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(Background: Class Ila HDACs are signal-dependent transcriptional corepressors that regulate cell differentiation programs
Results: HDACS5 influences BMALLI acetylation and interfering with normal expression levels of class Ila HDACs disrupts

Conclusion: Class Ila HDACs regulate the robustness of cellular clocks and behavioral activity rhythms.
Significance: Class IIla HDACs provide a conserved link between circadian clocks and metabolic signaling pathways.

J

Class Ila histone deacetylases (HDACs) regulate the activ-
ity of many transcription factors to influence liver gluconeo-
genesis and the development of specialized cells, including
muscle, neurons, and lymphocytes. Here, we describe a con-
served role for class IlTa HDACs in sustaining robust circadian
behavioral rhythms in Drosophila and cellular rhythms in
mammalian cells. In mouse fibroblasts, overexpression of
HDACS severely disrupts transcriptional rhythms of core
clock genes. HDAC5 overexpression decreases BMAL1 acety-
lation on Lys-537 and pharmacological inhibition of class
IIa HDACs increases BMALI1 acetylation. Furthermore, we
observe cyclical nucleocytoplasmic shuttling of HDACS5 in
mouse fibroblasts that is characteristically circadian. Muta-
tion of the Drosophila homolog HDAC4 impairs locomotor
activity rhythms of flies and decreases period mRNA levels.
RNAi-mediated knockdown of HDAC4 in Drosophila clock
cells also dampens circadian function. Given that the local-
ization of class Ila HDAC:s is signal-regulated and influenced
by Ca®* and cAMP signals, our findings offer a mechanism by
which extracellular stimuli that generate these signals can
feed into the molecular clock machinery.

Circadian rhythms govern diurnal variations in physiological
functions, synchronizing behavior to the 24-h cyclical changes
in our environment. At the molecular level, circadian clocks
involve periodic changes in gene expression achieved by tran-
scription-translation feedback loops whereby the protein prod-
ucts of transcribed genes auto-regulate their own transcription.
In mammals, the core transcriptional circuit is comprised of the
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transcription factors CLOCK and BMALI that heterodimerize
and activate transcription of Period (Per) and Cryptochrome
(Cry) genes. PER/CRY proteins then repress their own tran-
scription by inhibiting the activity of CLOCK-BMALI1 until
they are degraded to allow a new cycle of transcription to begin
(1). In addition, an interlocking feedback loop regulates rhyth-
mic expression of Bmall through opposing actions of the ROR
and REV-ERB families of orphan nuclear receptors that activate
and repress Bmall transcription, respectively, and whose
expression is controlled by the core loop (1-3). This mech-
anism is conserved in the Drosophila core loop, where het-
erodimers of CLOCK and CYCLE induce transcription of
period and timeless and the interlocking loop generates
rhythmic changes in clock expression (4). These transcrip-
tional oscillations are regulated by many post-translational
events, including reversible protein acetylation that controls
circadian gene expression by impinging on both transcrip-
tion factor activity and chromatin structure via modification
of histone proteins. Rhythmic histone acetylation has been
observed at promoters of core clock genes (5) and at promot-
ers of clock-controlled output genes (6). Additionally, many
core components of the molecular clock, including BMALI1
and PER2, show daily oscillations in their acetylation status
(7, 8). These rhythms in acetylation are generated by cellu-
lar histone acetyltransferases and histone deacetylases
(HDACs).2 CLOCK-BMALI heterodimers recruit the tran-
scriptional coactivators p300 and CREB-binding protein,
which possess histone acetyltransferase activity (5, 9). More-
over, CLOCK itself has been reported to possess intrinsic
histone acetyltransferase activity (10). In mammals, SIRT1
has been implicated in opposing the activity of histone
acetyltransferases to regulate rhythmic acetylation of
BMAL1 (7), PER2 (8), and histone H3 (8) in response to
cellular energy levels. Class IIa histone deacetylases are
related HDACs whose subcellular localization is regulated

3The abbreviations used are: HDAC, histone deacetylase; MEF2, myocyte
enhancer factor-2; SUMO, small ubiquitin-like modifier; NAM, nicotina-
mide; LD, light/dark cycle.
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by extracellular stimuli via the second messengers Ca®>" and
cAMP (11). In fact, many SIRT1 substrates also interact with
class Ila HDACs. For example, in response to nutrients
SIRT1 deacetylates FOXO (12) but in response to hormone
signaling, FOXO deacetylation is mediated by interactions
with class I1a enzymes (13, 14). Class Ila HDACs and SIRT1
both interact with MEF2 transcription factors (15) and
HIC-1 (hypermethylated in cancer 1; 16) to coordinate their
deacetylation and SUMOylation.

Mammalian class ITa HDACs lack intrinsic enzymatic activ-
ity and instead mediate deacetylation of proteins via recruit-
ment of corepressor complexes containing HDACS3, a class I
HDAC, and the nuclear receptor corepressors NCoR and
SMRT (silencing mediator of retinoic and thryoid hormone
receptors) (17). For example, HDAC4 recruits the nuclear core-
pressor NCoR and HDACS3 to deacetylate FOXO transcription
factors (14). The recruitment of SMRT/NCoR-HDAC3 com-
plexes by class Ila HDACs could also affect histones and influ-
ence chromatin (18). Given that class ITa HDACs have the
potential to influence rhythms of gene expression through their
effects on both histones and non-histone proteins, we investi-
gated their role in circadian function.

EXPERIMENTAL PROCEDURES

Plasmids and Antibodies—Expression vectors for wild-type
HDACS5-FLAG, wild-type HDAC5GFP (HDAC5% ™), and GFP-
fused HDAC5 mutant (HDAC5™YT) have been described pre-
viously (19). The luciferase reporter plasmids contain either the
mouse Bmall promoter (Bmall:luc; 20) or the mouse Per2
promoter (Per2:luc; 20) upstream of firefly luciferase gene.
Plasmids encoding FLAG-tagged mouse CLOCK (FLAG-
CLOCK) and Myc-tagged mouse BMAL1 (BMAL1-Myc) were
kindly provided by Dr. Nicolas Cermakian (McGill University)
and have been described (21). Primary antibodies against phos-
pho-HDAC4/5 Ser-246/259, acetyl histone H3(K9), histone
H3, and the FLAG epitope were obtained from Cell Signaling
Technology. Anti-acetyl BMAL1(Lys-537) and anti-CLOCK
were from Millipore, and anti-HDACS5 made in goat was pur-
chased from Santa Cruz Biotechnology.

Cell Culture and Bioluminescence Measurements—NIH3T3
fibroblasts were maintained in DMEM supplemented with 10%
fetal bovine serum (FBS), 1% Glutamax, and penicillin/streptomy-
cin (all from Invitrogen). Cells were transfected 24 h after plating
using Gene Juice (Novagen, San Diego, CA) according to the man-
ufacturer’s instructions. Plasmids were transfected with the indi-
cated expression constructs in a ratio 7:2:1 expression vector:cir-
cadian (firefly) luciferase reporter:pRL-CMV (Renilla luciferase,
Promega). Renilla luciferase activity was used as an internal con-
trol to correct for transfection efficiency. Cells were synchronized
by replacing the medium with air medium and sealing the dishes
prior to bioluminescence recordings, which were performed using
custom-made photomultiplier assemblies housed in a 37 °C incu-
bator as described previously (22).

Drosophila Stocks and Behavioral Assays—All fly stocks
were maintained on standard yeast-sugar-agar food. The
HDAC4%%?°! hypomorph mutant (13) was obtained from
the Bloomington Stock Center (Indiana University). UAS-
HDAC4®NA? (VDRC 20522) strain was obtained from the
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Vienna Drosophila RNAi Center (Vienna, Austria). The y
wstim-Gal4 driver line (23) was obtained from Professor Ralf
Stanewsky (Queen Mary, University of London). A DAM?2 Dro-
sophila activity monitor system (Trikinetics, Inc., Waltham,
MA) was used to record locomotor activity in 2-min bins. 1-to-
4-day-old adult males were collected and loaded into activity
tubes containing 5% sucrose in 1% agar food at one end. Flies
were entrained to 12-h light/12-h dark cycles (LD) at 25°C for 3
days and then monitored in constant darkness for 7 to 10 days.
Activity records were analyzed using Actogram] (24), and cir-
cadian rhythmicity was assessed by Lomb-Scargle periodogram
analysis of the constant darkness data.

Drosophila RNA Analysis—2-to-4-day-old males were en-
trained for 3 days in LD conditions and then frozen at the indicated
zeitgeber times. Total RNA was extracted using TRIzol reagent
(Invitrogen) and treated with DNase. 1 ug of RNA was reverse-
transcribed with Superscript II reverse transcriptase (Invitrogen),
and the resulting cDNA was amplified with gene-specific primers
for semi-quantitative PCR analysis. Primer sequences for Dro-
sophila genes were as follows: period, 5'-CGTGCTGTGTCTG-
GTCCTC-3' (forward) and 5-ACGGACAGCAATGGGAA-
TAG-3' (reverse); 18S rRNA, 5'-AACATGAACCTTATGGG-
ACATGTG-3' (forward) and 5-TCGGTACAAGACCATAC-
GATCTGC-3' (reverse); and HDAC4, 5'-ACAACGCGTCCAG-
TAACTCC-3" (forward) and 5'-CCAGTGTCGGGAATCT-
GACT-3' (reverse).

Western Blotting—To assess the effect of HDAC inhibitors
on BMALLI acetylation, NIH3T3 cells transfected with BMAL1-
Myc using FUGENE 6 (Roche Applied Science) were treated
with indicated HDAC inhibitors 24 h after transfection. After
18 h, cells were lysed in hot SDS sample buffer. To assess the
effect of HDAC5 expression on BMALI1 acetylation protein
extracts were prepared from cells 40 h after transfection. Pro-
teins were resolved by SDS-PAGE using pre-cast Bis-Tris gels
(Invitrogen) and immunoblotted using standard protocols.
Band intensities were quantified with Image] software. Statisti-
cal significance was determined with a two-tailed paired
Student’s £ test using the SPSS Statistical suite (IBM).

HDACS Localization—HDACS5 subcellular localization was
assessed by live cell imaging or immunofluorescence in near
confluent cultures. For live cell imaging, HDAC5GFP-trans-
fected NIH3T3 cells were imaged 24 h after transfection. Cells
were imaged at 37 °C on a Zeiss laser scanning confocal system
(Zeiss LSM 780 multiphoton) in medium (DMEM containing
10% EBS and penicillin/streptomycin) that was replaced imme-
diately before the start of the experiment. Images of GFP trans-
fected cells were captured every 2 h for 2 consecutive days. For
immunofluorescence, NIH3T3 cells were fixed at indicated
times after synchronization of cultures with 10 um forskolin.
Cells were fixed in 3% paraformaldehyde/4% sucrose in PBS for
20 min. Cells were subsequently washed in PBS followed by
permeabilization in 0.5% Nonidet P-40 in PBS. Cells were incu-
bated with phospho-HDAC4/5 antibody (diluted 1:100) over-
night at4'C. Alexa Fluor-conjugated secondary antibodies were
used at 1:500 and nuclei were visualized with a Hoechst stain.
Images were captured on a Zeiss laser scanning confocal sys-
tem, and immunofluorescence intensities were assessed using
Image] software.
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FIGURE 1. Subcellular localization of wild-type HDAC5 and phosphoryla-
tion-defective HDAC5 mutant. NIH3T3 cells were transfected with FLAG-
tagged HDACS5 expression plasmids encoding either wild-type (FLAG-
HDAC5™T; top panel) or mutant (5259A/S498A) HDAC5 (FLAG-HDAC5MVT;
bottom panel). 24 h after transfection, cells were left untreated or stimulated
with 200 nm phorbol 12-myristate 13-acetate (PMA) for 2 h and processed for
immunofluorescence. HDAC5 expression was detected with a FLAG anti-
body, and HDAC5 Ser-259 phosphorylation was assessed using a phospho-
HDAC4/5/7 antibody. Phospho-Ser-259 immunoreactivity co-localizes with
HDACS5 and is detected in the nucleus of untreated FLAG-HDAC5" trans-
fected cells. Phorbol 12-myristate 13-acetate stimulation induces HDAC5
nuclear export, and FLAG and phospho-HDAC5 immunoreactivity can be
seen in the cytoplasm of FLAG-HDAC5"" transfected cells. FLAG-HDAC5MYT
does not translocate to the cytoplasm in response to phorbol 12-myristate
13-acetate due to mutation of serines 259 and 498 and is not detected by the
phospho-HDAC4/5/7 antibody. Scale bar is 10 um.

RESULTS

Class Ila HDACs Regulate Normal Circadian Function—
Class IIa HDACs shuttle between the nucleus and the cyto-
plasm in response to extracellular signals. Their cytoplasmic
localization is mediated by phosphorylation of two conserved
serine residues in their N termini (serines 259 and 498 in
HDACS5) that promotes their interaction with 14-3-3 proteins.
To examine whether class Ila HDAC:s play a role in modulating
circadian rhythms, we examined the effect of overexpressing
both wild-type HDAC5 (HDAC5%™) and a phosphorylation-
defective mutant (HDAC5MYT) (19) that is rendered constitu-
tively nuclear due to mutation of the two conserved serines to
alanines. Fig. 1 shows that the HDAC5Y™" is nuclear in
untreated NIH3T3 cells and translocates to the cytoplasm
when cells are stimulated with phorbol 12-myristate 13-ace-
tate, whereas HDAC5™Y™ is constitutively nuclear. We exam-
ined the transcriptional rhythms of Bmall and Per2 in NIH3T3
mouse fibroblasts by co-expressing HDAC5 with luciferase
reporter plasmids where the luciferase gene is driven either
by the Bmall promoter (Bmall::luc) or the Per2 promoter
(Per2::luc). Real-time bioluminescence measurements show
that HDACS5 overexpression severely compromised Bmall
transcriptional rhythms (Fig. 24). Compared with control cells
that displayed clear rhythmic Bmall luciferase luminescence
oscillations for four cycles, circadian rhythms were lost after the
first cycle in cells expressing HDAC5™ " and completely abol-
ished in cells expressing the constitutively nuclear HDAC5™Y™
(Fig. 24). Both HDAC5YT and HDAC5™YT dampened the
amplitude of Per2 transcriptional oscillations (Fig. 2, B and C)
without affecting the period (unpaired ¢ test compared with
control, p > 0.5, n = 6). Expression of wild-type HDAC5 caused
a significant reduction in the amplitude of Per2 luciferase bio-
luminescence in the first cycle, whereas there was little effect of
HDAC5MYT expression. However, both the wild-type and
mutant HDACS5 proteins caused a similar reduction in Per2
luciferase amplitude and magnitude in successive cycles with
an increased rate of dampening (Fig. 2C).

Flag Pi-HDAC5

Flag-HDAC5WT

MUT
Flag-HDAC5
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FIGURE 2. HDAC5 overexpression compromises normal circadian func-
tion in NIH3T3 mouse fibroblasts. A, representative traces of real-time bio-
luminescence from cells transfected with Bmall:luc alone (control) or
together with wild-type HDAC5GFP (HDAC5"T) or the constitutively nuclear
mutant (HDAC5MVT). Representative results from six independent repetitions
are shown. B, real-time bioluminescence oscillations from Per2::luc expressing
fibroblasts in the absence (control) of HDAC5 or with co-expression of wild-
type (HDAC5™") or mutant (HDAC5MYT) HDAC5GFP. C, graph showing the
effect of HDAC5"" and HDAC5MYT on the amplitude of Per2:luc oscillations
over successive cycles. Data are from six biological replicates and shown as
mean = S.E. With the exception of the first cycle, there was no significant
difference between HDAC5™™ and HDAC5MYT, Double asterisks indicate sig-
nificant reduction compared with control; p < 0.01 (Student’s t test). ns indi-
cates no significant difference compared with the corresponding control.

We next investigated whether class Ila HDACs play a con-
served role in sustaining normal circadian rhythms. Because
many components of the core transcriptional-translational
feedback loop are conserved in Drosophila, we examined loco-
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FIGURE 3. HDAC4 mutant flies have reduced HDAC4 mRNA levels and
normal locomotor activity in light:dark cycles. A, semi-quantitative RT-PCR
of HDAC4 mRNA levels and 18S rRNA levels in control (ry506/+) and
HDAC4KC0909T (HDAC4K99%°7/+) mutant flies. B, average daily activity profiles
of control and HDAC4¢%?°°" mutant flies at indicated zeitgeber times (Z7)
calculated from the final 3 days of LD cycles in 30-min bins (n = 15 flies). RNA
analysis and activity profiles are of male flies produced by crossing ry506 or
HDAC4*%9%9" yiirgins with Canton-S male flies.

motor activity rhythms in Drosophila lines with reduced
expression of the fly homolog HDAC4. We used a HDAC4
hypomorph mutant line (HDAC4<“??°°’) containing a P-ele-
ment insertion in the 5'-UTR, which leads to reduced HDAC4
mRNA levels (Fig. 34). We assessed locomotor activity in
HDAC4*%9%°! flies that were out-crossed with the wild-type
strain, Canton-S and compared these with control flies gen-
erated by crossing the ry506 strain with Canton-S. The
mutant flies showed normal locomotor activity profiles and
circadian rhythms in 12-h LD cycles (Fig. 3B). However, in
free-running conditions of constant darkness, 41% of
HDAC4 mutant flies lacked any rhythms. Fig. 44 shows
representative actograms of arrhythmic HDAC4 mutant
flies and control flies. Lomb-Scargle periodogram analysis

34344 JOURNAL OF BIOLOGICAL CHEMISTRY

A KG09091
Control HDAC4
] JUAGLLE YL L]
¢ TTIVFTA I T TR TN T
TR AT TR AT YR Y
a A YT TN T
(@] bl bt DAL il 1)
£ 5 LU afbidls o d1 8 babodeiia L
3 vl L b Mtk b wlbildsly) |
© T T T T T T TN TN TR
a T TN RN T PN
TR T T
10 TN [T Y TR | U W
W i dalls ol [
i ull .l
140 1
24
120 1 I 20
9} 1
$ 80 1 o 16
Qo L 12
© 60 > &
40 1 8
20 1 4
0 v KG09091 0 KG09091
Control HDAC4 Control HDAC4
D KG09091
Control HDAC4
ZT 8 16 8 16
o —— o B

FIGURE 4. Impaired circadian function in Drosophila lines with reduced
levels of HDAC4 expression. A, representative double-plotted actograms of
control and HDAC4“??%?" mutant male flies in constant darkness (DD). Con-
trol flies were generated by crossing ry506 virgins with Canton-S males, and
test flies were produced by crossing HDAC4¥¢%?%" virgins with Canton-S
males. B, the strength of circadian activity rhythms is significantly reduced in
HDAC44C%9%°" mutant flies. The power was calculated from a Lomb-Scargle
periodogram analysis of 46 flies for each genotype. 41.3% of HDAC4*%9%9"
flies were arrhythmic so the power was calculated from analyses of flies with
rhythmic locomotor activity profiles. Data are shown here as the mean = S.E.
(**, p < 0.01 two-tailed Student’s t test). C, graph showing the average period
(+ S.E.) of control and HDAC4¥°?°°°" mutant flies with rhythmic locomotor
activity profiles. D, semi-quantitative PCR analysis of period (per) mRNA and
18S ribosomal RNA levels in control and HDAC4“%?°" mutant flies. Flies were
collected at the indicated zeitgeber times (Z7) after 3 days in LD.

revealed that the remaining HDAC4 mutant flies that
showed rhythmic behavior exhibited weak rhythms with a
60% decrease (Fig. 4B) in the power (a measure of the
strength) of the rhythm. Although HDAC4 mutants dis-
played less robust rhythms, there was no significant differ-
ence in the period (Fig. 4C). To investigate whether HDAC4
knockdown in Drosophila affects the molecular clock that
underlies behavioral rhythms, we tested the effects of
HDAC4 gene disruption on period mRNA levels. HDAC4
mutant flies had reduced period mRNA expression in LD
cycles at ZT'16 but had comparable period expression at ZT8
(Fig. 4D).

Because HDACH4 is involved in many functions, including
differentiation of Drosophila muscle, we used the Gal4/UAS
system to direct RNAi-mediated knockdown of HDAC4
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TABLE 1

HDAC4 knockdown reduces stringency of Drosophilalocomotor activ-
ity rhythms

Average period and the power of rhythms was deduced from Lomb-Scargle peri-

odogram analysis of rhythmic flies. At least 16 flies of each genotype were analyzed,
and values are shown as mean * S.E.

%

Genotype Arrhythmic  Period Power n
h

ry506/+ 0.0 24.3 +0.06 102+ 194 46
HDAC4KXG090%1 |+ 41.3 24.2+0.23 442*+20 46
UAS-HDAC4#™*N4' ]+ 0.0 24.4*+0.11 170.6 =214 16
tim-Gal4/+ 0.0 23.8 +0.06 106.6 = 16.8 16
UAS-HDAC4#*N"[tim-Gal4 31.2 24.2 +0.17 69.7 +7.9 16
Canton-S 4.0 24.5+0.09 96.5*+102 25
witis 6.2 24.6 = 0.30 1158 =289 16

expression. We crossed transgenic flies that express RNAi
directed against HDAC4 driven by a UAS element (UAS-
HDAC4"N4%) with those that express Gal4 driven by the time-
less gene promoter (tim-Gal4) to specifically knockdown
HDAC4 RNA levels in all clock cells. Table 1 shows that
Drosophila with reduced expression of HDAC4 in clock cells
have either disrupted rhythms (31% arrhythmic flies) or
weaker circadian activity rhythms, but the period remains
unaffected. This is consistent with the behavioral phenotype
of HDAC4%%°°°! mutant flies. Taken together, our experi-
ments in mammalian cells and Drosophila lines indicate that
interfering with normal levels of class Ila HDAC expression
disrupts circadian function at both the cellular and behav-
ioral level.

HDACS Influences BMALI Acetylation—We next investi-
gated whether class Ila HDACs can, similar to SIRT1, influence
acetylation of BMALL. We treated BMAL1-Myc transfected
NIH3T3 cells with various HDAC inhibitors and assessed
BMALLI acetylation using an antibody specific for lysine 537-
acetylated BMALL. Trichostatin A, a class I and class Il HDAC
inhibitor increased BMALLI acetylation levels 1.85-fold (Fig. 5,
A and B). Trichostatin A had a dramatic effect on histone H3
Lys-9 acetylation, increasing it by 6.9-fold, a consequence of its
inhibitory action on class  HDACs. The class II-specific HDAC
inhibitor MC1568 (25) also increased BMAL1 acetylation, and
the effect was similar to the class IIIl HDAC inhibitor nicotina-
mide (NAM). MC1568 and NAM had an additive effect when
applied together. MC1568 increased H3 Lys-9 acetylation to a
lesser degree than trichostatin A, whereas NAM did not influ-
ence histone H3 acetylation. Although pharmacological inhibi-
tion of class Il HDACs increased BMALLI acetylation, we found
that co-expression of either wild-type HDACS5 or the constitu-
tively nuclear HDAC5 mutant with BMALI-Myc decreased
BMALI acetylation (Fig. 5, Cand D). The wild-type and mutant
HDACS5 were equally effective at deacetylating BMALL.

The subcellular localization of BMALI1 changes during circa-
dian cycles, and the nucleocytoplasmic shuttling of BMALLI is
abolished in fibroblasts with disrupted circadian clocks (26).
We therefore examined the effect of HDAC5 co-expression on
the subcellular localization of ectopically expressed BMALI. In
agreement with previous work (27), we found that BMAL1 was
nuclear when expressed alone (data not shown). In contrast, the
cellular localization of BMAL1 in HDAC5-expressing cells was
heterogeneous, and BMAL1-Myc and HDACS5 could be found
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co-localized either in the cytoplasm (Fig. 5E, top panel), or in
the nucleus (Fig. 5E, bottom panel), or in both the nucleus and
cytoplasm (Fig. 5E, middle panel). Interestingly, when BMAL1
and HDACS5 were exclusively nuclear or exclusively cytoplas-
mic BMALLI acetylation was abolished (Fig. 5 E, top and bottom
panel). This suggests that cytoplasmically located wild-type
HDACS5 prevents BMALL acetylation by sequestering it in the
cytoplasm and nuclear HDAC5 (wild-type or mutant) likely
recruits deacetylating enzymes such as HDAC3 to BMALI.
This would explain why wild-type and mutant HDACS5 influ-
ence BMALLI acetylation to a similar extent. These data suggest
that class IIa HDACs have a functional role in regulating
BMALLI acetylation.

HDACS Shows Circadian Changes in Subcellular Localization—
BMALLI acetylation has been shown to display a circadian profile
(7). Our experiments above show that class Ila HDACs can influ-
ence BMALLI acetylation but do not explain how HDACS5 might
confer circadian periodicity to BMALLI acetylation. Because class
ITa HDAC: shuttle in and out of the nucleus in a signal-dependent
manner, we investigated whether HDAC5 shows oscillatory
changes in its nuclear and cytoplasmic localization. To do this, we
examined the localization of an HDAC5GEP fusion protein in live
cells by time-lapse fluorescence microscopy. Images of transfected
NIH3TS3 cells were captured every 2 h, and the ratio of GFP fluo-
rescence in the nucleus and cytoplasm was assessed. Fig. 64 shows
an example of a typical cell in which HDACS5 shuttles in and out of
the nucleus with a circadian profile. The nuclear/cytoplasmic ratio
in this cell (cell 1, Fig. 6B) shows ~24 h of cyclical changes. The
nuclear/cytoplasmic ratio for two other cells is shown in the graph
(Fig. 6B), with only partial synchronization being observed follow-
ing media change, as was reported previously for uncoupled fibro-
blast bioluminescence rhythms (28). Because the nuclear export of
HDACS has been reported to correlate with an increase in phos-
phorylation at serines 259 and 498, we used a phospho-Ser-259
specific antibody to examine whether the phosphorylation status
of HDACS5 shows rhythmic changes and correlates with its cyto-
plasmic localization. Fig. 6C shows phospho-HDAC5 Ser-259
immunoreactivity in forskolin-synchronized NIH3T3 cells fixed
every 4 h after synchronization. Surprisingly, phospho-Ser-259
immunoreactivity is detectable in the nucleus during this time
course (Fig. 6C). Strikingly, phosphorylated HDACS5 shuttles in
and out of the nucleus with a 24-h period: it is nuclear at time 0, but
exclusively cytoplasmic at 8 h and again at 36 h after synchroniza-
tion (Fig. 6C). To verify that the observed nuclear immunoreactiv-
ity detected with the phospho-Ser-259 is due to HDAC5, we vali-
dated that the antibody only recognizes expressed HDAC5%?,
and no signal is detectable in cells transfected with the non-phos-
phorylatable mutant HDAC5™Y™ (Fig. 1). The phospho-Ser-259
antibody detected both nuclear and cytoplasmic HDAC5Y" in
NIH3T3 cells (Fig. 1). The changes in localization of HDAC5GFP
in live cells and the temporal profile of phospho-Ser-259 HDAC5
immunoreactivity together indicate a cyclical variation in HDAC5
subcellular localization that does not depend on changes in Ser-
259 phosphorylation. The time of day-dependent presence of
HDACS in the nucleus could account for circadian changes in the
acetylation status of BMALL.
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FIGURE 5. HDACS5 influences BMAL1 acetylatlon and interacts with CLOCK-BMALT1. A, representative Western blot showing the effect of HDAC inhibitors
on BMALT acetylation at Lys-537 and H3 acetylation at Lys-9. 24 h after transfection, cells were left untreated (Un) or incubated with indicated HDAC inhibitors:
2 uMm trichostatin A (TSA) or 10 um MC1568 (MC), or 10 mm NAM, or 10 um MC1568 and 10 mm NAM together (N/M). After 18 h, cells were processed for
immunoblotting using anti-acetyl Lys-537 BMAL1 antibody. Immunoblots were stripped and sequentially probed with an antibody to Myc, followed by an
anti-acetyl H3 and finally an anti-histone H3 antibody. B, quantitative analysis of BMAL1 acetylation and H3K9 acetylation from immunoblots in A is shown in
the graph. The immunoreactivity was measured using ImageJ software, and acetyl-BMAL1 immunoreactivity was normalized to the corresponding BMAL1-
Myc level, and H3K9 immunoreactivity was normalized to that of H3. Values are shown as mean * S.E., and data are from three independent experiments.
Double asterisks indicate significant increase in BMAL1 acetylation when compared with the control (Un); p < 0.01 (Student's t test). A single asterisk indicates
significant increase in BMAL1 acetylation when compared with the control (Con), p < 0.05 (Student’s t test). C, representative Western blot showing the effect
of HDAC5"T and HDAC5MVT expression on BMAL1 Lys-537 acetylation. D, graph showing quantitative analysis of immunoblots in C. Data are from four
independent transfection experiments and is shown as mean = S.E. A single asterisk indicates significant reduction in BMAL1 acetylation when compared with
the control p < 0.05 (Student’s t test) E, representative examples of cells showing localization of HDAC5-FLAG and BMAL1-Myc when co-expressed. BMAL1

acetylation was assessed in cotransfected cells, and the nucleus is identified by Hoechst staining. Scale bar is 10 um.

DISCUSSION

Rhythmic changes in the acetylation status of core clock
transcription factors and of histones at gene promoters play an
important role in imparting circadian periodicity to physiolog-
ical processes such as metabolism. In this context, the contri-
bution of several histone acetyltransferases and HDACs has
been studied. Among the HDAC family, the class I enzyme
HDACS3 has been shown to control circadian expression of liver
genes involved in lipid biosynthesis (6), and the class Il NAD -
dependent enzyme SIRT1 modulates the core transcriptional
oscillator in response to cellular energy levels (7, 8). In contrast
to the reported effect of SIRT1 expression, which increased the
amplitude of bioluminescence oscillations from Bmall-lucifer-
ase and Per2-luciferase reporter genes in NIH3T3 cells (8);
here, HDACS5 expression led to a loss of rhythmicity in Bmall-
luciferase oscillations and decreased the magnitude of Per2-
luciferase bioluminescence oscillations. Thus, in mouse fibro-
blasts, HDACS5 expression appears to have a more severe
circadian phenotype than SIRT1 expression. This is backed by
differences in behavioral locomotor activity rhythms of
HDAC4 and Sir2 mutant flies. We find impaired locomotor
activity rhythms and lowered period expression in Drosophila
HDAC4 mutants. Notably, we find that Drosophila lines with
reduced expression of the SIRT1 homolog Sir2 show no circa-
dian defects in behavioral rhythms (data not shown). The
dampened Per2 transcriptional rhythms that persist with unal-
tered periodicity in the face of severely disrupted Bmall tran-
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scriptional rhythms in HDAC5-transfected fibroblasts suggest
that the ROR/REV-ERB-dependent interlocking feedback loop
is not required for determining the period of circadian oscilla-
tions and is in agreement with previous work (3). Importantly,
this accessory loop modulates the amplitude and magnitude of
transcriptional rhythms in the core circuit, and this likely
accounts for the less robust behavioral rhythms seen in Dro-
sophila HDAC4 mutants.

At the molecular level, we find that HDAC4/5 inhibition led
to increased acetylation of BMALI1 on Lys-537, and HDAC5
overexpression reduced BMAL1 acetylation. This effect of
HDAC5 overexpression on BMAL1 acetylation would be
expected to result in a loss of rhythmic expression of CLOCK/
BMAL1-controlled target genes, including members of the
REV-ERB and ROR family of proteins and could account for the
deregulated Bmall transcriptional rhythms seen in HDAC5-
transfected cells. The acetylated residue in mouse BMAL1
(Lys-537) is highly conserved in vertebrates but is absent in
the Drosophila homolog CYCLE, raising questions about
how class ITa HDAC:s affect the molecular oscillator in Dro-
sophila. It is possible that the observed acetylation/deacety-
lation of this residue in our HDACS5 inhibition/overexpres-
sion experiments reflects a loss of cellular rhythms mediated
by molecular events unrelated to BMALL acetylation. Class
IIa HDACs can act as E3 SUMO ligases and promote
SUMOylation of several proteins. In this regard, it is note-
worthy that mouse BMAL1 is SUMOylated on Lys-259, a
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FIGURE 6. HDACS5 subcellular localization displays circadian oscillations.
A, HDAC5GFP nucleocytoplasmic shuttling visualized in live cells over time.
Confocal images of near confluent NIH3T3 cells transfected with HDAC5GFP
were captured every 2 hand are shown in afalse color scale from 0 (minimum)
to 255 (maximum). B, the ratio of HDAC5GFP nuclear and cytoplasmic fluo-
rescence intensity in three individual cells was quantified and is shown in the
graph. Images of cell 1 are shown in A above. C, representative examples of
NIH3T3 cells showing phospho-HDAC5 Ser-259 immunofluoresence and
Hoechst staining at indicated times after synchronization of cells with 10 um
forskolin.

residue that is conserved in Drosophila CYCLE (29). An
interplay between HDAC4/5-mediated SUMOylation and
SIRT1-mediated deacetylation has been described for MEF2
(15) and HIC1 (16). Interestingly, MEF2 proteins have been
implicated in controlling circadian behavior in Drosophila (30).
It is therefore likely that HDAC5 co-exists with SIRT1 in a
regulatory complex with CLOCK-BMALI acting in concert to
influence the core oscillator. Further studies will be required to
illuminate the molecular basis for the conserved action of class
ITa HDACs in mammalian and Drosophila clocks.
Signal-regulated nucleocytoplasmic shuttling is a distinct
trait of class Ila HDACs that sets them apart from other HDAC
family members. Here, we show that HDAC5 shows cyclical
changes in its localization oscillating between the nucleus and
cytoplasm with circadian timing. Of note, this nucleocytoplas-
mic shuttling appears to be independent of HDAC5 phosphor-
ylation at the conserved serine 259. The antibody used here that
detects phospho-HDAC5 Ser-259 would also recognize Ser-
246 phosphorylated HDAC4, and it is possible that HDAC4
SASBMB
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localization also changes with circadian timing. Depending on
the cell type and the signal, phosphorylation of class Ila HDACs
can be mediated by Ca®"/calmodulin-dependent kinases
(CaMKII and CaMKIV), protein kinase D, salt-inducible
kinases, and AMPK kinases and in most instances phosphory-
lation of HDACS5 on serines 259 and 498 leads to its nuclear
exclusion (11). However, phospho-Ser-259-independent nu-
clear accumulation of HDACS5 has been reported in Cos7 cells
where elevated levels of cellular cAMP inhibit phorbol 12-my-
ristate 13-acetate-induced nuclear export of HDACS5 even
when Ser-259 is phosphorylated (31). This raises the possibility
that rhythmic changes in cellular cAMP levels, an integral fea-
ture of the core circadian oscillator (32), drive intrinsic oscilla-
tions in HDAC5 nucleocytoplasmic shuttling. In addition to
regulating subcellular localization, phosphorylation of HDAC5
could also influence its interactions with other proteins such as
class I HDACs. Sequential phosphorylations on distinct sites
could regulate dissociation of HDAC5 from class  HDACs fol-
lowed by 14-3-3 binding and subsequent nuclear export. This
would explain why BMALLI can be acetylated or deacetylated in
the presence of wild-type nuclear HDACS5 (Fig. 5E, compare
middle and bottom rows).

Nucleocytoplasmic shuttling of class Ila HDACs also occurs
acutely in response to hormones and is involved in regulating
gluconeogenesis in mammals (14) and in Drosophila (13). In the
liver, the fasting hormone glucagon causes class Ila HDACs to
accumulate in the nucleus where they deacetylate and activate
FOXO transcription factors to induce expression of gluconeo-
genic genes. Insulin, on the other hand, promotes nuclear
exclusion of HDAC4/5 by inducing their phosphorylation (13,
14). The self-sustained cell autonomous oscillations in HDAC5
localization that we have observed in NIH3T3 fibroblasts raise
the possibility that the liver may be able to control glucose pro-
duction with circadian periodicity in the absence of hormone
signals or feeding-fasting cues. Our work thus adds class IIa
HDAC:s to a growing list of proteins that are involved in medi-
ating both evoked cellular changes in response to metabolic
cues as well as sustaining cellular circadian cycles, allowing
metabolic processes to feed back to the clock.
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