OUTLOOK

Help trom my triends—cooperation
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transcription factors
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The circadian clock in the suprachiasmatic nucleus (SCN)
of mammals drives 24-h rhythms of sleep/wake cycles.
Peripheral clocks present in other organs coordinate local
and global physiology according to rhythmic signals from
the SCN and via metabolic cues. The core circadian clock-
work is identical in all cells. However, there is only a
small amount of overlap of the circadian transcriptomes
in different organs and tissues. A novel study by Beyte-
biere and colleagues (pp. 294-309) indicates that the regu-
lation of tissue-specific rhythmic gene expression
involves the cooperation of the circadian transcription
factor (TF) BMAL1:CLOCK with tissue-specific TFs (ts-
TFs) and correlates with the potential of BMAL1:CLOCK
to facilitate rhythmic enhancer-enhancer interactions.

The core circadian oscillator consists of a handful of tran-
scription factors (TFs) interlocked in autoregulatory feed-
back loops. In mammals, the core clock components
BMALI and CLOCK form heterodimers with the poten-
tial to activate thousands of genes, including those of
the negative regulators Period (Per) and Cryptochrome
(Cry) and the transcription repressors Rev-Erba and Rev-
Erbp (Partch et al. 2014). Progressive accumulation and
nuclear import of PERs and CRYs results in delayed re-
pression and subsequent removal of BMAL1:CLOCK
from DNA. REV-ERBa and REV-ERB@ repress Bmall tran-
scription and establish an interconnected negative feed-
back loop.

Rhythmic transcription of genes controlled by
BMALI:CLOCK constitutes the primary output of the
core circadian oscillator. Subsequent transcriptional
and posttranscriptional processes orchestrate complex
rhythms in mRNA and protein abundance. While the cir-
cadian clock has the potential to regulate ~80% of the pro-
tein-coding transcripts, only a subset of genes (~10%)] is
rhythmically expressed in any particular tissue, and there
is surprisingly modest overlap between the circadian tran-
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scriptomes of different organs (Mure et al. 2018). How the
same molecular oscillator controls distinct sets of rhyth-
mically expressed genes in different organs remains
enigmatic.

In this issue of Genes & Development, Beytebiere et al.
(2019) analyzed the primary transcriptional output of the
core circadian oscillator in different organs. To assess
mechanisms responsible for tissue-specific circadian tran-
scription controlled by BMALI1, they combined systematic
analysis of novel and available genomic data. Using ChIP-
seq (chromatin immunoprecipitation [ChIP] combined
with high-throughput sequencing) analysis in the mouse
liver, heart, and kidney, Beytebiere et al. (2019) demon-
strate that BMALI binding is tissue-specific and exhibits
only minor overlaps between different organs. The overlap
includes mostly genes involved in circadian rhythms and
housekeeping processes. Similar observations were report-
ed previously for CYC:CLK, the core transcription factor
of the Drosophila clock (Meireles-Filho et al. 2014).

These findings raise questions concerning the mecha-
nisms underlying tissue specificity of DNA binding.
Beytebiere et al. (2019) show that DNA recruitment
of BMALI1 in the liver coincides almost entirely with
DNase-hypersensitive sites (DHSs). However, liver-specif-
ic open chromatin regions (DHSs) account for only a small
fraction of the liver-specific BMALI-binding sites, where-
as the chromatin around the majority of liver-specific
BMALI-binding sites remains DNase-hypersensitive in
other tissues where the sites are not bound by BMALI.
Analysis of MNase-seq (micrococcal nuclease [MNase] se-
quencing) data revealed that hepatic BMAL1-binding sites
are in fact nucleosome-depleted in the liver but display
rather high nucleosome occupancy in the kidney and heart
(despite DNase sensitivity), suggesting that tissue-specific
TFs (ts-TFs) may somehow facilitate nucleosome deple-
tion and BMALI recruitment. In agreement, Beytebiere
et al. (2019) show that hepatic BMALI1 peaks overlap
with footprints and binding motifs of liver-specific TFs,
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such as HNF6 or CEBPA, whereas BMALI peaks common
in all three tissues were cobound by ubiquitously ex-
pressed TFs (u-TF). Hence, binding of ts-TFs or u-TFs to
their cognate sites may open and remodel the chromatin
and thereby expose E-boxes that are otherwise covered
by nucleosomes. This process seems to be mutual, since
binding sites of hepatic TFs (HNF6 and CEBPA) showed
significantly reduced DNase accessibility and TF-specific
footprints in Bmall knockout mice.

It therefore seems conceivable that BMALI and other
TFs may mutually facilitate their recruitment by deple-
tion of nucleosomes from their binding sites. A similar
mechanism was described recently for the glucocorticoid
receptor and CEBP (Grentved et al. 2013). Synergism of TF
recruitment has been previously proposed and modeled,
and the mechanism was termed nucleosome-mediated
cooperativity (Mirny 2010).

Earlier data from the Menet laboratory (Trott and
Menet 2018) had suggested that BMALI may facilitate os-
cillations in the permissive state of the chromatin, there-
by allowing rhythmic access and transcription activation
by other, noncircadian TFs. RNA polymerase II (Pol II)
ChIA-PET (chromatin interaction analysis by paired-end
tag) analysis by Beytebiere et al. (2019) revealed that
both high expression levels and high-amplitude circadian
rhythms correlated with rhythmic interaction of BMALI-
specific DHSs with other enhancer sites (DHSs) that were
not directly targeted by BMALL.

How can these observations be integrated into a work-
ing model? TFs support multiple functions (Spitz and Fur-
long 2012), including recruitment of chromatin modifiers
and remodelers to generate nucleosome-depleted regions
(NDRs) at gene promoters and enhancers, recruitment of
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Mediator to promote assembly of preinitiation complexes
(PICs) at the NDRs, and recruitment of machinery facili-
tating the transition of promotor-proximally paused Pol
I into a productive elongation complex. A single TF is
generally not sufficient to support all of these functions
in an efficient manner. Hence, multiple TFs recruited
via the same or different enhancers often cooperate to ac-
tivate transcription. It is therefore not surprising that effi-
cient transcription of many BMALI target genes is also
associated with the physical interaction of multiple
DHSs and seems to depend on the activity of multiple
TFs. Nucleosome-mediated cooperativity (Mirny 2010)
of BMAL1:CLOCK with noncircadian TFs could account
for the synergistic activity that is required to support
high-amplitude expression levels and rhythms. The rela-
tive contribution of BMALI versus other TFs to generate
NDRs (at promoters and enhancers) may determine
whether a gene is rhythmically transcribed (Fig. 1). If
BMALI is limiting to shift the nucleosome-TF competi-
tion toward nucleosome depletion, its contribution is syn-
ergistic and transcription will be rhythmic (Fig. 1B, left
panel). On the other hand, if the noncircadian TFs are suf-
ficient to remodel the chromatin and expose enough
TF-binding sites, additional clock-dependent binding of
BMALI1 will contribute in an additive manner and the
transcription rhythms (peak:trough ratio) might be se-
verely blunted (Fig. 1B, right panel). In fact, the Menet
group (Beytebiere et al. 2019) found many genes with sim-
ilar BMALI1-binding signals in different tissues that were
rhythmically expressed in only one tissue, suggesting
that factors in addition to BMALI determine expression
levels and rhythms. Furthermore, recent studies by the
Naef and Lazar laboratories (Kim et al. 2018; Mermet
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Model of interaction of BMAL1:CLOCK with noncircadian transcription factors. (A) Schematic of Pol I ChIA-PET. A DHS with

binding sites for BMAL1:CLOCK (blue box) and the hypothetical noncircadian transcription factor X (red box) interacts with the transcrip-
tion start site (TSS) of the gene, and both interact in addition with a gene-specific DHS with a binding site for the noncircadian transcrip-
tion factor Y (green box). (B) Nucleosome-mediated cooperativity of BMAL1/CLOCK (BMALI1) with X and Y. BMALI, X, and Y are
required to mutually facilitate their recruitment by depleting nucleosomes (gray octamers) from their binding sites. Rhythmic binding
of BMALI synergistically supports rhythmic recruitment of the noncircadian TFs X and Y and thereby supports high expression levels
and high-amplitude rhythms. (C) X and Y bind independently of BMALI. The rhythmic contribution of BMALI is blunted in presence

of Xand Y.
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et al. 2018; Yeung et al. 2018) demonstrated the impor-
tance of rhythmic chromatin interactions.

In summary, the data by Beytebiere et al. (2019) suggest
that tissue-specific versus ubiquitous transcription levels
and rhythms may depend on nucleosome-mediated coop-
erativity of BMAL1:CLOCK with ts-TFs or u-TFs via en-
hancer-enhancer interactions.
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