylation-deacetylation cycle
involving hYAP Lys-494 operates regardless of extrinsic DNA
damage and that the deacetylation of this residue is catalyzed by
a class Il HDAC.

The class Il HDAC Sirtuin 1 (SIRT1) is reportedly transcrip-
tionally up-regulated by MMS treatment and involved in
responses to this agent (23). These observations prompted us to
test whether SIRT1 might mediate hYAP Lys-494 deacetyla-
tion. Exogenous expression of SIRT1 in HeLa cells significantly
decreased MMS-induced acetylation of hYAP Lys-494 (Fig.
5D). Consistent with this finding, knockdown of SIRT1
enhanced MMS-induced hYAP Lys-494 acetylation (Fig. 5E).
Thus, SIRT1 is at least one of the class III HDACs responsible
for deacetylating Lys-494-acetylated hYAP.

Sn2 Alkylating Agents Specifically Induce Both Acetylation
and Ser-127 Dephosphorylation of hYAP—Y AP has previously
been shown to be involved in cellular responses to a variety of
DNA-damaging agents (10, 24, 25). Therefore, we investigated
the effects of several DNA-damaging agents other than MMS
on both hYAP Ser-127 phosphorylation and hYAP acetylation.
Because cisplatin treatment induces nuclear translocation of
hYAP (10) and H,O, treatment activates the Hippo pathway (6,
19), we treated HeLa cells with cisplatin or H,O, and examined
hYAP Ser-127 phosphorylation and hYAP acetylation. Intrigu-
ingly, hYAP Ser-127 phosphorylation was down-regulated in a
dose-dependent manner after cisplatin treatment but up-regu-
lated in a dose-dependent manner upon H,O, treatment (Fig.
6A). However, in contrast to MMS, neither cisplatin nor H,O,
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induced the acetylation of endogenous hYAP (Fig. 6B). Nor was
hYAP acetylation induced in Hela cells by treatment with
other DNA-damaging agents, including camptothecin or doxo-
rubicin (supplemental Fig. S2). These data indicate that hYAP
regulation by the Hippo pathway is differentially altered by dif-
ferent types of DNA damage and that hYAP acetylation may be
a regulatory event specific to DNA alkylating agents such as
MMS.

As mentioned above, alkylating agents are classified as being
of either the S;1 or Sy 2 type depending on their reaction mech-
anism (16). Because MMS is an S 2 alkylating agent, we first
investigated whether another Sy2 agent could induce hYAP
acetylation by treating HeLa cells with DMS. As expected, DMS
treatment also resulted in a dose-dependent decrease in hYAP
Ser-127 phosphorylation (Fig. 6C) and a dose-dependent
increase in hYAP acetylation (Fig. 6D). We then treated HeLa
cells with either of two Sy 1 alkylating agents, MNNG or MNU.
Phosphorylation of hYAP Ser-127 was reduced by MNNG
treatment but not altered upon MNU exposure (Fig. 6E).
Intriguingly, neither MNNG nor MNU could induce hYAP
acetylation (Fig. 6F). These results indicate that Sy;2 alkylating
agents specifically induce two relevant events, 1) the release of
hYAP from Hippo pathway-mediated cytoplasmic retention
and 2) the up-regulation of CBP/p300-mediated hYAP acetyla-
tion in the nucleus.

hYAP Acetylation Affects Cellular Responses to MMS
Treatment—YAP is known to be an important regulator of cell
viability (2). To put our results in a biological context, we inves-
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tigated whether hYAP acetylation influenced cellular responses
to MMS treatment. We established HeLa cells stably expressing
hYAP-WT or hYAP-2KR by retroviral vector infection and
exposed them to increasing concentrations of MMS. Cell sur-
vival was assessed using a tetrazolium-based colorimetric via-
bility assay (MTS). Interestingly, expression of hYAP-2KR sig-
nificantly decreased cell survival compared with hYAP-WT
expression (Fig. 7A), indicating that hYAP acetylation affects
the sensitivity of HeLa cells to MMS treatment.

Next, we examined whether hYAP acetylation is important
for its nuclear translocation after MMS exposure. As shown in
supplemental Fig. S3, both the FLAG-hYAP-WT and FLAG-
hYAP-2KR proteins accumulated in the nuclei of MMS-treated
HeLa cells. Thus, the MMS-induced nuclear localization of
hYAP is not affected by hYAP acetylation.

To investigate the physiological significance of hYAP acety-
lation in the nucleus, we co-transfected 293T cells with a syn-
thetic YAP responsive luciferase reporter (8xGT-1IC-851Lucll)
(26) and FLAG-hYAP-WT or FLAG-hYAP-2KR. These cells
were then exposed to MMS, and luciferase activity was meas-
ured. As shown in Fig. 7B, cells expressing FLAG-hYAP-2KR
exhibited significantly higher luciferase activity than cells
expressing FLAG-hYAP-WT, indicating that the transcrip-
tional coactivator activity of hYAP is regulated by its acetyla-
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FIGURE 7. Expression of the acetylation-resistant hYAP-2KR protein
alters cellular responses to MMS treatment. A, Hela cells stably expressing
hYAP-WT or hYAP-2KR were exposed to the indicated concentrations of MMS
for 1 h, and survival was assessed 48 h later by MTS assay. Values shown are
the mean = S.D. (n = 3/group). Inset, shown is an immunoblot to confirm
hYAP expression in the above cells before MMS treatment. B, 293T cells were
co-transfected with 8xGT-IC-851Lucll and increasing amounts of the indi-
cated plasmids and treated with T mm MMS for 3 h. Luciferase activity was
measured and normalized to cotransfected renilla luciferase activity. Values
shown are the mean =% S.D. (n = 3/group).*, p < 0.01. The expression levels of
transfected FLAG-hYAP were detected by immunoblotting.

tion. Taken together, these data suggest that cell fate decisions
made in response to MMS-induced DNA damage may be gov-
erned by hYAP-dependent gene induction that is regulated by
hYAP acetylation.

DISCUSSION

In this study we present evidence for a novel YAP acetylation
cycle downstream of Hippo signaling. We have shown that
MMS treatment causes a reduction in hYAP Ser-127 phos-
phorylation mediated by the Hippo pathway, promoting the
nuclear translocation of this transcriptional co-activator.
Through a screen for post-translational modifications of hYAP,
we have demonstrated that hYAP is acetylated at the endoge-
nous level upon MMS treatment. This MMS-induced acetyla-
tion of YAP is mediated by the nuclear acetyltransferases CBP
and p300, occurs on conserved C-terminal lysine residues, and
can be reversed by SIRT1. Importantly, this acetylation-
deacetylation cycle of hYAP is triggered specifically in response
to Sy2 alkylating agents and not by other types of DNA-dam-
aging stimuli. A schematic model summarizing our findings
appears in Fig. 8.
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FIGURE 8. A proposed model for hYAP regulation in response to 5,2 alkyl-
ating agents. Cell-cell contact triggers Hippo pathway signaling that up-reg-
ulates Ser-127 phosphorylation of hYAP and thus its cytoplasmic retention via
binding to 14-3-3 protein. Sy2 alkylating agents damage DNA, leading to a
reduction in Ser-127 phosphorylation of hYAP. Non-phosphorylated hYAP is
released from the cytoplasmic 14-3-3 complex and translocates into the
nucleus. Within the nucleus, CBP and/or p300 activated by S\2 alkylating
agent-mediated DNA damage induce hYAP acetylation at Lys-494 and Lys-
497. Concurrently, deacetylation of these residues is mediated by SIRT1. Thus,
tight regulation governs the state of hYAP acetylation induced in response to
Sn2 alkylating agents.

| Nucleus %

Our results have revealed that Lys-494 and Lys-497 of hYAP
are targets for CBP-mediated acetylation. In previous reports,
CBP and p300 were shown to directly acetylate a variety of
proteins at a consensus motif (IKX; _,(X/K)K) (27-30). Notably,
hYAP contains this consensus motif (***KLDK**?), and the
hYAP acetylation sites identified in our experiments are con-
sistent with the positions of two of the lysine residues present in
this motif. Interestingly, although the acetylation consensus
motifis conserved among vertebrate YAPs (human, mouse, and
medaka), it is not found in either Yki (yorkie), the Drosophila
homologue of YAP, or in TAZ (transcriptional coactivator with
PDZ-binding motif), a vertebrate paralogue of YAP (4). Thus,
the CBP/p300-dependent acetylation we observe appears to be
a modification specific to vertebrate YAP.

A number of studies have reported that CBP/p300-mediated
acetylation of several proteins is important for cellular
responses to DNA damage. For example, the Werner syndrome
helicase (WRN) helps to promote the survival of cells with dam-
aged DNA. CBP-mediated acetylation of WRN triggered by
DNA damage inhibits the ubiquitination-dependent degrada-
tion of this helicase and thus increases its stability (31). Simi-
larly, DNA damage induces p300 to acetylate and stabilize
Nijmegen breakage syndrome 1, which plays a crucial role in
homologous recombination repair (32). The acetylation of pro-
teins involved in DNA damage responses is often countered by
SIRT1-mediated deacetylation (33), and acetylated WRN and
Nijmegen breakage syndrome 1 are both substrates of SIRT1
(34, 35). The importance of such acetylation-deacetylation
cycles has been highlighted by the significant increase in chro-
mosomal aberrations identified in SIRT1-deficient cells (36).
Our study has revealed that hYAP also undergoes reversible
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acetylation and deacetylation mediated by CBP/p300 and
SIRT1, respectively. More importantly, our results indicate that
acetylation of hYAP influences both its transcriptional co-acti-
vator activity and the sensitivity of hYAP-expressing cells to
MMS-induced DNA damage.

Different genotoxic agents induce different types of DNA
damage, and these lesions trigger lesion-specific DNA repair
mechanisms. YAP has previously been shown to participate in
responses to DNA-damaging agents such as cisplatin, adriamy-
cin, ultraviolet radiation, and ionizing radiation (10, 24, 25), but
the lesion-specific aspects of YAP regulation were not defined
in these studies. In this report we have demonstrated thathYAP
Ser-127 phosphorylation mediated by the Hippo pathway is
differentially altered depending on the type of DNA-damaging
agent encountered. Our data show that DNA-damaging stimuli
can be classified into at least three groups based on their effects
on the subcellular localization and post-translational modifica-
tion of hYAP; Group I, Hippo pathway-mediated hYAP Ser-127
phosphorylation is up-regulated and hYAP remains in the cyto-
plasm; Group II, hYAP Ser-127 phosphorylation is down-regu-
lated, and hYAP undergoes nuclear translocation but is not
acetylated; Group III, hYAP Ser-127 phosphorylation is down-
regulated, and hYAP undergoes both nuclear translocation and
acetylation. In line with previous reports (6, 19), we have dem-
onstrated that H,O, treatment of HeLa cells results in up-reg-
ulated hYAP Ser-127 phosphorylation (Group I), whereas cis-
platin treatment down-regulated Ser-127 phosphorylation but
had no effect on acetylation (Group II). Treatment of HeLa cells
with MNNG had a similar effect, placing this agent in Group IL
The most interesting aspect of our work is the identification of
the new Group III, represented solely by S,2 alkylating agents,
which both down-regulate Ser-127 hYAP phosphorylation and
induce hYAP acetylation.

Our findings indicate that mere nuclear accumulation of
hYAP is not enough to induce its acetylation, and another fac-
tor(s) must play an important role in this reaction. Along these
lines, we demonstrated that CBP and p300 are key mediators of
MMS-induced hYAP acetylation, implying that up-regulation
of CBP/p300 activity may be the additional factor contributing
to hYAP acetylation. Collectively, our data imply that the spe-
cific cellular response to DNA lesions caused by 5,2 alkylating
agents involves the coupling of hYAP nuclear translocation
induced by Ser-127 dephosphorylation with the activation of
CBP/p300-mediated acetylation.

S\2 alkylating agents, but not Sy1 agents, generate 1-methyl-
adenine and 3-methylcytosine residues in single-stranded DNA
and RNA. These cytotoxic lesions are known to be repaired by
AlkB family dioxygenases (16). In mammalian cells, AIkB hom-
olog 2 (ABH2) removes 1-methyladenine lesions in genomic
DNA and thus is critical for cellular defense against MMS treat-
ment (17). Inaddition, ABH3 collaborates with ASCC3 helicase
to remove 3-methylcytosine lesions in certain tumor-derived
cell lines (37). However, the mechanisms regulating ABH2 and
ABH3 in response to S2 alkylating agents remain largely
unknown. Intriguingly, 1-methyladenine accumulates in aging
ABH2-deficient mice (17) and 3-methylcytosine accumulates
in ABH3 or ASCC3 knockdown cells (37), clearly showing that
such cytotoxic methylation events occur endogenously. Rele-
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vant in this context is the fact that S-adenosylmethionine,
which is the methyl group donor in the majority of enzymatic
methylation events, can act as an endogenous 5,2 alkylating
agent and generates the same methylated adducts on DNA as
MMS (38). We found that even in the absence of MMS expo-
sure, acetylation of endogenous hYAP was observed after treat-
ment with the class III HDAC inhibitor NAM. Thus, the hYAP
acetylation cycle downstream of the Hippo pathway may occur
in response to endogenous single-strand DNA/RNA alkylation
events induced by physiological S\2 alkylating agents. It is,
therefore, tempting to speculate that Hippo-YAP signaling may
be involved in the intrinsic AlkB-mediated DNA repair
pathway.
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Background: MKK? is a kinase involved in the cellular stress response.
Results: MKK?7 regulates circadian gene expression and the stability of an essential circadian component in unstressed mam-

malian cells.
Conclusion: MKK?7 functions as a circadian clock regulator.

Significance: Our identification of role of MKK?7 in the circadian clock provides insight into the importance of stress-responsive

molecules in the maintenance of cellular homeostasis.

The stress kinase mitogen-activated protein kinase kinase 7
(MKK?) is a specific activator of c-Jun N-terminal kinase (JNK),
which controls various physiological processes, such as cell prolif-
eration, apoptosis, differentiation, and migration. Here we show
that genetic inactivation of MKK?7 resulted in an extended period
of oscillation in circadian gene expression in mouse embryonic
fibroblasts. Exogenous expression in cultured mammalian cells of
an MKK7-JNK fusion protein that functions as a constitutively
active form of JNK induced phosphorylation of PER2, an essential
circadian component. Furthermore, JNK interacted with PER2 at
both the exogenous and endogenous levels, and MKK7-mediated
JNK activation increased the half-life of PER2 protein by inhibiting
its ubiquitination. Notably, the PER2 protein stabilization induced
by MKK7-JNK fusion protein reduced the degradation of PER2
induced by casein kinase 1e. Taken together, our results supporta
novel function for the stress kinase MKK?7 as a regulator of the
circadian clock in mammalian cells at steady state.

c-Jun N-terminal kinase (JNK) is a member of the family of
mitogen-activated protein kinases (MAPKs), which are ubiqui-
tously expressed and evolutionarily conserved (1, 2). JNK is
activated by many types of external stresses, including changes
in osmolarity, heat shock, and UV irradiation, and this activity
is regulated via the phosphorylation of particular tyrosine and
threonine residues located in the kinase domain. JNK phospho-
rylation is catalyzed by two dual-specificity kinases, MKK4® and
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MKK7, that act in a synergistic manner (3, 4). Although most
often activated in response to stress, phosphorylated JNK has
been detected in unstressed cultured cells and in isolated
mouse tissues, such as the brain (5, 6), indicating the impor-
tance of JNK signaling in physiological processes other than
cellular stress responses. We previously showed that genetic
inactivation of the JNK activator MKK7 in mice resulted in
defective hepatocyte proliferation and embryonic lethality
(7). In addition, loss of MKK7 in mouse embryonic fibro-
blasts (MEFs) led to their impaired proliferation, premature
senescence, and G,/M cell cycle arrest (7). These findings
indicated that MKK?7 is crucial for cell proliferation even in
the absence of stress and raised the possibility that the
MKK?7-JNK pathway might contribute to additional normal
biological events.

Circadian clocks are endogenous oscillators that drive the
daily rhythms of organisms ranging from bacteria to humans (8,
9). These clocks regulate various biochemical, physiological,
and behavioral processes with a periodicity of ~24 h (9). Under
natural conditions, circadian rhythms are entrained to this 24-h
day by environmental time cues, with light level being the most
important (10). The core of the clock mechanism in almost all
organisms studied to date is a transcription/translation-based
negative feedback loop that relies on positive and negative
oscillators (9, 11). In mammals, three basic helix-loop-helix
PAS (PER-ARNT-SIM) domain-containing transcription fac-
tors, called CLOCK, NPAS2, and BMALI, constitute the posi-
tive elements. CLOCK or NPAS2 heterodimerizes with BMAL1
to form a transcriptionally active complex that binds to E-box
elements (CACGTG) present in the promoters of members of
the Period (Per) and Cryptochrome (Cry) gene families (Perl, -2,
and -3 and CryI and -2). Once the PER and CRY proteins have

double knockout; ES, embryonic stem; KN, kinase negative; MEF, mouse
embryonic fibroblast; NLS, nuclear localization signal; Ab, antibody; WB,
Western blot; pTP, phosphorylated threonine-proline.
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been translated, they form heterodimers that can then translo-
cate to the nucleus to repress CLOCK (NPAS2)-BMAL1-medi-
ated transcription through direct protein-protein interaction.
These interactions then set up the rhythmic oscillations of gene
expression that drive the circadian clock.

The functions of various clock proteins, including CLOCK,
BMALL, PER1, PER2, PER3, CRY1, and CRY2, are regulated via
phosphorylation by various enzymes, including casein kinase-1
€ (CKle), CK18, glycogen synthase kinase-38 (GSK3p), and
casein kinase-2 (CK2) (12-14). Genetic studies have revealed
the important role this phosphorylation plays in mammalian
clock function (12, 13). For example, in the Syrian hamster,
the tau mutation causing a short period phenotype affects
the gene encoding CKle. CKle was subsequently demon-
strated to phosphorylate PER2 (15), and the short period
phenotype of tau hamsters was directly linked to their lower
rate of CKle-dependent PER2 phosphorylation. Intrigu-
ingly, a defect in CKle-mediated PER2 phosphorylation has
also been implicated in human sleep disorders. For example,
familial advanced sleep phase syndrome is associated with a
missense mutation in the human PER2 gene, and the corre-
sponding mutated PER2 protein is less effectively phospho-
rylated by CK1e in vitro than is wild type (WT) PER2 (16). At
the molecular level, CKle-mediated PER2 phosphorylation
has been shown to decrease the stability of PER2 protein by
promoting its ubiquitination (17, 18). Notably, changes in
PER2 stability have been linked to changes in the period
length of circadian rhythms (19, 20).

In this study, we present evidence that PER2 may also be
regulated by MKK7-JNK-mediated phosphorylation, establish-
ing a role for the stress kinase MKK?7 in controlling the mam-
malian circadian clock. Importantly, we demonstrate that the
MKK?7-JNK signaling pathway has an effect opposite to that of
CKle-induced PER2 destabilization. Thus, MKK7-JNK signal-
ing may provide a balancing influence on clock protein func-
tions that helps to maintain the normal periodicity of the circa-
dian clock machinery.

EXPERIMENTAL PROCEDURES

Plasmids, Reagents, Cells, and Transfection—An EcoRI frag-
ment of full-length nuclear localization signal-fused CRE
recombinase (NLS-CRE) (4) was inserted in the corresponding
site of pPCLNCX (IMGENEZX, San Diego, CA) retrovirus vector,
generating NLS-CRE-pCLNCX. A HindIII-EcoRI fragment of
Myc epitope was inserted in the corresponding sites of pEG-
FPN2 (Clontech), generating a Myc-GFP-expressing vector. A
mutation was introduced into Myc-PER2/pCS2 using PCR-
based site-directed mutagenesis (Per2S, 5'-gcaaggccgaggcetgtg-
gtgtcectcac-3'; Per2A, 5'-gtgagggacaccacagecteggecttge-3').
Expression vectors for CK1le and HA-ubiquitin were the kind
gifts of Dr. A. Takano-Hayata (Osaka University) and Dr. K.
Nakayama (Tokyo Medical and Dental University), respec-
tively. Other plasmids used in this study have been described
elsewhere (21, 22).

MEFs, HeLa cells, and 293T cells were grown in Dulbecco’s
modified Eagle’s medium (Invitrogen) supplemented with 10%
fetal bovine serum (FBS). ES cells were cultured in DMEM
(Invitrogen) containing 15% FBS, 0.1% 2-mercaptoethanol
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(Sigma), and leukemia inhibitory factor (propagation medium).
Cultured cells were transfected with Fugene (Roche Applied
Science) according to the manufacturer’s protocol. SP600125
and calyculin A were purchased from Calbiochem and Wako
Pure Chemical Industries, respectively.

Generation of Stable Reporter Cell Lines and Monitoring of
Real-time Luciferase Activity—To obtain lines of Mkk70=0x
MEFs stably expressing firefly luciferase froma 1.8-kb Per2 pro-
moter fragment, Mkk7%*/** MEFs were co-transfected with
linearized mouse Per2 promoter-pGL3basic (7 ug) and
pcDNA3.1 (1 ug) vectors. After 1 day in standard culture, 0.5
mg/ml G418 was added, and cultures were selected for 2 weeks.
Colonies were picked, and their real-time luciferase activities
were determined using a Kronos system (ATTO). Two cell lines
that showed robust circadian patterns of luciferase activity
were selected for further experimentation.

Antibodies—Antibodies (Abs) recognizing the following pro-
teins were used in this study: Myc (9E10), INK (sc-571), INK
(sc-137018), CLOCK, and actin (all from Santa Cruz Biotech-
nology, Inc.); ERK, c-Jun, phosphorylated c-Jun, and phospho-
rylated JNK (Cell Signaling); CKle (Abcam); mouse PER2
(Alpha Diagnostic International Inc.); HA (Immunology Con-
sultants Laboratory); and FLAG (Sigma). All other Abs have
been described elsewhere (22, 23).

Co-immunoprecipitation—Co-immunoprecipitation assays
were performed as described previously with some modifica-
tions (22). 293T cells or MEFs were washed twice with phos-
phate-buffered saline (PBS) and homogenized in binding buffer
(150 mm NacCl, 1 mm EDTA, 0.5% Nonidet P-40, 1 mm EGTA,
5% glycerol, and 20 mm Tris-HCI, pH 7.4} containing protease
inhibitor mixture tablets. Extracts were clarified by centrifuga-
tion for 10 min at 15,000 X g, and supernatants were incubated
with 15 ul of protein G-agarose beads (GE Healthcare) for 1 h at
4 °C. The bead mixture was centrifuged, and the supernatant
was incubated for 12 h at 4 °C with the Abs described in each
figure legend plus 20 ul of protein G-agarose beads. The beads
were washed three times with binding buffer, boiled in SDS
sample buffer, and centrifuged. The supernatant was fraction-
ated by SDS-PAGE and analyzed by Western blotting, as
described below.

Western Blotting—Immunoprecipitated materials and total
cell extracts obtained as described above were fractionated by
SDS-PAGE and transferred electrophoretically onto polyvi-
nylidene difluoride membranes. Membranes were blocked with
2 or 5% nonfat milk and incubated for 10 h at 4 °C with the Abs
indicated in each figure legend. The blots were incubated with
the appropriate secondary Ab plus peroxidase-conjugated anti-
mouse or anti-rabbit IgG Ab (Santa Cruz Biotechnology, Inc.)
and developed with the ECL Western blotting detection system
(Amersham Biosciences).

Ubiquitination Assay—Myc-PER2 was co-expressed with
HA-tagged ubiquitin in 293T cells. The cells were lysed in 1%
SDS buffer (1% SDS in TBS), boiled for 10 min, and diluted
10-fold in incubation buffer (1% Triton X-100 in TBS) prior to
immunoprecipitation with anti-Myc.

Retroviral Transduction—Retroviruses used in this study
were produced using the RetroMax expression system
(IMGENEX) according to the manufacturer’s instructions.
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NLS-CRE was expressed in Mkk7%*/* MEFs using the
pCLNCX-NLS-CRE vector, with pMD.G/vsv-g as the envelop-
ing vector. The high infection efficiency (95-100%) of this sys-
tem was confirmed by infecting MEFs with pCLNCX vector
expressing GFP (data not shown).

RESULTS

Genetic Inactivation of Mkk7 Gene Alters Circadian Gene
Expression—T o investigate whether MKK7 was involved in cir-
cadian regulation, we examined cultured cells under conditions
that provide a good model of the cell-autonomous circadian
oscillation that occurs in mammalian peripheral tissues (24).
When cultured human and mouse cells are treated with dexa-
methasone (Dex), a rhythm of circadian gene expression is
entrained (24). To visualize circadian rhythms in cultured
MEFs, we used previously generated mice carrying a condi-
tional Mkk7 allele (MkkZ%*7%9% mice) (25, 26) to establish cul-
tures of mutant MEFs (Mkk77*#°* MEFs) in which MKK?7
could be genetically inactivated by expression of NLS-CRE (Fig.
1A, left). We then generated two independent lines of
Mikdc7"*%0% MEFs that stably expressed firefly luciferase from a
1.8-kb DNA fragment containing the mouse Per2 promoter
(Per2-Luc/Mkk710*#0% line 1, Per2-Luc/Mkk7Z™*/%* line 2).
Retroviral transduction of NLS-CRE resulted in genetic inacti-
vation of MKK?7 in both cell lines (Fig. 14, middle and right).
When we treated these cells with Dex and monitored real-time
Per2 promoter-driven luciferase bioluminescence, we found
that NLS-CRE-mediated inactivation of MKK7 significantly
lengthened the circadian period of bioluminescence in both
Per2-Luc/Mkk7%*7°* line 1 and Per2-Luc/MkkZ**/* line 2
MEFs (Fig. 1, Band C, and supplemental Fig. 1, A and B). Thus,
MKK?7 influences circadian gene expression in unstressed cells.

Because MKK?7 is a specific activator of JNK (1, 2), we spec-
ulated that the altered circadian periodicity we observed fol-
lowing MKK?7 inactivation might be associated with impaired
JNK function. We therefore examined the effect of MKK7 inac-
tivation on JNK phosphorylation. Previous reports have estab-
lished that, even in the absence of external stress, cultured cells
exhibit a low level of JNK phosphorylation (5, 6), a result we
confirmed in our Mkk#"**f* MEFs (Fig. 1D, left). When we
treated Mkk#"0*/%* MEFs with the phosphatase inhibitor caly-
culin A, JNK phosphorylation was markedly increased. How-
ever, when MKK7 was genetically deleted, JNK phosphoryla-
tion was significantly reduced both in untreated and calyculin
A-treated MEFs (Fig. 1D, right), showing that the stress-inde-
pendent JNK activation observed in cultured cells depends on
the kinase activity of MKK7. We then examined the effect of the
kinase inhibitor SP600125 (which blocks JNK activity) on cir-
cadian gene expression and found that SP600125 treatment
lengthened the circadian period of bioluminescence in both
Per2-Luc/Mkk7%*7°% line 1 and 2 MEFs (supplemental Fig. 2).
Importantly, the effects of SP600125 on circadian gene expres-
sion were strikingly similar to those of MKK7 genetic inactiva-
tion (Fig. 1, Band C). In addition, our results are consistent with
previous studies showing that SP600125 extends the period of
circadian transcription in cultured cells and in ex vive organ
culture systems (6, 27). Thus, our findings provide evidence
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FIGURE 1. MKK7 controls circadian gene expression in cultured cells. 4,
confirmation of loss of MKK7 expression. Mkk7"1x MEFs and two lines of
Mk 771X MEFs expressing luciferase under the control of the Per2 pro-
moter (Per2-Luc/Mkk771°% line 1 and Per2-Luc/Mkk77/%°% line 2), were
infected with NLS-CRE-expressing (+) or control (—) retroviral vectors. MKK7
levels were determined by WB with anti-MKK7 Ab. ACTIN, Ioadin’? control. B
and C, loss of MKK7 alters the circadian period. Per2-Luc/Mkk777°% line 1 (B)
and Per2-Luc/Mkk7%1ex fine 2 (C) MEFs were infected with retrovirus
expressing NLS-CRE or control vector and synchronized by Dex treatment.
Per2 reporter bioluminescence was monitored over the indicated time
course. Detrended data representative of three independent experiments are
shown in the upper panels. Blue trace, control bioluminescence rhythm; red
trace, bioluminescence rhythm in the absence of MKK7. Tables in the lower
panels show the calculated periods of bioluminescence rhythms expressed as
the mean = S.D. (n = 3). p values as compared with the control are indicated.
D, effects of calyculin A treatment on JNK phosphorylation. Mkk77/#ox MEFs
infected with NSL-CRE-expressing retrovirus (Mkk7~/~) or empty vector
(Mkk77ex) were treated with 5 nm calyculin A. At the indicated time points,
lysates were analyzed by WB using anti-phospho-JNK (p-INK), anti-JINK (JNK),
and anti-actin (ACTIN) Abs. Black arrowheads, phosphorylated JNK. ¥, nonspe-
cific band. For all experiments, results shown are representative of at least
three independent trials.

that the MKK7-JNK signaling pathway is involved in the circa-
dian regulation of gene expression.

MKK7-JNK Fusion Protein Induces PER2 Phosphorylation—
To identify the MKK7-JNK target(s) involved in regulating the
mammalian circadian clock, we overexpressed an MKK7-JNK
(WT) fusion protein in 293T or HeLa cells and performed
Western blotting (WB). It has been previously demonstrated
that expression of this MKK7-JNK (WT) fusion protein, but not
of a kinase-negative (KN) version (MKK7-JNK (KN)), results in
trans-phosphorylation of JNK by the fused MKK7 and a subse-
quent marked increase in JNK catalytic activity (21). Consistent
with these results, we found that phosphorylation of endoge-
nous c-Jun, a well known JNK target (1), was strongly induced
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FIGURE 2. Co-expression of MKK7-JNK fusion protein induces the phos-
phorylation of exogenous PER2 and BMALT1. A, confirmation of kinase
properties. 2937 cells were transiently transfected with vectors expressing
MKK7-INK (WT) or MKK7-JNK (KN), and lysates were analyzed by WB with
anti-phospho-c-Jun (p-c-Jun), anti-c-Jun, anti-INK, and anti-ERK Abs to detect
phospho-c-Jun, ¢-Jun, MKK7-JNK, and ERK proteins, respectively. Only MKK7-
JNK (WT) expression resulted in phosphorylation of the JNK target c-Jun (p-c-
Jun). B, mobility shift of clock proteins. MKK7-JNK (WT) or empty control vec-
tor (—) was co-expressed in Hela cells with vectors expressing Myc-CLOCK,
Myc-CRY1, Myc-PER2, or Myc-BMAL1. Lysates were analyzed by WB with anti-
Myc Ab to detect the indicated Myc-tagged clock proteins or with anti-INK Ab
to detect MKK7-JNK protein. Brackets indicate the shiftin the PER2 and BMAL1
bands induced by co-expression of MKK7-JNK (WT). C and D, sensitivity to
phosphatase. Hela cells were co-transfected with vectors expressing Myc-
PER2 (C) or Myc-BMAL1 (D), plus either empty vector (—) or vector expressing
MKK7-JNK (WT) (+). Lysates were treated (+) or not (—) with alkaline phos-
phatase (PPA) and analyzed by WB with anti-Myc Ab to detect Myc-PER2 or
Myc-BMAL1 and with anti-JNK Ab to detect MKK7-JNK (WT). £, MKK7-JNK-
mediated increase in PER2 pTP motifs. 293T cells transiently expressing Myc-
PER2 were co-transfected with empty vector (=) or MKK7-JNK (WT) (+).
Lysates were immunoprecipitated (/P) using anti-Myc Ab to isolate PER2. This
immunoprecipitate was subjected to WB analysis with anti-pTP Ab to detect
phosphorylated PER2 (p-PER2) (top) and with anti-Myc Ab to detect Myc-PER2
(middle). Bottom, WB analysis of total cell lysate using anti-JNK Ab to detect
MKK7-JNK (WT).

by overexpression of MKK7-JNK (WT) but not by MKK7-JNK
(KN) (Fig. 24). We then examined the effect of MKK-JNK (WT)
on the co-expression of a set of Myc-tagged clock proteins.
Interestingly, MKK7-JNK (WT) caused a significant shiftin the
electrophoretic mobility of Myc-PER2 and Myc-BMAL1 (Fig.
2B) that could be reversed by phosphatase treatment (Fig. 2, C
and D). These data indicate that JNK-mediated phosphoryla-
tion can induce a mobility shift in clock proteins, implying a
concrete interaction between MKK7-JNK signaling and the
clock machinery.
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A particular threonine-proline motif is a consensus site for
JNK phosphorylation (28). We overexpressed Myc-PER2 or
Myc-BMALL in the presence or absence of MKK7-JNK (WT)
in cultured cells and examined whether these proteins were
phosphorylated on this motif. We immunoprecipitated Myc-
tagged clock proteins with anti-Myc Ab followed by WB anal-
ysis using an Ab specifically recognizing proteins bearing the
phosphorylated threonine-proline (pTP) motif. We found that
PER2 was modestly phosphorylated on its threonine-proline
motif(s) in control cells but that this PER2 phosphorylation was
greatly enhanced by MKK7-JNK (WT) (Fig. 2E). However, no
band corresponding to BMAL1 phosphorylation was detected
in either control or MKK7-JNK (W T)-expressing cells (data not
shown). We therefore speculated that PER2 is the more likely
circadian target of MKK7-JNK signaling and thus focused our
subsequent analyses mainly on PER2.

JNK Physically Interacts with PER2—We tested whether JNK
could physically interact with clock proteins using co-immuno-
precipitation assays. First, we co-expressed FLAG-JNK with
Myc-PER2, Myc-BMAL1L, or Myc-LacZ (negative control) in
293T cells and subjected lysates to immunoprecipitation with
anti-FLAG Ab. We found that these exogenous forms of PER2
and BMALI1 both co-immunoprecipitated with FLAG-JNK
(Fig. 3A). To confirm an interaction between PER2 and JNK at
the endogenous level, we used anti-PER2 Ab to immunopre-
cipitate endogenous PER2 from Dex-synchronized WT MEFs
atvarious time points and performed WB to detect endogenous
JNK. Indeed, endogenous JNK co-immunoprecipitated with
endogenous PER2 in a manner that appeared to depend on the
abundance of PER2 protein (Fig. 3B).

MKK7-JNK Signaling Stabilizes PER2 Protein—During the
course of the above experiments, we realized that MKK7-JNK
(WT) expression increased the abundance of PER2 protein,
suggesting that MKK7-JNK signaling might affect PER2 stabil-
ity. To test this possibility, we co-expressed increasing amounts
of MKK7-JNK (WT) with Myc-PER2 and Myc-GFP in 293T
cells and detected a dose-dependent increase in PER2 protein
(Fig. 4A4). This PER2 up-regulation was almost entirely depend-
ent on the enzymatic activity of JNK because it was not
observed when Myc-PER2 was co-expressed with MKK7-JNK
(KN). A more modest increase in Myc-PER2 protein was
observed in HeLa cells expressing MKK7-JNK (WT) (data not
shown), indicating that this phenomenon varies by cell type.
We believe that the MKK7-JNK-induced increase in PER2 pro-
tein is not due to an elevation in Per2 mRNA because MKK7-
JNK co-expression did not affect levels of Myc-GFP protein
(Fig. 4A), whose transcription was controlled by the same CMV
promoter as that controlling Per2.

We next investigated the effect of MKK7-JNK (WT) on the
half-life of PER2 protein. To this end, we co-transfected cul-
tured cells expressing Myc-PER2 plus Myc-GFP with empty
vector, MKK7-JNK (WT), or MKK7-JNK (KN) and treated the
cells with cycloheximide (CHX) to prevent new protein synthe-
sis. Intriguingly, MKK7-JNK (WT), but not MKK7-JNK (KN),
markedly extended the half-life of Myc-PER?2 protein (Fig. 4, B
and C). Thus, the PER2 protein stabilization attributable to
MKK?7-JNK (WT) depends on the kinase activity of JNK.
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FIGURE 3. PER2 and BMAL1 can physically interact with JNK. A, exogenous
level. FLAG-JNK was co-expressed with Myc-BMAL1, Myc-PER2, or Myc-LacZ
in 293T cells. Lysates were immunoprecipitated (/P) with anti-FLAG Ab and
analyzed by WB with anti-Myc Ab to detect clock proteins or with anti-JNK
(sc-571) Ab to detect JNK. Input, total lysates subjected to WB with anti-Myc
Ab. B, endogenous level. WT MEFs were synchronized with Dex, and protein
extracts were prepared at the indicated times (h). Top, extracts were immu-
noprecipitated with anti-PER2 Ab, and the immunoprecipitate was analyzed
by WB with anti-JNK or anti-PER2 Abs. CNT, Immunoprecipitation using rabbit
1gG (negative control). Input, total lysates subjected to WB with anti-JNK or
anti-ERK Abs.

We previously established mouse ES cells bearing disrup-
tions of both the Mkk4 and Mkk7 genes (MKK-DKO ES cells)
(29). Because the circadian machinery is not functional in ES
cells (30), we can study this cell type to avoid the effects of
time-dependent regulation of clock protein expression and
degradation. We confirmed that JNK phosphorylation, and
therefore activity, was markedly diminished in MKK-DKO ES
cells (Fig. 4D), consistent with our previous report (29). Inter-
estingly, PER2 protein was also dramatically reduced in MKK-
DKO ES cells. In contrast, the expression of other clock pro-
teins, including CLOCK, BMALI, and CRY1, was comparable
in WT and MKK-DKO ES cells. These data support our results
obtained using the MKK7-JNK fusion protein (Fig. 4, A and B)
and indicate that JNK activity has a specific effect on PER2
protein stability.

Ubiquitination is an important step in the targeting of PER2
protein for proteasomal degradation (17, 18, 23). We therefore
tested the effect of MKK7-JNK (WT) or MKK7-JNK (KN)
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expression on PER2 ubiquitination. Myc-PER2 was co-ex-
pressed in cultured cells with HA-ubiquitin plus empty vector,
MKK7-INK (WT), or MKK7-JNK (KN). Immunoprecipitation
of extracts followed by WB showed that Myc-PER2 underwent
prominent ubiquitination in control cultures (Fig. 4E), consist-
ent with previous reports (17, 18, 23). Significantly, this ubig-
uitination of Myc-PER2 was efficiently inhibited by co-expres-
sion of MKK7-JNK (WT) but not by co-expression of MKK7-
JNK (KN) (Fig. 4E). These results imply that the enzymatic
activity of MKK7-activated JNK is required to block PER2
ubiquitination.

MKK7-JNK Inhibits CKle-mediated PER2 Degradation—It
has been reported that CK1e phosphorylates PER2 and induces
subsequent PER2 degradation via ubiquitination (17, 18). We
found that overexpression of CK1e caused a significant shift in
the mobility of PER2 protein that was consistent with its desta-
bilization (Fig. 5, A (compare lanes 1-3 with lanes 4~ 6) and B).
This electrophoretic retardation resulted from phosphoryla-
tion because it could be reversed by phosphatase treatment
(supplemental Fig. 3), a finding consistent with previous reports
(17, 18). Notably, co-expression of MKK7-JNK (WT) did not
inhibit the electrophoretic retardation of the PER2 protein
band induced by CKle. Instead, MKK7-]NK (WT) caused an
additional shift in the PER2 band (Fig. 5C) that was also
reversed by phosphatase treatment (supplemental Fig. 3).
These data suggest that CK1e and JNK do not compete in phos-
phorylating PER2. To confirm this hypothesis, we mutated the
Ser-659 residue of mouse PER2 protein to alanine (PER2
(S659A)), thereby altering the residue that corresponds to the
best-characterized CKle phosphorylation site of the human
PER2 protein (16). We found that MKK7-JNK (WT) was still
able to efficiently phosphorylate the PER2 (S659A) protein (Fig.
5D), indicating that MKK7-JNK phosphorylates PER2 at amino
acid residue(s) other than Ser-659. When we assessed the effect
of MKK7-JNK (WT) expression on CKle control over PER2
stability, we found that the enzymatic activity of JNK reduced
the destabilization of PER2 induced by CKle (Fig. 5, A (com-
pare lanes 4 — 6 with lanes 10—12) and B). Furthermore, MKK7-
INK (WT) co-expression suppressed CKle-induced PER2
ubiquitination (Fig. 5E). Thus, our results clearly show that the
MKK7-JNK signaling pathway and CKle activity oppose each
other in regulating PER2 protein stability.

DISCUSSION

Previous studies have shown that phosphorylation levels of
JNK, and thus its kinase activity, fluctuate in a circadian manner
in both the suprachiasmatic nucleus, the site of the master
clock, and in cultured mammalian cells (5, 6). In addition, the
use of the JNK inhibitor SP600125 and siRNA-mediated sup-
pression of Juk have both been reported to lengthen the period
of circadian transcription in cultured cells and in ex vivo organ
culture systems (6, 27, 31). These findings have provided evi-
dence of the involvement of the JNK signaling pathway in cir-
cadian regulation. However, several laboratories, including
ours, have demonstrated that SP600125 suppresses the activi-
ties of kinases other than JNK, such as phosphatidylinositol
3-kinase and Cdkl (32, 33). Thus, to examine circadian gene
expression in the specific absence of JNK activity, we used
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