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Metastasis-associated protein 1 is an integral
component of the circadian molecular machinery
Da-Qiang Li1,*, Suresh B. Pakala1,*, Sirigiri Divijendra Natha Reddy1, Shaohua Peng2,w, Seetharaman Balasenthil2,w,

Chu-Xia Deng3, Cheng Chi Lee4, Michael A. Rea5 & Rakesh Kumar1,2,6

The mammalian circadian clock regulates the daily cycles of many important physiological

processes, but its mechanism is not well understood. Here we provide genetic and bio-

chemical evidence that metastasis-associated protein 1 (MTA1), a widely upregulated gene

product in human cancers, is an integral component of the circadian molecular machinery.

Knockout of MTA1 in mice disrupts the free-running period of circadian rhythms under

constant light and normal entrainment of behaviour to 12-h-light/12-h-dark cycles. The

CLOCK–BMAL1 heterodimer activates MTA1 transcription through a conserved E-box element

at its promoter. MTA1, in turn, interacts with and recruits CLOCK–BMAL1 at its own and CRY1

promoters and promotes their transcription. Moreover, MTA1 deacetylates BMAL1 at lysine

538 through regulating deacetylase SIRT1 expression, thus disturbing the CRY1-mediated

negative feedback loop. These findings uncover a previously unappreciated role for MTA1 in

maintenance of circadian rhythmicity through acting on the positive limb of the clock

machinery.
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T
he mammal circadian clock is a complex physiological
process that results in generating about 24-h rhythms in
organism behaviour, metabolism and other functions1. The

proposed mechanism for circadian rhythmicity is composed of a
set of autoregulatory transcription/translation feedback loops that
have both positive and negative arms1–3. At the positive arm, the
transcriptional factors CLOCK and BMAL1 form a heterodimer
and drive the transcription of the cryptochrome (CRY) and
period (PER) genes through binding to the E-box elements
present in their promoters3–5. Once PER and CRY proteins reach
a critical concentration, they interact to form complexes with
CLOCK–BMAL1 and repress their own transcription, thus acting
as negative components of the circadian feedback loops2,6,7.
Eventually, removal of the PER-CRY repressor complex through,
at least in part, the ubiquitin-dependent degradation depresses
CLOCK–BMAL1 activity, thus initiating a new cycle8–11. Despite
these advances, our understanding of the intrinsic mechanism for
driving the mammalian circadian clock remains rudimentary.

Since its identification by differential complementary DNA
library screening using the 13762NF rat mammary adenocarci-
noma metastatic system12, the metastasis-associated protein 1
(MTA1) has evolved into an important marker for human
cancers13. In this context, MTA1 is upregulated in a wide variety
of human cancers and its expression levels are closely correlated
with tumour aggressiveness and metastasis13. MTA1 was
subsequently identified as a key component of the nucleosome
remodelling and histone deacetylase (HDAC; NuRD)
complex14,15, thus establishing MTA1 as a transcriptional
corepressor via covalent modification of histones16. Interestingly,
the NuRD-independent mechanisms for MTA1 in regulating the
expression of genes such as BCAS3, ARF and PAX5 are now being
recognized17–19. In addition to its overexpression in cancer cells
and tissues, MTA1 is detected in most of the normal mouse tissues
with significant levels present in the brain, lung, ovary, mammary
gland and testis20,21, but its normal physiological functions in
development and other biological processes are not well
understood.

Here we provide the evidence that MTA1 has a physiologically
important role in orchestrating the circadian clock via regulating
the CLOCK–BMAL1 heterodimer-driven feedback loops. In this
context, MTA1 is a clock-controlled gene that is transcriptionally
activated by CLOCK–BMAL1. In turn, MTA1 associates with
CLOCK–BMAL1 and regulates its own transcription and CRY1
gene expression mediated by CLOCK–BMAL1. Moreover, MTA1
deacetylates BMAL1 at lysine 538 by regulating deacetylase SIRT1
expression, and the MTA1-SIRT1-BMAL1 deacetylation axis is
required for transcriptional activation of MTA1 and CRY1 by
CLOCK–BMAL1.

Results
MTA1 knockout results in abnormal circadian behaviour in
mice. During analyzing the mouse MTA1 promoter sequence,
we recognized the presence of a canonical E-box motif (50-CA
CGTG-30)4,5,7 and two non-canonical E-box motifs (50-CAG
CTT-30)22 within 5-kbp promoter region in the MTA1 promoter
(Supplementary Table S1). In contrast, the closely related MTA2
and MTA3 genes contain a non-canonical E-box motif (50-CAG
CTT-30) in their promoters (Supplementary Table S1). Further,
the canonical E-box motif present in the MTA1 promoter is
highly conserved among multiple species including human,
monkey, chicken, dog and cow (Supplementary Table S2). Given
that E-box regulatory elements are the common hallmark of the
promoters of clock-controlled genes in mammals23, we reasoned
that MTA1 may exert a previously unappreciated physiological
function in the mammalian circadian clock.

To test this possibility, we first examined whether genetic
depletion of MTA1 influences the circadian behaviour in an
in vivo physiological setting by comparing wheel-running activity,
the benchmark assay for circadian dysfunction24, of wild-type
(MTA1þ /þ ) and MTA1-knockout (MTA1� /� ) mice in
constant darkness (DD) or constant light (LL) after prior
entrainment to a 12-h-light/12-h-dark (12/12 LD) cycle for 3
weeks25 (Fig. 1a). As shown in Fig. 1b, there was no difference in
the free-running period under DD (tDD) between MTA1þ /þ

and MTA1� /� mice (23.6±0.3 versus 23.5±0.3 h, mean±s.d.,
P¼ 0.07; Student’s t-test). In contrast, the free-running period in
LL (tLL) was longer in MTA1� /� mice (25.3±0.7 h; mean±s.d.)
than that in wild-type animals (24.9±0.2 h, mean±s.d.; Po0.05;
Student’s t-test). Moreover, the change in the free-running period
(Dt) after switching to LL was greater in MTA1� /� mice
(1.9±0.8 h, mean±s.d.) than that in wild-type counterparts
(1.2±0.4 h, mean±s.d., Po0.01; Student’s t-test). These findings
reveal a role for MTA1 in regulating the response of the circadian
clock to ambient light.

We next examined whether disruption of MTA1 affects
entrainment of mice to the light-dark (LD) cycles, another
fundamental property of circadian rhythmicity26 (Fig. 1c). In this
context, mice entrained to a 12/12 LD cycle were subjected to
light-phase advancement by 6 h and the re-entrainment of
locomotor activity was compared between MTA1þ /þ and
MTA1� /� mice (Fig. 1c). Interestingly, MTA1� /� mice took
9.8±4.2 (mean±s.d.) days to fully adapt to the new LD cycle,
whereas MTA1þ /þ mice adapted substantially faster, taking
7.2±2.0 (mean±s.d.) days to reach full re-entrainment (Fig. 1d,
Po0.05; Student’s t-test). Together, these results provide the first
genetic evidence that MTA1 is essential for the generation and
maintenance of circadian rhythms under constant light and for
normal entrainment of behaviour to LD cycles.

MTA1 depletion disrupts circadian expression of clock genes.
As a serum shock induces circadian gene expression in mam-
malian cells27, we next examined whether the levels of MTA1
protein and messenger RNA exhibit rhythmic changes in the
wild-type mouse embryonic fibroblasts (MEFs) following serum
shock at different time points. Using the core clock proteins
CLOCK and BMAL1 as positive controls, we demonstrated that a
serum shock induces MTA1 protein expression in MTA1þ /þ

MEFs in a circadian manner (Fig. 2a). Consistently, oscillatory
expression of MTA1 mRNA was also observed in serum-shocked
MTA1þ /þ MEFs (Fig. 2b). We next examined whether knock-
out of MTA1 affects the rhythmic expression of MTA2 and
MTA3 genes and core clock genes in serum-shocked MTA1þ /þ

and MTA1� /� MEFs. Interestingly, MTA2 and MTA3 exhibited
rhythmic expression in MTA1þ /þ MEFs following serum shock
in a circadian manner (Fig. 2d and e). Although MTA1 knockout
did not affect the levels of MTA2 and MTA3 proteins (Fig. 2c), it
altered the circadian patterns of MTA2 (Fig. 2d) and MTA3
expression (Fig. 2e) in the MTA1� /� MEFs following serum
shock. In addition, the expression patterns of the endogenous
core clock genes including CLOCK (Fig. 2f), BMAL1 (Fig. 2g),
CRY1 (Fig. 2h), CRY2 (Fig. 2i), PER1 (Fig. 2j), PER2 (Fig. 2k) and
SIRT1 (Fig. 2l) were disrupted in the MTA1� /� MEFs as
compared with its levels in the MTA1þ /þ cells following serum
shock. These results support the notion that MTA1 is an integral
component of the clock machinery.

CLOCK–BMAL1 heterodimer stimulates MTA1 transcription.
As the MTA1 promoter contains a canonical E-box motif
(Supplementary Tables S1 and S2), we next examined whether the
CLOCK–BMAL1 heterodimer could interact with the E-box
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motif at the MTA1 promoter using chromatin immunoprecipi-
tation (ChIP)-based promoter assays. To this aim, the MTA1
promoter was subdivided into approximately four 400-bp seg-
ments according to the E-box motif position (Fig. 3a, upper
panel). Results showed that CLOCK (Fig. 3b) or BMAL1 (Fig. 3c)
alone or CLOCK–BMAL1 heterodimer (Fig. 3d) were specifically
recruited to the R3 region (from � 3,096 to � 2,789), but not the
R1 (from � 5,147 to � 4,993), R2 (from � 4,594 to � 4,220) and
R4 regions (from � 1,836 to � 1,442) of the MTA1 promoter
(Fig. 3a, lower panel). As the R3 region of the MTA1 promoter
contains a canonical E-box motif (Fig. 3a and Supplementary
Table S1), we next examined whether CLOCK and BMAL1

associate with the E-box of the MTA1 promoter by electro-
phoretic mobility shift assay (EMSA) using wild-type or mutant
E-box oligonucleotide. As shown in Fig. 3e, we found that the
basal protein–MTA1 DNA complex was supershifted by the
incubation of the nuclear extracts with a specific antibody against
BMAL1 (lane 4) or CLOCK (lane 5) in the presence of wild-type
(lanes 1–9) but not mutant E-box oligonucleotide (lanes 10–16).
These results suggest that both CLOCK and BMAL1 proteins may
interact with the E-box element in the MTA1 promoter. In sup-
port of this notion, co-incubation of anti-CLOCK and anti-
BMAL1 antibodies resulted in the formation of further higher
molecular weight protein–DNA complexes (Fig. 3e, lane 8). In
contrast, we did not observe any supershift following addition of
antibodies and probes in the absence of nuclear extracts
(Supplementary Fig. 1a, lanes 6–10) as compared with the posi-
tive controls in the presence of nuclear extracts (lanes 1–5), thus
underscoring the specificity of the antibodies used in the EMSA
assays (Figs. 3e and 5h).

To test whether the CLOCK–BMAL1 heterodimers could drive
the transcription from the MTA1 promoter through the E-box
motif, we transfected mouse NIH3T3 fibroblasts, which contain
circadian oscillators and have been widely used in circadian clock
studies2,28,29, with a minimal MTA1 promoter construct (from
� 3,032 to � 2,427) that includes a canonical E-box motif as
described previously30. We found that coexpression of CLOCK
and BMAL1 stimulates the MTA1 promoter activity in a dose-
dependent manner (Fig. 3f, lanes 1–3). In contrast, expression of
CLOCK or BMAL1 alone had limited effects on MTA1 promoter
activity (Supplementary Fig. S1b, columns 2 and 3, respectively).
More interestingly, the CLOCK–BMAL1-dependent activation of
the MTA1 promoter was abolished when the E-box motif was
mutated (Fig. 3f, columns 4–6). These results suggest that MTA1
is a clock-controlled gene that is transcriptionally activated by the
CLOCK–BMAL1 heterodimer.
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Figure 1 | Loss of MTA1 resulted in altered circadian wheel-running

behaviour in mice. (a) Representative actograms of MTA1þ /þ and

MTA1� /� mice. All animals were housed individually in cages equipped

with running wheels. After at least 3 weeks under a LD cycle consisting of

12 h of light (150 lux) followed by 12 h of darkness (o0.01 lux), mice were

remained in DD or LL (150 lux) for at least 4 weeks. A grey background

indicates the dark periods and the bar above the activity record shows

the LD cycle. The horizontal bars above each actogram indicate the lighting

condition (open¼ 150 lux; filled¼ darkness). Top panels show actograms

of mice maintained under LD12:12, then switched to DD (shaded area).

Bottom panels show actograms from animals maintained under constant

light (LL; 150 lux). (b) t was determined by Periodogram analysis of 400

continuous hours of wheel-running data collected from animals maintained

under DD or LL. Values represent the mean±s.d. of 15 MTA1þ /þ

(12 males and 3 females) and 17 MTA1� /� (13 males and 4 females) mice

for tDD, of 12 MTA1þ /þ (9 males and 3 females) and 10 MTA1� /�

(7 males and 3 females) mice for tLL and Dt. Filled bars¼ tDD; open
bars¼ tLL; shaded bars¼Dt (tLL� tDD). The free-running period in LL

(tLL) was significantly longer (0.4 h; Po0.05; two-tailed Student’s t-test)

in MTA1� /� mice than that in MTA1þ /þ mice. In addition, the change in

the free-running period (Dt) after switching to LL was significantly greater

(58%; Po0.01; paired t-test) in MTA1� /� mice. (c) Representative

actograms from MTA1þ /þ and MTA1� /� mice. The LD cycle was shifted

forward at the time indicated by the red asterisks, resulting in a 6-h

truncation of the prior dark phase. The horizontal bars indicate the lighting

conditions (open¼ 150 lux; filled¼ darkness) either before (above the

actograms) or after (below the actograms) the 6-h advance. (d) Values

represent the mean±s.d. of 15 MTA1þ /þ (12 males and 3 females) and

16 MTA1� /� (12 males and 4 females) mice. Asterisk *Po0.05;

two-tailed Student’s t-test.
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MTA1 stimulates its own transcription via a positive feedback
loop. Given that the autoregulatory feedback loops are common
features of circadian clock in animals and plants1,6,7, we next
examined the possibility that MTA1 may influence its own
transcription via interacting with the CLOCK–BMAL1 hetero-
dimer. Indeed, immunoprecipitation (IP) of the endogenous
CLOCK (Fig. 4a) or BMAL1 (Fig. 4b) protein co-precipitated the
endogenous MTA1 in the nuclear extracts from the MTA1þ /þ

but not from MTA1� /� MEFs (upper panel, compare lane 4

with 5). Reciprocally, IP of the endogenous MTA1 protein also
co-precipitated the endogenous CLOCK and BMAL1 proteins in
the MTA1þ /þ MEFs but not in MTA1� /� cells (Fig. 4c,
compare lane 4 with 5). These results suggest that MTA1 interacts
with CLOCK and BMAL1 in vivo.

To test whether MTA1 directly binds to CLOCK or BMAL1,
in vitro glutathione S-transferase (GST) pull-down assays were
performed using in vitro-translated, [35S]-methionine-labelled
BMAL1 and CLOCK and GST-tagged MTA1 deletion constructs
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Figure 2 | Depletion of MTA1 disrupts the rhythmic expression of core clock genes. (a,b) MTA1þ /þ MEFs were grown to confluence in DMEM/F-12

medium containing 5% fetal bovine serum (FBS) for 6 days and shifted to medium containing 50% adult horse serum for 2 h. At time¼0, the serum-rich

medium was replaced with serum-free medium and cells were collected at the indicated time points for western blot analysis with the indicated

antibodies (a) or qPCR analysis of MTA1 mRNA levels (b). (c) Protein extracts from MTA1þ /þ and MTA1� /� MEFs were subjected to the western blot

analyses with the indicated antibodies. (d–l) Serum-shocked MTA1þ /þ and MTA1� /� MEFs as described above were collected at the indicated time

points for qPCR analysis of MTA2 (d), MTA3 (e), CLOCK (f), BMAL1 (g), CRY1 (h), CRY2 (i), PER1 (j), PER2 (k) and SIRT1 (l) gene expression. The data

represent mean±s.d. of triplicate.
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(GST-MTA1)31 (Supplementary Fig. S2). Interestingly, we found
that both BMAL1 (Supplementary Fig. S2a) and CLOCK
(Supplementary Fig. S2b) proteins bound to the amino terminus
(residues 1–164) and the carboxyl terminus (residues 442–715) of
the MTA1 protein (Fig. 4d). It is interesting to note that the
amino terminus of MTA1 contains a bromo-adjacent homology
domain important for protein–protein interaction32, whereas the
carboxyl terminus of MTA1 contains several Src homology
domain 3-binding motifs that function as peptide- and protein-
recognition modules33. Thus, it is conceivable that MTA1 forms
a complex with the CLOCK–BMAL1 heterodimer, probably
through its bromo-adjacent homology domain and Src homology
domain 3-binding motifs.

We next tested whether MTA1 utilizes the CLOCK–BMAL1
heterodimer to get recruited onto its own promoter using a ChIP-
based promoter walk assay. Single-ChIP assay with an anti-
MTA1 antibody showed that MTA1 was specifically recruited to
the R2 (from � 4,594 to � 4,220) and R3 regions (from � 3,096
to � 2,789), but not the R1 (from � 5,147 to � 4,993) and R4
(from � 1,836 to � 1,441) regions, of the MTA1 promoter in the

MTA1þ /þ but not in MTA1� /� MEFs (Fig. 4e, compare
lane 5 with 6, and Fig. 4h, lower panel). Interestingly, sequential
double-ChIP assay, wherein the first ChIP with an anti-MTA1
antibody was followed by a second ChIP with an anti-CLOCK
(Fig. 4f) or anti-BMAL1 antibody (Fig. 4g), revealed the
recruitment of the MTA1–CLOCK or MTA1–BMAL1complex
onto the R3 region, but not the R1, R2 or R4 regions, of the
MTA1 promoter (Fig. 4h, lower panel). In support of these
observations, a serum shock stimulated the recruitment of the
MTA1–CLOCK or MTA1–BMAL1 complex onto the R3 region
of the MTA1 promoter in MTA1þ /þ but not MTA1� /� MEFs
in a time-dependent manner (Supplementary Fig. S3, compare
lanes 1–4 with 5–8). Further, EMSA assays demonstrated that the
binding of the MTA1–CLOCK (Fig. 3e, lane 6) or the MTA1–
BMAL1 (Fig. 3e, lane 7) complex to the MTA1 promoter DNA.
Consistent with these results, MTA1 and CLOCK–BMAL1
synergistically stimulated the MTA1 promoter activity in a
dose-dependent manner (Fig. 4i, columns 1–7) but failed to
stimulate the activity of MTA1 promoter with an E-box mutant
(Fig. 4i, columns 8–14). These results establish a positive feedback
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loop for MTA1 in regulating its own transcription involving the
CLOCK–BMAL1 activator complex.

CRY1 expression is compromised in MTA1-deficient cells. We
next examined whether MTA1 also regulates the expression of
other components of the clock system. As shown in Fig. 5a, the
levels of CRY1 protein were substantially decreased in the
unsynchronized MTA1� /� MEFs as compared with the levels in
the MTA1þ /þ MEFs (compare lane 2 with 1). In contrast,
no significant differences were observed in the levels of
CLOCK, BMAL1, CRY2, PER1 and PER2 proteins between the

unsynchronized MTA1þ /þ and MTA1� /� cells (compare lane
2 with 1). Interestingly, the levels of mRNAs for CLOCK (Fig. 2f),
BMAL1 (Fig. 2g), CRY2 (Fig. 2i), PER1 (Fig. 2j) and PER2 (Fig. 2k)
were differentially regulated by the serum shock between the
synchronized MTA1þ /þ and MTA1� /� MEFs. The observed
discordance in the expression levels of mRNAs and proteins
among the synchronized versus unsynchronized MEFs is reflective
of differing states of MEFs. In addition, previous studies have
demonstrated that there is no linear correlation between the levels
of mRNAs and proteins in biologic systems because of various
biological factors such as post-translational regulatory mechanisms
and the differences in mRNA and protein turnover rates29,34–41.
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Figure 4 | MTA1 forms a complex with CLOCK–BMAL1 and activates its own transcription. (a–c) Nuclear extracts from MTA1þ /þ and MTA1� /�

MEFs were subjected to immunoprecipitation (IP) analysis with an anti-CLOCK (a), anti-BMAL1 (b), anti-MTA1 (c) antibodies or control IgG, followed by

western blotting with the indicated antibodies. (d) Schematic representation of the domains of MTA1 for CLOCK and BMAL1 binding. BAH, bromo-adjacent

homology; GATA, GATA-type zinc-finger domain; SH3, SRC homology 3. (e–g) ChIP analysis of recruitment of MTA1 (e), MTA1–CLOCK (f) or MTA1–

BMAL1 (g) onto the MTA1 promoter. (h) Line diagram shows the recruitment of MTA1, MTA1–CLOCK or MTA1–BMAL1 onto different regions at the MTA1

promoter. (i) NIH3T3 cells were transfected with the pGL3-MTA1 expression vector (100 ng) in the presence or absence of increasing doses of T7-MTA1

(100, 200ng) and Flag-CLOCK/BMAL1 (100, 200ng) alone or in combination. After 48 h of transfection, the MTA1 luciferase activity was determined as

described in Methods. Each column shows mean±s.d. of triplicate (Student’s t-test). **Po0.01; NS, no significance.
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In line with the changes observed for CRY1 protein levels,
CRY1 mRNA levels were reduced in the unsynchronized
MTA1� /� MEFs as compared with the levels in MTA1þ /þ

MEFs (Fig. 5b). To gain an insight into the regulation of CRY1 by
MTA1, we next examined whether MTA1 affects the CRY1
promoter activity. As shown in Fig. 5c, knockout of MTA1
inhibits the basal (compare column 3 with 1) as well as the
CLOCK–BMAL1-activated CRY1 promoter activity (compare
column 4 with 2). We next determined the possibility of MTA1
recruitment onto the CRY1 promoter. To this end, the CRY1
promoter was subdivided into two approximate regions of 400-bp
each according to the E-box motif position (Fig. 5d, upper panel).
Single ChIP with an anti-MTA1 antibody demonstrated that
MTA1 was recruited to the R1 (from � 110 to þ 39) but not the
R2 region (from � 1,409 to � 1,165) of the CRY1 promoter in
the MTA1þ /þ but not in MTA1� /� MEFs (Fig. 5e, compare
lane 5 with 6). Sequential double-ChIP analyses demonstrated
that the MTA1–CLOCK (Fig. 5f) or the MTA1–BMAL1 (Fig. 5g)
complexes were also recruited to the same R1 region of the CRY1
promoter in the MTA1þ /þ but not MTA1� /� MEFs (Fig. 5d,
lower panel). As expected, a serum shock stimulated the
recruitment of the MTA1–CLOCK or MTA1–BMAL1 complexes
onto the CRY1 promoter in MTA1þ /þ but not MTA1� /�

MEFs in a time-dependent manner (Supplementary Fig. S4,
compare lanes 1–4 with 5–8).

To further support these findings, we next carried out EMSA
assay using the wild-type or E-box-mutant oligonucleotide probe
(Fig. 5h). We found that the noted protein–CRY1 DNA complex
was effectively retarded by the inclusion of specific antibodies
against MTA1 (lane 3), BMAL1 (lane 4) or CLOCK (lane 5) only
in the presence of wild-type (lanes 1–9) but not mutant E-box
oligonucleotide (lanes 10–16). Further, co-incubation of anti-
bodies against MTA1, CLOCK or BMAL1 resulted in the
formation of further higher molecular weight protein–DNA
complexes (Fig. 5h, lanes 6–8). These results suggest that the
MTA1–CLOCK–BMAL1 complex could bind to the CRY1
promoter through the E-box element. Consistent with these
observations, MTA1 and CLOCK–BMAL1 synergistically stimu-
lated the wild-type but not E-box-mutant CRY1 promoter activity
(Fig. 5i, compare columns 1–4 with 5–8, and Fig. 5j, compare
columns 1–3 with 4–6). Collectively, these findings suggest that
MTA1 protein gets recruited onto the CRY1 promoter through
the CLOCK–BMAL1 activator complex and positively regulates
CLOCK–BMAL1-driven CRY1 transcription.

MTA1 deacetylates BMAL1 through deacetylase SIRT1. As
CRY1 has an essential role in the repressive arm of the clock
circuit2,42 and BMAL1 acetylation facilitates repressive function
of CRY143, we next examined whether MTA1 affects the
acetylation status of BMAL1 protein, and thus might affect the
CRY1-mediated negative feedback loop. A previous study has
demonstrated that BMAL1 deacetylation is regulated by class III
(SIRT1) but not classes I and II HDACs44. Using SIRT1-
knockout MEFs as positive controls, we demonstrated that MTA1
knockout leads to an increase in the levels of acetyl BMAL1
lys538 (Fig. 6a, compare lane 2 with 1). In contrast, there was no
effect of MTA1 knockout on the levels of CLOCK, an acetyl-
transferase responsible for BMAL1 acetylation43, and BMAL1
proteins as compared with its levels in MTA1þ /þ MEFs
(compare lane 2 with 1). These results suggest that MTA1
could deacetylate BMAL1 protein.

As the MTA1 protein is not a putative enzyme, we next
examined whether MTA1 regulates the expression of SIRT1, thus
resulting in deacetylation of BMAL1. Interestingly, we found that
MTA1 knockout results in a substantial reduction in the levels of

SIRT1 protein (Fig. 6a,b, compare lane 2 with 1) and mRNA
(Fig. 6c). In contrast, MTA1 depletion did not alter the expression
levels of HDAC1, 3 and 6 proteins but resulted in an easily
detectable upregulation of HDAC2 and 4 (Fig. 6b, compare lane 2
with 1). These findings suggest that MTA1 deacetylates acetylated
538 in BMAL1 through, at least in part, regulating SIRT1
expression. In support of this notion, we found that, although the
basal levels of acetyl BMAL1 at Lys538 were higher in the
MTA1� /� MEFs than that in MTA1þ /þ MEFs (Fig. 6d,
compare lane 5 with 1), incubation of cells with SIRT1 inhibitor
nicotinamide (NAM)44,45 enhances the levels of acetyl BMAL1
lysine 538 in both MTA1þ /þ and MTA1� /� MEFs (Fig. 6d).
These findings suggest that SIRT1 has a functional role in the
MTA1-mediated deacetylation of BMAL1. To establish a
mechanistic link between the SIRT1 and BMAL1 deacetylation
in the MTA1þ /þ and MTA1� /� MEFs, we next knocked down
the endogenous SIRT1 using specific SIRT1 short interfering
RNAs (siRNAs) in MTA1þ /þ and MTA1� /� MEFs. As shown
in Fig. 6e, we found that MTA1 knockout leads to an increase in
the levels of acetyl BMAL1 lys538 (compare lane 2 with 1), and
this effect was further enhanced following depletion of SIRT1
using specific SIRT1 siRNAs (compare lane 3 with 1 and lane 4
with 2). These findings implicate a role for the MTA1-SIRT1 axis
in regulating deacetylation of BMAL1 by MTA1.

MTA1-SIRT1 axis is required for CRY1 activation. We next
investigated whether there is a functional link between the
MTA1-SIRT1-BMAL1 deacetylation and the circadian clock
function. Interestingly, knockdown of MTA1 resulted in a
downregulation of CRY1 protein levels (Fig. 6e, compare lane 2
with 1), and this effect was further enhanced following knock-
down of the endogenous SIRT1 (Fig. 6e, compare lane 3 with 1
and lane 4 with 2). These observations suggested that the MTA1-
SIRT1 axis has a role in CRY1 regulation. In line with these
findings, MTA1 knockout resulted in an appreciable reduction in
the basal (Fig. 6f, compare column 5 with 1) as well as CLOCK–
BMAL1-activated CRY1 promoter activity (Fig. 6f, compare col-
umn 2 with 6), suggesting that MTA1 is required for the
CLOCK–BMAL1-mediated activation of CRY1. Further, inhibi-
tion of SIRT1 activity by the SIRT1 inhibitor NAM44,45 also
reduced the CLOCK–BMAL1-activated CRY1 promoter activity
in the MTA1þ /þ MEFs (Fig. 6f, compare column 4 with 2) but
not in MTA1� /� cells (Fig. 6f, compare column 8 with 6). These
results collectively suggest that the MTA1-SIRT1-BMAL1
deacetylation axis is required for CRY1 activation by
CLOCK–BMAL1.

MTA1-SIRT1 axis depresses CRY1-mediated repression of
MTA1. As MTA1 is a positive regulator of CRY1 (Fig. 5), we next
examined whether the MTA1-SIRT1-BMAL1 deacetylation axis
could affect MTA1 transcription by CLOCK–BMAL1. As shown
in Fig. 6g, MTA1 knockout also inhibited the basal (compare
column 5 with 1) as well as CLOCK–BMAL1-stimulated (com-
pare column 6 with 2)MTA1 promoter activity. Interestingly, this
effect was further enhanced by the SIRT1 inhibitor NAM44,45

only in MTA1þ /þ MEFs (Fig. 6g, compare column 3 with 1 and
column 4 with 2) but not in MTA1� /� cells (Fig. 6g, compare
column 7 with 5 and column 8 with 6). These results suggest that
the MTA1-SIRT1 axis is required for CLOCK–BMAL1-mediated
stimulation of MTA1 transcription.

Given that the MTA1-SIRT1 axis promotes BMAL1 deacetyla-
tion (Fig. 6a,d and e) and acetylation of BMAL1 facilitates CRY1-
mediated repression43, it is conceivable that the MTA1-SIRT1
axis regulates the CLOCK–BMAL1-mediated activation of MTA1
transcription, probably by derepressing CRY1-mediated negative
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feedback loop. To test this possibility, we next examined whether
CRY1 represses CLOCK–BMAL1-mediated activation of MTA1
transcription and whether the MTA1-SIRT1 axis has any role in

this process. As shown in Fig. 6h, we found that CRY1 suppresses
CLOCK–BMAL1-activated MTA1 promoter activity (compare
column 3 with 2), and this effect was further enhanced following
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inhibition of SIRT1 activity by SIRT1 inhibitor NAM in
MTA1þ /þ MEFs (compare column 5 with 3) but not in
MTA1� /� cells (compare column 9 with 7). These results indi-
cate that inhibition of SIRT1 activity by the SIRT1 inhibitor NAM
results in an increased level of BMAL1 acetylation by CLOCK,
which in turn facilitates CRY1-mediated repression of MTA1.

Discussion
Here we discovered that MTA1, a well-recognized marker for
tumour invasion and metastasis13, is an intrinsic regulator of the
mammalian molecular clock (Fig. 7). Genetic depletion of MTA1
in mice affects the response of the circadian system to ambient
light, as revealed by a reduced rate of re-entrainment to standard
LD cycles after light-phase advancement by 6 h and an enhanced
period lengthening under constant light conditions (Fig. 1).
Moreover, like other clock genes, the mRNA and protein
expression of MTA1 shows a circadian expression pattern
(Fig. 2a,b). Interestingly, although MTA2 and MTA3 promoters
do not contain a canonical E-box motif, they do have a non-
canonical E-box motif (50-CAGCTT-30)22 at their promoters
(Supplementary Table S1), significance of which remains to be
determined in the future.

The emerging physiological role for MTA1 in the molecular
clock is supported by several lines of evidence. First, the CLOCK–
BMAL1 heterodimer activates MTA1 transcription through the
conserved E-box element at its promoter (Fig. 3f). Second, MTA1
is a bona fide binding partner of the CLOCK–BMAL1 complex
(Fig. 4a–d and Supplementary Fig. S2) and recruits CLOCK–
BMAL1 onto its own promoter and simulates its transcription
(Fig. 3), thus establishing a positive feedback loop between MTA1
and CLOCK–BMAL1. Third, MTA1 is required for transcrip-
tional stimulation of CRY1 by CLOCK–BMAL1 (Fig. 5), and
CRY1, in turn, inhibits the CLOCK–BMAL1-mediated stimula-
tion of MTA1 transcription (Fig. 6h), thus establishing another
feedback loop between MTA1 and CRY1. Finally, MTA1
deacetylates BMAL1 at lysine 538 by regulating SIRT1 expression
(Fig. 6a–e), and the MTA1-SIRT1-BMAL1 deacetylaiton axis is
involved in the CLOCK–BMAL1-mediated activation of MTA1
and CRY1, probably by depressing CRY1-mediated negative
feedback loop (Figs 6f–h and 7a). Together, these findings
establish that MTA1 functions in the positive limb of the clock
machinery at multiple levels and is an important component of
an additional autoregulatory feedback loop with interlocks with
the core feedback loop of circadian oscillation.

As expected, this study also raises several interesting questions
to be answered in future research. Given that clock disruption by
environmental or genetic factors has been implicated in human
cancer46,47 and that many of clock genes are related to regulatory
mechanisms that are important in cancer48, understanding
whether and how perturbation of the physiological function of
MTA1 in circadian clock are connected to its oncogenic activity
in tumour progression will be the central topic of future studies.
In addition, the transcriptional activator CLOCK could acetylate

histones and non-histone substrates that are crucial for the
circadian machinery43,49,50. It would be of interest to examine
whether CLOCK could target its binding partner MTA1 for
acetylation, which in turn controls its function in circadian clock
in the near future. In conclusion, we demonstrated that MTA1 is
a component of the circadian clock that regulates the CLOCK–
BMAL1-mediated positive limbs. These findings broaden our
understanding of the physiological functions and underlying
mechanisms of MTA1 in mammalian physiology and behaviour
and would be a starting point for investigating the missing
molecular link between deregulation of the circadian clock and
tumour progression.

Methods
Animals and cell culture. MTA1-knockout (MTA1� /� ) mice were generated in
our laboratory by deleting exon 2 of MTA1 gene and maintained at C57/BL6 and
129sv mixed genetic background51,52. Wild-type and MTA1� /� male and female
mice were housed under a 12/12 LD cycle unless otherwise noted with food and
water ad libitum. All animal studies were conducted in accordance with the
regulations of the committees on Animal Care and Use at the University of Texas
M.D. Anderson Cancer Center and the University of Houston (Houston, TX).
MEFs derived from either MTA1þ /þor MTA1� /� mice were generated by
collecting embryos at embryonic day 951 and maintained thereafter. SIRT1þ /þ

and SIRT1� /� MEFs53 were kindly provided by Dr Chu-Xia Deng (National
Institutes of Health, Bethesda, MD). Cells were grown in DMEM/Ham’s F-12
supplemented with 10% fetal bovine serum and 1� antibiotic-antimycotic
solution (Invitrogen, Carlsbad, CA). To perform the serum-shock studies27,
MTA1þ /þ and MTA1� /� MEFs were cultured in medium containing 5% fetal
bovine serum for 4 days to reach confluence. After 2 days of confluences, the cells
were treated with 50% horse serum (Invitrogen) for 2 h. At time¼ 0, the medium
was replaced by serum-free medium. At the indicated time points, cells were
washed once with ice-cold PBS and collected for further analysis.

Circadian activity rhythms. Circadian wheel-running experiments (Fig. 1) were
conducted in the Animal Facility at the University of Houston as described pre-
viously25,54. Briefly, MTA1þ /þ and MTA1� /� male and female mice (the
numbers of males and females used for each experiments are described in the figure
legend of Fig. 1) at the age of 6–10 weeks were quarantined in group cages for 10
days under 12/12 LD cycles (lights on at 0700 hours). After release from quar-
antine, mice were individually housed in cages equipped with running wheels in
ventilated, light-tight chambers with controlled lighting, entrained to a 12/12 LD
cycle (lights on at 0700 hours in central standard time; 100–150 lux) for at least
3 weeks. After stable entrainment was apparent, groups of MTA1þ /þ and
MTA1� /� mice were exposed to either constant darkness or constant light (150
lux) for at least 4 weeks. Activity was recorded using the ClockLab data collection
system (Actimetrics, Wilmette, IL) and free-running period (t) was determined by
Periodogram analysis of 400 continuous hours of wheel-running data collected
from animals maintained under DD or LL. To determine the rates of re-entrain-
ment to a 12/12 LD cycle, groups of MTA1þ /þ and MTA1� /� maintained on
12/12 LD dark cycles for at least 3 weeks were subjected to a 6-h phase advance of
the LD cycle. This was achieved by truncating the dark phase on a single cycle by
6 h. Activity rhythms were followed for an additional 20 days after the phase shift.
The number of days required for stable re-entrainment to the 6-h phase advance
was determined by fitting a straight line through activity onsets on days 10–20 after
the phase shift and counting the number of activity onsets that occurred between
the day of the phase shift and the first two consecutive onsets that fell on this line.

Expression vectors and transfection. Flag-tagged mCLOCK and mBMAL1
pcDNA3.1 expression constructs (Flag-mClock and Flag-mBmal1, respectively)
were provided by Kazuhiro Yagita (Nagoya University Graduate School of Science,
Nagoya, Japan)55. Myc-CLOCK and Myc-BMAL1 were kindly provided by

Figure 5 | MTA1 regulates CRY1 expression. (a) Protein extracts of MTA1þ /þ and MTA1� /� MEFs were subjected to western blot analysis using the

indicated specific antibodies. (b) qPCR analysis of CRY1 and CRY2 mRNA levels in MTA1þ /þ and MTA1� /� MEFs. (c) MTA1þ /þ and MTA1� /� cells

were transfected with 200ng of pGL3-CRY1 expression vector alone or in combination with 500ng of Myc-CLOCK/BMAL1 plasmid DNA and the

CRY1 luciferase activity was determined after 48 h of transfection. (d) Line diagram shows the recruitment of MTA1, MTA1–CLOCK or MTA1–BMAL1 onto

different regions at the CRY1 promoter. (e–g) ChIP analysis of recruitment of MTA1 (e), MTA1–CLOCK (f) or MTA1–BMAL1 (g) onto the CRY1 promoter.

(h) EMSA analysis of the binding of CLOCK, BMAL1, or MTA1 to the CRY1 promoter using nuclear extract from MTA1þ /þ cells. Ab, antibody. (i–j) NIH3T3

cells were transfected with 100ng of pGL3-CRY1 expression vector in the presence or absence 50 ng of T7-MTA1, 50 ng of Flag-CLOCK/BMAL1 alone or in

combination and the CRY1 luciferase activity was determined as described above. (i) Each column shows mean±s.d. of triplicate (Student’s t-test).

*Po0.05; **Po0.01; NS, no significance.
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Paolo Sassone-Corsi43 (University of California, Irvine, CA). The pGL3-mCry1-
luciferase expression vector was kindly provided by Roman V. Kondratov (Lerner
Research Institute, Cleveland Clinic, Cleveland, OH)56. Cloning and
characterization of the pGL3-mMTA1-luciferase expression vectors30, GST-MTA1
deletion constructs31 and pcDNA3.1-MTA1 expression vector20 have been
described previously. Mutagenesis of E-box element (mutate 50-CACGTG-30 to
50-GCGCGC-30) in pGL3-mCry1 and pGL3-mMTA1 expression vectors were

carried out using a Stratagene QuikChange site-directed mutagenesis kit
(Stratagene, La Jolla, CA) using the designed primers (Supplementary Table S3)
and confirmed by DNA sequencing. ON-TARGETplus SMARTpool specific siR-
NAs targeting mouse SIRT1 were purchased from Dharmacon (Lafayette, CO).
Plasmid DNA was purified using QIAGEN Plasmid Midi Kit (QIAGEN, Valencia,
CA) and transfections were carried out using FuGENE HD Transfection Reagent
(Roche Applied Science, Indianapolis, IN) according to the manufacturer’s
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Figure 6 | The MTA1-SIRT1 axis is required for CLOCK–BMAL1-mediated activation of MTA1 and CRY1. (a) Protein extracts from MTA1þ /þ and

MTA1� /� as well as SIRT1þ /þ and SIRT1� /� MEFs were subjected to western blot analysis with the indicated antibodies. (b) Protein extracts from

MTA1þ /þ and MTA1� /� MEFs (the same lysates as used in Fig. 2c) were subjected to western blot analysis with the indicated antibodies. (c) qPCR

analysis of SIRT1 expression in MTA1þ /þ and MTA1� /� MEFs. (d) MTA1þ /þ and MTA1� /� MEFs were treated with or without 10mM of SIRT1

inhibitor NAM for the indicated times and protein extracts were subjected to western blot analysis with the indicated antibodies. (e) MTA1þ /þ and

MTA1� /� MEFs were transfected with control or SIRT1 siRNA. After 48 h of the second transfection, cells were subjected to western blot analysis with the

indicated antibodies (the same cellular lysates were run on parallel gels). (f) MTA1þ /þ and MTA1� /� MEFs were transfected with 250ng of pGL3-CRY1

expression vector in the presence or absence of 750ng of Myc-CLOCK/BMAL1. After 24 h of transfection, cells were incubated with 10mM nicotinamide

(NAM) for another 24 h and subjected to analysis of the CRY1 luciferase activities. (g) MTA1þ /þ and MTA1� /� MEFs were transfected with 250 ng of

pGL3-MTA1 expression vector in the presence or absence of 500ng of Myc-CLOCK/BMAL1. After 24 h of transfection, cells were incubated with

10mM NAM for another 24 h and subjected to analysis of the MTA1 luciferase activities. (h) MTA1þ /þ and MTA1� /� MEFs were transfected with

250ng of pGL3-MTA1 expression vector in the presence or absence of 500ng of Myc-CLOCK/BMAL1 or 250 ng of Flag-CRY1 alone or in combination.

After 24 h of transfection, cells were incubated with 10mM NAM for another 24 h and subjected to analysis of the MTA1 luciferase activities. Each

column shows mean±s.d. of triplicate (Student’s t-test). *Po0.05; **Po0.01; NS, no significance.
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instructions. Cells were co-transfected with the indicated vectors, and the total
amount of DNA was maintained equal with corresponding empty vectors57. The
transfection of siRNA was performed twice at 24-h intervals with Oligofectamine
reagent (Invitrogen) following the manufacturer’s protocol. Cells were subjected to
further analyses after 48 h of the second transfection57.

Western blot and IP. Sources of antibodies were as following: rabbit polyclonal
anti-MTA1, anti-MTA2, anti-MTA3 and anti-BMAL1 (Bethyl Laboratories,
Montgomery, TX), rabbit polyclonal anti-PER1 and anti- acetyl BMAL1 (Lys538;
Millipore, Billerica, MA), mouse monoclonal anti-vinculin (hVIN-1), anti-actin
(AC-40), rabbit polyclonal anti-HDAC4 (DM-15; Sigma-Aldrich, St. Louis, MO),
rabbit monoclonal anti-CLOCK (D45B10), anti-SIRT1(D60E1), anti-
HDAC6(D21B10), mouse monoclonal anti-MEK1 (61B12; Cell Signaling Tech-
nology, Danvers, MA), rabbit polyclonal anti-PER2 (H-90), anti-HDAC2 (H-54),
anti-HDAC3 (H-99), mouse monoclonal anti-CRY1 (W-L5), goat polyclonal
anti-HDAC1 (C-19) and anti-BMAL1 (N-20; Santa Cruz Biotechnology, Santa
Cruz, CA), rabbit polyclonal anti-CRY1, anti-CRY2 and mouse monoclonal anti-
histone H3 (acetyl K9; Abcam, Cambridge, MA). Mouse monoclonal anti-GAPDH
antibody was kindly provided by Dr Ferid Murad laboratory (George Washington
University, Washington, DC). All primary antibodies for western blot and IP
analyses were used according to the recommended dilution by manufacturers’
instructions. Horseradish peroxidase-conjugated secondary antibodies and
enhanced chemiluminescence reagents were purchased from Amersham Bio-
sciences (Piscataway, NJ). The Trueblot IP beads and secondary antibodies were
obtained from Rockland Immunochemicals Inc (Gilbertsville, PA).

Protein extracts, western blot and IP analysis were carried out as described
previously57. Briefly, total cellular lysates were prepared by lysing the cells with
radioimmunoprecipitation assay buffer containing 1� protease inhibitor cocktail
(Roche Applied Science) and 1� phosphatase inhibitor cocktail I and II (Sigma-
Aldrich), and were then resolved by SDS–PAGE, transferred to nitrocellulose
membranes and incubated with the indicated antibodies. Signal detections were
performed using enhanced chemiluminescence reagents57. Nuclear extracts were
prepared using high salt extraction method58. For IP analysis, the nuclear lysates
were incubated with 1 mg of primary antibody and corresponding control IgG
overnight at 4 �C on a rocker platform, followed by incubation with total 30 ml of
Trueblot IP beads (Rockland Immunochemicals Inc) for 2 h at 4 �C. Bead-bound
immunocomplexes were washed with washing buffer for three to five times
to eliminate non-specific binding, and then dissolved in a sample buffer for

SDS–PAGE. To reduce interference by the B55 kDa heavy and B23 kDa light
chains of the immunoprecipitating antibody, horseradish peroxidase-conjugated
TrueBlot secondary antibodies (Rockland Immunochemicals Inc) were used in
the IP/immunoblotting applications57. Full gel scans can be found in
Supplementary Fig. S5.

Promoter analysis. Cells were seeded on a six-well plate and transfected the
following day with the indicated expression vectors using FuGENE HD Trans-
fection Reagent (Roche Applied Science)18. Empty vector was used to equalize the
amount of plasmid DNA for each transfection. After 48 h of transfection, cells were
assayed for b-gal activity (Tropix Galacton-Star system, Applied Biosystem) and
luciferase activity (Luciferase Assay System, Promega, Madison, WI) using a
luminometer (Berthold Technologies) according to the manufacturer’s protocol18.
For each sample, luciferase activity was normalized by determining luciferase/b-gal
activity ratios and averaging the values from triplicate wells. Statistical analysis was
performed by a Student’s t-test for unpaired samples.

Quantitative real-time PCR. For quantitative real-time PCR (qPCR) analysis,
total RNA was isolated by using Trizol reagent (Invitrogen), and first-strand cDNA
synthesis was carried out with SuperScript II reverse transcriptase (Invitrogen)
using 2 mg of total RNA and oligo (dT) primer18. The resultant cDNA was
subjected to qPCR by using the iQTM SYBR Green Supermix (Bio-Rad
Laboratories, Hercules, CA) on a CFX96 Real-Time PCR Detection System (Bio-
Rad Laboratories)18. The values for specific genes were normalized to housekeeping
controls. All of qPCR primers were synthesized by Sigma-Aldrich and the
sequences of the primers are available in Supplementary Table S4.

ChIP assay. The ChIP assays were performed using the ChIP Assay Kit (Millipore,
Billerica, MA) according to the manufacturer’s instructions18. Briefly, cells were
crosslinked with 1% formaldehyde for 10min at 37 �C. The sonicated chromatin
materials were immunoprecipiated with the indicated antibodies (1–3 mg of
antibody in 1ml of chromatin solution) at 4 �C overnight. The resulting DNA
fragments were purified and subjected to PCR analysis using primers listed in
Supplementary Tables S5 and S6. Full gel scans can be found in Supplementary
Fig. S5.

SIRT1 Ac

Ac

SIRT1

NAM

SIRT1 SIRT1

C
LO

C
K

C
LO

C
K

C
LO

C
K

C
lo

ck

B
M

A
L1

B
M

A
L1

B
M

A
L1

B
M

A
L1

E-box

E-box E-box

E-box

MTA1

MTA1

CRY1

CRY1 CRY1

CRY1

MTA1 MTA1

MTA1

MTA1

Figure 7 | The proposed working model. (a) The CLOCK–BMAL1 activator complex binds to the E-box element at the MTA1 promoter and stimulates

its transcription. MTA1, in turn, forms a complex with and recruits CLOCK–BMAL1 onto the E-box element at theMTA1 and CRY1 promoters, activating their

expression through the E-box element at their promoters. MTA1 also regulates deacetylation of BMAL1 by regulating SIRT1 expression, resulting in

derepressing CRY1-mediated transcription repression. (b) Inhibition of SIRT1 activity by the SIRT1 inhibitor NAM results in an increase in the levels of

BMAL1 acetylation by CLOCK, which in turn facilitates CRY1-mediated repression of MTA1.

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms3545 ARTICLE

NATURE COMMUNICATIONS | 4:2545 | DOI: 10.1038/ncomms3545 | www.nature.com/naturecommunications 11

& 2013 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications


Electrophoretic mobility shift assay. Nuclear extracts were prepared using a
Nonidet P-40 lysis method58 and 2 mg of nuclear extracts was used for each
reaction18. EMSA for MTA1 or CRY1 promoter binding was performed using the
annealed [g-32P] ATP end-labelled oligonucleotides in a 20-ml reaction mixture for
15min at 20 �C. Samples were run on a non-denaturing 5% polyacrylamide gel and
imaged by autoradiography. Specific competitions were performed by adding a
100-fold excess of cold probe to the incubation mixture, and supershift EMSAs
were performed by adding about 1 mg of the indicated antibodies.

GST pull-down assay. GST-fused recombinant proteins were expressed in
Escherichia coli BL21 and purified using glutathione sepharose 4B (GE Healthcare,
Piscataway, NJ)18. In vitro-translated proteins were produced using the TNT T7
Quick Coupled Transcription/Translation System (Promega) in the presence of L-
[35S]-methionine (PerkinElmer, Waltham, MA) according to the manufacturer’s
protocol18, and then incubated with GST-MTA1 or GST protein on glutathione
sepharose in a 1-ml binding buffer (20mM Tris–HCl, pH 8.0, 50mM NaCl, 10%
glycerol and 0.1% NP-40) at 4 �C overnight. After washing sepharose with binding
buffer three times, proteins were analysed on SDS–PAGE.

References
1. Reppert, S. M. & Weaver, D. R. Coordination of circadian timing in mammals.

Nature 418, 935–941 (2002).
2. Kume, K. et al. mCRY1 and mCRY2 are essential components of the negative

limb of the circadian clock feedback loop. Cell 98, 193–205 (1999).
3. Kondratov, R. V. et al. BMAL1-dependent circadian oscillation of nuclear

CLOCK: posttranslational events induced by dimerization of transcriptional
activators of the mammalian clock system. Genes Dev. 17, 1921–1932 (2003).

4. Hogenesch, J. B., Gu, Y. Z., Jain, S. & Bradfield, C. A. The basic-helix-loop-
helix-PAS orphan MOP3 forms transcriptionally active complexes with
circadian and hypoxia factors. Proc. Natl Acad. Sci. USA 95, 5474–5479 (1998).

5. Gekakis, N. et al. Role of the CLOCK protein in the mammalian circadian
mechanism. Science 280, 1564–1569 (1998).

6. Shearman, L. P. et al. Interacting molecular loops in the mammalian circadian
clock. Science 288, 1013–1019 (2000).

7. Darlington, T. K. et al. Closing the circadian loop: CLOCK-induced
transcription of its own inhibitors per and tim. Science 280, 1599–1603 (1998).

8. Busino, L. et al. SCFFbxl3 controls the oscillation of the circadian clock by
directing the degradation of cryptochrome proteins. Science 316, 900–904
(2007).

9. Yoo, S. H. et al. Competing E3 ubiquitin ligases govern circadian periodicity by
degradation of CRY in nucleus and cytoplasm. Cell 152, 1091–1105 (2013).

10. Ko, H. W., Jiang, J. & Edery, I. Role for slimb in the degradation of Drosophila
period protein phosphorylated by doubletime. Nature 420, 673–678 (2002).

11. Grima, B. et al. The F-box protein slimb controls the levels of clock proteins
period and timeless. Nature 420, 178–182 (2002).

12. Toh, Y., Pencil, S. D. & Nicolson, G. L. A novel candidate metastasis-associated
gene, mta1, differentially expressed in highly metastatic mammary
adenocarcinoma cell lines. cDNA cloning, expression, and protein analyses.
J. Biol. Chem. 269, 22958–22963 (1994).

13. Li, D. Q., Pakala, S. B., Nair, S. S., Eswaran, J. & Kumar, R. Metastasis-
associated protein 1/nucleosome remodeling and histone deacetylase complex
in cancer. Cancer Res. 72, 387–394 (2012).

14. Xue, Y. et al. NURD, a novel complex with both ATP-dependent chromatin-
remodeling and histone deacetylase activities. Mol. Cell. 2, 851–861 (1998).

15. Zhang, Y., LeRoy, G., Seelig, H. P., Lane, W. S. & Reinberg, D. The
dermatomyositis-specific autoantigen Mi2 is a component of a complex
containing histone deacetylase and nucleosome remodeling activities. Cell 95,
279–289 (1998).

16. Denslow, S. A. & Wade, P. A. The human Mi-2/NuRD complex and gene
regulation. Oncogene 26, 5433–5438 (2007).

17. Gururaj, A. E. et al. MTA1, a transcriptional activator of breast cancer
amplified sequence 3. Proc. Natl Acad. Sci. USA 103, 6670–6675 (2006).

18. Li, D. Q. et al. Bidirectional autoregulatory mechanism of metastasis-associated
protein 1-alternative reading frame pathway in oncogenesis. Proc. Natl Acad.
Sci. USA 108, 8791–8796 (2011).

19. Balasenthil, S. et al. Identification of Pax5 as a target of MTA1 in B-cell
lymphomas. Cancer Res. 67, 7132–7138 (2007).

20. Mazumdar, A. et al. Transcriptional repression of oestrogen receptor by
metastasis-associated protein 1 corepressor. Nat. Cell. Biol. 3, 30–37 (2001).

21. Li, W. et al. Expression profile of MTA1 in adult mouse tissues. Tissue Cell 41,
390–399 (2009).

22. Zhang, X. et al. A non-canonical E-box within the MyoD core enhancer is
necessary for circadian expression in skeletal muscle. Nucleic Acids Res. 40,
3419–3430 (2012).

23. Hunt, T. & Sassone-Corsi, P. Riding tandem: circadian clocks and the cell cycle.
Cell 129, 461–464 (2007).

24. Cho, H. et al. Regulation of circadian behaviour and metabolism by REV-ERB-
alpha and REV-ERB-beta. Nature 485, 123–127 (2012).

25. Sollars, P. J., Ogilvie, M. D., Rea, M. A. & Pickard, G. E. 5-HT1B receptor
knockout mice exhibit an enhanced response to constant light. J. Biol. Rhythms
17, 428–437 (2002).

26. Johnson, C. H., Elliott, J. A. & Foster, R. Entrainment of circadian programs.
Chronobiol. Int. 20, 741–774 (2003).

27. Balsalobre, A., Damiola, F. & Schibler, U. A serum shock induces circadian
gene expression in mammalian tissue culture cells. Cell 93, 929–937 (1998).

28. Jin, X. et al. A molecular mechanism regulating rhythmic output from the
suprachiasmatic circadian clock. Cell 96, 57–68 (1999).

29. Asher, G. et al. SIRT1 regulates circadian clock gene expression through PER2
deacetylation. Cell 134, 317–328 (2008).

30. Pakala, S. B. et al. Regulation of NF-kappaB circuitry by a component of the
nucleosome remodeling and deacetylase complex controls inflammatory
response homeostasis. J. Biol. Chem. 285, 23590–23597 (2010).

31. Talukder, A. H., Gururaj, A., Mishra, S. K., Vadlamudi, R. K. & Kumar, R.
Metastasis-associated protein 1 interacts with NRIF3, an estrogen-inducible
nuclear receptor coregulator. Mol. Cell. Biol. 24, 6581–6591 (2004).

32. Yang, N. & Xu, R. M. Structure and function of the BAH domain in chromatin
biology. Crit. Rev. Biochem. Mol. Biol. 48, 211–221 (2013).

33. Kaneko, T., Li, L. & Li, S. S. The SH3 domain--a family of versatile peptide- and
protein-recognition module. Front. Biosci. 13, 4938–4952 (2008).

34. Gry, M. et al. Correlations between RNA and protein expression profiles in 23
human cell lines. BMC Genomics 10, 365 (2009).

35. Cox, B., Kislinger, T. & Emili, A. Integrating gene and protein expression data:
pattern analysis and profile mining. Methods 35, 303–314 (2005).

36. Gygi, S. P., Rochon, Y., Franza, B. R. & Aebersold, R. Correlation between
protein and mRNA abundance in yeast. Mol. Cell. Biol. 19, 1720–1730 (1999).

37. Greenbaum, D., Colangelo, C., Williams, K. & Gerstein, M. Comparing protein
abundance and mRNA expression levels on a genomic scale. Genome Biol. 4,
117 (2003).

38. Vogel, C. & Marcotte, E. M. Insights into the regulation of protein abundance
from proteomic and transcriptomic analyses. Nat. Rev. Genet. 13, 227–232
(2012).

39. Nie, L., Wu, G. & Zhang, W. Correlation of mRNA expression and protein
abundance affected by multiple sequence features related to translational
efficiency in Desulfovibrio vulgaris: a quantitative analysis. Genetics 174,
2229–2243 (2006).

40. Lichtinghagen, R. et al. Different mRNA and protein expression of matrix
metalloproteinases 2 and 9 and tissue inhibitor of metalloproteinases 1 in
benign and malignant prostate tissue. Eur. Urol. 42, 398–406 (2002).

41. Chen, G. et al. Discordant protein and mRNA expression in lung
adenocarcinomas. Mol. Cell. Proteomics 1, 304–313 (2002).

42. Sato, T. K. et al. Feedback repression is required for mammalian circadian clock
function. Nat. Genet. 38, 312–319 (2006).

43. Hirayama, J. et al. CLOCK-mediated acetylation of BMAL1 controls circadian
function. Nature 450, 1086–1090 (2007).

44. Nakahata, Y. et al. The NADþ -dependent deacetylase SIRT1 modulates
CLOCK-mediated chromatin remodeling and circadian control. Cell 134,
329–340 (2008).

45. Bitterman, K. J., Anderson, R. M., Cohen, H. Y., Latorre-Esteves, M. &
Sinclair, D. A. Inhibition of silencing and accelerated aging by nicotinamide, a
putative negative regulator of yeast sir2 and human SIRT1. J. Biol. Chem. 277,
45099–45107 (2002).

46. Ozturk, N., Lee, J. H., Gaddameedhi, S. & Sancar, A. Loss of cryptochrome
reduces cancer risk in p53 mutant mice. Proc. Natl Acad. Sci. USA 106,
2841–2846 (2009).

47. Fu, L. & Lee, C. C. The circadian clock: pacemaker and tumour suppressor.
Nat. Rev. Cancer 3, 350–361 (2003).

48. Green, C. B. Time for chronotherapy? Clock genes dictate sensitivity to
cyclophosphamide. Proc. Natl Acad. Sci. USA 102, 3529–3530 (2005).

49. Doi, M., Hirayama, J. & Sassone-Corsi, P. Circadian regulator CLOCK is a
histone acetyltransferase. Cell 125, 497–508 (2006).

50. Nader, N., Chrousos, G. P. & Kino, T. Circadian rhythm transcription factor
CLOCK regulates the transcriptional activity of the glucocorticoid receptor by
acetylating its hinge region lysine cluster: potential physiological implications.
FASEB J. 23, 1572–1583 (2009).

51. Manavathi, B. et al. Repression of Six3 by a corepressor regulates rhodopsin
expression. Proc. Natl Acad. Sci. USA 104, 13128–13133 (2007).

52. Reddy, S. D. et al. Multiple coregulatory control of tyrosine hydroxylase gene
transcription. Proc. Natl Acad. Sci. USA 108, 4200–4205 (2011).

53. Wang, R. H. et al. Impaired DNA damage response, genome instability, and
tumorigenesis in SIRT1 mutant mice. Cancer Cell 14, 312–323 (2008).

54. Rea, M. A., Buckley, B. & Lutton, L. M. Local administration of EAA
antagonists blocks light-induced phase shifts and c-fos expression in hamster
SCN. Am. J. Physiol. 265, R1191–R1198 (1993).

55. Kiyohara, Y. B. et al. The BMAL1 C terminus regulates the circadian
transcription feedback loop. Proc. Natl Acad. Sci. USA 103, 10074–10079
(2006).

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms3545

12 NATURE COMMUNICATIONS | 4:2545 | DOI: 10.1038/ncomms3545 | www.nature.com/naturecommunications

& 2013 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications


56. Kondratov, R. V., Shamanna, R. K., Kondratova, A. A., Gorbacheva, V. Y. &
Antoch, M. P. Dual role of the CLOCK/BMAL1 circadian complex in
transcriptional regulation. FASEB J. 20, 530–532 (2006).

57. Li, D. Q. et al. MORC2 signaling integrates phosphorylation-dependent,
ATPase-coupled chromatin remodeling during the DNA damage response. Cell
Rep. 2, 1657–1669 (2012).

58. Dignam, J. D., Lebovitz, R. M. & Roeder, R. G. Accurate transcription initiation
by RNA polymerase II in a soluble extract from isolated mammalian nuclei.
Nucleic Acids Res. 11, 1475–1489 (1983).

Acknowledgements
We are very grateful to Drs Kazuhiro Yagita (Nagoya University Graduate School of
Science, Nagoya, Japan), Paolo Sassone-Coirsi (University of California, Irvine, CA),
Roman V. Kondratov (Lerner Research Institute, Cleveland Clinic Foundation, Cleve-
land, OH) for providing plasmid DNAs. We thank all members of the Kumar laboratory
for fruitful discussion and technical assistance. This work was initiated at the University
of Texas M.D. Anderson Cancer Center (Houston, TX) and mechanistic studies con-
tinued at the George Washington University. This work was supported by National
Institutes of Health Grants CA98823 (to R.K.) and Grant MH62490 (to M.A.R.).

Author contributions
R.K. conceived and supervised the project. D.-Q.L., S.B.P., S.D.N.R, S.P., S.B. and M.A.R.
carried out the experiments. C.-X.D., C.C.L. and M.A.R. provided materials for this study
and analysed the data. D.Q.L. and R.K. wrote the manuscript with comments from the
coauthors. All authors reviewed and commented on the manuscript.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial
interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Li, D.-Q. et al. Metastasis-associated protein 1 is an integral
component of the circadian molecular machinery. Nat. Commun. 4:2545 doi: 10.1038/
ncomms3545 (2013).

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms3545 ARTICLE

NATURE COMMUNICATIONS | 4:2545 | DOI: 10.1038/ncomms3545 | www.nature.com/naturecommunications 13

& 2013 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://www.nature.com/naturecommunications

	Metastasis-associated protein 1 is an integral component of the circadian molecular machinery
	Introduction
	Results
	MTA1 knockout results in abnormal circadian behaviour in mice
	MTA1 depletion disrupts circadian expression of clock genes
	CLOCK–BMAL1 heterodimer stimulates MTA1 transcription
	MTA1 stimulates its own transcription via a positive feedback loop
	CRY1 expression is compromised in MTA1-deficient cells
	MTA1 deacetylates BMAL1 through deacetylase SIRT1
	MTA1-SIRT1 axis is required for CRY1 activation
	MTA1-SIRT1 axis depresses CRY1-mediated repression of MTA1

	Discussion
	Methods
	Animals and cell culture
	Circadian activity rhythms
	Expression vectors and transfection
	Western blot and IP
	Promoter analysis
	Quantitative real-time PCR
	ChIP assay
	Electrophoretic mobility shift assay
	GST pull-down assay

	Additional information
	Acknowledgements
	References




