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MOLECULAR BIOLOGY
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Circadian gene expression driven by transcription activators CLOCK and BMAL1 is intimately associated with
dynamic chromatin remodeling. However, how cellular metabolism directs circadian chromatin remodeling is
virtually unexplored. We report that the S-adenosylhomocysteine (SAH) hydrolyzing enzyme adenosylhomo-
cysteinase (AHCY) cyclically associates to CLOCK-BMAL1 at chromatin sites and promotes circadian transcriptional
activity. SAH is a potent feedback inhibitor of S-adenosylmethionine (SAM)-dependent methyltransferases, and
timely hydrolysis of SAH by AHCY is critical to sustain methylation reactions. We show that AHCY is essential for
cyclic H3K4 trimethylation, genome-wide recruitment of BMAL1 to chromatin, and subsequent circadian tran-
scription. Depletion or targeted pharmacological inhibition of AHCY in mammalian cells markedly decreases the
amplitude of circadian gene expression. In mice, pharmacological inhibition of AHCY in the hypothalamus alters
circadian locomotor activity and rhythmic transcription within the suprachiasmatic nucleus. These results reveal a
previously unappreciated connection between cellular metabolism, chromatin dynamics, and circadian regulation.

INTRODUCTION

The circadian clock is an endogenous, time-keeping system that directs
multiple metabolic and physiological functions required for homeo-
stasis (1, 2). Circadian transcription is driven by core transcription
factors CLOCK and BMALLI, which heterodimerize and drive expres-
sion of a large number of clock-controlled genes (CCGs) by binding
to E-box sequences within their promoters (3). Circadian transcription
is associated with dynamic changes in chromatin structure (4, 5),
including acetylation and methylation of a number of histone residues
and nuclear spatial remodeling (6-8). In addition, CLOCK-BMALL1
associate with various remodelers that contribute to circadian chromatin
dynamics and transcription (9-12).

Chromatin-modifying enzymes use cellular metabolites as substrates,
thereby coupling metabolic pathways to epigenetic modifications
and gene regulation (13-15). A notable feature of the metabolic-
chromatin axis is the translocation of some metabolic enzymes into the
nucleus and their contribution to localized availability of metabolites
involved in epigenetic regulation (16). A key metabolic pathway
able to influence gene expression through epigenetic mechanisms is
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the one-carbon cycle, as its intermediate metabolites, S-adenosyl
methionine (SAM) and S-adenosyl homocysteine (SAH), activate
and inhibit, respectively, the activity of enzymes that drive DNA
and histone methylation (17). Biosynthesis of SAM is catalyzed by
methionine adenosyltransferases (MATs) from methionine and
adenosine triphosphate (ATP). As a by-product of methylation
reactions, methyltransferases release the intermediate metabolite,
SAH, which is further hydrolyzed by S-adenosyl-L-homocysteine
hydrolase (AHCY) (18). Because SAH is a potent inhibitor of most
methyltransferases (19, 20), efficient hydrolysis of SAH by AHCY is
essential to sustain methylation reactions.

Metabolic control of chromatin dynamics is critical for a variety
of biological processes ranging from cell fate and development to
cancer pathophysiology and neural plasticity (17, 21, 22). However,
the molecular pathways coupling cellular metabolism to circadian
chromatin transitions are virtually unexplored.

Here, we show that AHCY controls circadian gene transcription
by interacting with the core clock regulator BMALI. The BMALLI-
AHCY association occurs at chromatin, promoting rhythmic H3K4
trimethylation (H3K4me3) and cyclic BMALI1 recruitment to target
genes. Our findings reveal a previously unidentified regulatory cir-
cuit of circadian control dictated by the direct interaction between a
core clock component and a metabolic enzyme, illustrating the intimate
connection between circadian rhythms and metabolic pathways.

RESULTS

BMAL1 interacts with AHCY in the nucleus

In search of fresh insights into circadian transcriptional regulation,
we performed a mass spectrometry (MS) analysis of BMALI nuclear
interactors. Endogenous BMALI was immunoprecipitated from
nuclear fractions of mouse liver harvested at the peak (zeitgeber
time, ZT8) and trough (ZT20) of circadian transcriptional activity,
and coimmunoprecipitated proteins were analyzed by MS. Our analysis
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specifically identified CLOCK, the dimerization partner of BMALI (23),
among the top enriched proteins (fold enrichment > log,; P < 0.05;
Fig. 1, A and B, and data file S1). In addition, two enzymes of the
methionine cycle, MAT1a and AHCY, were identified as putative
BMALIl-interacting proteins (Fig. 1, A and B). Because of the technical
limitations of immunoprecipitating endogenous BMAL1, we were
unable to detect PER1/2 and CRY1/2 at ZT20 (24, 25).

Identification of AHCY as a potential nuclear BMAL1-associated
protein is of particular interest for a number of reasons. First, AHCY
was recently found to be associated at chromatin to transcriptionally
active genes, including several clock genes (26). Second, AHCY is a
highly conserved, ubiquitously expressed enzyme that is uniquely
capable of hydrolyzing SAH. Likewise, AHCY has been shown to
interact with and enhance the function of the DNA methyltransferase
DNMT1 in mammalian cells (27). Last, our MS analysis shows that
interaction of AHCY with BMALLI is prominent at ZT8, indicating
that AHCY might be involved in BMAL1-mediated transcriptional
activation (Fig. 1, A and B).

Subcellular fractionation confirmed nuclear localization of AHCY
in mouse embryonic fibroblasts (MEFs) and in mouse liver (fig. S1,
A and B). In MEF cells, nuclear green fluorescent protein (GFP)-
AHCY colocalized with red fluorescent protein (RFP)-BMALI1 (Fig. 1C)
and fluorescence lifetime imaging of donor (AHCY-GFP) and donor-
acceptor (AHCY-GFP/BMALI1-RFP) revealed a shift in the phasor
lifetime distribution, which indicates fluorescence resonance energy
transfer (FRET) and thus confirms association at common nuclear
subdomains (Fig. 1, D and E).

We next confirmed BMAL1-AHCY interaction by performing
coimmunoprecipitation (co-IP) assays after ectopic expression of
BMALL, CLOCK, and AHCY in 293T cells (Fig. 1F). Co-IP of AHCY
with various BMALLI truncations revealed that AHCY interacts with
the PER-ARNT-SIM (PAS) B domain of BMALI, which is involved
in CLOCK dimerization (28), as well as a region downstream to the
PAS-B domain (fig. S1, C and D). Interaction of endogenous AHCY
and BMALI1 was also confirmed in MEFs (Fig. 1G) and liver (Fig. 1H)
by co-IP assays on nuclear fractions. In liver, consistent with nuclear
proteome studies (29, 30), BMALI levels did not oscillate. However,
association of BMAL1 with AHCY was highest at ZT8 (Fig. 1H), in
keeping with the MS data. These results indicate that AHCY is a
constituent of the endogenous BMAL1 complex and interaction is
greatest during the circadian transcriptional activation phase.

To identify the subnuclear compartment in which the BMALI-
AHCY interaction occurs, we fractionated livers harvested at ZT8 and
immunoprecipitated AHCY from the cytoplasmic, soluble nuclear, and
chromatin-bound compartments. While AHCY is present in all three
fractions, association with BMAL1 occurred mainly at chromatin (Fig. 1I).
We next tested whether AHCY is recruited to circadian gene pro-
moters known to be bound by BMAL1. Chromatin IP (ChIP) of livers
at ZT8 and ZT20 showed that AHCY bound to E-box regions of Dbp,
Per2, and Perl in a time-dependent manner but not at the 3’ untrans-
lated region (3'UTR) of Dbp that was used as control for specificity (Fig. 1J).
Recruitment of AHCY followed the same circadian timing of BMAL1
(Fig. 1K). These results indicate that AHCY may contribute to BMALI-
driven transcriptional control at clock-regulated genomic sites.

Targeting of AHCY dampens circadian transcription

To investigate the functional significance of the AHCY-BMALI in-
teraction, we used RNA interference to acutely knock down AHCY
expression in U20S cells stably transfected with a Bmall-luciferase reporter
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construct (Bmall:luc; fig. S2A). Bioluminescence recordings revealed
that depletion of AHCY greatly dampened circadian expression and re-
sulted in significant attenuation of the amplitude of oscillations (Fig. 2, A
and B). Analogous results were obtained with two other independent
small interfering RNAs (siRNAs) targeting AHCY (fig. S2, B to E).

Next, to determine to what extent AHCY affects circadian gene
expression, we used CRISPR-Cas9-mediated gene editing, adopting
a single-guide RNA targeting exon 4 of Ahcy to generate Ahcy-KO
(knockout) MEFs. Two independent clonal lines were generated in
which loss of AHCY expression was confirmed (KO-1 and KO-2;
fig. S3A). Deletion of AHCY led to the expected shift in the ratio of
S-adenosylhomocysteine (SAH) and S-adenosylmethionine (SAM)
(fig. S3B). To investigate the effect of AHCY ablation on clock-driven
transcription, we performed RNA sequencing (RNA-seq) at different
circadian times (CT's) in dexamethasone (DEX)-synchronized control
and AHCY-null MEFs (KO-1) (Fig. 2C). The absence of AHCY caused
profound changes in circadian gene expression (Fig. 2, C to F). We de-
tected 277 circadian transcripts in control MEFs; of these, only 6% con-
tinued to oscillate in AHCY-KO cells (Fig. 2C and data file S2). Gene
Ontology (GO) analysis of transcripts rhythmic exclusively in control
MEFs revealed enrichment of genes related to circadian rhythms and
cell cycle (Fig. 2D). Consistent with the GO results, transcription factor
binding site (TFBS) analysis of rhythmic transcription factors targeting
the list of genes oscillating only in the control MEFs identified BMAL1
as the top enriched factor (Fig. 2E). We observed a strong effect on the
amplitude of expression of clock genes in AHCY-KO MEFs (Fig. 2F),
indicating that the clock network was severely compromised.

To confirm the results obtained following AHCY deletion, we turned
to a pharmacological approach. We treated confluent DEX-synchronized
MEFs with deazaneplanocin A (DZnep), a carbocyclic adenosine
analog that specifically inhibits AHCY (31-33). As expected, DZnep-
treated cells displayed a shift of SAH/SAM ratio (fig. S3C). Pharma-
cological targeting of AHCY resulted in marked inhibition of circadian
gene expression, confirming our results in the AHCY null cells. To
analyze the effect of AHCY inhibition on time-dependent variations
of gene expression, we assessed genes whose expression levels were
markedly changed [fold change > 2; false discovery rate (FDR) <
0.05] between the two CT points (CT12 and CT24) in vehicle-treated
[dimethyl sulfoxide (DMSO)] MEFs and identified 715 differentially
expressed genes (Fig. 2G and data file S3). In agreement with the
circadian transcriptome from control MEFs (Fig. 2C), GO analysis
identified subset of genes enriched for terms related to circadian
regulation of gene expression, rhythmic processes, and cell cycle
(Fig. 2H). Of the 715 genes displaying time-specific expression, 52%
were markedly affected by AHCY inhibition (fold change > 2; FDR <
0.05; Fig. 2I). In addition, cells treated with DZnep displayed a signifi-
cant attenuation of time-dependent gene expression (Fig. 2, ] and K).
In DMSO-treated cells, most clock-regulated genes displayed larger
than twofold variation in expression levels between CT12 and CT24
(Fig. 2K) and treatment with DZnep greatly reduced oscillation of
these genes (Fig. 2K). Acute induction of Per] after DEX stimulation
was unaltered upon deletion or inhibition of AHCY (fig. S3, D and E).
Thus, AHCY impairs cyclic gene expression without affecting the
glucocorticoid-induced early response that precedes synchronization
of cells (34).

AHCY is required for transcriptional activation by BMAL1
To further validate our results, we analyzed the expression of the
clock output genes Dbp and Perl in four experimental conditions:
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Fig. 1. AHCY forms a complex with BMAL1. (A) Table showing the top BMAL1-interacting proteins in the nucleus ranked by log, fold change (FC) value at ZT8. (B) Volcano
plot of MS analysis of BMAL1-interacting proteins in the nucleus. The x axis indicates log, ratio of normalized intensity (iBAQ) of proteins found in BMAL1 to IgG (n =4).
(C) AHCY colocalization with BMAL1 in the nucleus. GFP-AHCY and RFP-BMAL1 were imaged by confocal microscopy in MEF cells. The Pearson’s R coefficient indicates the
extent of colocalization of GFP-AHCY and RFP-BMAL1 (n=53). Scale bar, 10 um. (D) Intensity (GFP channel) and phasor mapped fluorescence lifetime images (FLIM) of
GFP-AHCY and GFP-AHCY/BMAL1-RFP MEF cell nucleus. Two representative cells are shown (n > 30 cells). Scale bar, 1 um. (E) Histogram of the fractional intensity distri-
butions of the donor (GFP) in the nucleus. The increasing fractional intensity of the shorter lifetime (FRET) component reflects the presence of FRET (red plot). The two
average plots are separated by P < 0.001 (Kolmogorov-Smirnov test). (F) Co-IP experiment using 293T cells transiently transfected with the indicated plasmids (IP, immuno-
precipitation; IB, immunoblot). (G) Co-IP experiment from nuclear extract of BMAL1 null MEFs with anti-BMAL1 antibody. (H) Co-IP experiment from liver nuclear extracts
using anti-AHCY antibody at indicated zeitgeber times (ZT8 and ZT20). (I) Co-IP experiment from liver cytoplasmic, soluble nuclear, and chromatin-bound fractions using
anti-AHCY antibody at the indicated zeitgeber time (ZT8). (J) AHCY ChIP at the Dbp, Per2, and Per1 loci in liver at indicated zeitgeber times. The 3'UTR of Dbp was used as
a negative control (mean + SEM, n=4 per time point). (K) AHCY ChIP at the Dbp, Per2, and Per1 loci in liver at ZT8 and ZT20 (mean + SEM, n =4 per time point).
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Fig. 2. AHCY is important for amplitude of circadian oscillation. (A) Circadian bioluminescence traces for Bmal1:luc U20S cells transfected with either siRNA control
(siCtrl) or siRNA targeting Ahcy (siAhcy) (mean values shown, n=4). (B) Bar graph of relative circadian amplitude of U20S Bmal1:luc siCtrl and siAhcy cells (mean + SEM,
n=4;*P < 0.05; unpaired Student’s t test). (C) Heatmaps representing genes cyclic in control MEF cells only (Ctrl; 261 genes) and in both conditions (16 genes) (n =3 per
time point, per group; P < 0.01 in each dataset). Pie chart representing the percentage of genes oscillating in both conditions and in control only. (D) Gene Ontology (GO)
term enrichment analysis of genes oscillating in the control group only. (E) Transcription factor binding site (TFBS) analysis of rhythmic transcription factors (TFs) on transcripts
rhythmic exclusively in control MEFs. Represented as percentage of TFBS. (F) Bar graph of amplitude analysis of clock genes in control (Ctrl) and AHCY null (KO) MEF cells. (G)
Heatmap of hierarchical clustering of genes significantly down-regulated or up-regulated in vehicle-treated MEFs (DMSO) between the two analyzed CT points (CT12 and
CT24; n=3 per time point per group; fold change > 2; FDR < 0.05). Heatmap shows gene expression levels of control (DMSO) and DZnep-treated MEFs. (H) GO term enrichment
analysis of genes down-regulated or up-regulated in vehicle-treated MEFs (DMSO) between the two analyzed CT points (CT12 and CT24). (I) Pie chart showing the percentage
of time-dependent genes identified in (G) (715 genes) differentially expressed in MEFs treated with DZnep (10 uM). (J) Bar graph displaying log, fold change of gene expres-
sion of genes related to (G). (K) Bar graph of fold change analysis of clock genes in vehicle (DMSO)- and DZnep-treated MEF cells. ***P < 0.001; unpaired Student’s t test.
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an AHCY-null line (AHCY KO-2; fig. S3A); an inducible Ahcy-
knockdown MEF cell line obtained by lentiviral transduction with a
tetracycline-inducible short hairpin RNA (shRNA) (fig. S4A); and
MEFs treated with DZnep or DZ2002, another specific AHCY in-
hibitor (35). Supporting our RNA-seq results, oscillation was severely
compromised by both deletion and inhibition of AHCY (Fig. 3A and
fig. S4B). The inducible knockdown system, as well as the use of
pharmacological inhibitors, allows transient targeting of AHCY, thus
ruling out any secondary effects due to loss of AHCY and confirming
a direct effect of AHCY on circadian genes.

To determine whether catalytic activity of AHCY is required for
rhythmic transcription, we expressed hemagglutinin (HA)-tagged
wild-type (WT) AHCY or a catalytic dead mutant (K186N) in the
tetracycline-inducible shAhcy MEFs (fig. S4, C and D) (36). Cyclic
gene expression of Per2 and Dbp was fully restored by reconstitution
of WT but not mutant K186N HA-AHCY (fig. S4E).

To further confirm AHCY function on the clock, we analyzed
CLOCK-BMAL1-driven transcription in 293 cells transfected with
Dbp or Perl luciferase reporter vectors. DZnep dampened CLOCK-
BMALI-mediated activation of Dbp and Per] expression in a dose-
dependent manner (Fig. 3B), indicating that the enzymatic activity
of AHCY contributes to CLOCK-BMALI1-mediated gene transcrip-
tion. DZnep did not affect the activity of TFEB, another E-box binding
transcription factor (Fig. 3C) (37).

We next investigated the mechanism by which AHCY contributes
to CLOCK:BMAL1-mediated transcriptional activity. Because BMAL1
and AHCY associate at chromatin (Fig. 1, I and J), we hypothesized
that AHCY may influence recruitment of BMALI to target promoters.
We performed ChIP analyses and assessed BMALI1 binding on Dbp
and Per2 E-box regions at CT12 and CT24, comparing control and
AHCY KO MEFs. Although recruitment of BMAL1 was strongly time
dependent in control MEFs, lack of AHCY completely abolished its
rhythmicity (Fig. 3D). The same analyses conducted in MEFs treated
with DZnep gave analogous results (Fig. 3E), indicating that enzy-
matic activity of AHCY is required for proper binding of BMALI to
promoters. Next, to determine genome-wide binding of BMALI, we
performed ChIP followed by sequencing (ChIP-seq) in MEF cells
treated with vehicle (DMSO) or DZnep at two CT points (CT12 and
CT24; fig. S5A and data file S4). For the ChIP-seq analyses, inhibition
of AHCY was preferred to its deletion to avoid any pleiotropic con-
sequences that could indirectly affect BMALLI activity. The overall
distribution of BMALI peaks throughout the genome was similar
between time points and conditions (fig. S5B). Genomic binding of
BMALL was higher at CT24 compared to CT12 in control MEFs
(Fig. 3F). Inhibition of AHCY strongly dampened BMALLI association
to chromatin at CT24 (Fig. 3F). In control MEFs, we identified 1334
and 6183 BMALI1 binding sites at CT12 and CT24, respectively
(Fig. 3G), which is coherent with reported data (6, 38). In contrast,
treatment with DZnep reduced fourfold the number of BMALI1
binding sites at CT24 (6183 CT24 DMSO versus 1420 CT24 DZnep;
Fig. 3G), whereas the number of BMAL1 binding sites was virtually
unaltered at CT12 (1334 CT12 DMSO versus 1024 CT12 DZnep;
Fig. 3G). Of the 1420 binding sites identified in CT24 DZnep MEFs,
77% overlapped with CT24 control-specific sites (fig. S5C), indicating
that inhibition of AHCY does not cause divergent genome-wide
binding of BMALL. Because inhibition of AHCY enzymatic activity
leads to decreased recruitment of BMALI to chromatin, we then
focused on genomic sites bound by BMALI in all four conditions.
While DZnep marginally affected BMAL1 binding strength at shared
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peaks at CT12, BMALI1 occupancy was strongly decreased at CT24,
resulting in dampened rhythmicity (Fig. 3H). Treatment with DZnep
did not affect nuclear protein levels of BMALL1 (fig. S6A) or BMAL1
subcellular localization (fig. S6B). Moreover, electrophoretic mobility
shift assay (EMSA) using nuclear extracts from MEF cells collected
at CT24 showed that neither deletion nor inhibition of AHCY dis-
rupted the ability of BMALLI to bind to a biotin-labeled promoter
E-box motif (fig. S6C). These results suggest that AHCY may me-
diate time-specific binding of BMAL1 to DNA by modifying the
chromatin state.

AHCY is required for rhythmic H3K4 methylation

The activating histone mark H3K4me3 (39) is highly sensitive to
changes in the SAM/SAH ratio (40, 41) and has been related to
AHCY function (26, 42). Moreover, CLOCK-BMALI associate with
the histone methyltransferase (HMT) MLL1 and the complex mediates
rhythmic H3K4me3 modification, thereby contributing to circadian
transcription by generating a chromatin state permissive for CLOCK-
BMALL recruitment (9, 43). Close proximity of AHCY to chromatin
could fuel histone methylation by relieving SAH-mediated feedback
inhibition. We thus hypothesized that AHCY may be involved in
circadian H3K4me3 modification. We examined genome-wide dis-
tribution of H3K4me3 by ChIP-seq (fig. S7A and data file S5). As
previously reported, H3K4me3 peaks around transcription start sites
(TSS) displayed rhythmicity in MEF cells treated with vehicle (9).
Upon treatment with DZnep, rhythmic H3K4me3 levels around
TSS of expressed genes were strongly attenuated (Fig. 4A). Following
inhibition of AHCY, H3K4me3 accumulation at promoters of ex-
pressed genes was significantly reduced at CT24, thereby resulting
in arrhythmic H3K4me3 levels (Fig. 4, B and C). Upon inhibition of
AHCY, we identified 389 changed peaks compared to vehicle-treated
MEFs at CT24 (fold change > 2; P < 0.05). Among the H3K4me3
differential peaks, 97% were decreased and were associated to circadian
rhythm-related genes (fig. S7, B and C). ChIP analyses conducted at
different CTs in control (DMSO) and DZnep-treated MEFs con-
firmed loss of rhythmicity of H3K4me3 levels on Dbp and Per2 promoter
regions upon inhibition of AHCY (Fig. 4D). Conversely, H3K4me3
and expression levels of the MLL1-controlled gene Hoxa9 displayed
no significant change upon AHCY inhibition (fig. S7, D and E).
Moreover, loss of cyclic H3K4me3 was coupled with decreased
oscillation of H3K9 and H3K14 acetylation (Fig. 4E), other activating
marks linked to rhythmic H3K4 methylation (9) and circadian
function (44, 45). Inhibition of AHCY could potentially influence the
activity the polycomb repressor EZH2 that has been implicated in
circadian regulation (46). We thus examined trimethylated H3K27
(H3K27me3) levels on Dbp and Per2 promoters as a readout of
EZH2 activity (47). Methylation of H3K27 was not altered upon in-
hibition of AHCY (fig. S7F). Deletion of AHCY using the MEF null
cells (KO) confirmed the results obtained with pharmacological
inhibition, resulting in impaired time-dependent accumulation of
H3K4me3 levels on Dbp and Per2 genes (Fig. 4F). Thus, AHCY ap-
pears to regulate BMALLI association to genomic target sites and to
affect rhythmicity of H3K4me3.

Last, we analyzed whether AHCY could influence the binding of
other transcription factors. We examined binding of c-MYC because,
similarly to BMALLI, it is a basic helix-loop-helix ("HLH) protein
that binds E-box sequences in a H3K4me3-dependent manner (48).
Inhibition of AHCY enzymatic activity did not change binding efficiency
of c-MYC to target regions (fig. S7G). In addition, gene expression
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CT points. (G) Venn diagram of BMAL1 binding sites identified at the two analyzed CT points in vehicle (DMSO) and DZnep-treated MEFs. (H) Boxplots of number of BMAL1
tags per peak at CT12 and CT24 shared peaks in DMSO- and DZnep-treated MEFs (unpaired Student’s t test).
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Fig. 4. AHCY mediates oscillation of H3K4me3. (A) Average H3K4me3 coverage around the TSS of expressed transcripts at the two analyzed CTs. (B) Boxplots of number
of H3K4me3 tags per peak within promoter regions of expressed genes (Wilcoxon signed-rank test). (C) IGV (Integrative Genomics Viewer) profile of BMAL1- and
H3K4me3-enriched regions over the Dbp locus. (D) H3K4me3 ChIP at the Dbp and Per2 loci in MEFs treated with vehicle (DMSO) or DZnep (10 uM). Samples were collected
at the indicated CTs, and immunoprecipitated chromatin was quantified by RT-PCR (mean + SEM, n =3 per time point, per group; **P < 0.01; ***P < 0.001; ANOVA,
Holm-Sidak post hoc). (E) H3K9 and K14-acetyl ChIP at the Dbp and Per2 loci in MEFs treated with vehicle (DMSO) or DZnep (10 uM) (mean = SEM, n =3 per time point,
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point, per group; **P < 0.01; unpaired Student’s t test).

levels of c-MYC responsive genes (49) were not affected by DZnep
treatment (fig. S7H).

AHCY regulates circadian locomotor activity

The master mammalian clock resides within the suprachiasmatic
nucleus (SCN) in the hypothalamus that operates as the primary
regulator of circadian behavior and physiology (50). Having ex-
plored how AHCY affects circadian gene expression, we set out to
study the role of AHCY in circadian physiology in vivo. We delivered
DZnep or saline into the hypothalamus of mice by direct infusion
and examined circadian rhythms of locomotor activity in free run-
ning conditions dark/dark (D/D); Fig. 5, A and B]. As expected, control
mice displayed a clear pattern of increased activity during the subjective
night (CT12-24). In contrast, diurnal locomotor activity of DZnep-
infused mice was greatly dampened, exhibiting equal distribution
between subjective day and night (Fig. 5C and fig. S8, A and B). To

Greco etal., Sci. Adv. 2020; 6 : eabc5629 16 December 2020

assess the robustness of circadian activity rhythms, we estimated the
amplitude of circadian rhythm by performing spectral analysis using
fast Fourier transform (FFT). Mice receiving saline infusion exhibited
robust rhythmic behavior, whereas mice infused with DZnep showed
significantly lower amplitudes of circadian activity (Fig. 5D and fig.
S8C). Moreover, DZnep-treated mice displayed a significantly longer
circadian period of activity compared to controls (saline, 23.7 + 0.03 hours;
DZnep, 24.9 + 0.06 hours; P < 0.001; Fig. 5, B and E, and fig. S8D).

AHCY influences circadian transcription in the SCN

To characterize the transcriptional changes induced by DZnep
in vivo, we isolated SCNs and profiled gene expression at four CT
points by RNA-seq (data file S6). We identified 2177 rhythmic tran-
scripts in control mice (Fig. 5F, left). Of these, 69% displayed im-
paired oscillation in DZnep-treated mice (Fig. 5F), demonstrating
that AHCY contributes to circadian transcription in vivo. Genes
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Fig. 5. In vivo inhibition of AHCY modulates circadian locomotor activity and rhythmic transcription in the SCN. (A) Schematic of the in vivo experimental protocol.
(B) Representative double-plot actograms for diurnal locomotor activity of mice infused with saline or DZnep (100 uM). In each actogram, the first days were recorded
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displaying rhythmicity exclusively in control mice were enriched for ~ amplitude in DZnep-infused mice compared to controls (Fig. 5G).
biological processes such as transcription, cell cycle, chromatin mod- ~ Genes with decreased amplitude included CCGs such as Dbp, Perl,
ification, and protein phosphorylation (fig. S9A). Among genes cyclic ~ and Nampt, and GO terms included rhythmic process as one of the top
in both groups (Fig. 5F, middle), 45% of transcripts displayed lower  terms (Fig. 5H). On the other hand, genes whose amplitude increased
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in DZnep-treated mice were enriched in other unrelated biological
processes (fig. S9B). Together, these results show that the enzymatic
activity of AHCY plays a critical role in the function of the circadian
clock in vivo.

DISCUSSION

A conceptual advance in the field of gene regulation relates to the
finding that some metabolic enzymes may directly participate in
transcriptional control by physically interacting with chromatin re-
modeling systems (22, 51, 52). The underlying implication of these
findings is that enzymes at chromatin may use and/or generate localized
pockets of metabolites required for functional posttranslational
modifications of histones and nonhistone proteins. A paradigmatic
example is constituted by the metabolic enzyme acetyl-coenzyme A
(CoA) synthetase 2 (ACSS2) that directly regulates histone acetylation
in neurons by controlling acetyl-CoA levels (22). How these enzymes
get to chromatin and what regulates the dynamics of their recruiting
is yet to be established. Here, we report that the metabolic enzyme
AHCY physically associates in a time-specific manner with the core
clock regulator BMALLI at chromatin. Thus, in the case of AHCY, it
appears that the dynamics of its function at chromatin is directed by
an essential transcription factor.

Despite the existence of two AHCY paralogs, AHCY is the only
mammalian enzyme capable of hydrolyzing SAH, and as such, it is
a key enzyme for many biological functions (53, 54). Consequently,
complete loss of AHCY is embryonic lethal (55). In addition, stable
knockdown experiments of AHCY have revealed its critical role for
cancer (56-58) and, more recently, stem cells (26). Here, by means
of transient perturbation of AHCY, we uncover a further function
linked to circadian transcriptional regulation. Considering that AHCY
is involved in the regulation of numerous cellular functions, we an-
ticipate that it may do so by promoting specific gene expression
programs through interaction with selected transcription factors and
chromatin regulators. The finding that AHCY interacts with CLOCK
and BMALI to coordinately regulate circadian transcription can be
readily exploited to other biological contexts where AHCY may co-
operate with additional regulators.

Accumulating evidence has implicated several chromatin modi-
fiers in circadian control (4). Our study uncovers a functional cross-talk
between the molecular clock and a metabolic enzyme. AHCY asso-
ciates with CLOCK-BMALLI at chromatin during the circadian activa-
tion phase, serving to promote circadian transcription by supporting
histone methylation (Fig. 4). AHCY was recently identified as a high-
confident chromatin-bound protein (26), and subcellular fractionation
confirmed AHCY presence at chromatin. Chromatin binding of
BMALI peaks at ZT8 and is low at ZT20 (6). Hence, we believe that
close proximity of BMAL1 and AHCY at chromatin sites promotes
their interaction and functional interplay. AHCY-BMALI interaction
at chromatin is likely to enable quick and dynamic removal of local
SAH accumulation at sites undergoing rapid chromatin and circa-
dian transcriptional changes, thereby facilitating a transcription-
permissive environment.

Because AHCY metabolizes SAH generated by methyltransferase
reactions, the AHCY-BMALI complex likely cooperates with or is
in close proximity to chromatin remodeling factors known to drive
cyclic H3K4 trimethylation, such as MLL1 and MLL3 (9, 43). It has
been shown that MLL1 promotes binding of CLOCK-BMALI to
chromatin by generating a permissive chromatin state (9). On a

Greco etal., Sci. Adv. 2020; 6 : eabc5629 16 December 2020

genome-wide level, H3K4me3 is highly correlated with H3ac at
active promoters (59). MLLI-deficient MEFs display impaired os-
cillation of H3K4me3 and H3K9/14ac (9). Likewise, inhibition of
AHCY generates comparable loss of rhythmicity, supporting a strong
interdependence of cyclic histone H3 methylation and acetylation.
Our findings favor a scenario where BMAL1 binds to AHCY at
chromatin, thereby promoting local hydrolysis of SAH and activity
of HMTs at clock-regulated sites, leading to increased methylation
and consequently CLOCK-BMALI binding to promoters. Previous
work has established histone acetyltransferase (HAT) activity of
CLOCK to be essential for histone H3ac rhythmicity (45). Thus, the
observed changes in H3K9/14ac at clock-regulated sites likely reflect
impaired recruitment of CLOCK to DNA. Thus, our results add an
additional layer to the known mechanisms of clock regulation
whereby the molecular clock relies not only on the activity of chro-
matin remodelers but also on that of a metabolic enzyme. Further
investigations aimed at identifying the cyclic nuclear interactome of
AHCY will provide crucial insights into the mechanisms by which
metabolic signaling affects circadian biology.

Despite the biological importance of transmethylation reactions
(60), their role in circadian biology is not fully explored. One find-
ing relates to inhibition of N°®-methyladenosine mRNA methylation
that was shown to lengthen the mammalian circadian period in vi-
tro and in vivo (61, 62). On the other hand, AHCY was shown to be
localized in the nucleus in Arabidopsis, Xenopus laevis, and mam-
malian cells (27, 63-66), suggesting that localized activity of AHCY
at specific sites may promote activity of HMTs that would otherwise
be inhibited by SAH. Nicely paralleling our study, AHCY was shown
to be enriched at TSS of transcriptionally active genes marked with
H3K4me3, including several circadian genes (26). Here, we identify
BMALLI as a binding partner of AHCY, a finding that can help ex-
plain how metabolic enzymes may regulate epigenetic modifications
at specific sites. It still remains poorly understood how these enzymes
can affect chromatin marks at specific loci and, in turn, regulate expres-
sion of distinct genes (67). In our view, while it is likely that AHCY
might interact with other TFs, our study provides a notable insight
by which specificity is achieved in the context of circadian biology.

There is an intimate molecular link between the circadian clock
and the aging process (68-70). Furthermore, mutation in the circa-
dian gene BMALI is associated with a premature aging phenotype
and reduced life span (71). In our study, inhibition of AHCY activity
in the SCN results in a prolonged period of rhythmic activity, reca-
pitulating what is observed in aged mice (68). Depletion of AHCY
in Drosophila results in a reduced life span and an aging phenotype
characterized by accumulation of SAH (42). An intriguing possibility
is that decline in AHCY activity during aging may promote circadian
deregulation and decay of circadian function. Additional studies will
further delineate the physiological implications of this newly estab-
lished cross-talk between cellular metabolism, chromatin regulation,
and circadian rhythms.

MATERIALS AND METHODS

Animals

Male C57BL/6 mice (2 months old) were housed under 12-hour
light/12-hour dark (LD) cycles. Infusion of 100 uM DZnep into the
third ventricle was performed with Alzet Osmotic Pump (Alzet, USA)
as previously described (72). Locomotor activity of mice was recorded
for at least 1 week in a standard LD 12:12, followed by 10 days in

9of 16



SCIENCE ADVANCES | RESEARCH ARTICLE

constant darkness (DD) to calculate the circadian period before op-
eration. The transfer to DD and subsequent operation was timed so
that each group of four replicate animals, whether vehicle- or DZnep-
treated, was operated at the same CT (based on 10 days in DD) after
exactly 10 days in DD. Only one group of four replicates was oper-
ated per day. Ten days after operation, each group of four replicate
animals was sacrificed at the same CT (based on the 10 days after
operation), one group per day. Locomotor activity was measured us-
ing optical beam motion detection (Philips Respironics), and data
were collected using the Mini-Mitter VitalView 5.0 data acquisition
software. Actograms and activity profiles were calculated using
ClockLab software (Actimetrics). Period and amplitude were calculated
by obtaining the slope of onset of the free running activity and com-
puted by x* periodogram analysis. The Institutional Animal Care and
Use Committee of the University of California, Irvine, and the Animal
Experimental Committee of Kyoto University approved all experiments.

Plasmids and antibodies

Myc-BMALL, Myc-CLOCK, mDbp, and mPer2 promoters fused to
luciferase have been described previously (9). mPGCla promoter
fused to luciferase and pCMV TFEB were a gift from A. Ballabio.
The GFP-AHCY plasmid was obtained by cloning the AHCY com-
plementary DNA (cDNA) obtained by polymerase chain reaction
(PCR) amplification from total mouse cDNA into the Eco RI and
Bam HI sites of the pEGFP-C3 vector (Evrogen). The BMAL-RFP
plasmid was obtained by cloning the BMAL1 cDNA obtained by
PCR amplification from the Myc-BMALI plasmid into the Eco
RI and Bam HI sites of the pTagRFP-N vector (Evrogen). The
lentiCRISPRv2 plasmid was purchased from Addgene (#52961).
The HA-AHCY plasmid was purchased from VectorBuilder, and the
K186N mutation was created using the Q5 Site-Directed Mutagen-
esis Kit (NEB). Ahcy inducible shRNA vectors and shcontrol vector
were purchased from Dharmacon (SMARTvector Inducible Lentiviral
shRNA vector).

The following antibodies were used: anti-AHCY (#RN126PW, MBL,
IP, ChIP; #ab134966, Abcam, Western blot; #ab151734, Abcam,
Western blot), anti-BMALI1 (#ab93806, Abcam, IP, ChIP, Western
blot; #NB-100-2288, Novus, IF), anti-CLOCK (#A302-618A, Bethyl,
IP, Western blot), anti-GFP (#ab290, Abcam, IP, Western blot), anti-
HA (#05-904 Millipore), anti-myc (#05419, Millipore, IP, Western
blot), anti-p84 (#GTX70220, GeneTex, Western blot), anti-tubulin
(#T5168, Sigma-Aldrich, Western blot), anti-actin (#A5441, Sigma-
Aldrich, Western blot), anti-H3 (#ab1791, Abcam, Western blot),
anti-H3K4me3 (#39915, Active Motif, ChIP), anti-H3K9/14ac
(#C15410200, Diagenode, ChIP), anti-H3K27me3 (#07-449, Millipore),
c-Myc (#AF3696, R&D Systems, ChIP), and normal rabbit immuno-
globulin G (IgG) (#10500C, Invitrogen).

GST constructs, expression, and purification

c¢DNAs encoding amino acid residues 1-134 for F1, 135-265 for F2,
266-399 for F3, 400-506 for F4, and 507-626 for F5 from mouse
BMALI [National Center for Biotechnology Information (NCBI)
reference sequence, NM_007489.4] were cloned into the vector
pGEX4T1 (GE Healthcare) with a TEV-cleavable N-terminal gluta-
thione S-transferase (GST) tag and a C-terminal HA tag using Eco
RI/Not I restriction sites. All constructs were confirmed by DNA
sequencing. Expression and purification of GST-tagged constructs
were done as described previously (73). Briefly, fusion proteins were
expressed in Escherichia coli BL21 (DE3) and purified using gluta-
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thione Sepharose 4 Fast Flow resin according to the manufacturer’s
protocol (GE Healthcare).

Cell culture

MEF human embryonic kidney (HEK) 293T cells and U20S cells
were cultured in Dulbecco’s modified Eagle’s medium (4.5 g liter ™!
glucose, HyClone) supplemented with 10% fetal bovine serum (Gibco)
and antibiotics (Gibco). MEFs from BMALI-deficient mice were
obtained as previously described (74). Confluent cells were syn-
chronized with DEX (Sigma-Aldrich) dissolved in ethanol. MEFs
were synchronized with 100 nM DEX for 1 hour. U20S cells were
synchronized with 200 nM DEX for 2 hours. DEX was washed out,
and cells were placed in fresh medium for the indicated time. In
addition, 3-DZnep (Cayman) was dissolved in DMSO and used at
the indicated doses.

siRNA transfection of U20S cells

U20S cells stably transfected with Arntl-luc reporter were plated in
standard medium. The next day, medium was changed to an antibiotic-
free medium and cells were transfected with the following Stealth
siRNA (Invitrogen) against human Ahcy (siRNA #1, 5'-gaggccugucag-
gagggcaacaucu-3'; siRNA #2, 5’-cccuggacauugcugagaacgagau-3'; and
siRNA #3; 5'-acaggcuguauugacaucauccuug-3’) or with negative
controls (Stealth RNAIT siRNA Negative Control, Med GC #1, #2,
and #3) using Lipofectamine 2000 (Invitrogen). Medium was changed
6 to 8 hours after transfection. The following day, cells were syn-
chronized with DEX, and after 2 hours, medium was replaced with
medium containing 1 mM luciferin. Luminescence was recorded in
successive 20-min bins at 37°C and analyzed as previously described (61).
Generation of Ahcy-KO MEF

The CRISPR-Cas9 system was used to generate Ahcy mutant MEF
cells. A lentiCRISPRv2 vector with a guide RNA targeting EGFP
was used as control. To delete Ahcy, a guide RNA targeting exon 4
(5'-tgcgcacctgacagaagetg-3’) was cloned into the lentiCRISPRv2
vector. The resulting plasmid was verified by sequencing and trans-
fected into HEK293T cells together with psPAX2 and VSVG second-
generation lentiviral packaging systems using BioT reagent (Bioland
Scientific LLC), according to the manufacturer’s instructions. After
48 hours, lentiviral particles in the medium were collected, filtered,
and used to infect MEFs. Forty-eight hours after transduction, the
cells were subjected to puromycin (Sigma-Aldrich) selection.
Monoclonal cell lines were generated and tested for loss of AHCY
by Western blot analysis. Sanger sequence analysis of PCR amplicons
generated using primers 5'-CACCTCCTCACCAATGTCCT-3’
(forward) and 5'-CTGTGGTGCATTGAGCAGAC-3’ (reverse)
confirmed AHCY mutation in clones #1 and #2.

Generation of inducible Ahcy-shRNA MEF

To generate inducible shRNA-knockdown MEEF, lentiviral trans-
duction with a tetracycline-inducible shRNA (SMARTvector In-
ducible Lentiviral sShRNA, Dharmacon) targeting 3'UTR of Ahcy
(5'-TGACCAGACGGCCTTCAGC-3’) or a nontargeting vector
(#VSC11651) was conducted as above. Following puromycin selec-
tion, cells were plated and GFP induction was confirmed with fluo-
rescence microscopy upon doxycycline induction (1 ug ml™). Cells
were synchronized with DEX 24 hours after doxycycline induction.
Generation of stable AHCY MEF

Inducible Ahcy-knockdown MEFs were transfected with a linearized
plasmid encoding WT or K186N mutant mouse AHCY using
Lipofectamine 2000 (Life Technologies) according to the manufactur-
er’s protocol. Two days after transfection, G418 (InvivoGen) was
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added at a final concentration of 1 mg/ml for 3 weeks to allow selec-
tion. Cells were synchronized with DEX 24 hours after doxycycline
induction.

Mass spectrometry

IP and on-bead digestion

Whole mouse livers were divided into three equal pieces, and each
was minced in 5 ml of buffer A [10 mM Hepes (pH 7.9), 1.5 mM
MgCl,, 10 mM KCl, 0.5 mM dithiothreitol (DTT), supplemented
with protease inhibitor cocktail (Roche), 0.5 mM phenylmethylsul-
fonyl fluoride (PMSF), 20 mM NaF, 1 uM trichostatin A (TSA), and
10 mM nicotinamide (NAM)]. Tissue was homogenized and spun at
1600 rpm (600g) for 10 min at 4°C. The pellet was resuspended in 3 ml of
buffer S1 [250 mM sucrose, 10 mM MgCl,, supplemented with pro-
tease inhibitor cocktail (Roche), 0.5 mM PMSF, 20 mM NaF, 1 uM
TSA, and 10 mM NAM], layered over 3 ml of buffer S2 [350 mM
sucrose, 0.5 mM MgCl,, supplemented with protease inhibitor cock-
tail (Roche), 0.5 mM PMSF, 20 mM NaF, 1 uM TSA, and 10 mM
NAM], and spun at 2500 rpm (1430g) for 5 min at 4°C. All three
nuclear pellets were combined using buffer S2, sonicated, layered
over 3 ml of buffer S3 [880 mM sucrose, 0.5 mM MgCl,, supple-
mented with protease inhibitor cocktail (Roche), 0.5 mM PMSF,
20 mM NaF, 1 uM TSA, and 10 mM NAM], and spun at 3500 rpm
(2800g) for 10 min at 4°C. Fractions were collected and resuspended
in 1x radioimmunoprecipitation assay (RIPA) [50 mM tris (pH 7.5),
150 mM NaCl,1% NP-40] or mixed with 5x RIPA, briefly sonicated,
rocked for 30 min at 4°C, and spun at 12,500 rpm (18,000g) for
10 min at 4°C, and enriched lysates were collected. Supernatant was
retained as the enriched nucleoplasmic fraction and diluted with 5x
RIPA [250 mM tris (pH 7.5), 750 mM NaCl, 5% NP-40, supplemented
with protease inhibitor cocktail (Roche), 0.5 mM PMSF, 20 mM NaF,
1 uM TSA, and 10 mM NAM]. The nucleolar pellet was resuspended
in 500 pl of buffer S2 and spun at 3500 rpm (2800g) for 5 min at
4°C. The cleaned nucleolar pellet was resuspended in 1x RIPA
[50 mM tris (pH 7.5), 150 mM NaCl, 1% NP-40, supplemented with
protease inhibitor cocktail (Roche), 0.5 mM PMSF, 20 mM NaF,
1 pM TSA, and 10 mM NAM]. Fractions were briefly sonicated,
rocked for 30 min at 4°C, and spun at 12,500 rpm (18,000g) for
10 min at 4°C, and enriched lysates were collected.

Four milligrams of nucleoplasmic and nucleolar fractions was
prepared in 1x RIPA [50 mM tris (pH 7.5), 150 mM NaCl,1% NP-40,
supplemented with protease inhibitor cocktail (Roche), 0.5 mM PMSF,
20 mM NaF, 1 uM TSA, and 10 mM NAM]. Lysates were precleared
with 20 pl of protein G Sepharose beads (Sigma-Aldrich) while rocking
at 4°C for 1 hour. After removal of preclearing beads, lysates were
incubated with 4 ug of BMALI1 antibody (Abcam) and an additional
pooled sample was prepared for incubation with 4 ug of rabbit IgG
(Santa Cruz Biotechnology) and rocked overnight at 4°C. The next
day, 40 pl of fresh protein G Sepharose beads was added to the
lysates and rocked at 4°C for 2 hours. Beads were washed three
times with 1x RIPA. Beads were washed three times with 50 mM
NH4HCOj; and incubated with trypsin (10 ng/ul) in 1 M urea-50 mM
NH4HCOj; for 30 min and washed with 50 mM NH,HCO3, and the
supernatant was digested overnight in the presence of 1 mM DTT.
Digested peptides were alkylated and desalted before liquid chro-
matography (LC)-MS analysis.

Mass spectrometry
For LC-MS/MS purposes, desalted peptides were injected in an
UltiMate 3000 RSLCnano system (Thermo Fisher Scientific) and
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separated in a 15-cm analytical column (75 pm inside diameter home-
packed with ReproSil-Pur C18-AQ 2.4 um from Dr. Maisch) with a
50-min gradient from 5 to 60% acetonitrile in 0.1% formic acid. The
effluent from the high-performance liquid chromatography (HPLC)
was directly electrosprayed into an LTQ Orbitrap XL mass spectrome-
ter (Thermo Fisher Scientific) operated in data-dependent mode to
automatically switch between full-scan MS and MS/MS acquisition.
MS and MS/MS acquisition. Survey full-scan MS spectra [from mass/
charge ratio (m/z), 300 to 2000] were acquired in the Orbitrap with
resolution R = 60,000 at m/z 400 (after accumulation to a “target
value” of 500,000 in the linear ion trap). The six most intense peptide
ions with charge states between 2 and 4 were sequentially isolated to
a target value of 10,000 and fragmented in the linear ion trap by
collision-induced dissociation (CID). All fragment ion spectra were
recorded in the LTQ part of the instrument. For all measurements
with the Orbitrap detector, three lock-mass ions from ambient
air were used for internal calibration as described before (75).
Typical MS conditions were as follows: spray voltage, 1.5 kV;
no sheath and auxiliary gas flow; heated capillary temperature,
200°C; normalized CID energy, 35%; activation g = 0.25; activation time,
30 ms. MaxQuant 1.5.2.8 was used to identify proteins and quantify
by iBAQ with the following parameters: database, UP000000589_10090_
Mmusculus_151030; MS tol, 10 ppm; MS/MS tol, 0.5 Da; peptide
FDR, 0.1; protein FDR, 0.01; minimum peptide length, 5; variable
modifications, oxidation (M); fixed modifications, carbamidomethyl
(C); peptides for protein quantitation, razor and unique; minimum
peptides, 1; and minimum ratio count, 2. Identified proteins were
considered nucleoplasmic enriched interaction partners if their
MaxQuant iBAQ values were greater than log, twofold enrichment
and P = 0.05 [analysis of variance (ANOVA)] when compared to
the control.

Protein extraction and IP

For total extracts, cells were washed with phosphate-buffered saline
(PBS) and lysed for 15 min at 4°C in RIPA buffer [50 mM tris-HCI
(pH 8.0), 150 mM NaCl, 5 mM EDTA, 15 mM MgCl,, 1% NP-40,
0.5% deoxycholate (DOC), 1x protease inhibitor cocktail (Roche),
and 1 mM PMSF]. Preparation of fractionated protein extracts
from cells was as follows. After PBS washes, cells were resuspended
and washed in low-salt buffer [10 mM Hepes-NaOH (pH 8.0),
10 mM KCl, 1.5 mM MgCl,, 0.5 mM DTT, and 1x protease inhibitor
cocktail (Roche)]. The pellets were resuspended in low-salt buffer
supplemented with 1% NP-40 and incubated on ice for 15 min.
Following a centrifugation step, the supernatant was recovered and
stored at —80°C as the cytoplasmic fraction. The pellet containing
the nuclear fraction was washed twice with low-salt buffer, resus-
pended in high-salt buffer [10 mM Hepes-NaOH, 500 mM NaCl,
1.5 mM MgCl,, 0.5 mM DTT, 1% NP-40, 10% glycerol, 1x protease
inhibitor cocktail (Roche), and 1 mM PMSF], and incubated on ice
for 30 min. After a 10-min centrifugation at 14,000 rpm at 4°C, the
supernatant was stored at —80°C as the soluble nuclear fraction. The
nucleo-insoluble pellet was washed twice with high-salt buffer,
resuspended in RIPA buffer, and sonicated (Qsonica) on ice. After
centrifugation, the pellet was stored at —80°C as the soluble chromatin-
bound fraction.

Subcellular extracts from liver were obtained as follows: 200 mg
of liver was homogenized with a motorized tissue grinder in TMS
buffer [50 mM tris-HCI (pH 8), 5 mM MgCl,, 250 mM 20% sucrose,
1x protease inhibitor cocktail (Roche), and 1 mM PMSF], passed
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through a 100-um filter, and centrifuged at 800g at 4°C. Samples were
washed with Cyto buffer [10 mM Hepes-NaOH, 25 mM KCl, 0.65 mM
spermidine, ] mM EDTA, 1 mM EGTA, 0.34 M sucrose, 1% NP-40,
1 mM DTT, 1x protease inhibitor cocktail (Roche), and 0.5 mM PMSF],
incubated on ice for 10 min, and centrifuged at 3000 rpm for 10 min
at 4°C. The supernatant was recovered and stored at —80°C as the
cytoplasmic fraction, and the pellet was washed twice in low-salt
buffer [10 mM Hepes-NaOH, 25 mM KCl, 0.65 mM spermidine,
1 mM EDTA, 1 mM EGTA, 20% glycerol, 1 mM DTT, 1x protease
inhibitor cocktail (Roche), and 0.5 mM PMSF], with centrifugation
at 3000 rpm for 10 min at 4°C. The pellets were then resuspended in
high-salt buffer [10 mM Hepes-NaOH, 25 mM KCl, 0.65 mM sper-
midine, 1 mM EDTA, 1 mM EGTA, 400 mM NaCl, 20% glycerol,
1% NP-40, 1 mM DTT, 1x protease inhibitor cocktail (Roche), and
0.5 mM PMSF], rocked at 4°C for 30 min, and centrifuged at
14,000 rpm for 10 min. The supernatant was recovered and stored
at —80°C as the soluble nuclear fraction, and the pellet was resus-
pended in RIPA buffer and sonicated (Qsonica) on ice. After centrifuga-
tion, the pellet was stored at —80°C as the soluble chromatin-bound
fraction.

For co-IP experiments, protein extracts were incubated with the
indicated antibodies overnight at 4°C, followed by incubation with
Dynabeads (protein G, Thermo Fisher Scientific) for 2 hours at 4°C.
Beads were washed four times with RIPA buffer [50 mM tris-HCI
(pH 8.0), 150 mM NaCl, 5 mM EDTA, 15 mM MgCl,, 1% NP-40,
0.5% DOC, 1x protease inhibitor cocktail (Roche), and 1 mM PMSF],
and samples were eluted with SDS loading buffer.

SAM and SAH quantification
Levels of SAM and SAH in cells were determined with the SAM and
SAH ELISA Combo Kit (STA-671-C, Cell Biolabs).

AHCY activity assay

To measure the activity of AHCY, samples were incubated in ho-
mogenization buffer provided by the Adenosylhomocysteinase (AHCY)
Activity Fluorometric Assay Kit (BioVision, K807-100) for 15 min
at 4°C, followed by centrifugation at 14,000 rpm for 10 min. HA-
tagged AHCY was immunoprecipitated overnight at 4°C, followed
by incubation with Dynabeads (protein G, Thermo Fisher Scientific)
for 2 hours at 4°C. Beads were washed four times with homogeniza-
tion buffer (BioVision) and resuspended in AHCY assay buffer
(BioVision), and the assay was prepared according to the manufacturer’s
instructions. The assay was performed in 96-well white plates, and
the fluorescence was measured in kinetic mode for 30 min at 37°C
using a Varioskan LUX multimode microplate reader (Thermo
Fisher Scientific).

Immunofluorescence
For the detection of AHCY and BMALI colocalization, MEF cells were
grown on Nunc Lab-Tek chamber slides (Thermo Fisher Scientific)
and cotransfected with GFP-AHCY and BMAL1-RFP plasmids using
Lipofectamine 3000 (Invitrogen). After 36 hours, cells were fixed in 4%
Paraformaldehyde for 10 min at room temperature. Cells were washed
four times in PBS and permeabilized with 0.1% Triton X-100 in PBS
for 10 min. DRAQ7 (Thermo Fisher Scientific) was used to visualize
nuclei. The slides were imaged using a Leica confocal microscope, and
colocalization was quantified using the JaCoP plugin of Fiji.

Live cell imaging was carried out as follows: Fluorescence lifetime
images of the donor only (GFP) and donor-acceptor (GFP-RFP) were
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measured using a modified Olympus FluoView 1000 microscope
equipped with a Spectra-Physics Mai Tai HP laser and FLIMBox
acquisition card. The samples were excited with the 900-nm laser
line using a 63x water immersion objective (1.2 numerical aperture,
Olympus Plan Apo) applying a two-photon excitation scheme. The
fluorescence was split using a dichroic mirror (FF495-Di03-25x36,
Semrock) and then passed through two separate filters (520/35 nm
to 641/75 nm, Semrock), collected using two separate photomulti-
plier tube (Hamamatsu), and recorded using FLIMBox. The pixel
dwell time for the acquisitions was 32 s, and the images were taken
with sizes of 256 x 256 pixels. To have high signal-to-noise ratio, 30 to
50 frames were collected. The data from each pixel were recorded
and analyzed using the SimFCS software (developed by E. Gratton
in Laboratory for Fluorescence Dynamics, University of California,
Irvine, CA). The intensity decays collected at each pixel of the image
were transformed to the Fourier space, and the phasor coordinates
were calculated using the following relations

T T
gij(@)=JoI(t) - Costmat)dt/[,1(t) dt
T T
sij(@)= [oI(t) - Sin(not) dt/ [y 1(t) dt

where g;;j(w) and s;j(») are the x and y coordinates of the phasor
plot, respectively, and n and ® are the harmonic number and the
angular frequency of excitation, respectively. The transformed data
were then plotted in the phasor plot in a way that the data from each
individual pixel are transformed to a point in the phasor plot. The
phasor histogram was analyzed using the fractional intensity distri-
bution between two phasor components: phasor positions of non-
FRET donor-only component and that of the decreased lifetime of
the donor in donor-acceptor sample. According to the linear com-
bination of the phasor, the shift in the phasor at image pixels, where
both donor only and donor-acceptor samples are present, will be
along the linear combination of the individual phasor positions of
the donor lifetime in donor only and donor-acceptor samples. The
relative fractions of the two components—donor only and donor-
acceptor—will determine the phasor position of that image pixel
according to their relative fractional intensity contribution. In nu-
cleus, if the positions of the donor and donor-acceptor samples are
not segmented—as is the situation here—this will represent a shift
of the fractional intensity distribution to the shorter lifetime com-
ponent of the donor lifetime in donor-acceptor species (76, 77). An
increase in the fraction of phasor points in the fractional intensity
component of the shorter lifetime is indicative of the presence of
FRET. This method of fractional intensity contribution distribution
(76) has been used here to show that an increasing fraction of pixels
has higher contribution to the short lifetime (and corresponding
phasor) of the donor-acceptor FRET samples.

Luciferase reporter assay

HEK293T cells were transfected with 25 ng of luciferase reporter and
LacZ plasmids, with or without 50 ng of Myc-CLOCK and Myc-
BMALLI or TFEB with BioT transfection reagent (Bioland). At 16 hours
after transfection, culture medium was replaced and luciferase activity
was measured 36 hours after transfection as described previously
(9). Luciferase activity was normalized to transfection efficiency by
a colorimetric B-galactosidase assay.
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Electrophoretic mobility shift assay

EMSA was carried out using a Light-Shift Chemiluminescent EMSA
kit (Thermo Fisher Scientific, 20148) according to the manufacturer’s
instructions. Briefly, 6 pg of nuclear extracts was mixed with EMSA
binding buffer in the presence of a previously described biotin-labeled
probe (38). The mixture was incubated at room temperature for 30 min,
and the protein-DNA complexes were loaded onto a 4.5% nonde-
naturing polyacrylamide gel.

RNA extraction and quantification of gene expression
Confluent ctrl or AHCY KO MEFs were synchronized with DEX, and
total RNA was isolated at the indicated time points using TRIzol
reagent (Thermo Fisher Scientific) according to the manufacturer’s
instructions. For the inhibitor experiment, confluent MEF cells were
treated with DMSO or 10 uM DZnep for 8 hours and synchronized
with DEX. At the indicated time points, total RNA was isolated using
TRIzol reagent (Thermo Fisher Scientific) according to the manu-
facturer’s instructions. cDNA was obtained by retrotranscription of
1 ug of RNA with the Maxima First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific). Quantitative real-time (qQRT)-PCR analysis
was performed using QuantStudio 3 (Applied Biosystems) with
PowerUp SYBR Green Master Mix (Applied Biosystems). 18S was used
as an endogenous control. Primer sequences are listed in table S1.

Chromatin immunoprecipitation
MEF cells were cross-linked at the indicated time points with 1%
formaldehyde at room temperature for 10 min, and the reaction was
quenched by addition of glycine. Cells were rinsed with PBS, flash-
frozen in liquid nitrogen, and stored at —80°C until all the time points
were processed. For tissue, 250 mg of frozen tissue was homogenized
in PBS containing 1x protease inhibitor cocktail (Roche) and 1 mM
PMSE. Liver homogenates were crossed-linked with 1% formaldehyde
at room temperature for 10 min, and the reaction was quenched by
addition of glycine. Samples were centrifuged at 1000 rpm for
10 min at 4°C.

Pellets were then lysed in lysis buffer [5 mM Pipes (pH 8.0),
85 mM KCl, 0.5% NP-40, and 1x protease inhibitor cocktail
(Roche)], and nuclei were collected by centrifugation (3000 rpm, 10 min,
4°C). Nuclei were resuspended in sonication buffer [1% SDS, 10 mM
EDTA, 50 mM tris-HCI (pH 8), and 1x protease inhibitor cocktail
(Roche)] and incubated on ice for 30 min. Samples were then soni-
cated using a Bioruptor Pico sonication device (Diagenode) until
chromatin was sheared to an average DNA fragment length of 0.2 to
0.5 kb. After centrifugation (14,000 rpm, 10 min, 4°C), supernatants
were diluted with tris-EDTA buffer (TE) and IP reactions were set
up as follows: 1% Triton X-100, 0.1% DOC, 1x protease inhibitor
cocktail (Roche), and magnetic beads (#11203D, Dynal Invitrogen)
coupled with the indicated antibody (#RN126PW, MBL; #ab93806,
Abcam; #39915, Active Motif; #C15410200, Diagenode; #07-449,
Millipore) and incubated overnight at 4°C. Immunocomplexes were
washed eight times with RIPA buffer [50 mM Hepes (pH 8.0), 1 mM
EDTA, 1% NP-40, 0.7% DOC, and 0.5 M LiCl] and once with TE.
To reverse the cross-linking, washed beads were resuspended in
elution buffer [10 mM tris (pH 8.0), 1 mM EDTA, and 1% SDS] and
incubated overnight at 65°C. The following day, samples were incu-
bated for 2 hours at 37°C in proteinase K mix (TE, glycogen, and
proteinase K). Ribonuclease A treatment was carried out for 30 min
at 37°C, and then DNA was purified by phenol-chloroform extraction
using phase lock tubes (#2302820, Quantabio). The DNA pellet was
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resuspended in deoxyribonuclease-free water (Gibco) and stored
at —20°C.

BMALI ChIP for sequencing was performed using the ChIP-IT
high Sensitivity Kit (#53040, Active Motif) according to the manu-
facturer’s instructions using 2 ug of BMALI1 (#ab93806, Abcam).
Purified DNA was used for qRT-PCR analysis using QuantStudio 3
(Applied Biosystems) with PowerUp SYBR Green Master Mix (Ap-
plied Biosystems). Primer sequences are listed in table S2.

Next-generation sequencing sample preparation

and analysis

RNA sequencing

To generate libraries, total RNA was isolated from Ctr]l MEF, AHCY
KO MEF, DMSO, and 10 uM DZnep-treated MEF using TRIzol
(three biological replicates). Libraries were prepared from three bi-
ological replicates according to TruSeq RNA Library Prep Kit v2.

Libraries were assessed for quality and quantity using BioAnalyzer
(Agilent) and qPCR (Kapa Biosystems). The multiplexed libraries
were sequenced on eight lanes using single-end 100-cycle chemistry
for HiSeq 4000 [100 base pairs (bp), single-end reads]. The version of
HiSeq control software was HCS 3.3.76 with real-time analysis
software, RTA 2.7.6. Demultiplexed FASTQ files were aligned to the
reference genome assembly mm10 using TopHat-2.1.1 with default
parameters. Aligned reads were mapped to genomic features and
quantified using Cufflinks 2.2.1. Reads per kilobase of transcript per
million mapped reads (RPKM) were used to quantify the relative
abundance of each transcript in a sample and to perform gene ex-
pression analyses. Genes systematically observed with no expression
in all replicates were not considered in the study.

To generate libraries from SCN samples, RNA was extracted from
SCN punches using the RNeasy Micro Kit (QIAGEN) according to
the manufacturer’s instructions (four biological replicates for all CT
points with the exception of CT21 saline that has three biological
replicates). Libraries were prepared using SMARTer Stranded Total
RNA-Seq Kit v2, Pico Input Mammalian (Clontech) according to
the manufacturer’s instructions. Libraries were assessed for quality
and quantity using BioAnalyzer (Agilent) and qPCR (Kapa Biosystems).
The multiplexed libraries were sequenced on eight lanes using single-
end 100-cycle chemistry for HiSeq 4000 (100 bp, paired-end reads).
After trimming the first three nucleotides from the 5" end of the
paired end read, FASTQ files were aligned to the reference genome
assembly mm10 as described above. For time series datasets, rhythmic
transcripts were detected with the BIO_CYCLE algorithm (78) and
results were confirmed with JTK algorithm (79). Output measures
including amplitude and phase of rhythms were also determined.
Genes were considered rhythmic over the circadian cycle if their
permutation-based, adjusted P value was <0.01 for MEF samples and
<0.05 for SCN samples. Differential analysis of gene expression at
individual CTs was defined using Cyber-T, a differential analysis
program using a Bayesian-regularized t test (80). GO biological process
enrichment analysis was conducted using The Database for Anno-
tation, Visualization and Integrated Discovery (DAVID) version 6.8
(81). TFBS enrichment was performed using MotifMap (82), and
ChIP-seq experiments were obtained from ENCODE. RNA-seq data
are deposited in, and are available through, the CircadiOmics web
portal at http://circadiomics.igb.uci.edu/ (83).

ChlP sequencing
Samples were prepared as described above in the ChIP section. Library
construction was performed from two biological replicates using a

13of 16



SCIENCE ADVANCES | RESEARCH ARTICLE

PrepX Illumina Chip-seq kit and the PrepXComplete ILMN DNA
barcodes on the Apollo324 System. DNA quantity was measured by
Qubit DNA High Sensitivity, and the fragment size was measured
by Agilent Bioanalyzer 2100 High Sensitivity DNA chip assay. The
input amount of DNA was 4 ng for H3K4me3 and 0.5 ng for BMALLI.
The ends of the DNA were repaired and adenylated. The reaction
mixture was then cleaned up using AMPure XP magnetic beads, and
IMumina barcoded adapters were ligated onto the blunt-end/adenylated
product. The adapter ligated product was cleaned using AMPure XP
beads and then amplified for adapter ligated products using 15 cycles
of PCR. The resulting library was cleaned with AMPure XP beads
and quantified by qPCR with Kapa Sybr Fast universal for Illumina
Genome Analyzer kit. The library size was determined by analysis
using the Bioanalyzer 2100 DNA High Sensitivity Chip, and libraries
were sequenced on the HiSeq 4000 Sequencer (100 bp, single-end
reads). Sequencing was performed using single read flowcell chemistry
and 100 cycles with additional cycles for the index read. The HiSeq
real-time analysis software (RTA 2.7.7) converted the images into
intensities and base calls. Postprocessing of the run to generate the
FASTQ files was performed at the Institute for Genomics and Bio-
informatics (UCI IGB).

The raw reads were mapped to mouse reference genome NCBI
build 37 (mm9) by bowtie v1.1.0, allowing up to one mismatch. To
adjust the difference of library size, uniquely mapped reads of each
sample were down-sampled to the lowest read count among all
samples including input. Then, the ChIP-seq peaks were called by
MACS v1.4.2 (84) with a cutoff of P < 1 x 10~%, and clonal reads
were automatically removed by MACS. The peaks that overlapped
with any “negative peaks” (peaks are called by swapping the ChIP
and input) were discarded. As the ChIP-seq profile of two replicates
is highly correlated (H3K4me3 Pearson’s R > 0.96, BMALI Pearson’s
R >0.76), data from replicate 1 were applied in downstream analysis.
For peak overlap analysis, peaks from all four samples were merged
together as consensus regions. Then, peaks of each sample, which
have at least 500 bp or 50% overlap with the consensus regions, were
defined as overlapped peaks. To reduce false-positive calls, BMAL1
peaks with lower than twofold enrichment over input in all four
samples were also discarded. The ChIP-seq read density was deter-
mined by deepTools v2.3.4 (85), and then the average binding profile
was visualized using R v3.2.3. Gene promoter regions were defined
as 1 kb upstream to 1 kb downstream of gene TSS. H3K4me3 occu-
pancy at gene promoters was quantified as RPKM, which was nor-
malized by both promoter length and total read number in each
sample. The differential analysis of H3K4me3 occupancy was
conducted between DMSO and DZnep samples using two biologi-
cal replicates. The differential analysis was visualized by volcano
plots using R v3.6.0. The genes with at least twofold difference and
P < 0.05 were defined as significant differentially bound genes.

Statistical analysis

For each experiment, the number of biological replicates, statistical
test, significance threshold, and visual representation information
can be found in the figure legends or main text. Statistics were per-
formed with GraphPad Prism 6.0 software or R software.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/51/eabc5629/DC1

View/request a protocol for this paper from Bio-protocol.
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