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Abstract

Biological oscillations often cycle at different harmonics of the 24-h circadian rhythms, a phenomenon we coined “Musica
Universalis” in 2017. Like the circadian rhythm, the 12-h oscillation is also evolutionarily conserved, robust, and has recently
gained new traction in the field of chronobiology. Originally thought to be regulated by the circadian clock and/or envi-
ronmental cues, recent new evidences support the notion that the majority of 12-h rhythms are regulated by a distinct and
cell-autonomous pacemaker that includes the unfolded protein response (UPR) transcription factor spliced form of XBP1
(XBP1s). 12-h cycle of XBP1s level in turn transcriptionally generates robust 12-h rhythms of gene expression enriched in the
central dogma information flow (CEDIF) pathway. Given the regulatory and functional separation of the 12-h and circadian
clocks, in this review, we will focus our attention on the mammalian 12-h pacemaker, and discuss our current understand-
ing of its prevalence, evolutionary origin, regulation, and functional roles in both physiological and pathological processes.
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The history of the discovery of biological
12-h rhythms in mammals

Biological rhythms are a central and indispensable com-
ponent of life on earth and have provided evolutionary
advantages for almost all life forms ranging from the ear-
liest bacteria to the most complicated mammals including
humans [1, 2]. Rhythms and clocks of all types confer an
organismal advantage by allowing plants, animals, and uni-
cellular organisms to anticipate changes in their environment
and adapt accordingly. This advantage has led to the evolu-
tion of diverse oscillators regulating all aspects of biology,
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including the cell cycle oscillator controlling cell-division,
infradian (period longer than 24-h) hormone cycles regulat-
ing the timing of organismal development, and circadian
(period close to 24-h) and ultradian (period shorter than
24-h) clocks regulating cycles of organismal activity, physi-
ology, metabolism, and cellular activity [1].

Clocks regulating daily cycles include the well-known
circadian clock, in which the molecular transcriptional-
translational feedback loop (TTFL) present in most known
cell types regulates the 24-h rhythms of cellular gene expres-
sion, metabolic processes, and organismal behavior [1].
In addition to 24-h circadian rhythms, biological rhythms
have also been shown to have ‘harmonics’—rhythms
with frequencies that are positive integer multiplier of
1.15%10e—5 Hz (24 h period) [2]. Harmonics oscillation in
mammals were first comprehensively characterized in mouse
liver using high-resolution temporal microarray in 2009 by
Hughes and colleagues [3]. Analysis of these data with both
Fisher’s G and COSOPT methods yielded a few hundred
genes cycling with a 12-h period, and a smaller number of
genes cycling with an 8-h period [3]. Notably, one of the
12-h cycles, Hspalb, also showed 12-h rhythms with the
same phase of peak expression in tissues outside of the liver,
implying a wider prevalence of mammalian 12-h rhythms
[3]. This study further identified a few key features of 12-h
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harmonics that distinguish from the circadian rhythm, which
would be validated by later studies. These include the coin-
cidence of the majority of 12-h gene expression peaks with
the two ‘rush hours’: dawn and dusk; while 24-h cycling
genes have peak expression across more varied time points
[3]. Furthermore, it was noted that 12-h genes often have
differential peak heights at their first and second peaks [3].
While this served as a strong argument against the existence
of a separate 12-h pacemaker back then, as demonstrated
in details later, an alternative explanation is that this dif-
ferential height results from the superimposition of a 12-h
rhythm (with two equal peaks) with additional oscillations,
such as a circadian rhythm: the superimposition of the peak
of the circadian rhythm with one peak of the 12-h oscilla-
tion leads to the larger peak and the superimposition of the
nadir of the circadian rhythm with the other peak of the 12-h
oscillation results in a smaller peak [4]. Thus, by fine-tuning
the phases of the 12-h and circadian rhythms, it appears that
the cells can alter peak gene expressions at dawn and dusk
to accommodate differing needs in gene expression at these
two rush hours.

In the same study, the authors did not observe apparent
cell-autonomous 12-h or 8-h rhythms of gene expression
in human U20S cells synchronized with dexamethasone or
mouse NIH3T3 cells synchronized with forskolin using the
Fisher’s G or COSOPT methods [3] and therefore concluded
that extracellular cues, probably related to feeding, were nec-
essary to regulate these ultradian rhythms [3]. However, it
was later found that by using a more powerful analytical
method: the eigenvalue/pencil [4, 5], harmonic oscillations
at both gene expression and metabolites level cycling at both
12-h and 8-h periods were uncovered from mouse embryonic
fibroblasts (MEFs), U20S cells, and mouse liver cell line
MMH-D3 in response to serum shock and dexamethasone
[4, 6]. The eigenvalue/pencil method assumes that most
oscillations can be approximated by a linear combination of
exponentials (standard sine waves with a decay factor) plus
noise and therefore can be applied to any situations where
such assumptions are valid. As a result, the biggest differ-
ence between the eigenvalue/pencil method and other cycle-
identification methods (such as JTK_CYCLE [7], Fisher’s
G [3], COSOPT [3], ARSER [8] and RAIN [9]) lies in the
former’s ability to identify all superimposed oscillation in
an unbiased manner simultaneously, while the latter ones
require the users to define a narrow period range and thus
can only reveal one single dominant oscillation from any
given time series dataset [4, 10]. However, both theories
and real-life experiences taught us that pure oscillation with
a single frequency rarely exists in nature. Rather, physical
rhythms are often presented as superpositions of basic waves
such as the harmonic resonances found in music, light, and
planetary motions. In a sense, the eigenvalue/pencil analysis
thus enables the biologists to tackle time series data on a par
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with what physicists and engineers do: performing spectrum
analysis to deconvolute ‘noisy’ data and uncover multiple
hidden frequencies (for a more detailed understanding of the
strengths and limitations of the eigenvalue/pencil method, its
comparison with other cycle-identification methods, and its
wider applications, please refer to [5]). The implications of
such an analysis are multifaceted. Philosophically, it places
biology as part of “Musica Universalis” [2]; empirically,
it reveals that “non-sinusoidal” periodic waveforms actu-
ally reflect a confluence of multiple period inputs, and even
irregular waveforms might have biological significance in
their own right, a fact also highlighted by a recent study
examining ultradian rhythms in Neurospora crassa [11],
although the latter point warrants further experimental
validation.

Mammalian 12-h rhythms are widespread
in both central and peripheral tissues

Using the eigenvalue/pencil method, Zhu et al. re-analyzed
the high-resolution hepatic microarray data published by
Hughes et al. [3] and uncovered prevalent ultradian gene
expression oscillations cycling at the periods of 12-h, 8-h,
and even 4.8-h (5th harmonic) in mouse liver [4]. In particu-
lar, a total of 3,652 (~20% of total hepatic mRNA) hepatic
12-h mRNAs were identified, of which 760 are dominant
ones (whose 12-h amplitudes are the greatest among all
identified oscillations) [4]. This is a significant increase of
the repertoire of 12-h transcriptome compared to the origi-
nal study, as most of these genes are often superimposed
with other oscillations with larger amplitude and thus evaded
detection by the Fisher’s G and COSOPT methods [4]. The
wider prevalence of hepatic 12-h rhythms of gene expression
was further validated in a high resolution hepatic RNA-Seq
study [6]. In this paper, using both eigenvalue/pencil and
RAIN methods, Pan et al. uncovered ~ 3,650 high confidence
12-h hepatic mRNA (~27% of all hepatic transcriptome) in
mouse liver under constant darkness conditions [6]. While
the prevalence of hepatic 12-h transcriptome matches that of
hepatic circadian rhythm [12], their amplitudes, on average,
are smaller compared to that of the circadian rhythm, often
in the range of 1 to fourfold change [6]. Consistent with the
hepatic microarray study [3, 4], the acrophases (the time
period in a cycle during which the cycle crests or peaks) of
the hepatic 12-h rhythms identified by RNA-Seq are also
heavily biased toward CTO and CT12 [CT stands for circa-
dian time. By convention, the onset of activity of diurnal
organisms defines circadian time zero (CTO), while the onset
of activity of nocturnal organisms defines circadian time
twelve (CT12). Therefore, for a nocturnal animal such as
mice, they are active from CT12 to CT24], corresponding
to the dawn and dusk in a diurnal cycle [6].
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In a most recent perspective, Zhu applied the eigen-
value/pencil method to analyze a previously published
atlas of twelve mouse tissues profiled at 2 h resolution
over 48 h under constant darkness condition [13] and dis-
covered that brown and white adipose tissues, as well as
skeletal muscle, had the highest number of 12-h cyclers
[14]. By contrast, there were very few genes exhibiting
12-h rhythms of expression in the hypothalamus, brain-
stem, and cerebellum in this analysis [14]. The adrenal
gland, aorta, lung, liver, heart, and kidney had intermedi-
ate level of 12-h cyclers [14]. Three hundred and eighty
12-h-cycling genes were present in at least eight tissues,
with Zbtb16 being the top commonly shared gene found
in ten tissues [14]. Acrophases at~CTO0 and ~CT12 were
predominantly observed in all tissues, except for brown
adipose tissue and skeletal muscle, which had most peaks
observed at~CT6 and ~ CT18 instead [14]. It was hypoth-
esized that the reason for the shift of rush hour peaks in
brown adipose and skeletal muscle is the high level of fat
catabolism and mitochondrial activity in these tissues [14].
Importantly, using the harmonic regression method to
identify dominant oscillations, El-Athman and colleagues
reported similar findings in an independent study [15]. In a
separate study, prevalent 12-h rhythms of gene expression
were also uncovered in mouse cornea [16].

El-Athman et al. further analyzed diurnal primate tran-
scriptome data in 64 olive baboon tissues [17] using har-
monic regression and found prevalent 12-h transcriptome
in peripheral tissues including mesenteric white adipose tis-
sue, bone marrow, mesenteric lymph nodes, smooth mus-
cle, kidney, prostate, esophagus, skin, and pancreas [15].
More intriguingly, a few brain regions exhibit widespread
12-h rhythms of gene expression, with the hippocampus
and cerebellum topping the list [17]. By contrast, the supra-
chiasmatic nucleus (SCN), which harbors the central cir-
cadian clock pacemaker [18], is largely deprived of 12-h
transcriptome [15]. While the significance of these findings
remains unknown at this point, it is tempting to speculate
that 12-h rhythms of gene expression enriched in the primate
hippocampus may be functionally related to the two neural
activity peaks associated with daytime memory acquisition
and nighttime memory consolidation [19, 20].

Besides transcriptome, prevailing 12-h hepatic oscilla-
tions are also identified at the proteome and metabolome
level (occupying 20% ~30% of all hepatic proteome and
metabolome) [2]. Further, coordinated 12-h rhythms of tran-
scriptome, proteome, and metabolome are overrepresented
in several metabolic processes, including nucleotide, amino,
and nucleotide sugar, polyamine, glycerophospholipid,
and sphingolipid metabolism [2, 4, 10, 14]. Systemically,
12-h rhythm of respiratory exchange ratio (RER) was also
identified in mice fed ad libitum [4]. Taken together, the
highly coupled 12-h rhythms of hepatic gene expression and

metabolism ensure precisely timed orchestration of meta-
bolic flux [6].

The vehicle-cargo hypothesis
describes the distinct functions of 12-h
versus the circadian rhythms

Gene Ontology (GO) analysis of mouse hepatic 12-h tran-
scriptome revealed top-enriched genes involved in the
entire central dogma information flow (CEDIF) process,
ranging from transcription initiation (such as Tbp, Gtf2h3
and Cdk7), mRNA processing and export (such as Cstf1,
Sf3al and NxfI), ribosome biogenesis (such as Rpli3,
Rpll5 and Rps28), translation initiation (such as Eif2ak3,
Eif3a, and Eif3g) to protein folding, processing and sort-
ing in the endoplasmic reticulum (ER) and Golgi (such
as Xbpl, Sec23b, and Gosr2) and include both anabolic
and catabolic processes [6]. Intriguingly, detailed phase
analysis further unveiled an approximately 1 h acrophase
delay from genes involved in mRNA processing (peaking
at CT1 and CT13) to those participating in protein sort-
ing in the ER/Golgi (peaking at CT2 and CT14), consist-
ent with the one way traffic of genetic information flow
[6]. In addition, 12-h-cycling genes enriched in numer-
ous metabolic pathways were uncovered in mouse liver
[10], including purine and pyrimidine de novo synthesis,
hexosamine, and UDP-GIcNAc biosynthesis, glycerophos-
pholipids and sphingolipids synthesis. The 12-h metabolic
enzyme expression closely matches those of 12-h hepatic
metabolome [2, 4, 6] and couples with the 12-h rhythm
of the CEDIF process [2, 4]. For instance, 12-h rhythm of
purine and pyrimidine synthesis precedes 12-h rhythms
of transcription and mRNA processing [14]; 12-h rhythm
of nucleotide and amino sugar metabolism coincides with
12-h rhythm of protein N-linked glycosylation occurring
in the ER and Golgi [14]; 12-h rhythm of glycerophospho-
lipid and sphingolipid metabolism is further expected to
contribute to 12-h rhythm of ER/Golgi membrane homeo-
stasis (likely by regulating membrane lipid composition,
permeability, and fluidity), the integrity of which is central
to protein sorting and vesicle trafficking in the ER and
Golgi [21]. Last but not the least, the enriched CEDIF and
metabolic gene signatures are commonly found in the 12-h
transcriptomes of all tissues in mice [14].

In light of these findings, a vehicle-cargo hypothesis
was proposed by us to elucidate the distinct functions
of 12-h versus the circadian rhythms [6] (Fig. 1). It was
argued that the 12-h rhythm accommodates increased
demands for gene expression/processing at the two biolog-
ical ‘rush hours’ (dawn and dusk) by elevating the global
traffic capacity of the central dogma information flow. This
connects and tunes rates of mRNA and protein processing
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Dawn (ZT0) High XBP1s activity,
peaks of 12-hour rhythms of gene expression

Midnight (ZT18) Low XBP1s activity
Nadirs of 12-hour rhythms
of gene expression

Fig.1 The Vehicle Cargo Hypothesis. Likened to increasing traffic
at the two “rush” hours at each dawn and dusk on the highway, 12-h
rhythms of CEDIF gene expression peaking at dawn (ZT0) and dusk
(ZT12) imply the existence of a 12-h oscillation of the trafficking
capacity of the genetic information flow that also peaks at ZTO and
ZT12 in mammalian cells. The CEDIF encompasses the progressive
molecular processing steps from transcription initiation, mRNA pro-

to the 12-h cycle of metabolic stress (thus acting as the
vehicle). The circadian clock, on the other hand, dictates
the particular genes/gene products processed at each rush
hour (thus acting as the cargo). An everyday metaphor
would be the fluctuating daily traffic on the highway: the
12-h biological clock increases capacity at dawn and dusk
rush hours, just as the highway expand its capacity during
rush hours at times of peak traffic (also one in the morn-
ing and one in the evening) through opening HOV lanes;
whereas the circadian clock determines the specific genes
transcribed and translated at each rush hour, just as the
‘cargos’ traversing highways differ between morning and
evening.

Findings from two independent studies further sup-
ported the vehicle-cargo hypothesis [15, 22]. Genov et al.
characterized the genomic and proteomic features of the
clusters of genes oscillating with harmonics of circadian
periodicity in mouse liver and also noted that genes with
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cessing, ribosome biogenesis, translation, all the way to protein fold-
ing/processing/sorting in the ER and Golgi. At this point, it remains
to be determined whether it is the total number of molecules that
undergo processing or the metabolic rate of processing (or both) that
exhibits a 12-h oscillation. The 12-h rhythms of CEDIF gene expres-
sion is in turn transcriptionally regulated by the XBP1s expression/
activity, which also peaks at ZTO and ZT12

12-h oscillations were enriched for RNA splicing, protein
translation, and ER protein processing pathways [22]. A
second study by El-Athman et al. comprehensively profiled
rhythmic alternative splicing events in 12 mouse tissues
and 64 baboon tissues and identified wide-spread rhyth-
mic alternative spliced transcripts cycling at either 24-h or
12-h period [15]. Intriguingly, for 24-h alternative splicing
events in the baboon, pairs of differentially rhythmic splice
isoforms of the same gene often peaked at opposing times
of day (phase shift greater than 10 h) [15]. We reason that
these two peaks of splicing events are mediated by the
12-h rhythm of CEDIF (the vehicle), although the precise
splicing sites (the cargo) may differ at the two peaks.
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The existence of a cell-autonomous
mammalian 12-h pacemaker regulating 12-h
rhythms of gene expression, independent
from the circadian clock

Several theories have arisen over the past decade on the
possible molecular mechanisms governing 12-h rhythms
of gene expression. Early studies favor the hypothesis that
the mammalian 12-h rhythms are not cell-autonomous and
instead are established by the circadian clock and/or fast-
ing-feeding cues [3, 23, 24]. As mentioned in the first sec-
tion, due to the lack of detection of cell-autonomous 12-h
rhythms of gene expression, Hughes et al. [3] proposed
that feeding and/or other extracellular signals are respon-
sible for the generation of 12-h rhythms. This hypothesis
was partially supported by a 2010 study by Cretenet et al.
[24]. In this paper, the authors observed 12-h rhythms of
XBP1s expression as well as 12-h rhythms of IRE1a phos-
phorylation (IREla is an ER membrane-anchored endori-
bonuclease that when phosphorylated can alternatively
splice XbpI mRNA into XbpIs [25]) in mouse liver under
normal physiological conditions. However, perturbed
12-h rhythm of XBP1s and 12-h rhythms of output genes
observed in Cryl/Cry2 double knockout mice (CRY 1 and
CRY?2 are key proteins involved in the negative limb of
the circadian clock control [18]) as well as during altered
feeding regimen in wild-type mice led the authors to con-
clude that the hepatic 12-h rhythms are generated by the
combined effects of the circadian clock and fasting/feed-
ing cycles [24]. Nevertheless, as pointed out later, since
the 12-h rhythms are sensitive to the disruption of normal
metabolic homeostasis, it is highly likely that the observed
changes of 12-h rhythms in CryI/Cry2 knockout mice are
a consequence of the metabolic deficits observed in these
mice, rather than due to the absence of a functional cir-
cadian clock per se. A third study also by Hughes et al.
observed conversion of 12-h to an apparent 24-h hepatic
gene expression in a mouse model of brain-specific rescue
of Clock function [23] (CLOCK is a transcription factor
involved in the positive limb of the circadian clock control
[18]). While this observation did initially substantiate the
notion that the hepatic 12-h rhythms are likely regulated
by the central circadian clock in the SCN, in light of the
new findings supporting the existence of a dedicated 12-h
pacemaker (as seen below), we believe this phenomenon
can be accounted for by at least two alternative explana-
tions. First, the brain-specific recue of Clock may exert a
larger than normal circadian gene amplitude in the liver,
thus masking the original 12-h of gene expression. Sec-
ondly, if the neuroendocrine signaling coming from the
brain of the brain Clock rescue mice indeed can perturb the
cell-autonomous 12-h rhythm in the liver, then it suggests

the presence of cross-talk between the 24-h circadian and
12-h ultradian pacemakers mediated by humoral factors or
neural circuits in a non-cell autonomous manner.

In 2013, Westermark and Herzel raised an alternative
hypothesis. By performing mathematical modeling, they
reported that two circadian transcription activators or
repressors appearing in anti-phase are theoretically capa-
ble of establishing 12-h rhythms of gene expression in a
cell-autonomous manner [26], although no experimental
evidences were provided to corroborate their computational
predictions.

In sharp contrast to these earlier theories, our group pro-
posed the existence of a dedicated cell-autonomous 12-h
pacemaker that is responsible for the establishment and
maintenance of the mammalian 12-h rhythms, which is
independent of the 24-h circadian clock [2, 4, 6, 14]. The
initial clue came from the observed mathematical orthogo-
nality of different superimposed oscillations uncovered from
the same gene [4, 5]. Namely, forcing the eigenvalue/pencil
method to uncover additional oscillations of smaller period
has negligible effects on the amplitude/phase/period of the
oscillations of larger period that are previously uncovered [4,
5]. Subsequent post-hoc analysis of hepatic RNA-Seq data in
wild-type and whole-body BMALI knock-out mice (BMALI1
is absolutely essential for establishing mammalian circadian
rhythms, as BMALI knock-out mice showed a complete loss
of circadian rhythms in locomotive activity under constant
darkness condition [27]) fed ad libitum (both conventional
and adult BMALI deletion mice [28]) confirmed the inde-
pendence of 12-h rhythms of CEDIF and metabolism gene
expressions from the circadian clock [4]. Specifically, for
12-h genes lacking superimposed circadian rhythms (such
as Eif2ak3 and Gfptl), their 12-h rhythms of gene expression
are almost identical between wild-type and BMALI knock-
out mice under either a 12-h light/12-h dark schedule or a
constant darkness condition [4, 28]. For 12-h genes with
superimposed circadian rhythms (such as Gck), more per-
ceptible 12-h rhythms were observed in BMALI knock-out
mice [4, 28]. The independent relationship between 12-h and
24-h rhythms also was further verified in Clock*’® mutant
mice (which have a point mutation that causes a deficiency
in the 19th exon of the Clock gene) [4, 29], and bolstered by
a most recent high-resolution RNA-Seq data profiled from
ex vivo liver slices of BMALI knock-out mice [30]. While
the circadian clock gene expression is profoundly disrupted
in BMALI-null ex vivo tissue, as expected [30]; Xbpl 12-h
expression is unchanged, and 12-h rhythmicity is maintained
in the absence of BMALI in the vast majority of 12-h cycles
(although these rhythms seem to dampen out by two days
post synchronization) [30] (Figs. 2 and S1). Since the liver
slices are cultured and synchronized by dexamethasone
ex vivo, these data also indicate that 12-h rhythms of gene
expression are cell-autonomous.
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Fig.2 The XBPIls-dependent 12-h pacemaker is separate from the
BMAL1-dependent circadian clock in the mouse. Heatmap illustrat-
ing 12-h hepatic transcriptome (upper) and core circadian clock TFs
circadian expression (lower) in wild-type, XBP1 liver-specific knock-

In addition to ex vivo liver slices, cell-autonomous 12-h
rhythms of gene expression are also prevalently found in
murine hepatocyte MMH-D3 cells synchronized by serum
shock [6, 31]. More importantly, Eif2ak3 (a canonical 12-h
pacemaker output gene) promoter-driven-destabilized
green fluorescent protein (dAGFP) intensity revealed robust
12-h rhythmicity in unsynchronized single mouse embry-
onic fibroblasts (MEF) in a BMAL1-independent fashion
[4, 6]. Besides dexamethasone and serum shock, which
can also synchronize the circadian clock, 12-h rhythms can
be uniquely synchronized by ER stressors. A lower dose
of tunicamycin shock (25 ng/mL for 2 h) induces 12-h
oscillations of key UPR and metabolic gene expression in
MEFs [4, 6]. Metabolic stressors, specifically the excess
or deprivation of glucose, also synchronizes 12-h rhythms
in vitro [4]. Notably, 12-h rhythms of gene expression
(including Xbps itself) induced by tunicamycin or glu-
cose deprivation are not impaired by Bmall knockdown
conditions [4, 6]. These evidences collectively support the
existence of a circadian clock-independent, cell-autono-
mous mammalian 12-h pacemaker regulating the majority
of 12-h rhythms of gene expression, although the other
two hypotheses cannot be ruled out for certain 12-h genes.
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out [6], and BMALI1-knockout ex vivo liver slices [30]. Chromatin
binding of XBPls [6] and BMALI1 [12] on the proximal promoter
regions of these genes are shown on the right

XBP1s is a major transcriptional regulator
of the mammalian 12-h pacemaker

Emerging data indicate that mammalian 12-h cycles are
regulated by XBP1s. XBP1s is particularly intriguing, as
it represents a molecular link between ER stress sensed
in the ER and the transcriptional UPR response occur-
ring in the nucleus [32, 33]. During ER stress, IREla oli-
gomerizes in the ER membrane, activates its ribonuclease
domain through auto (self) phosphorylation, and cleaves
a 26 bp unconventional intron from the unspliced form of
Xbpl (Xbplus) mRNA, leading to a frameshift in Xbp1
coding sequence and the translation of XBP1s in the cyto-
sol [34, 35]. XBP1s then translocate into the nucleus and
activates the transcription of UPR genes, including many
that were found to have 12-h rhythms [6, 14]. XBP1s also
transcriptionally regulates its own expression (Xbplus),
therefore creates a self-generating and self-regulating gene
activation feedback loop [4, 6, 14, 36, 37].

Rigorous investigation of Xbpl function revealed a
central role in orchestrating the 12-h pacemaker. Liver-
specific deletion of XBP1 in mice drastically impaired
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12-h rhythms of gene expression (abolished 54.5%, and
dampened the amplitude of another 31.6% of 12-h tran-
scriptome) compared to control mice, while the core
transcriptional-translational feedback loop of the circa-
dian clock and the vast majority of circadian clock-con-
trolled output genes remained intact (Figs. 2 and S1) [6].
Chromatin immunoprecipitation sequencing (ChIP-Seq)
revealed a robust 12-h rhythm of hepatic XBP1s recruit-
ment (peaking at CTO and CT12) to the proximal pro-
moter regions of 12-h genes that harbor consensus XBP1s
binding sites CCACGTCA [6] (Figs. 2 and S1). Overall, a
positive correlation among the amplitude of 12-h mRNA
oscillation and the XBP1s binding motif stringency score
was observed [6]. On the other hand, core circadian clock
transcription factors (TF) bindings are largely absent from
the promoters of dominant 12-h genes [6] (Figs. 2 and S1).
For dual 12-h-clock and circadian clock-regulated genes
(such as Spcs2 and Txndc5), XBP1s and core circadian
clock TFs chromatin binding sites are usually spatially
separated [6] (Fig. S1). In the case of Spcs2, XBP1s bind-
ing localizes at the promoter, while core circadian TFs
bind at the transcription termination sites. As a result, the
loss of XBP1s abolishes the superimposed 12-h rthythm of
Spcs2, with the remaining 24-h rhythm still present. Simi-
larly, loss of BMALI abolishes the superimposed 24-h
rhythm, but the 12-h rhythm remains [6, 12, 30] (Figure
S1). A similar scenario is found for Txndc5 gene, although
in this case, both XBP1s and core circadian clock TFs
bind at the proximal promoter region with their respective
binding sites spatially separate [6, 12, 30] (Figure S1).
XBP1s further transcriptionally regulates the 12-h rhythms
of gene expression in a cell-autonomous manner. Knock-
ing down Xbpl in MEFs impaired the cell-autonomous
12-h rhythms of gene expression synchronized by serum
shock or tunicamycin, without affecting the circadian gene
expression of core circadian clock TFs [4, 6].

It is worth noting that of those over 3,000 hepatic 12-h
transcriptomes, direct targeting of XBP1s to promoters was
only observed for 550 genes [6], which are significantly
enriched in protein homeostasis/ER stress pathways, and
to a lesser extent, mRNA metabolism [6]. This result was
largely consistent with previously published XBP1s ChIP-
Seq in other tissues [38, 39]. XBP1s-dependent 12-h tran-
scriptome lacking XBP1s proximal promoter binding, on
the other hand, is strongly enriched in mRNA metabolism,
and motif analysis of the promoter regions of these genes
revealed novel binding motifs including E26 transformation-
specific (ETS) transcription factors (which will be discussed
in detail later). These data, thus, imply the presence of a
hierarchy of 12-h pacemaker transcriptional control: while
XBP1s can directly transcriptionally regulate the 12-h oscil-
lation of many protein homeostasis genes, it also controls
the 12-h rhythmic gene expression of several transcriptional

factors (like GABPA), which can, in turn, modulate a much
larger repertoire of 12-h transcriptome with more diverse
functions [6].

One question that remains elusive, nonetheless, is the
identification of TFs mediating the negative feedback loop
that is required for sustaining XBP1s-mediated cell-auton-
omous oscillations of the 12-h pacemaker. The top candi-
date is an unspliced form of XBP1 (XBP1lus), which has
been shown previously to antagonize XBP1s-mediated UPR
[40]. Providing support for this hypothesis is the observed
anti-phase relation of their 12-h mRNA expression: hepatic
Xbplus mRNA peak at CT4 (and CT16), compared to the
CTO (and CT12) peaking of Xbpls [14], although future
studies are needed to conclusively demonstrate the poten-
tial implication of Xbplus in the negative limb of 12-h
pacemaker.

ETS and NFY transcription factor family
members are putative novel regulators
of 12-h rhythm

To search for potential novel transcriptional regulators of
mammalian 12-h rhythms, several studies have resorted
to computational/bioinformatic approaches. Specifically,
transcription factors with 12-h rhythms of gene expression
observed in multiple tissues as well as their DNA binding
motifs enriched at the gene regulatory regions of 12-h tran-
scriptome are likely candidates. Using this approach, several
TFs belonging to E26 transformation-specific (ETS) [6, 14,
26, 41] and Nuclear transcription factor Y (NFY) [14] fam-
ily members were identified, in addition to the Basic Leu-
cine Zipper Domain (bZIP) family of TFs to which XBP1s
belongs [14]. For the bZIP family, in addition to XBP1s,
ATF6 (both a and f isoforms), CREB3, and CREB3L2 bind
to similar DNA motifs, and their expression also exhibit
12-h rhythms of gene expression in multiple mouse tis-
sues [6, 14]. As a side note, being one of three branches
of canonical UPR, although ATF4 protein expression also
exhibits a 12-h rhythm in mouse liver [4], its DNA bind-
ing motif is not as strongly enriched at gene promoters of
12-h transcriptome as other bZIP (including ATF6, XBP1s,
CREB3), ETS and NFY TFs [6]. ETS is a large family of
TFs that bind to consensus sequence CCGGAAG, known
as ETS-binding site (EBS) [42], which also often occur in
cis in the proximity of XBP1s cistrome in mouse liver [6].
Its family member Gabpa, Elfl, Erg, Etvl, Etv5, and Ets2
all exhibit dominant 12-h rhythms of mRNA expression in
mouse liver (although other members like Elf2, Erf, and
Spib have both superimposed circadian rhythm and 12-h
rhythms of gene expression, with circadian rhythms being
the dominant ones) (Table S1), with Gabpa and EIf1 further
being direct target genes of XBP1s (which are defined as
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12-h cycling genes with 12-h XBP1s chromatin recruitment
to promoters and impaired 12-h oscillation in the absence
of XBP1) [14]. 12-h rhythms of hepatic GABPA expres-
sion was further confirmed at the nuclear protein level as
well as in an in vitro assay where hepatic nuclear GABPA/
GABPB2 binding to an artificial DNA fragment harboring
GABP consensus sequence also follows a 12-h rhythm [6,
43]. NFY family includes three members: NFYA, NFYB,
and NFYC and binds with high affinity to CCAAT motif in
the promoter region of target genes, which are also found to
be highly enriched at XBP1s binding sites [14, 39]. In mouse
liver, Nfyb is also a direct target gene of XBP1s and exhibit
a 12-h rhythm of expression [14]. Nyfb further exhibits 12-h
rhythms of gene expression in additional tissues in mice,
including skeletal muscle, brown adipose tissue, and adrenal
gland [14].

The putative implication of Gabpa in the regulation of
mammalian 12-h pacemaker was further tested using Manf
(a 12-h output gene) promoter-driven luciferase-expressing
MEFs. Real-time luminescence measurement identified a
lengthened period to 14 h in Gabpa knocking down cells,
although the amplitude remains similar [6]. While this is
the first study to investigate the potential role of ETS TF in
the regulation of 12-h rhythm, whether its role in regulating
the ultradian period can be generalized remains to be seen.

Despite the lack of concrete experimental evidence sup-
porting additional bZIP TFs like ATF6, CREB3, CREB3L2
and NFY family in the regulation of 12-h ultradian rhythms,
a theoretical tripartite regulatory network comprising of
ETS, bZIP and NFY family of TFs with intricate intercon-
nected positive feedforward and negative feedback loops was
recently proposed to be the foundation of the mammalian
12-h pacemaker [14], although the detailed molecular cir-
cuits have yet to be elucidated.

The mammalian 12-h pacemaker
is evolutionarily conserved and may be
circatidal in origin

The prevalent mammalian 12 h rhythm of gene expres-
sion and metabolism is reminiscent of the ~ 12-h circatidal
rhythms of coastal and estuarine animals that modulate their
behavior in tune to the ~12.4 h ebb and flow of the tides,
which is in turn orchestrated by the gravitational pull of the
moon [44, 45]. The circatidal clock, therefore, has a separate
genesis from the circadian clock, which is adapted to the
24-h cycles of light and darkness produced by the earth’s
rotation on its axis [2]. Given that life first evolved in the
ocean, it follows that the tides influence the timing of the
behavior, metabolism, and gene expression of simple organ-
isms [45].

@ Springer

Small, evolutionarily ancient, ocean-dwelling creatures
have dominant 12-h rhythms of activity and gene expression
[45]. For example, peak locomotor activity in crustaceans
including C. maenas and E. pulchra coincides with high tide,
and their 12-h rhythmicity in behaviors can be maintained in
the lab under constant conditions [44, 46—49]. In addition,
the 12-h behavior rhythms of these circatidal marine animals
can also be entrained by individual components related to
tides, such as salt concentration, osmolarity, and hydrostatic
pressure [44, 50]. Intriguingly, it has been shown that in E.
pulchra, the 12-h circatidal clock is dissociated from the
circadian timekeeping system [48]. Sea creatures eventu-
ally evolved to survive on land, and organisms that live at
the juncture of sea and land in tidal zones also have strong
12-h pacemakers [44, 51-53]. The mangrove cricket is an
exemplar of these. Mangrove crickets have 12-h rhythms
that persist in constant darkness, and are maintained even
following removal of the optic lobe. Furthermore, these 12-h
rhythms survive even when the expression of components of
the circadian TTFL such as Clock or per are lowered through
gene knock-down [51-53].

Comparing 12-h gene signature of circatidal animals and
mice revealed stunning similarities. In E. pulchra, robust
12 h circatidal mRNA rhythms for 10 mitochondrial DNA
(mtDNA)-encoded protein-coding genes (Mt-Nd1 ~ 6, Mt-
Cox1~3 and Cytb) that encode mitochondrial components
of complexes I (NADH dehydrogenase) and IV (cytochrome
c oxidase) were previously described [49]. Intriguingly, in
mouse liver, post hoc analysis of two Gro-Seq [54] and
Nascent-Seq [55] datasets that measure nascent RNA tran-
scription rate revealed conserved 12-h rhythms of global
mtDNA-encoded gene transcription [4]. These 12-h rhythms
of mtDNA-encoded gene expression were further confirmed
at mature mRNA and protein levels in mouse liver [4, 56,
57]. While BMALLI is dispensable for establishing 12-h
rhythms of these genes [4], their relationship with XBP1s-
mediated CEDIF is unclear at this moment. In another recent
endeavor, Pan et al. compared the 12-h transcriptome of the
mouse with those of two marine animals with circatidal
clock: aposymbiotic sea anemone Aiptasia diaphaha [58]
and one limpet Cellana rota [59], and found strong overlap
among their 12-h transcriptomes that are enriched in CEDIF
pathways [6]. Intriguingly, 12-h rhythms of XbpI, Gabpa
and Gabpb?2 expression were also identified in these two
marine species [2, 6]. Further, 12-h rhythms of gene expres-
sion involved in ER stress and protein homeostasis was
recently identified in the circatidal mangrove cricket Apter-
onemobius asahinai [60]. Collectively, these data strongly
suggest that the mammalian 12-h pacemaker evolved from
the circatidal clock of coastal and estuarine animals [2, 4,
6]. This hypothesis is further supported by recent reports of
an earlier evolutionary origin for genes cycling with a 12-h
period than circadian genes [41], and higher conservation of
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chromosomal location of 12-h genes compared to circadian
genes [22].

Beyond the prevalence of behavioral and physiological
12-h rhythms beginning with sea creatures and extending to
mice, there are 12-h rhythms of gene expression conserved
in many other organisms. Indeed, 12-h rhythms of gene
expression involved in nuclear DNA-encoded CEDIF and
mtDNA-encoded mitochondria metabolism were identified
in temperature (but not light)-entrained as well as free-run-
ning C. elegans [4, 61]. Transcription factor XbpI, Gabpa,
and Nyfb orthologs in C. elegans also exhibited robust 12-h
rhythms [4, 61]. In addition to the nematode, 12 h oscilla-
tions of ER homeostasis and metabolism gene expression
also were found in light-entrained and free-running zebrafish
[2, 62] as well as in different tissues of light-entrained olive
baboons, as previously mentioned [15, 63]. Lending further
evidence to the tidal origin of mammalian 12-h pacemaker
is the recent discovery that XBP1 activity can respond to
hyperosmolarity in mammals [64].

Maybe the most important question is whether a 12-h
pacemaker exists in humans. Due to the technical difficulty
and ethical constraint of obtaining time series tissue samples
from humans, to the best of our knowledge, 12-h rhythms
of high throughput “omics” data have not been reported in
humans so far. Nonetheless, using Fourier transform and/
or wavelet analysis, superimposed 12-h rhythms of human
body temperature [65—70], heart rate variability and blood
pressure [71-76], cognitive performance [70, 77-83], cer-
ebrospinal fluid sodium level [84], circulating serum, urine

Fig.3 A diagram summarizing
the origin, regulation, function,
and evolutionary conservation
of mammalian 12-h. Please
see the main text for a detailed
description of each section
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metal and hormones levels [85-87] and sleep patterns [79,
80, 88-95] were all reported, therefore implying the very
likely existence of a similar 12-h pacemaker in us too.

The conservation of XBP1s-dependent 12-h pacemaker
in mammals shows that mammals retained their 12-h pace-
maker after evolving to live on land. How the 12-h pace-
maker provides an evolutionary advantage for mammals that
no longer respond to tidal cues is an important question.
We reason that the mammalian 12-h pacemaker is coopted
to adapt to the 12-h cycle of metabolic stress that peak at
transition periods: from sleep/fast to activity/feeding in the
subjective dawn and the opposite in the subjective dusk. At
the subjective dawn, the prolonged absence of energy intake
combined with still significant energy expenditure from the
subjective night leads to a peak of energy ‘shortage’, while
at the subjective dusk, sufficient energy intake during the
subjective day combined with gradually decreasing energy
expenditure gives rise to a peak of energy ‘excess’. Both
energy ‘shortage’ and energy ‘excess’ can impose metabolic
stress and activate XBP1s to elicit UPR [14, 96, 97] (Fig. 3).
12-h pacemaker-mediated 12-h rhythms of CEDIF and
related metabolic process, therefore, may provide increased
metabolic capacity at a 12-h interval in mammals to antici-
pate and respond to the two transitions between rest and
activity states under physiological conditions. It is further
reasonable to deduce that multiple pathological conditions
can deviate this system from its normal 12-h cycle, and if
uncorrected, will contribute to increased disease susceptibil-
ity [98], which we will briefly discuss next.
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12-h pacemaker and the canonical ER stress/
UPR

Although XBP1s is the major transcriptional regulator for
both the mammalian 12-h pacemaker and the canonical
ER stress/UPR, at least two features distinguish between
these two processes. First, while XBP1s-dependent 12-h
oscillating genes include most of the canonical genes reg-
ulated in response to ER stress, the repertoire of genes
controlled by the former is much larger and more diverse,
including those involved in mRNA metabolism, immune
response, and numerous metabolic pathways that were not
commonly associated with the canonical UPR [6]. As pre-
viously mentioned, these non-UPR-related pathways are
very likely indirectly regulated by XBP1s via additional
TFs. Secondly, even for genes commonly regulated by
the two processes, the amplitude of gene expression in a
12-h cycle is much smaller than what was observed during
canonical ER stress. For example, while the pathological
level of ER stress can induce near-complete Xbp1 splicing
[99], in mouse liver, the percentage of XbpI spliced (the
ratio of Xbp1s to total XbplI) oscillates between 3 to 12%
in a given diurnal cycle [6]. Consequently, the amplitude
of most 12-h transcriptome falls below fourfold change
[6]. As a matter of fact, the pathological level of both
acute and chronic ER stress has deleterious effects on the
12-h pacemaker in mouse. Acute induction of severe ER
stress by tunicamycin injection alters the 12-h rhythmic
gene expression in the mouse liver [24]. Chronic ER stress
induced by nutritional challenges with a high fat diet also
significantly disrupts the 12-h oscillation of hepatic tran-
scriptome [2, 56]. Similarly, only low dose of tunicamycin
treatment (25 ng/ml) can synchronize the 12-h rhythms
of gene expression in vitro, while a higher dose severely
impairs the oscillation [4]. In sum, whereas one of the
functions of the 12-h pacemaker may be considered as
regulating the previously proposed “endogenous ER stress/
UPR cycle” [98], the full spectrum of its functions are
expected to extend beyond the simple regulation of ER
stress-related biological pathways.

12-h pacemaker and nonalcoholic fatty liver
diseases (NAFLD)

IRE1a/XBP1s signaling cascade is critical for metabolic
health on both the cellular and organismal levels. Particu-
larly, numerous studies have shown that activating ER
stress-sensing or ER quality control pathways, including
Xbpls and IRE1a, are protective against hepatic steato-
sis [25, 100-102]. One of such mechanisms is through
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regulating the membrane fluidity by controlling lipid com-
position. For example, Lysophosphatidylcholine Acyltrans-
ferase 3 (Lpcat3) gene expression, which promotes the
incorporation of polyunsaturated fatty acid into phosphati-
dylcholines (PC) in the ER membrane, is induced during
high-fat diet-mediated ER stress [4, 103]. The elevated
level of polyunsaturated PC in turn increases the ER mem-
brane fluidity and ameliorates the original ER stress [103].
Interestingly, robust 12-h rhythms of Lpcat3 gene expres-
sion and levels of various 2-Lyso-PC species (LPCAT3
conjugates 2-Lyso-PC and unsaturated Acyl-CoA to form
PC) was found in mouse liver [2, 4]. More importantly,
liver-specific ablation of XBP1 dampened the hepatic 12-h
oscillation of Lpcat3 gene expression, reduced the hepatic
polyunsaturated PC level, leading to a drastic reduction
of membrane fluidity and impaired lipid metabolism, and
subsequently accelerated NAFLD development, mani-
fested further with impaired glucose tolerance and hyper-
insulinemia in mice [104].

Interestingly, downregulation of the average expression
of 12-h genes is also associated strongly with progression to
hepatic steatosis and nonalcoholic steatohepatitis (NASH) in
humans, although whether the 12-h rhythms were also dis-
rupted in human NAFLD subjects remains to be determined
[4, 105]. Albeit still in the early stage of research, these data
have already started to reveal a potential causal role of the
mammalian 12-h pacemaker in maintaining metabolic homeo-
stasis and protecting against metabolic syndromes.

12-h pacemaker and immune regulation

In addition to genes involved in CEDIF and metabolism, genes
implicated in immune regulation were also shown to exhibit
12-h rhythms of gene expression both in mouse liver in vivo
and in MMH-D3 cells in vitro [6]. 12-h genes such as Rela,
Nfkbl, and Tnfaip3 are involved in NFxb and tumor necrosis
factor (TNF) signaling [6]. While surprising at first glance,
these findings are in fact in line with a recently published study
reporting two daily peaks of bone marrow TNF level in mice
peaking at the morning (CTO) and evening (CT12) [106].
Interestingly, the two peaks of TNF regulate distinct biological
processes. TNF morning peak augments hematopoietic stem
and progenitor cell differentiation and increases vascular per-
meability to replenish the blood, while the evening peak exerts
opposite effects by driving the renewal of hematopoietic stem
cells and diminishing the vascular permeability [106].

Summary and future directions

12-h rhythms have existed for eons but have only recently
been discovered by bold scientific efforts. Circatidal rhyth-
mic activity of simple sea creatures such as C. rota and other
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crustaceans have long been known. However, 12-h rhythms
in mammals, particularly regarding their regulation and
function, are a relatively recent discovery.

Emerging studies of the 12-h pacemaker highlight its
ancient origins as adaptations to the tides. 12-h rthythms of
genes involved in ER stress, UPR, and mitochondrial genes
show conservation in species as divergent as crustaceans,
mollusk, nematode, and mammals. The purpose of these
rhythms was found to be regulating the capacity of CEDIF:
the orchestration of increased capacity for RNA and protein
production and processing at the rush hours of dawn and
dusk. These rush hours allow for increased gene expression
at transitions between rest and activity. A newly proposed
vehicle-cargo hypothesis offers an explanation for how the
12-h pacemaker and the circadian clock complement each
other: the 12-h pacemaker increases overall gene expression
capacity at dawn and dusk, with the circadian clock deter-
mining which genes are expressed at each rush hour (Fig. 3).

Since the original discovery of 12-h rhythms of gene
expression in mouse liver, many more 12-h rhythmic genes
have been found in several regions of the brain and in many
peripheral tissues. Furthermore, analysis of the regulatory
regions of these genes has provided novel candidates for a
molecular clockwork interlocking with XBP1s, which opens
new avenues for further study (Fig. 3). The complete molec-
ular underpinnings of the 12-h clock, as well as the roles of
XBP1s outside the liver, also long for future investigations.

It is our sincere hope that this review will attract more
scientists into the nascent field of mammalian 12-h rhythms,
as many more outstanding questions remain to be answered.
For instance, it remains undetermined whether there is a
central 12-h pacemaker in the brain that serves as the SCN
equivalent for the circadian clock (hippocampus is one can-
didate). Future directions further include the identification
of mRNA and protein substrates subject to 12-h CEDIF
regulation, potential endocrine/paracrine factors capable
of synchronizing the 12-h rhythms in different organs/cells,
the characterization of the functions of the mammalian 12-h
pacemakers in different diseases, and the discovery of the
modes of crosstalk among the 12-h rhythm, other ultradian
rhythms, and the circadian rhythms, just to name a few.
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