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Studies have suggested that the clock regulator PER2 is a
tumour suppressor. A cancer network involving PER2
raises the possibility that some tumour suppressors are
directly involved in the mammalian clock. Here, we show
that the tumour suppressor promyelocytic leukaemia
(PML) protein is a circadian clock regulator and can
physically interact with PER2. In the suprachiasmatic
nucleus (SCN), PML expression and PML-PER2 interac-
tion are under clock control. Loss of PML disrupts and
dampens the expression of clock regulators Per2, Perl,
Cryl, Bmall and Npas2. In the presence of PML and PER2,
BMAL1/CLOCK-mediated transcription is enhanced. In
Pml/~ SCN and mouse embryo fibroblast cells, the
cellular distribution of PER2 is primarily perinuclear/
cytoplasmic. PML is acetylated at K487 and its deacetyla-
tion by SIRT1 promotes PML control of PER2 nuclear
localization. The circadian period of Pml~/~ mice displays
reduced precision and stability consistent with PML hav-
ing a role in the mammalian clock mechanism.
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Introduction

Circadian rhythms are the daily oscillations of biological
processes driven by endogenous clocks (Takahashi, 1995).
The master clock is located in the suprachiasmatic nucleus
(SCN; Schwartz and Gainer, 1977). However, basic clock
function is also found in peripheral organs and individual
nucleated cells (Welsh et al, 2004; Yoo et al, 2004). Major
mammalian circadian genes identified include Casein kinases
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(CKl1e and CK196), Cryptochromes (Cryl and Cry2), Periods
(Perl, Per2 and Per3), Clock and Npas2, Rev-erba. and RoRu
and Bmall (Ko and Takahashi, 2006). For many of these clock
regulators, their levels of mRNAs and proteins oscillate
during 24-h circadian time and in zeitgeber time (ZT).

The SCN and peripheral clocks are composed of interacting
positive and negative-feedback loops that regulate clock gene
transcription and involve proteins that shuttle between the
nucleus and the cytosol (Ko and Takahashi, 2006). In the
negative-feedback loop, CRYs suppress Per gene transcription
by directly inhibiting the activity of BMAL1/CLOCK or
BMAL1/NPAS2 heterodimers binding to the E-box of the
targeted gene promoter (Kume et al, 1999; Reick et al,
2001). Genetic evidence supports CRY’s negative role in the
clock mechanism since mouse Period 1 (mPerl) and Period 2
(mPer2) levels are enhanced in Cryl™~/Cry2~/~ mice
(Vitaterna et al, 1999). Based on co-transfection studies in
NIH3T3 cells, it was proposed that CRYs are required for
mPER1 and mPER2 entry into the nucleus (Kume et al, 1999).
Thus, a key feature of the mammalian clock mechanism is a
negative-feedback loop based on CRY’s transport of PER’s
into the nucleus to repress BMAL1/CLOCK-mediated tran-
scription. However, both mPER2 and mPER1 appear primar-
ily in the nuclei of Cryl~/~/Cry2~/~ SCN, mouse embryo
fibroblast (MEF) and liver cells (Yagita et al, 2000, 2002). In
the hypothetical positive loop, the expression of mPer2 is
activated by BMAL1/CLOCK- or BMAL1/NPAS2-mediated
transcription. Evidence from mPer2-deficient mice revealed
that transcription of core circadian genes such as mPerl and
Cryl was dampened in the SCN and peripheral tissues
implicating mPER2 as a positive regulator (Zheng et al,
1999). Except for activation of BMAL1/NPAS2, there was
no discernable enhancement of BMAL1/CLOCK transcrip-
tional activity by mPER2 in vitro (Kaasik and Lee, 2004).
Rather, transfection of an mPer2 expression construct
modestly inhibited BMAL1/CLOCK-mediated transcription,
leading to the view that PER2, in partner with CRYs, regulates
the negative-feedback loop, a mechanism similar to dPER’s
role in the Drosophila clock (Hardin et al, 1990; Kume et al,
1999). These discrepancies between in-vivo and in-vitro
observations on the role of PER2 in the mammalian clock
remain unresolved.

Studies have implicated the circadian clock in gating of the
cell division cycle and in the DNA damage response in
mammals (Fu et al, 2002; Matsuo et al, 2003; Nagoshi et al,
2004; Zhao and Lee, 2010). DNA damage can phase shift the
circadian rhythm of mice (Oklejewicz et al, 2008). The gene
for the Neurospora circadian mutant Prd-4 encodes a mutated
orthologue of the mammalian Checkpoint 2 (Chk2) gene,
demonstrating that the integration of circadian function
with the biological processes of cell division and DNA
damage response is evolutionarily conserved (Pregueiro
et al, 2006). Other studies have since implicated human
PER2 (hPER2) in tumour suppression (Gery et al, 2005;
Hua et al, 2006; Winter et al, 2007; Oda et al, 2009).
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Figure 1 PML interacts with PER2. (A) Endogenous mPER2 in MEFs: Wild type (WT, top panel) and Pml~~ (middle and lower panel).
(B) PML colocalization with PER2. Double IF staining with PER2 and PML antibodies in U20S cells with (second row) or without (first row)
treatment with 1500 U/ml y-interferon, or stable U20S/PML cell induced with (fourth row) or without Zn*" (third row). Western analyses
were carried out with mPER2, PML or His tag as primary antibody. (C) Western analysis of immunoprecipitates using IgG or mPER2 antibody.
(D) Western analysis of immunoprecipitates using IgG or PML antibody. (E) Western analysis of lysates from cells transfected with cDNA’s
expressing various deletion mutants of PML. (F) Western analysis of immunoprecipitates pulled down from lysates of PML mutants using an

mPER2 antibody. Bars: 10 pm.

Human tumour cells that were engineered to overexpress
PER2 displayed increased apoptosis and repressed uncon-
trolled growth. Animal studies show that the growth rate of
implanted tumour cells was negatively regulated by PER2
(Miyazaki et al, 2010). Together, these observations suggest
that PER2 behaves like a tumour suppressor and likely
operates in a network with other tumour suppressors.
Some tumour suppressors including p53 and promyelocytic
leukaemia (PML) are known to physically interact or have an
interactive regulatory role (Pearson et al, 2000; de Stanchina
et al, 2004). For example, the anti-proliferative activity of p53
is in part mediated through PML (de Stanchina et al, 2004).
The sequestration of MDM2, the major negative regulator of
p53, to the nucleolus is dependent on PML (Bernardi et al,
2004). In addition, the acetylation of p53 by CBP is modu-
lated by PML’s regulation of CBP degradation in the nucleus
(St-Germain et al, 2008). The deacetylation of pS3 by SIRT1
occurs in PML nuclear bodies (PML NBs; Langley et al, 2002).
Recently, SIRT1 was shown to be in a complex with BMAL1/
CLOCK and its deacetylation activity regulates expression of
Per2 (Asher et al, 2008; Nakahata et al, 2008).

We postulate that members of the tumour suppressor
network could have a role in the mammalian clock mechan-
ism. Of particular interest to us is PML, whose roles in the
DNA damage response, cell division control and chromosome
instability have been well documented (Salomoni and
Pandolfi, 2002; Bernardi and Pandolfi, 2007). A reciprocal
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chromosomal translocation t(15;17), which fuses the PML
and the retinoic acid receptor alpha (RARa) genes, is the
underlying cause of over 95% of acute promyelocytic leukae-
mia (APL) cases. Here, we show that PML is a clock regulator
that acts by regulating PER2 nuclear localization. Loss of PML
disrupts PER2 nuclear localization and dampens expression
of mPer2 and other key circadian regulators in peripheral and
SCN clocks. We show that amino acid K487 of PML is
required for nuclear localization and is acetylated. Acetyl-
PML deacetylation is carried out by SIRT1. Deacetylation of
acetyl-PML promotes PER2 nuclear localization. Nuclear
PER2 interacts with BMAL1/CLOCK resulting in enhanced
heterodimer mediated transcription. Finally, we show that
Pmi~/~ mice have an abnormal phase shift response to a light
pulse. Its period displays reduced precision and stability
consistent with a role for PML as a mammalian clock
regulator.

Results

PML functionally and physically interacts with PER2

Immunofluorescence (IF) staining for PER2 and PML in MEFs
revealed a significant difference in cellular localization of
mPER2 between wild-type and PML-deficient (Pml ") cells.
The majority of endogenous mPER2 appeared in the nucleus
of Pml /" MEFs (Figure 1A; Supplementary Figure S1A). By
contrast, the majority of observed endogenous mPER2 in

©2012 European Molecular Biology Organization
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Figure 2 PML in the SCN and peripheral clocks upregulates mPER2 expression. (A) Immunohistochemical staining with anti-PML monoclonal
antibody of SCN obtained from wild-type and Pml~~ mice. Bar 200 pm. (B) Temporal analysis by immunohistochemical staining with mPER2

antibody of SCN sections obtained from wild-type and Pmi~

mice. Bar: 200 um. (C) Northern analysis of liver total RNA from wild-type and

Pml~~ mice obtained at various ZT points for expression of Pml, mPerl, mPer2, Cryl, Bmall, Npas2 and Gapdh. Blots were hybridized with
radiolabelled cDNA probes for the respective genes. (D) Immunohistochemical staining of PER2 (red) and PML (green) in the wild-type mice
SCN at ZTO0 and ZT12 observed under x 1000 magnification. Colocalization of PER2 and PML is shown as yellow. Note the nuclear or cytosolic
distribution of PER2 at ZT0 in two adjacent nuclei that differentially expressed PML. Bar: 10 um. (E) Percentage of PER2 and PML in the SCN
that colocalized between ZT0 and ZT20 (n>10). (F) Western analysis with anti-PML antibodies of immunoprecipitates from anti-PER2
antibody or IgG with SCN lysates prepared from 20 mouse brains at ZT14.

Pml/~ MEFs was in the perinuclear region and the cytosol.
This finding suggests that PML and PER2 are functionally
linked. We performed double IF staining in U20S cells to
investigate whether the two proteins colocalize. We observed
a limited number of the PER2 signals localized to PML NBs
(Figure 1B). However, after interferon-induced expression of
PML (Grotzinger et al, 1996), a significant increase in
endogenous PER2 colocalization with PML NBs was observed
(Figure 1B; Supplementary Figure S1B). In addition, induci-
ble expression of PML in a stable cell line U20S/PML by
Zn** (Wu et al, 2003) resulted in nearly 100% of endogen-
ous PER2 localized to PML NBs. The above studies support a
functional interaction between PER2 and PML.

We further examined the possible physical interaction
between PML and PER2 in U20S cells using co-immunopre-
cipitation (Figure 1C and D). These results revealed that both
the PML antibody and the mPER2 antibody co-immunopre-
cipitated PML and PER2 in U20S cells. In addition, all five
known isoforms of PML (Fagioli et al, 1992) were able to
interact with PER2 in U20S cells (Supplementary Figure S2).
To identify the PML region that interacts with PER2, expres-
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sion constructs with a His tag were generated from serial
deletions of PML4 cDNA (Figure 1E). Co-immunoprecipita-
tion with mPER2 and His-tag antibodies revealed that PML
polypeptides containing amino acids 1-447 and 1-331 did not
interact with PER2 in U20S cells (Figure 1F). This study
demonstrated that a domain within amino acids 448-555 of
PML is required for physical interaction with PER2.

PML regulates mPER2 expression

The master clock in the SCN is essential for circadian rhythm
in mammals (Schwartz and Zimmerman, 1991). If the
PML-PER2 interaction has biological relevance to central
clock function, then PML should be expressed in the SCN.
Immunohistochemical staining of SCN sections from wild-
type mice with a PML antibody revealed oscillating PML
levels that peak around ZT12 (Figure 2A; Supplementary
Figure S3). No such immunoreactivity to PML antibody was
observed in SCN sections obtained at ZT12 from Pmil ™/~
animals. These observations indicate that PML is under
clock control. Immunohistochemical staining of SCN sections
with the mPER2 antibody revealed dampened mPER2 levels
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Figure 3 PML enhances BMAL1/CLOCK and BMAL1/NPAS2 transcription requires PER2. Reporter assays were carried out using the mPer2
promoter luciferase (mPer2-luc) construct in combination with the indicated expression constructs. (A) BMAL1/CLOCK transcription of mPer2-
luc in wild-type MEF cells. (B) BMAL1/CLOCK transcription in MEFs from wild-type and mPer2~/~ mice. (C) BMAL1/NPAS2 transcription in
MEFs from wild-type and mPer2™™ mice. Luciferase activity in samples transfected with mPer2-luc alone was arbitrarily set at 1.0. Error bars

indicate s.e.m. (n=3). *P<0.05, t-test.

in Pml~/~ mice when compared with wild-type animals
(Figure 2B; Supplementary Figure S4). These observations
suggest that PML regulates mPER2 expression.

The expression levels of temporally expressed core clock
genes, including Npas2, Bmall, Cryl, mPer]l and mPer2, were
also examined in Pml{~~ mice. Northern blot analysis of liver
total RNA from Pm!~/~ and wild-type mice revealed moderate
to severe reductions in the expressions of these genes in
Pml™~ mice when compared with wild-type animals
(Figure 2C; Supplementary Figure S5). Quantification analy-
sis revealed that peak expressions of mPerl, mPer2 and Cryl
were significantly dampened in Pml/™~ mice when compared
with wild-type mice. Both Npas2 and Bmall expressions were
apparently not affected significantly by the loss of PML. As in
the SCN, expression of PML displayed temporal control in the
liver. Together, these findings implicate PML as a positive
regulator of the clock transcriptional mechanism.

We further investigated whether the PML-PER?2 interaction
observed in cultured cells also occurs in the SCN. Temporal
interaction between PML and mPER2 in the SCN was visua-
lized using a deconvolution microscope by staining with PML
and mPER2 antibodies. Expression of both proteins was low
between ZT0 and ZT8 and reached peak levels around ZT12-
ZT16 (Figure 2B; Supplementary Figures S3 and S6). At ZT12,
the majority of nuclei that expressed PML also expressed
mPER2 in the SCN (Supplementary Figure S6). There was
significantly less overlapping expression of PML and mPER2
in the SCN at ZTO (Figure 2D). At ZT12, a significant level of
mPER2 and PML colocalized in the nucleus suggesting that
they interact. This interaction between mPER2 and PML
appears under temporal control as the level of colocalized
mPER2 and PML was observed to increase from ZT0-ZT4 to
ZT12-ZT16 (Figure 2E). In addition, the mPER2 nuclear
distribution pattern appears to be influenced by PML. At
ZTO0, a nucleus that expressed PML also displayed nuclear
mPER2, while an adjacent cell nucleus that did not show PML
expression displayed a perinuclear/cytosolic mPER2 distribu-
tion (Figure 2D). These observations are consistent with
results from Pmi~/~ MEF where the mPER2 cellular distribu-
tion was primarily perinuclear/cytosolic, indicating that PML

VOL 31 | NO 6 | 2012

regulates PER2 nuclear localization. To further substantiate
the PML-PER2 interaction in the SCN, total lysates were
prepared from SCN collected from 20 mouse brains killed at
ZT14. Co-immunoprecipitation assay was carried out with
either anti-PER2 antibody or IgG. Western analysis with anti-
PML monoclonal antibodies specific to mouse PML demon-
strated that the anti-PER2 antibody but not IgG pulled down
mouse PML in the SCN extract (Figure 2F). Together, these
studies demonstrate that PML expression and its interaction
with mPER2 in the SCN are under temporal control.

Enhancement of BMAL1/NPAS2 and BMAL1/CLOCK-
mediated transcription by PML requires PER2

Given the above observations, we investigated whether PML
could regulate mPer2 transcription. The core transcriptional
complex that drives the mPer2 and mPer] promoters consists
of BMAL1/NPAS2 or BMAL1/CLOCK heterodimers in mam-
mals (Kume et al, 1999; Reick et al, 2001). Possible PML
enhancement of BMAL1/NPAS2 and BMAL1/CLOCK tran-
scriptional activity was investigated using co-transfection of
expression constructs of other clock genes into wild-type MEF
or U20S cells with an mPer2 promoter luciferase (mPer2-Luc)
reporter construct (Travnickova-Bendova et al, 2002).
Expression of BMAL1/NPAS2 and BMAL1/CLOCK transcrip-
tional complexes activated mPer2 promoter activity as pre-
viously described (Kaasik and Lee, 2004). Co-expression of
PML potently enhanced the transcriptional activity of both
BMAL1/NPAS2 and BMAL1/CLOCK (Figure 3A-C; Supple-
mentary Figure S7). Co-expression of mPER2 moderately
enhanced BMAL1/NPAS2, consistent with previous observa-
tions (Kaasik and Lee, 2004). That PER2 can enhance BMAL1/
NPAS2-mediated transcription has been independently ob-
served (Hampp et al, 2008; Zhang et al, 2008). Co-expression
of both PML and mPER2 produced further enhancement of
BMAL1/NPAS2 and BMAL1/CLOCK transcriptional activities,
and these activities were repressed by CRY1.

Using primary MEFs that were generated from wild-type,
mPer2™™ and mPer2~/~ mice, we investigated whether PML
enhancement of heterodimer transcription requires PER2.
The mPer2™™ mouse has an in-frame deletion of the PASB

©2012 European Molecular Biology Organization
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Figure 4 Nuclear localization of PER2 is regulated by PML. (A) Immunofluorescence staining with mPER2 or PML antibody. Pml /= MEFs
transfected with expression constructs: mPer2 only (top panel), mPer2 and Pml (middle panel), mPer2 and Pml K487R (lower panel). Bar:
10 pm. (B) Reporter assay using wild-type MEFs with PML carrying lysine (K) to arginine (R) substitution at amino-acid positions 460, 515 and
487 (n=2). (C) Immunohistochemical analysis with mPER2 antibody of SCN sections from wild-type or Pml~/~ mice at ZT12 view at x 100
(Bar: 200pum) and x 400 (Bar: 10 um) magnification. (D) Immunohistochemical analysis with mPER2 antibody of the SCN sections from
wild-type or Pml™~ mice from sampled every 4 h from ZTO0 to ZT20 viewed at x 1000 magnification. Bar: 10 um. *P<0.05, t-test.

domain that rendered PER2 non-functional (Zheng et al,
1999). In wild-type MEFs, the results were similar to findings
from U20S cells (Figure 3A-C; Supplementary Figure S7).
However, using either mPer2™™ or mPer2~~ MEFs, the
enhancement of BMAL1/NPAS2 and BMAL1/CLOCK tran-
scriptional activity by PML was abolished (Figure 3B and
C). Transfection of PML or PER2 alone had no effect on
mPer2-luc promoter activity using mPer2™™ or mPer2™/~
MEFs (Supplementary Figure S8). The enhancement of
BMAL1/NPAS2 and BMAL1/CLOCK transcriptional activity
was restored by the co-expression of mPER2 and PML in
mPER2-deficient cells. These reporter assay results demon-
strate that the enhancement of BMAL1/NPAS2 and BMAL1/
CLOCK transcriptional activity by PML is mediated through
PER2.

PML is required for nuclear localization of PER2

Results presented in Figure 1A demonstrate that PER2 was
largely localized outside the nucleus in the absence of PML.
To rule out the possibility that the PER2 distribution may be
caused by its lower endogenous expression level in Pml~~
MEFs, mPER2 levels were enhanced by transfection of an
mPer2 expression construct into Pml ™/~ MEFs. The increase
in mPER2 levels did not alter its distribution in Pml™”~ MEF
and strongly support the notion that PML function

©2012 European Molecular Biology Organization

is necessary for PER2 nuclear entry (Figure 4A, upper
panel; Supplementary Figure S9). Results presented in
Figure 1F indicated that the PML domain consisting of
amino acids 448-555 is necessary for PER2 interaction.
Within this domain, sumoylation and acetylation sites have
previously been identified (Kamitani et al, 1998; Hayakawa
et al, 2008). Previous studies have shown that converting
lysine (K) to arginine (R) at amino-acid position 490 disrupts
sumoylation of PML (Kamitani et al, 1998). However,
a K490R PML mutation did not abolish PML/PER2 enhance-
ment of BMAL1/CLOCK transcription of the mPer2-Luc pro-
moter (Supplementary Figure S10). It was reported that
amino-acid position K487 of PML is strongly acetylated
while amino acids K515 and K460 might be acetylated
(Hayakawa et al, 2008). Site-specific mutagenesis was carried
out to substitute arginine for lysine at these amino-acid
positions. Reporter assay with either wild-type MEF or
U20S cells showed that K487R, but not K515R or K460R,
abolished PML/PER2 enhancement of BMAL1/CLOCK tran-
scriptional activity (Figure 4B; Supplementary Figure S11).
In Pml~/~ MEFs transfected with expression constructs for
wild-type Pml and mPer2, mPER2 expression in PML-positive
cells colocalized with PML in the nucleus (Figure 4A, middle
panel). When Pml~/~ MEFs were transfected with expression
constructs for Pml K487R and mPer2, immunostaining

The EMBO Journal
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revealed that the majority of PML K487R and mPER2 colo-
calized in the perinuclear and cytosolic region (Figure 4A,
lower panel). In contrast, PML with either the K515R or
K460R mutation was localized to the nucleus
(Supplementary Figure S12). These findings indicate that
amino acid K487 is important for localization of PML in the
nucleus. Failure of PML K487R to enter the nucleus also
blocks mPER2 nuclear localization.

Next, we investigated whether the observed perinuclear
and cytosolic distribution of mPER2 in Pml~”~ MEFs is
replicated in the master clock of the SCN in vivo. The
distribution of mPER2 at ZT12 in the SCN of wild-type and
Pml~~ mice was investigated by IF with an mPER2 antibody
and visualized by fluorescence deconvolution microscopy
(Figure 4C). The distribution of mPER2 in the SCN of wild-
type mice appeared as a robust nuclear signal. In contrast, the
SCN of Pm!™/~ mice displayed a predominantly perinuclear
and cytosolic mPER2 distribution. Unlike wild-type mice,
which exhibited temporal control of localization of mPER2
from the cytosol to the nucleus, the pattern of mPER2
distribution of Pml™/~ mice remained predominantly peri-
nuclear/cytosolic throughout ZT0-ZT20 in the SCN
(Figure 4D; Supplementary Figure S13). Taken together,
these findings in Pml™~ SCN and MEF cells (Figure 1A)
demonstrate that PML regulates PER2 nuclear localization.

SIRT1 deacetylation of acetyl-PML is critical for nuclear
localization of PER2

The above results demonstrate that amino-acid residue K487
of PML, the major site of PML acetylation, is essential for
PML nuclear localization. SIRT1 is an NAD*-dependent
deacetylase (Guarente, 2007). Previous studies have demon-
strated that SIRT1 colocalizes with PML NBs (Langley et al,
2002). SIRT1 is also part of the BMAL1/CLOCK complex
(Nakahata et al, 2008). Since PER2 also interacts with
BMAL1/CLOCK in the nucleus, we postulated that SIRT1
could modulate the deacetylation of acetyl-PML and also
regulate nuclear localization of PER2.

To investigate whether SIRT1 is involved in PML/PER2-
mediated activation of BMAL1/CLOCK transcriptional activ-
ity, U20S or wild-type MEF cells transfected with expression
constructs for reporter assay were treated with trichostatin A
(TSA) or nicotinamide (NAM) prior to harvest. SIRT1 deace-
tylase activity is sensitive to inhibition by NAM but not to
TSA, a class I and II histone deacetylase (HDAC) inhibitor.
Luciferase assay measurements showed that PER2/PML-
mediated activation of BMALI1/CLOCK transcriptional
activity was not affected by TSA but was inhibited by NAM
(Figure 5A and B; Supplementary Figure S14).

Next, the effect of NAM on the acetylation status of PML
was investigated. Lysates prepared from U20S or wild-type
MEF cells stably transfected with PML and cultured with and
without NAM or TSA were immunoprecipitated with PML
antibody or preimmune serum. Western blot analysis showed
that PML protein reactivity to anti-acetylated-lysine antibody
was enhanced by NAM treatment when compared with TSA
treatment or untreated controls (Figure 5C; Supplementary
Figures S15 and S16). When the blot was reprobed with PML
antibody, a similar level of PML protein was present in each
sample except when preimmune antibody was used for
immunoprecipitation (Figure 5C; Supplementary Figure
S15). To establish that SIRT1 modulates PML/PER2 enhance-

The EMBO Journal VOL 31 | NO 6| 2012

ment of BMAL1/CLOCK transcriptional activity, siRNA inhi-
bition studies were undertaken. First, two constructs of
siRNA’s to SIRT1 were tested for their ability to inhibit
SIRT1 expression in U20S cells. Western analysis with
SIRT1 antibody revealed that both siRNA constructs signifi-
cantly inhibited SIRT1 expression (Figure 5D; Supplementary
Figure S15). Then, either the two siRNAs to SIRT1 or an
siRNA targeted to green fluorescence protein (GFP) as control
were transfected into U20S cells in combination with expres-
sion constructs for reporter assay. Luciferase assay measure-
ments revealed that PML/PER2 enhancement of BMALI1/
CLOCK transcription was inhibited by the siRNA to SIRT1
but not by the siRNA to GFP (Figure SE). In addition, after the
SIRT1-specific siRNA treatment, the acetylation status of PML
was determined by immunoprecipitation with PML antibody
followed by western analysis with anti-acetyl-lysine antibody.
The results show that siRNA’s to SIRT1, but not the siRNA to
GFP, enhanced the acetylation state of PML (Figure 5F;
Supplementary Figure S15). To further show that deacetyla-
tion of acetyl-PML is carried out by SIRT1, we undertook
immunopurification of acetyl-PML. The acetyl-PML was then
treated with recombinant SIRT1 protein in the presence of
NAD" or NAM. Western analysis with pan-acetyl-lysine
antibodies showed that acetyl-PML treated with SIRT1/
NAM and an untreated control were each strongly reactive
(Figure 5G; Supplementary Figure S15). In contrast, after
SIRT1/NAD " treatment, the level of acetyl-PML reactive to
pan-acetyl-lysine antibodies was reduced. Reprobing of the
blot with PML antibodies showed comparable levels of PML
in each lane (Figure 5G; Supplementary Figure S15). Jointly,
these findings demonstrate that acetyl-PML deacetylation is
carried out by SIRT1 in the presence of NAD ™.

Next, we investigated whether PML deacetylation by SIRT1
regulates PER2 localization in the nucleus. Given that K487R
PML was unable to enter the nucleus (Figure 4A), our
mutation studies could not address whether changes in
PML acetylation status via the loss of K487 regulates PER2
nuclear localization. Therefore, using wild-type MEF cells, we
investigated whether treatment with NAM, which inhibits
PML deacetylation by SIRT1, would affect PER2 nuclear
localization. Wild-type MEFs were treated with increasing
concentrations of NAM and nuclear localization of endogen-
ous mPER2 and PML was monitored by IF using PML and
mPER?2 antibodies (Figure 5H). In the absence of NAM, both
mPER2 and PML appear primarily in the nucleus. Increasing
concentrations of NAM, which increases K487PML acetyla-
tion (Figure 5C; Supplementary Figures S15 and S16), did not
affect PML nuclear localization (Figure SH; Supplementary
Figure S17). By contrast, increasing NAM concentrations
correlate with an increased perinuclear/cytosol distribution
of mPER2 (Figure 5H; Supplementary Figure S17).
In addition, nuclear and cytosolic fractionation studies fol-
lowed by western analysis demonstrate that NAM treatment
decreased mPER?2 levels in the nuclear fraction (Figure 5I, left
panel). In contrast, the cytosolic fraction showed increased
mPER?2 levels (Figure 5I, right panel). Western blotting of an
MEF cell lysate from untreated cells and cells treated with
10mM NAM demonstrated that co-immunoprecipitation of
PML and PER2 was significantly disrupted by NAM treatment
(Figure 5J). Consistently, mPER2 interaction with the
BMAL1/CLOCK complex was significantly decreased as
shown by co-immunoprecipitation using epitope-tagged
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Figure 5 SIRT1 deacetylates acetyl-PML. Reporter assay using mPer2-Luc in U20S cells in combination with the indicated expression
constructs plus: (A) 10mM NAM (n=3) and (B) 10puM TSA (n=3). (C) Western analysis with anti-acetylated-lysine antibody of
immunoprecipitates from PML antibody. Immunoprecipitation lysates were from U20S/PML cells after the indicated treatment.
(D) Western analysis of lysates from U20S/PML cells treated with siRNA’s to GFP [G] or SIRT1-1 [S1] and SIRT1-2 [S2]. (E) Reporter assay
with the indicated expression constructs (n = 3). (F) Western analysis with anti-acetylated-lysine antibody of immunoprecipitates using a PML
antibody. Immunoprecipitation lysates were from U20S/PML cells, treated as indicated. (G) Western analysis with anti-acetylated-lysine
antibody of acetyl-PML after treatment with recombinant SIRT1 in the presence of NAD* or NAM. The lower panel showed the same blot
reprobed with anti-PML antibodies. (H) Wild-type MEFs were treated with the indicated amount of NAM for 24 h and stained with mPER2 and
PML antibodies. Bar: 10 um. (I) Western analysis with mPER2 antibody of fractionated NAM treated (+: 10mM, + +: 15mM, 14 h) MEFs.
(J) Western analysis of immunoprecipitates using mPER2 antibody with lysates from wild-type MEFs transfected with FLAG-CLOCK and
HA-BMALI expression vectors treated with or without 10 mM NAM. (K) Western analysis of anti-PER2 immunoprecipitates of wild-type or
Pml~~ MEFs transfected with FLAG-CLOCK and HA-BMALI expression vectors. Relative densities of the bands are shown below blots.

*P<0.05, t-test.
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proteins (Figure 5J). Supportive of these observations is that
in Pml~/~ MEF cells the interaction of PER2 with CLOCK and
BMAL1 was also significantly reduced or not detectable
(Figure 5K). Taken together, these studies show that deace-
tylation of PML by SIRT1 regulates PML control of mPER2
nuclear localization and its subsequent interaction with the
BMALI1/CLOCK heterodimer.

The period length of Pml~'~ mice displays reduced
precision and stability

Finally, we investigated whether PML regulates circadian
rhythm behaviour. We assessed the behavioural phenotype
of Pml™/~ mice by monitoring their wheel-running activity.
Wild-type and inbred Pml™/~ (129sv) mice were entrained
initially to a 12 h:12 h light-dark (LD) cycle for about 3 weeks
and then released into a 12h:12h dark-dark (DD) or free-
running environment. Wild-type mice exhibited an average
period length of 23.6 £ 0.1 h (mean £ s.e.m., n=6) (Figure 6A
and C). For Pml/~ mice, the average period length was
shorter at 23.2+0.2h (mean +s.e.m., n=12) but exhibited
significant variability (Figure 6B and C). In addition, under
prolonged free-running conditions, an individual Pml”~
mouse would gradually or suddenly change its endogenous
period length (Figure 6B).

To assess this phenotype further, the same Pmi~”~ and
wild-type mice were re-entrained to an LD cycle followed by a
second release into a free-running condition. For wild-type
mice, the periods measured from the second release into DD
were all within £0.1h of their first measurements, a clear
indication that their endogenous clocks were stable and
precisely controlled. However, the majority of the Pmi ™/~
mice had periods that differed significantly from the first
measurement (Figure 6B and D). Both period lengthening and
shortening were observed and there was no particular bias to
the direction of these changes. Comparing the longest and
shortest period length of an individual mouse measured by
linear regression sampled over at least 10 days revealed an
average difference of 0.5+0.1h (mean*s.em., n=12) for
Pml™/~ mice compared with 0.06+0.03h (meanzs.e.m.,
n=26) for wild-type mice. Next, the precision of activity
onset was compared between Pml~/~ and wild-type mice.
The comparison revealed a 3 x greater daily variation in
activity onset from mean free-running period for Pml”~ mice
(Figure 6E). Finally, we examined the loss of PML on the
phase shift response of mice using a protocol in which a light
pulse was given at either ZT14 or ZT22 on the last day of
entrainment prior to their release into a free-running envir-
onment (Albrecht et al, 2001; Spoelstra et al, 2004). Using this
protocol, the level of phase delay in response to a ZT14 light
pulse averaged —1.9+0.1h (mean+s.e.m., n=11) in wild-
type, whereas Pml~/~ mice displayed a significantly reduced
phase delay response that averaged —1.0+0.1h (meant
s.e.m., n=6) (Figure 6F and G). When the light pulse was
given at ZT22, wild-type mice displayed a phase advance
response that averaged +0.4h+0.1h (meanzts.em.,
n=11). In contrast, the Pml™/~ mice displayed enhanced
phase advance that averaged +0.9h+0.3h (mean ts.e.m.,
n=_8) (Figure 6H and I). These observations indicate that the
loss of PML affects the phase shift response, period length
and stability of the endogenous circadian clock. Together,
the wheel-running behaviours of Pml™~ mice indicate a
compromised endogenous clock, which is consistent with
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PML having a regulatory role in the mammalian clock
mechanism.

Discussion

Our current study was prompted by observations suggesting
that some tumour suppressors and circadian regulators could
have an interactive regulatory role. Expression of p53 and key
cell-cycle regulators has been shown to be under circadian
control (Bjarnason et al, 1999). Our own studies have
implicated mPER2 in tumour suppression and DNA damage
control (Fu et al, 2002). Several studies have now demon-
strated that increased PER2 expression in a variety of human
and mouse cancer cell lines inhibits uncontrolled tumour
growth, suggesting a tumour suppressor function (Gery et al,
2005; Hua et al, 2006; Oda et al, 2009; Miyazaki et al, 2010).
A recent study showed that loss of mPER2 function further
enhances the spontaneous tumour rate in p53~~ mice (Lee
et al, 2010). Our present study focusing on the tumour
suppressor PML was prompted by our initial observations
in cultured cells that PER2 and PML were colocalized in the
nucleus and that the cellular distribution of PER2 was altered
in PML-deficient cells. Our locomotor behaviour analysis
demonstrated that PML-deficient mice exhibit a compromised
endogenous clock that lacks precision and stability, consis-
tent with the notion that PML plays a regulatory role in the
mammalian clock. Under free-running conditions, a loss of
rhythm can be observed in PER2-deficient mice but not in
Pmi~/~ mice. However, both genotypes have enhanced phase
advance and reduced phase delay responses to ZT22 and
ZT14 light pulse, respectively (Albrecht et al, 2001).
Expression of PER2 and other key clock regulators is
dampened in Pml™~ mice, indicating that PML is a positive
regulator in the mammalian clock mechanism. Co-transfec-
tions and reporter assays with the mPer2 promoter showed
that PML enhancement of BMAL1/CLOCK-mediated tran-
scription required PER2. Co-immunoprecipitation experi-
ments revealed that PML interacts with PER2 through a
domain between amino acids 448 and 555, a region known
to contain the nuclear localization signal and post-transla-
tional modification sites involving SUMOylation (K490) and
acetylation (K487) (Kastner et al, 1992; Kamitani et al, 1998;
Hayakawa et al, 2008). Our studies revealed that a K487R but
not a K490R mutation affected PML/PER2 enhancement of
BMAL1/CLOCK-mediated transcription. Previous studies
have demonstrated that sumoylation at K490 was required
for PML NB formation but a K490R mutation did not block
PML nuclear entry (Brand et al, 2010). Consistent with
previous findings, we observed that K487 is required for
PML nuclear entry and this residue is acetylated (Hayakawa
et al, 2008; Jul-Larsen et al, 2009). In Pml™~ MEF or those
expressing PML K487R, mPER2 remained primarily outside
the nucleus. Interestingly, cytosolic PML K487R and mPER2
remained colocalized demonstrating that the loss of PML
K487 did not abolish PML/PER2 interaction. This observation
is consistent with deletion mapping studies implicating the
carboxyl region of PML as necessary for interaction with
PER2. That PML is essential for nuclear localization of
PER2 is further supported by the observation that the SCN
of Pml~/~ mice displayed a perinuclear/cytoplasmic distribu-
tion of mPER2 throughout a diurnal cycle. Recently, PML has
also been shown to be involved in the nuclear localization
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of two other nuclear proteins, CBP and Rb (Jul-Larsen et al,
2009; Regad et al, 2009). It was proposed that PML promotes
the nucleocytoplasmic transport of nuclear proteins through
its interaction with nuclear membrane proteins including
nucleoporins and lamin (Jul-Larsen et al, 2009, 2010). The
acetylation of PML is enhanced by CBP, which has histone
acetyltransferase activity (Hayakawa et al, 2008). Interest-
ingly, CBP is known to interact with the BMAL1/CLOCK
complex (Takahata et al, 2000). In transgenic Drosophila,
CBP knockdown increases period length and its overexpres-
sion results in arrhythmic circadian behaviour (Lim et al,
2007). These observations suggest that CBP has a role in the
clock mechanism. Therefore, PML may play a broader role in
the nucleocytoplasmic transport of core clock or clock-con-
trolled proteins.

Inhibition of SIRT1 by siRNA resulted in an increase in
acetyl-PML. In addition, we demonstrated that acetyl-PML is
deacetylated by recombinant SIRT1 in the presence of NAD ",
a process inhibited by NAM. NAM, an SIRT1 inhibitor, which
increases PML acetylation did not block PML entry into the
nucleus. However, nuclear entry of PER2 was inhibited by
NAM treatment. Consequently, PER2 interaction with CLOCK
and BMAL1 in the nucleus was reduced. Therefore, we
propose that acetyl-PML entry into the nucleus is indepen-
dent of its interaction with PER2, and deacetylation of lysine
487 mediates PML regulation of PER2 nuclear entry. SIRT1 is
also involved in the deacetylation of acetyl-BMALI1
(Nakahata et al, 2008). The acetylation of BMALI facilitates
the recruitment of CRY1 to the BMAL1/CLOCK complex
leading to inhibition of transcription (Hirayama et al, 2007).
Observation showing that Sirtl ™/~ cells have highly dam-
pened mPer2 expression is supportive of this model
(Nakahata et al, 2008). Thus, the deacetylation of both
acetyl-BMAL1 and acetyl-PML by SIRT1 can act in concert
to enhance BMAL1/CLOCK-mediated transcription of its tar-
get genes since this modification blocks CRY1 (negative
regulator) recruitment to BMAL] and enhances PML trans-
port of PER2, a positive regulator, into the nucleus. In turn,
the deacetylase activity of SIRT1 is regulated by the circadian
control of NAD* salvage, creating a closed loop feedback
regulation (Nakahata et al, 2009; Ramsey et al, 2009). Our
studies demonstrate that SIRT1 deacetylation of PML is part
of the positive loop that regulates PER2 nuclear localization
leading to enhanced BMAL1/CLOCK-mediated transcription.

PER2 has been proposed to act as a negative regulator of
BMAL1/CLOCK or BMAL1/NPAS2 transcription (Kume et al,
1999). However, such a role contradicts observations that a
dampened expression of several key clock genes in the SCN
and peripheral tissues was observed in PER2-deficient mice
(Zheng et al, 1999, 2001; Kaasik and Lee, 2004). In the studies
of Kume et al (1999), only a modest inhibition of CLOCK/
BMALI-mediated transcription of the Perl promoter by PER2
was observed. These authors further showed that PER2 failed
to inhibit BMAL1/MOP4-mediated transcription of the AVP
promoter. In contrast, CRY inhibition of BMAL1/MOP4 and
BMALI1/CLOCK-mediated transcription was equally potent
with both Perl and AVP promoters. Given that MOP4
(NPAS2) is the redundant homologue of CLOCK, the proposal
that PERs act together with CRY to inhibit core clock hetero-
dimer transcription activity is inconsistent with these and
other observations. Substantial evidence supporting the
notion that PER2 activates rather than represses BMAL1/NPAS2
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transcription has been reported by our group as well as by
other investigators (Kaasik and Lee, 2004; Hampp et al, 2008;
Zhang et al, 2008). Furthermore, recent reconstitution studies
using recombinant proteins demonstrated that PER2 actually
blocks CRY interaction with BMAL1/CLOCK when the het-
erodimer complex was bound to its targeted E-box DNA (Ye
et al, 2011). These studies further showed that even when
CRY was bound to the BMAL1/CLOCK:E-box it was effec-
tively removed by the addition of PER2. Thus, these studies
demonstrate that PER2 acts opposite to CRY in the clock
mechanism.

In summary, we demonstrate that PML is a circadian clock
regulator. Our studies further demonstrate the integration of
tumour suppression and clock function, raising the possibi-
lity that other tumour suppressors could have direct roles in
circadian control.

Materials and methods

Animals

Wild-type (129sv), Pml~/~ (129sv), mPer2 /= and mPer2™™ mice
were housed in a standard animal maintenance facility under a 12 h
light:12h dark cycle. The PML ™/~ animals were obtained from the
Mouse Models of Human Cancers Consortium repository, National
Cancer Institute (Wang et al, 1998). All animals studies were carried
under Institutional approved animal protocol: HSC—AWC-06-077
and ACUF 05-07-05731.

Cell lines, cell culture and plasmids

Immortalized Pml~/~ and wild-type MEFs were established as
described previously (Xu et al, 2005). Primary MEFs were generated
from 13.5 days gestation embryos as previously described (Fu et al,
2002). U208, stably transfected U20S/PML cells were cultured in
DMEM as previously reported (Wu et al, 2003). The full-length
cDNAs of PML1, PML2, PML3, PML4 and PMLS5 were constructed
as previously reported (Wu et al, 2001). PML deletion mutants were
constructed as described (Wu et al, 2001). Plasmid constructs for
Clock, Bmall, Npas2, Cryl and mPer2 were as previously described
(Kaasik and Lee, 2004).

Antibodies

Mouse anti-tubulin monoclonal antibody was purchased from
Sigma-Aldrich. The rabbit PML polyclonal antibody was raised
against the GST-PML fusion protein (Wu et al, 2003). The mPer2
antibody was as described previously (Zheng et al, 2001). To
demonstrate the specificity of our mPer2 antibody, Supplementary
Figure S18 shows that it recognized the 170-kDa PER2 protein in
wild-type but not in Per2™/~ MEFs. In addition, the antibody
exhibited negative IF signal in Per2”~ MEF cells. The mouse PML
monoclonal antibody was from Upstate Biotechnology. The anti-
acetyl lysine antibody was from Cell Signaling Technology. The
hSIRT1 antibody was from Santa Cruz Biotechnology.

siRNA knockdown

The siRNAs for SIRT1 (#133051-HSS177403: SIRT1-1, -HSS177404:
SIRT1-2) were from Invitrogen. The siRNA for EGFP was from
Ambion. For SIRT1 knockdown, cells were seeded in a D100 dish at
a density of 3 x10%/dish and transfected with 50pM of siRNAs
using LipofectAmine 2000 (Invitrogen).

IF staining

Cells were cultured in six-well plates on sterile cover slips. Cells
were placed on ice for 15 min, then treated with cytoskeleton buffer
(10 mM piperazine-N,N’-bis(2-ethanesulfonic acid) (PIPES; pH 6.8),
100 mM NaCl, 300mM sucrose, 3mM MgCl,, 1 mM EGTA, 0.5%
Triton X-100) for 5 min. After washing three times with phosphate-
buffered saline (PBS), cells were either treated or untreated with
cytoskeleton stripping buffer (10 mM Tris-HCI, pH 7.4, 10 mM NacCl,
3mM MgCl,, 1% Tween-20, 0.25% sodium deoxycholate) for
another 3min. Cells were then fixed in cold 4% neutral
paraformaldehyde in PBS for 30 min on ice, washed in PBS, and
then permeabilized in a 1% Triton X-100/0.5% NP-40/PBS solution.
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Incubation with the primary antibody was carried out for 2h at
room temperature. Incubation with the secondary antibody was
carried out for 1 h at room temperature followed by staining of DNA
with 4,6-diamidino-2-phenylindole (DAPI) for 5-10min. The
mPER2 or PML antibody was detected with rabbit Alexa Fluor
555 or mouse Alexa Fluor 488 antibody (Invitrogen), respectively.
Slides were then mounted with Vectashield antifade medium
(Vector Laboratories) after three washes with washing buffer and
examined with a fluorescence deconvolution microscope (Applied
Precision, Issaquah, WA, USA).

Immunohistochemistry

Mice were killed at the indicated times. Whole brains were fixed in
a 10% formaldehyde solution overnight, embedded in paraffin, and
cut into 5 pm sections. Antigen retrieval was performed in citric acid
salt buffer and boiling the buffer in a microwave for 15min. The
tissue slides were then treated with 3% hydrogen peroxide for
30 min, washed and blocked in 1% BSA and 5% goat serum. The
PML monoclonal antibody and mPER2 polyclonal antibody were
incubated for 48 h at 4°C, washed with 0.1% Tween-20 in PBS. The
primary antibody was detected with biotinylated secondary anti-
body followed by a peroxidase-conjugated avidin, and treatment
with DAB substrate and haematoxylin counterstain (Vector Labora-
tories). For IF, the mPER2 antibody was detected with rabbit Alexa
Fluor 555 antibody (Invitrogen).

Northern blot analyses

For all northern blot analyses, 20 ug of total RNA was resolved by
gel electrophoresis and transferred onto a nylon membrane. Blots
were hybridized with 32p_labelled cDNA probes for mPerl, mPer2,
Cryl, Bmall, Npas2 and Gapdh as previously described (Kaasik and
Lee, 2004).

Locomotor activity

Wheel-running activity was monitored as described (Zheng et al,
1999). Male wild-type and PML ™/~ mice aged about 16 weeks were
used. Briefly, mouse were initially entrained to 12:12 h LD cycle for
at least 2 weeks, followed by their released into 12:12h DD free-
running condition. For phase shift studies, the protocol was as
previously described (Albrecht et al, 2001; Spoelstra et al, 2004).
Zeitgeber Time zero (ZTO) is light on and ZT12 is light off.

Reporter assays

Reporter assays were carried out as previously described (Kaasik
and Lee, 2004). U20S and primary MEFs (1.3 x 10°) were seeded
into six-well dishes and transfected with the 1.7k mPer2-Luc
reporter construct (Travnickova-Bendova et al, 2002). Co-transfec-
tions were performed with the respective expression constructs for
Clock, Bmall, Npas2, Cryl, PML and mPer2. Cells were harvested
24 h post transfection, and luciferase assay was performed with the
assay kit obtained from Promega using a TD-20/201 luminometer
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(Turner Designs). Co-transfection of Renilla-luc is used as internal
control.

Immunoprecipitation and immunoblotting

The cells were lysed in an ice-cold lysis buffer containing 50 mM
Tris-HCI, pH 7.4, 0.25 mM deoxycholate, 150 mM NaCl, 2 mM EGTA,
0.1 mM Na3VO,, 10 mM NaF, 1 mM PMSF, 10 mM NAM, 10 uM TSA
and complete Protease Inhibitor (Roche). Immunoprecipitation of
PML was carried out by using rabbit PML antibody and collected on
protein G-agarose beads (PIERCE), washed and eluted. The immuno-
precipitates and cell lysates were separated by SDS-PAGE and used
for immunoblotting as described previously (Miki et al, 2007).

In-vitro SIRT1 deacetylation assay

U20S/PML cells were transfected with pRSV-CBP and pRSV-CREB
expression vectors and incubated with 10mM NAM and 100 pM
ZnS0,. Cells were lysed with lysis buffer without NAM and TSA at
24 h post transfection. Immunoprecipitation of PML was performed
using anti-PML antibody. The final wash was performed with SIRT1
deacetylation buffer (50 mM Tris-HCI, pH 9.0, 5% glycerol, 50 mM
NaCl, 4 mM MgCl,, 0.5mM DTT, 0.1 mM PMSF) and the immuno-
precipitated PML protein was used as a template. IP-purified PML
was incubated with recombinant SIRT1 (ActiveMotif) and 1 mM
NAD or 40 mM NAM for 2h at 30°C. The reaction was stopped by
adding equal volume of 2 x sample buffer. Samples were then
subjected to western analysis and immunoblotting.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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