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Abstract

Circadian rhythms are biological oscillations of physical, mental, and behavioral
activities with a period of approximately 24 hours driven by an endogenous cell-autonomous
timing system called the circadian clock. The current molecular models of the mammalian
circadian clocks are based on a molecular mechanism regulated by a transcriptional-
translational negative feedback loop (TTFL) in which the translational products of clock genes
repress transcription of their own mRNA. Consistent with this model, transcriptional and
translational products of Period, Cryptochrome, and Bmall show circadian rhythm in their
accumulation. However, several studies have revealed that constitutively expressed clock
genes effectively restore circadian oscillations. To understand this point more quantitatively, I
expressed Bmall from a doxycycline (DOX)-inducible promoter in Bmall-disrupted U20S
cells containing a luciferase reporter under the control of the Bmall promoter (Psmai), and
followed the Pgmai and Ppe2 activities. In the presence of DOX at 0.1 and 1 pg/mL,
constitutively expressed BMALI restored circadian oscillation in Pz and Ppe,2 activities as
well as the antiphase relationship between Pgma and Pper2 oscillations, although the level of
BMALI1 and other clock proteins, REV-ERBa and CLOCK proteins showed no clear
rhythmicity. I applied a transient response analysis to Ppna; luminescence data in the presence
of various concentrations of doxycycline and found that a slightly damped linear oscillator
system can reproduce Ppnay activity. The oscillation parameters were not dramatically
impacted by the amounts of Bmall expression, however, the behavior of the baseline of
oscillation was greatly impacted. Based on the obtained transfer functions, this study suggests
that BMAL1 is not directly involved in the oscillatory process but modulates the robustness of

the oscillations by regulating the basal activity of the clock gene promoter.
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Introduction

Circadian rhythms are biological oscillations of physical, mental, and behavioral
activities, such as sleep/wake cycles, metabolisms, and hormone secretion, with an
approximately 24 hour periods (Rijio and Takahashi, 2019). These rhythms are controlled by
the circadian clock (Serin and Acar Tek, 2019). The term circadian is derived from “circa”
which means “approximately” and “dian” which means “day” (Buhr and Takahashi, 2013).
Circadian rhythms are adaptive physiological responses that enable organisms to anticipate
changes in the 24 hour cycles of light and dark (Takahashi, 2017). Exogenous stimuli,
commonly known as zeitgebers or time givers, can entrain organisms to the 24 hour cycles,
including light, temperature, and nutrition (Brenna and Albrecht, 2020)

The mammalian circadian system is organized in a hierarchical manner, in which a
master pacemaker in the suprachiasmatic nucleus (SCN) of the anterior hypothalamus regulates
downstream oscillators in peripheral tissues (Ko and Takahashi, 2006). The SCN contains
approximately 20,000 timekeeping neurons and each of which is sensitive to exogenous light
stimuli (Reppert and Weaver, 2002). The SCN synchronizes circadian oscillation in almost all
cells and organs in the body such as the heart, lung, and liver (Fagiani et al., 2022).

Currently, the molecular model of the circadian clock is based on a mechanism regulated
by a cell-autonomous transcriptional-translational negative feedback loop (TTFL) in which the
translational products of clock genes repress transcription of their own mRNA (Figure 1). In
mammals, the circadian clock consists of an essential core loop and subsidiary
ROR/REV/Bmall loop coupled to each other, called the interlocked TTFLs, and generates a
stable circadian oscillation. In the core loop, circadian locomotor output cycles kaput (CLOCK)
and aryl hydrocarbon receptor nuclear translocator-like protein 1 (ARNTL1), commonly
known as BMALI1, form CLOCK-BMALI heterodimer and activate transcription of Period

(Perl and Per2) and Cryptochrome (Cryl and Cry2). This complex binds to a transcriptional



element called Enhancer-box (E-box) in promoter regions and promotes the transcription of
Per and Cry. After a period of time, translational products of Per and Cry form a heterodimer,
phosphorylated, and translocated into the nucleus. In the nucleus, PER and CRY proteins
directly interact with CLOCK-BMAL1 heterodimer in order to inhibit the transcription of Per
and Cry (Griffin et al., 1999). PER and CRY proteins thus interfere with this positive drive on
Per and Cry transcription by CLOCK-BMALI. Both activation and repression are
accompanied by extensive changes in posttranslational modification of histones surrounding
the transcriptional regulatory region (Brown, 2011), and the stability and the activity of these
clock proteins are also controlled by posttranslational modification (Kojima et al., 2011). The
cycle starts again, forming a negative feedback loop that generates 24 hour cycles of gene
expression that affect the behavior and physiology.

In the ROR/REV/Bmall loop, The CLOCK-BMALI heterodimer activates the
expression of other transcription factors called ROR (RORa, RORJ, and RORYy) and REV-
ERB (REV-ERBa and REV-ERBf), which oscillates in a circadian manner. These
transcription factors control Bmall transcription at ROR Response Elements (RORE). RORs
activate Bmall transcription, whereas the REV-ERB protein represses it (Guillaumond et al.,
2005, Ko and Takahashi, 2006), which results in BMALI1 protein indirectly controlling
transcription of its own mRNA. RORs and REV-ERBs act in the ROR/REV/Bmall loop to
support the core loop to maintain its robust oscillation (Ueda et al., 2005). REV-ERB protein
can also bind to a response element called the d-site of albumin promoter (D-box) and control
the expression of other genes. These transcription factors and response elements affect not only
the circadian clock, but also the expression of many additional target genes, called clock-
controlled genes, whose promoter regions have E-boxes, ROREs, or D-boxes (Bozek et al.,

2009).



Therefore, in the current TTFL models, the oscillation in the levels of transcriptional and
translational products of clock genes is necessary to generate circadian oscillation (Ripperger
et al., 2000; Griffin et al., 1999; Kume et al., 1999). However, several research revealed that
the rhythmicity of clock gene expression is not required, although the genes themselves are
necessary for the circadian clock. BMALI1 protein expressed constitutively could restore
circadian rhythmicity of Bmall”~ fibroblast cells, suggesting that the rhythm of BMALI protein

is not necessary for the basic core loop (Liu et al., 2008). The cell-permeant CRY 1 and CRY?2

proteins can rescue circadian properties in Cryl” Cry2” mouse fibroblasts (Fan et al., 2007).
These studies revealed that cycling of CRY 1, CRY2, and BMALLI is not necessary for circadian

clock function in fibroblasts. Constitutively expressed Per2 from an artificial promoter also

restored rthythmicity in arrhythmic Per!” and Per2” mice in vivo and in vitro (Alessandro et
al., 2015). In the present TTFL model, post-translational modification also plays an important
role (Geo and Kannan, 2021). Modifications of clock proteins regulate their stability,
interaction with other proteins, and subcellular localization (Okamoto-Uchida et al., 2019).
Modification of clock proteins imposes a substantial delay between the accumulation of clock
genes mRNA and its mature protein products to adjust the period of the oscillation to 24 hours.
However, how and why the constitutive expression of clock genes can restore circadian
oscillation is still not fully understood.

The objective of this study is to investigate quantitatively how the Bmall constitutive
expression affects circadian oscillations. I focused on Bmall because Bmall is the only
circadian clock gene whose single deletion disrupts the mammalian circadian clock system
(Haque et al., 2019). Here, I established a novel cellular system for studying the effects of
constitutively expressed BMALI1 on Pguqi; activity using the firefly luciferase gene (Fluc) as a
reporter. I inactivated endogenous Bmall by CRISPR-Cas9 method in human U20S cells

containing a reporter of Bmall promoter (Pamai::Fluc), and stably introduced an exogenous



gene coding Myc-tagged BMAL1 (MYC-BMALT1) driven by a non-rhythmic, doxycycline
(DOX)-inducible promoter. Using cell lines thus obtained, I investigated the effect of
constitutively expressed Myc-BMALL1 on Pgua; and Ppe2 activities, and on the accumulation
of the proteins involved in ROR/REV/Bmall loop. Finally, I performed transient response
analysis to obtain transfer function models that recapitulate the behavior of P4 activity under

the various levels of MYC-BMALL.
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Figure 1. Transcriptional-translational negative feedback loop (TTFL) model of the molecular

circadian clock in mammals.



Materials and Methods

Construction of doxycycline-inducible expression plasmid of Myc-BMALI1

The human Bmall ORF was amplified by PCR using KOD-plus-neo (Toyobo
Biotechnology, Osaka, Japan) from the Kazusa Flexi ORF clone FXC03462 (Promega,
Madison, WI) using the following primers: BmallORF_fwd, 5!
CCGGAATTCATGGCAGACCAGAGAATGGACATTTCT 3"y BmallORF rev, 5'
CGCGGATCCTCACAGCGGCCATGGCAAGTCACTAAAGTC 3'. The PCR product was
digested with EcoRI and BamHI and cloned into the EcoRI-BamHI site of pTetOne (Takara
Bio USA, San Jose, CA). The Myc-tag was introduced into the resultant plasmid by inverse
PCR using the KOD-Plus mutagenesis kit, according to the manufacturer’s instructions. The
following  primers were used for inverse PCR: Myc-Bmall fwd, 5'
ACCATGGAGCAGAAGCTGATCTCAGAGGAGGACCTGATGGCAGACCAGAGAAT
GGACATTTCT 3'; Myc-Bmall rev, 5' GAATTCTTTACGAGGGTAGGAAGTGGT 3'. The

resulting plasmid was named pTetOne-MycBmall.

Purification of plasmid DNA

For purification of plasmid DNA, firstly transformation of E. coli was performed by
adding 1 pL of plasmid solution to 100 pL. of DH5a competent cells on ice (less than 5% of
competent cells in volume) and mixing by pipetting only once. Then, competent cells were
incubated on ice for 5 minutes, heat-shocked at 42°C for 30 seconds, and incubated on ice for
2 minutes. Cells were then pipetted into 900 pL of SOC medium and incubated at 37°C with
shaking at 200 rpm. The E. coli culture was plated onto LB plates at 20 and 200 pL, and the
plates were incubated at 37°C with upside down overnight. The next morning, a single colony
was picked up from a plate using a toothpick and put into 2 mL of medium, then incubated at

37°C with shaking at 200 rpm for 8 hours. After that, 100 pL of preculture was put into 100



mL of LB medium and incubated at 37°C with shaking at 200 rpm overnight. The E. coli
culture was pelleted for purification of plasmid DNA using the QIAGEN Plasmid Maxi kit
(QIAGEN, Venlo, Netherland) following the manufacturer’s instructions. The pellet of DNA
thus obtained was dissolved in TE buffer (10 mM Tris, pH 8.0, 0.1 mM EDTA), measured the
concentration by spectrophotometer (DS-11; Denovix, Wilmington, DE). and stored at -20°C

until use.

Disruption of BMALI in U20S-Pguai::Fluc cells

Human U20S cells (HTB-96; American Type Culture Collection, Manassas, VA)
containing the Pgpaii::Fluc reporter (U20S-Ppuair::Fluc) (Oshima et al, 2015) were plated onto
the 35 mm culture dishes (Nunc EasYDish; Thermo Fisher Scientific, Waltham, MA) at a
density of 2 x 10° cells/dish in Dulbecco’s modified Eagle’s medium (DMEM) (D6429; Sigma-
Aldrich, St. Louis, MO) supplemented with 10% fetal bovine serum, 2 mM of glutamine, 100
units/mL of penicillin, and 100 pg/mL of streptomycin and cultured at 37°C with 10% COx> for
approximately 24 hours.

U20S-Pamai::Fluc was transfected with 1.4 pg of human BMALI CRISPR/Cas9 KO
plasmid (sc-400808; Santa Cruz Biotechnology, Dallas, TX, USA), consisting of a pool of
three plasmids, each encoding the Cas9 nuclease and a target-specific 20 nt guide RNA (sgA,
sgB, and sg(C), and 1.4 pg of human BMALI HDR plasmid (sc-400808-HDR; Santa Cruz
Biotechnology, Dallas, TX), using Xfect transfection reagent (Takara Bio USA, San Jose, CA)
following the manufacturer’s instructions. Puromycin-resistant clones were selected in the
presence of puromycin at 1 pg/mL. Bmall knockout clones were screened by immunoblot
analysis using an anti-BMALI1 (B-1; Santa Cruz Biotechnology, Dallas, TX, USA), and
confirmed by genomic PCR followed by Sanger sequencing. The DNA sequence of the human

ARNTL gene (ID 408), a synonym of BMALI, was obtained from the GenBank database, and



used as a reference sequence. The following primers were used for genomic PCR and Sanger
sequencing: C_fwd, 5' AGATCATCCAATGGCAGAC 3 C rev:5'
GAGATGACACCCATAGACTTA 3", B _fwd:S' AAGAAGCTCTTCTGTATGTC 3"
B rev:5' AATAAGGTCCAAGCTTACCT 3'; A_fwd:5' AAGAGCGATGTCGTTGGAG 3";
A rev:5' TGCATGGTACAAGTCCTGAAGC 3' (Figure 2). The Bmall knockout clone,
named U20S-Pguqii::Fluc/ABmall, was used to establish the Myc-tagged BMALI (MYC-

BMALL1) inducible clones.



A

Human Bmal1 genomic DNA

ATG sgRNAC sgRNA B sgRNA A TAA
77658  77749-77768 80119-80138 99024-99043 110105
1 Exon 5 H Exon 6 : i Exon 7 | i Exon15 ! i Exon20 !
1 77650 77790 80088 80126 80404 80445 98961 99111 109945 110615
Primers Amplicon size (bp)
Forward primer Reverse primer Predicted ABmal1

C_fwd C_rev 496 No Amp

C_fwd B_rev 2816 446 =) Amplicon BC

C_fwd A_rev 21663 361 =) Amplicon AC
Amplicon BC

C_fwd
77648-77666 77753 80122
— ; '
Exon 5 «— Exon 6 Exon 7 -«
78123-78143 80444-80463
C_rev B_rev
Amplicon AC
C_fwd
77648-77666 77753 99052
— ' '
Exon 5 «— «— Exon 15
78123-78143 80444-80463 99289-99310
C_rev B_rev A_rev
Amplicon BC

AGATCATCCAATGGCAGACCAGAGAATGGACATTTCTTCAACCATCAGTGATTTCATGTCCCCGGGCCCCACCGA
CCTGCTTTCCAGCTCTCTTGGTACCAGTGGGAAGGTACCATTGAACCTAGTAATTTGAACTTCAGCATCCTTATAG
CCATTTTCTTTGCACTGTTACACATTCTGTTACTTGGGGCAGCACCCATGTCCTCAACTGGAGATGAGCAAGGAG
GCCGTGAGCCTGTGGGCGCTCACTGTGTCCCTCCAACCCCCAGTCCCCTTGTGTGTCTGCAGAGAGATGACAGGA
TCAGGCAGAAGAAAACAGCAATGTGTAACTTTGCCATTCATCTCCAGAGAATTATGTTTTTATCTTTTGCTTTTTC
CTCCCCAGGTTAGAATATACAGAACACCAAGGAAGGATAAAAAATGCAAGGTAAGCTTGGACCTTATT

Amplicon AC

AGATCATCCAATGGCAGACCAGAGAATGACATTTCTTCAACCATCAGTGATTTCATGTCCCCGGGCCCCACCGAC
CTGCTTTCCAGCTCTCTTGGTACCAGTTTCATGAACCCTTGGACCAAGGAAGTAGAATATATTGTCTCAACTAAC
ACTGTTGTTTTGTAAGTACTTTTCCTATATCTGAAGCTCCCCTGCTTCAAACAGATGCCTAGGGTTCCTCATCTGG
GAAATGGGGTGCAGGCAACATCCAGTATCACATCCTTTAATGCCATCTTGCTAATACCTGTGGAAGCCTCAGGAC
TGGCAGAAGCTAGAAAGGATTGTAACAAAGGGACAAGCTTCAGGACTTGTACCATGCA

Figure 2. (A) Schematic diagram of the human BMALI gene. The DNA sequence of the human
ARNTL gene (ID 408), a synonym of BMAL1, was obtained from the GenBank database. The
positions of the sgRNAs and the start and stop codons are shown in the figure. (B) Results of
genomic PCR analysis of the regions flanking the sgRNA-binding sites. Genomic DNA was

prepared from U20S-Pgmai::Fluc/ABmall cells and was subjected to PCR using the indicated



primers. Amplicon sizes predicted from the database (predicted) and those obtained from the
experiment (ABmall) are shown. No amplification was observed using C fwd and C rev
primers. (C) Schematic diagram of amplicons BC and AC. The primer positions are shown by
arrows. Nucleotides 77753 to 80112 and 77751 to 99052 were deleted in amplicons BC and
AC, respectively. (D, E) DNA sequences of amplicons BC (D) and AC (E) were determined

by direct Sanger sequencing of the amplicons.



Establishment of MYC-BMALT1 inducible cell lines

U20S-Panair::Fluc/ABmall cells were plated onto the 35 mm culture dish (Nunc
EasYDish; Thermo Fisher Scientific, Waltham, MA) at a density of 2 x 10° cells/dish in
Dulbecco’s Modified Eagle’s Medium (DMEM) (D6429; Sigma-Aldrich, St. Louis, MO)
supplemented with 10% fetal bovine serum, 2 mM of glutamine, 100 units/mL of penicillin,
and 100 pg/mL of streptomycin, and cultured at 37°C with 10% CO, for approximately 24
hours. Then cells were transfected with 5 pg of pTetOne-MycBmall plasmid and 0.25 pg of
linear hygromycin marker (Takara Bio USA, San Jose, CA) using the Xfect transfection
reagent (Takara Bio USA, San Jose, CA). After 48 hours of transfection, trypsinize and replate
the cells at various densities as follows; 1/4, 1/8, 1/16, 1/32, 1/64, 1/128, 1/256, and 1/512 onto
the 10 cm dish at duplicates for each condition. For antibiotic selection, 300 pg/mL of
Hygromycin B was added to the cell cultures to select positive clones. MYC-BMALI protein
expression in the isolated clones was evaluated by immunoblot analysis using an anti-Myc-tag
mAb (My3, MBL) in the presence of Doxycycline (DOX) 1 ug/mL (Takara Bio USA, San Jose,
CA). The seven cell lines named U20S-Pgpai::Fluc/ABmall/Prrescs::Myc-Bmall strains-2,-

17, -23, -27, -33, -51, and -59 were obtained.

Luminescence measurement

For single reporter measurement, U2O0S-Pguai::Fluc/ABmall/Prrescs::Myc-Bmall
strains were plated at a density of 8 x 10° cells/well onto the 96 well white culture plates with
a clear bottom (IsoPlate™ — 96 TC, PerkinElmer, Waltham, MA) and cultured for 48 hours at
37°C with 10% COz to reach confluence. Cells were treated at various concentrations of DOX
from 0 to 10 pg/mL and continued to culture for another 48 hours. Then, the medium was
changed to that for luminescence measurement; DMEM (D2902, Sigma-Aldrich, St. Louis,

MO) supplemented with 3.5 mg/mL of D-glucose, 0.35 mg/mL of NaHCO3, 2% B-27 (Gibco),

10



2 mM of glutamine, 100 units/mL of penicillin, 100 pg/mL of streptomycin, 0.1 mM of
D-luciferin, 100 nM of dexamethasone, and DOX with the same concentrations as previous,
and luminescence was measured every 20 minutes for 6 days using a plate reader (Enspire;
PerkinElmer, Waltham, MA). An integration time of 1 second was employed for each
measurement.

For dual reporter measurement, U208 cells or U20S-
Pamar::Fluc/ABmall/Prrescs::Myc-Bmall strain-2 cells were plated onto the 35 mm culture
dishes (Nunc EasYDish; Thermo Fisher Scientific, Waltham, MA) at a density of 2 x 10°
cells/dish and DOX was added at the various concentrations (0, 0.01, 0.1, 1, and 10 pg/mL)
onto U20S-Pauaii::Fluc/ABmall/ Prrescs::Myc-Bmall strain-2 cells only. On the next day,
U20S cells were transiently transfected with either 2.5 ug of pPuai::Fluc plasmid containing
a 530 bp fragment of mouse Bmall promoter region (Kiyohara et al., 2006) at the Sacl-Xhol
site of pGL4.11[luc2P] (Promega, Madison, WI) or 2.5 ug of pPper2::Eluc plasmid containing
a 423 bp fragment of the mouse Per2 promoter region (Kiyohara et al., 2006) at the BgllI-
EcoRI site of pEluc(PEST)-test (Toyobo Biotechnology, Osaka, Japan) as a control, and
U20S-Panair::Fluc/ABmall/Prrescs::Myc-Bmall strain-2 cells were transiently transfected
with 2.5 ug of pPper2::Eluc plasmid using the Xfect transfection reagent (Takara Bio USA, San
Jose, CA), and incubated for another 24 hours. The medium was changed to that for
luminescence measurement supplemented with DOX at the same concentrations, and
luminescence from Pguai::Fluc and Ppe2::Eluc reporters was measured simultaneously using
Kronos-Dio (ATTO, Tokyo, Japan), equipped with a 600 nm long pass filter, for 6 days

according to the method described by Ono et al (2016).
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Preparation of samples for immunoblot analysis

Wild-type U20S cells containing the Pguai::Fluc reporter (U20S-Pgnai::Fluc) and
U20S-Pgmarr::Fluc/ABmall/Prrescs::Myc-Bmall strain-2 cells were plated onto the 35 mm
culture dishes (Nunc EasYDish; Thermo Fisher Scientific, Waltham, MA) at a density of 2 X
10 cells/dish and cultured in DMEM (D6429; Sigma-Aldrich, St. Louis, MO) supplemented
with 10% fetal bovine serum, 2 mM of glutamine, 100 units/mL of penicillin, and 100 pg/mL
of streptomycin at 37°C with 10% CO2. When cells reached confluence (2 to 3 days later),
DOX was added at various concentrations (0, 0.01, 0.1, 1, and 10 ug/mL) and continued to be
cultured for another 48 hours. Then, the medium was changed to DMEM (D6429; Sigma-
Aldrich, St. Louis, MO) supplemented with 2% B-27 (Gibco), 2 mM of glutamine, 100
units/mL of penicillin, 100 pg/mL of streptomycin, 100 nM of dexamethasone, and DOX was
added at the same previous concentration. Cells were then lysed with 1 x SDS sample buffer
(BioRad, Hercules, CA) from 0 to 52 hours every 4 hours interval after the addition of
dexamethasone. Samples were sonicated using a Bioruptor UCW 310 (Cosmo Bio, Tokyo,
Japan) at 30 seconds on, 30 seconds off, 25 times at 310 W in cold water (4°C). The samples
were centrifuged at 20,000 x g for 10 minutes at 4°C to remove debris and denatured at 95°C
for 5 minutes. Protein concentration was measured by Pierce 660 nm Protein Assay Reagent
(Thermo Fisher Scientific, Waltham, MA) using bovine serum albumin (BSA) as a standard
(Table 1). Samples were diluted if necessary. Then, 10 uL of samples or standards were mixed
with 150 uL working reagent in a 1.5 mL tube, incubated for 5 minutes at room temperature,

and were moved to a 96 well plate to measure absorbance at 660 nm using a plate reader

(EnSpire; PerkinElmer, Waltham, MA).
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Table 1. The standard of protein concentrations

1 x SDS sample

Concentration (mg/mL) 2 mg/mL BSA (uL) MilliQ (uL)
buffer (uL)

1.0 20 20 0
0.8 16 20 4
0.6 12 20 8
0.4 8 20 12
0.2 4 20 16

0 0 20 20

Immunoblot analysis of circadian clock proteins

Protein samples of U20S-Pguair::Fluc/ABmall/Prrescs::Myc-Bmall strain-2 cells were
separated by SDS-PAGE on 7.5% gels (E-R7.5L, ATTO, Tokyo, Japan) loaded at 20 pg/lane
and transferred to polyvinylidene difluoride (PVDF) membranes using the iBlot 2 Dry Blotting
system (Thermo Fisher Scientific, Waltham, MA). For U20S-Pguaii::Fluc, protein samples
were separated by SDS-PAGE on 10% polyacrylamide gels (10% T, 0.67% C) and blotting
was performed by a semi-dry blotting apparatus (4M-R, ATTO, Tokyo, Japan) at 2 mA/cm?
for 1 hour. After blotting, the membranes were washed twice with MilliQ for 5 minutes. Then,
membranes were stained with Ez Stain Aqua Mem solution (ATTO, Tokyo, Japan) to measure
total protein levels. For total protein staining, the membranes were soaked in the Wash solution,
and shaking for 5 minutes at room temperature. Then, the membranes were soaked in Stain
solution for 5 minutes at room temperature, De-stain solution twice for 5 minutes at room
temperature, and remove the residual solution completely with a paper towel. The membrane
images were captured using LuminoGraph II EM (ATTO, Tokyo, Japan) in bright field mode.
After that, the membranes were soaked in Bleach solution for 5 minutes at room temperature,
then the membranes were washed twice with MilliQ for 5 minutes and then washed with Tris-

buffered saline containing 0.2% Tween 20 (TBS-T) three times for 5 minutes each with shaking.

13



Membranes were blocked overnight with 5% skim milk dissolved in TBS-T at 4°C. The
membranes were incubated with primary antibody diluted in 5% skim milk in TBS-T for 1.5
hours at room temperature and washed three times with TBS-T for 10 minutes. The membranes
were incubated with secondary antibody for 1.5 hours at room temperature and washed three
times with TBS-T for 10 minutes. For luminescence detection, membranes were treated with
ECL prime (Cytiva, Marlborough, MA) according to the manufacturer’s instructions, and
signals were captured using the LuminoGraph I1 EM (ATTO, Tokyo, Japan). Quantification of
band intensity was performed using the Image J software (NIH, USA). The background signal
was measured in a signal-free area of the membrane and subtracted from the intensity of each
band, which was then normalized by total protein.

The antibodies used and their dilutions were as follows: anti-Myc-tag mAb (My3; MBL,
Tokyo, Japan), 1:200; anti-REV-ERBa pAb (NR1D1) (PM092; MBL, Tokyo, Japan), 1:200;
anti-CLOCK (18094-1-AP; Proteintech, Chicago, IL), 1:500; anti-ARNTL (14268-1-AP;
Proteintech, Chicago, IL), 1:3000; HRP-linked anti-mouse IgG (NA931; Cytiva, Marlborough,

MA), 1:1000; and HRP-linked anti-rabbit IgG (NA934; Cytiva, Marlborough, MA), 1:1000.

Quantitative reverse transcription PCR (RT-PCR)

U20S-Pnair::Fluc and Ppmair::Fluc/ABmall/Prrescs::Myc-Bmall strain-2 cells were
plated onto the 35 mm culture dishes (Nunc EasYDish; Thermo Fisher Scientific, Waltham,
MA) at a density of 2 x 10° cells/dish and cultured in DMEM (D6429; Sigma-Aldrich, St.
Louis, MO) supplemented with 10% fetal bovine serum, 2 mM of glutamine, 100 units/mL of
penicillin, and 100 pg/mL of streptomycin at 37°C with 10% CO>. When cells reached
confluence (2 to 3 days later), DOX was added at the various concentrations (0, 0.01, 0.1, 1,
and 10 pg/mL) and continued to be cultured for another 48 hours. Then, the medium was

changed to DMEM supplemented with 2% B-27 (Gibco), 2 mM of glutamine, 100 units/mL of

14



penicillin, 100 pg/mL of streptomycin, 100 nM of dexamethasone, and DOX was added at the
same previous concentration. The time-series samples for quantitative RT-PCR were collected
from 24 to 52 hours after the addition of dexamethasone at 4 hours interval. Total RNA was
extracted using the RNeasy-plus micro kit (QIAGEN, Venlo, Netherland) following the
manufacturer’s instructions and total RNA concentration was measured using a
spectrophotometer (DS-11; Denovix, Wilmington, DE). Reverse transcription was performed
using ReverTra Ace (Toyobo Biotechnology, Osaka, Japan) at 3 pg of total RNA. Quantitative
RT-PCR reaction was performed using QuantStudio 3 (Applied Biosystems, Waltham, MA)
in 20 pL of a reaction mixture containing 10 uL of 2 x TagMan gene expression master mix
(Applied Biosystems, Waltham, MA), 4 uL of the reverse transcription reaction mixture, and
I pL of 20 x TagMan gene expression assay (HS01587195 ml for BMALI and
HS02786624 gl for GAPDH, Applied Biosystems, Waltham, MA). Relative expression was

calculated using Pfaffl’s method (Pfaffl, 2001) with GAPDH as an internal control.

Statistical analysis

Statistical analysis was conducted using GraphPad Prism version 7.0 (GraphPad
Software, San Diego, CA, USA). The significance of differences was analyzed using one-way
analysis of variance (ANOVA) followed by Tukey’s multiple comparison tests. Values are
expressed as mean + standard error (SEM). Rhythmicity was determined using the JTK cycle
test (Hughes et al., 2010). All P-values were from two-tailed tests, and values less than 0.05

were considered statistically significant.
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Results

BMALT1 expressed from inducible promoter can restore rhythmicity of Ppuai; activity

Novel Pguaii::Fluc reporter cell lines in which endogenous Bmall is inactivated and
Myc-tagged BMAL1I (MYC-BMALL) is expressed under a DOX-inducible promoter Prze3acs
were established as follows: Bmall in wild-type U20S containing Pga;::Fluc reporter (U20S-
Pgmair::Fluc) was inactivated by CRISPR-Cas9 to obtain U20S-Pgua;::Fluc/Bmall KO. This
cell line was stably transfected with pTetOne-MycBmall plasmid, and seven strains named
U20S-Pamair::Fluc/ABmall/Prrescs::Myc-Bmall strains-2, -17,-23,-27,-33,-51, and -59 were
obtained (Figure 3). I measured the luminescence from Pgyqi;::Fluc in the presence of DOX at
0,0.01, 0.1, 1, and 10 pg/mL. 100 nM of dexamethasone was added at time O for resetting the
circadian clock (Beta et al., 2022; Balsalobre et al., 2000), and started the measurement of
luminescence. The intensity of luminescence decreased as the concentration of DOX increased
(Figure 4), suggesting that BMALI inhibits the Pzna; activity.

Circadian rhythm in Pgua; activity was clearly restored in strains-2 and -51 in the
presence of DOX at 0.1 and 1 pg/mL. Rhythmicity was restored in strains -33 and -59, but not
as robustly as in strains -2 and -59. The Pgna; rhythmicity in strains-17, -23, and -27 was not
as robust as these three strains, however, the intensity of luminescence from Pgpua;::Fluc was
greatly reduced as the DOX concentration increased in all seven strains. Next, [ measured the
MYC-BMALLI protein accumulation for explained the robust rhythmicity in the seven cell lines
treated with DOX at 0.01 or 1 pg/mL for 2 days before synchronization with dexamethasone
(Figure 5). Strain-23 shows the highest of the MYC-BMALI protein levels in the presence of
DOX at 0.01 (Figure 5A) and 1 pg/mL (Figure 5B). Strain-51 shows weak rhythmicity, even
in the presence of DOX at 0.01 pg/mL, which may reflect the slightly higher MYC-BMAL1
protein accumulation compared to strain-2 in the presence of DOX at 0.01 ug/mL. MYC-

BMALI protein levels were significantly higher in strains-23 and -33 and lower in strains-27
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and 33 than in strain-2 in the presence of DOX at 1 pg/mL. Strains-51 and -59 showed no
significant differences compared to strain-2. In strain-23, MYC-BMALI1 was three to four-
fold higher than in strain-2, while in strain-33, the level was comparable to that in strain-51.
These results indicate that appropriate induction levels of MYC-BMALTL protein are required
to restore rhythmicity. Next, strain-2 cells were subjected to further experiments. I added the
DOX at various concentrations (0, 0.005, 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1, and 10 pg/mL) to
U20S-Pamair::Fluc/ABmall/Prre3cs::Myc-Bmall strain-2 cells in order to confirm whether the
circadian rhythm in the luminescence from Pguai::Fluc reporter was restored by constitutively
expressed MYC-BMAL1. Without DOX (0 pg/mL) or in the presence of lower concentrations
of DOX (from 0.005 to 0.02 pg/mL), the intensity of luminescence from Pgzuqi; activity
unsteadily fluctuated and weakly oscillated (Figure 6). In the presence of DOX at 0.05 and 0.1
png/mL, the intensity of luminescence showed clearly damped oscillation with the intensity of
luminescence gradually increasing. In the presence of DOX from 0.2 to 1 pg/mL, the intensity
of luminescence also showed clearly damped oscillations. The intensity of the luminescence
was gradually stabilized at a specific value. In the presence of a high DOX concentration (10
pg/mL), the luminescence converged after one overshoot. The period of the oscillations was
calculated to be approximately 25 hours by chi-square periodogram analysis at any DOX
concentrations from 0.02 to 10 pg/mL (Figure 7, Table 2). These results suggest that the
amount of MYC-BMALI1 affects the baseline and robustness but not the period of the

oscillation in Pgua; activity.
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Figure 3. Schematic diagram of U20S-Pguaii:: Fluc/ABmall/Prrescs::Myc-Bmall strains.
Endogenous Bmall was inactivated by CRISPR-Cas9, and a gene coding MYC-BMALI was
expressed from the DOX-inducible promoter Prrescs. Bmall promoter activity was monitored

using the Pgmair::Fluc reporter.
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Figure 4. U20S-Pguaii:: Fluc/ABmall/Prre3cs::Myc-Bmall strains-2,-17,-23,-27, -33, -51,
and -59 cells were subjected to measurements of Pguai1::Fluc reporter luminescence. The
average of triplicate measurements is shown. Doxycycline (DOX) concentrations are indicated

on the bottom right side of the figure.
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Figure 5. U20S-Pguair:: Fluc/ABmall/Prrescs::Myc-Bmall strains-2,-17, -23, -27, -33, -51,
and -59 cells were subjected to measurements of MYC-BMALI1 protein levels. Total
protein samples were collected from seven cell line strains 48 hours after the addition of
doxycycline (DOX) at 0.01 (A) or 1 pg/mL (B). For protein accumulation, equal amounts of
the protein samples collected within each DOX concentration were mixed and subjected to
immunoblot analysis using an anti-Myc antibody. Results were normalized using the average
value of DOX at 1 pg/mL, and data are shown as the mean £ SEM. N = 3 samples/group, one-

way ANOVA followed by Tukey’s multiple comparison test, different characters (a, b, c, d,
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e,f) indicate significant differences (P < 0.05). Protein samples were collected and subjected to
immunoblot analysis in three independent experiments. Markers (A, 4, and ®) indicate MYC-

BMALI in three biological replicates.
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Figure 6. MYC-BMALI1 expressed from a DOX-inducible promoter restores rhythmicity
in Ppuwar activity. Time course of the luminescence measurements from the U20S-
Pamar::Fluc/ABmall/Prrescs::Myc-Bmall strain-2 cells was measured every 20 minutes. Each
measurement was taken in triplicate and the average values are shown. DOX concentrations

are indicated on the right side of the graph.
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Figure 7. Periodogram analysis shown the period of Pgumai::Fluc activity calculated for

each DOX concentration. Luminescence data from 0 to 144 hours shown in Figure 6 were

subjected to chi-square periodogram analysis using Lumicycle analysis software (ActiMetrics;

Wilmette, IL, USA) to assess of their oscillatory component and its significance. The black line

shows the period and the red line shows the significance level (P = 0.05).
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Table 2. Period of Puai::Fluc oscillation calculated for each DOX concentration

DOX concentration (pg/mL) 10 1 0.1 0.05 0.02 0.01

Period (1) (h) 257 250 253 25.0 247  ND.

Data from 0 to 144 hours shown in Figure 6 were detrended by sixth-order polynomials, and
subjected to chi-square periodogram using Lumicycle analysis software (ActiMetrics;

Wilmette, IL, USA).
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Constitutively expressed MYC-BMALI restores circadian rhythmicity in both Pguaz and
Ppr.r2 activities simultaneously.

To examine whether constitutive expression of MYC-BMALI can restore circadian
oscillation in Ppe2 activity, I transiently introduced an Emerald Luc reporter driven by Ppe2
(Pper2::Eluc) into U20S-Pamair::Fluc/ABmall/Prrescs::Myc-Bmall strain-2 cells, and dual-
wavelength measurement of Pgai::Fluc and Ppe,2:: Eluc was performed. Luminescence emitted
from Fluc and Eluc was separated with a 600 nm long-pass filter according to the previously
described method (Ono et al., 2016). The luminescence measurement in the presence of various
concentrations of DOX (0, 0.01, 0.1, and 1 pg/mL) (Figure 8) showed that the addition of DOX
similarly affected Ppua and Ppe2 activities. In the presence of DOX at 0 and 0.01 pg/mL, the
intensity of luminescence from Pana; and Ppe2 activities unsteadily fluctuated and was weakly
oscillated, while in the presence of DOX at 0.1 and 1 pg/mL, the intensity of luminescence
showed clearly damped oscillation of both Pgua; and Ppe2 activities. In the presence of DOX
at 10 pg/mL, I could not obtain luminescence data possibly because simultaneous treatment
with the transfection reagent and a high concentration of DOX decreased cell viability. The
oscillation period of the Pp.2 and Pamais activities were not significantly affected by DOX
concentration (Table 3). Notably, the antiphase relationship between Pguq; and Pp.,» activities
previously observed in wild-type U20S cells was recapitulated (Ueda et al., 2005), even though
the expression of functional BMAL1 was disconnected from the regulatory network of clock

proteins and clock genes regulatory elements.
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Figure 8. Constitutively expressed MYC-BMALI1 restores circadian rhythmicity in both
Pgmar and Pp,, activities. U20S-Pgnai::Fluc/ABmall/Prrescs::Myc-Bmall strain-2 cells were
transiently transfected with the Pp..2::Eluc reporter, treated with different concentrations of
doxycycline (DOX), and dual wavelength luminescence measurements of Pppai::Fluc and
Pper2::Eluc were performed for 6 days. Data presented are the representative curves of three
independent measurements. The orange lines show luminescence from Pguai::Fluc, and the

green lines show luminescence of Ppe,2::Eluc.
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Figure 9. Periodogram analysis of Ppuaui::Fluc and Pp.2::Eluc activities for each DOX
concentration. Luminescence data from 0 to 141 hours shown in Figure 8 were subjected to
chi-square periodogram analysis using Lumicycle analysis software (ActiMetrics; Wilmette,
IL, USA) to assess of their oscillatory component and its significance. The black line shows

the period and the red line shows the significance level (P = 0.05).

Table 3. Period of Pgmai::Fluc and Ppe2::Eluc oscillation calculated for each DOX

concentration

DOX concentration (pg/mL) 1 0.1 0.01 0
Period (1) of Pgpar::Fluc (h) 24.8 24.5 N.D. N.D.
Period (1) of Pper2::Eluc (h) 26.8 26.7 26.5 N.D.

Data from 0 to 141 hours shown in Figure 8 were detrended by sixth-order polynomials, and
subjected to chi-square periodogram using Lumicycle analysis software (ActiMetrics;

Wilmette, IL, USA).
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The amount of Myc-Bmall mRNA did not show obvious rhythmicity in the circadian
range

What makes the Pgpna; activity oscillate? In general, even though the rate of
transcription and translation is constant, rhythmicity in mRNA and protein abundance can be
generated by rhythmicity in their half-life (Liick et al., 2014), which can induce rhythmicity in
Pamair activity. Therefore, it is possible that the amount of Myc-Bmall mRNA and protein
exhibit circadian rhythm even though it is driven by a constitutive promoter. To confirm this
point, I performed quantitative RT-PCR and immunoblot analyses.

The amount of mRNA coding MYC-BMALI from 24 to 52 hours after DOX addition
at various concentrations (0, 0.01, 0.1, 1 and 10 pg/mL) was measured by quantitative RT-
PCR. The average levels of Myc-Bmall mRNA from 24 to 52 hours increased in accordance
with the DOX concentration, it increased strikingly between DOX 0.01 and 0.1 pg/mL (Figure
10A), the same concentration range where both the oscillation's robustness and baseline
stability were improved remarkably (Figure 6). No obvious circadian rhythmicity in Myc-
Bmall mRNA levels was observed in the presence of DOX from 0 to 10 pg/mL (Figure 10, B-

F), while endogenous Bmall transcript from wild-type U20S-Pgai::Fluc cells showed clear

oscillation (Figure 10G) with its peak and trough coinciding with those of Pgua; activity
(Figure 6, see the WT trace). For Myc-Bmall mRNA, no such association was found in the
presence of DOX at various concentrations. From these results, it is unlikely that oscillation in
Pamair activity is driven by rhythmic accumulation of transcriptional products of the gene

coding MYC-BMALL.

30



>

-
(&)
1

Myc-Bmal1 mRNA
b

Relative abundance
—
o

0 0.01 01 1 10
DOX concentration (ug/mL)

DOX 0 pg/mL DOX 0.01 pg/mL
3 3
(0] (0]
[&] [&]
[ c
4] 4]
22 22
3 3
® ® o * 4 4
g 1 g 1 ® I/‘\A/0
E E F 3 [ [ ]
[0] [0]
o o
0 T T T T T T T 1 O T T T T T 1
24 36 48 24 36 48
Time (h) Time (h)
DOX 0.1 pg/mL DOX 1 ug/mL
3 3 -
(0] (0]
e e
© (]
3 >3
B 21
© ¢ ©
[0] [0]
14 14
0 T T T T 0
24 36 48
Time (h) Time (h)
DOX 10 pg/mL Wild-type
3
[0] (0]
[&] [&]
[ C
© ©
2 g2 °
3 3
g g (S L )
[) (0] *
= =21
© © ¢
[0] [0]
o o
O T v v T T T
24 36 48

Time (h) Time (h)



Figure 10. Myc-Bmall mRNA accumulation did not show significant circadian
rhythmicity. Total RNA samples were collected from U20S-
Pamar::Fluc/ABmall/Prrescs::Myc-Bmall strain-2 cells cultured every 4 hours from 24 to 52
hours after the addition of 100 nM of dexamethasone (time 0). (A) Graphs showing relative
Myc-Bmall mRNA accumulations after treatment with different concentrations of doxycycline
(DOX) in the presence of DOX at 0, 0.01, 0.1, 1, and 10 pg/mL. For Myc-Bmall mRNA
accumulations, the average of all the time-points analyzed in each DOX concentration was
calculated. Results were normalized using the average values of DOX at 1 pg/mL, and data are
shown as the mean = SEM. N = 3 samples/group, one-way ANOVA followed by Tukey’s
multiple comparison tests, different characters (a and b) indicate significant differences (P <
0.05). (B-F) Time curve of Myc-Bmall mRNA expression after addition of dexamethasone
(time 0) in the presence of DOX at 0 pg/mL (B), 0.01 pg/mL (C), 0.1 pg/mL (D), 1 ug/mL (E),
10 pg/mL (F) and endogenous Bmall mRNA from wild-type U20S-Pguai::Fluc (G). Total
RNA samples were subjected to quantitative reverse-transcription PCR analysis. Relative
expression was calculated using Pfaffl’s method (Pfaffl, 2001) with GAPDH as an internal
control. Markers (A,4, and ®) indicate three biological replicates. Values were normalized
against the average of all time points in each series. Lines in black indicate the average values

of the three biological replicates.
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The amount of MYC-BMALI1 protein did not show obvious rhythmicity in the circadian
range

For immunoblot analysis, I prepared the time series samples of total protein from
U20S-Pamair::Fluc/ABmall/Prrescs::Myc-Bmall strain-2 cells every 4 hours from 0 to 52 hours
after the addition of 100 nM of dexamethasone and subjected to immunoblot analysis using an
anti-Myc antibody.

To examine DOX-induced changes in the overall levels of MYC-BMALI1 protein,
equal volume mixtures of samples from 0 to 52 hours after stimulation in the presence of
various DOX concentrations were analyzed (Figure 11, Table 4). The levels of MYC-BMALI
protein increased in accordance with the DOX concentration. As is the case for Myc-Bmall
mRNA, the amount of MYC-BMALI protein increased remarkably between DOX at 0.01 and
0.1 pg/mL (Figure 11A), suggesting that there is a threshold value of MYC-BMALI protein
amount that can induce clear circadian oscillation.

Then, I assessed the time-course changes in the accumulation levels of MYC-BMALI1
protein in the presence of DOX at 0, 0.01, 0.1, 1, and 10 pg/mL (Figure 11, B-F). To test
whether MYC-BMALTL protein levels change in a circadian manner, statistical analysis was
performed using JTK cycle test (Hughes et al., 2010). It is a non-parametric test method that
analyzes discrete time-series data with a relatively small number of data points for statistically
significant rhythmicity. It provides permutation-based P-values (ADJ.P), as well as optimum
phase (LAG), amplitude, and period estimations for each transcript (Table 4) (Hughes et al.,
2010). While the luminescence traces from Pguair::Fluc (Figure 6) showed robust rhythmicity
in the presence of DOX at 0.1 and 1 pg/mL, no significant rhythmicity within the circadian
range (between 20 and 28 hours) was detected in MYC-BMALI protein accumulation at any

concentrations of DOX (JTK cycle test, ADJ.P > 0.05) (Table 4).
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Next, I examined the time-course of changes in the accumulation of endogenous
BMALI in wild-type U20S-Pguai::Fluc using an anti-ARNTL (BMAL1) antibody (Figure
11G). In contrast to the accumulation of endogenous Bmall mRNA, no significant thythmicity
was observed at the protein levels. Of note, multiple bands were detected for endogenous
BMALI, possibly representing phosphorylated forms (Yoshitane et al., 2009), which were not
prominent in DOX-induced MYC-BMALI.

I also compared the average levels of DOX-induced MYC-BMALI protein levels in
strain-2 cells collected from 0 to 52 hours every 4 hours interval with that of endogenous
BMALI expressed in wild-type U20S cells (Figure 12). The amount of endogenous BMALI1
was about 25% of that of MYC-BMALLI induced in the presence of DOX at 1 pg/mL. These
findings suggested the biological significance of rhythmic promoters suggesting that increased

BMALI expression is required when it is driven by a non-rhythmic promoter.
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Figure 11. MYC-BMALI1 protein did not show significant circadian rhythmicity. Total
protein samples were collected from U20S-Pguair::Fluc/ABmall/Prrescs::Myc-Bmall strain-2
cells cultured every 4 hours from 24 to 52 hours after the addition of 100 nM of dexamethasone
(time 0). (A) Graphs showing the relative amount of MYC-BMALI protein after treatment
with different concentrations of doxycycline (DOX). For protein accumulation, equal amounts
of the protein samples collected within each DOX concentration were mixed and subjected to
immunoblot analysis using an anti-Myc antibody. Results were normalized using the average
value of DOX at 1 pg/mL, and data are shown as the mean £ SEM. N = 3 samples/group, one-
way ANOVA followed by Tukey’s multiple comparison test, different characters (a, b, ¢)
indicate significant differences (P < 0.05). (B-G) Time curve of MYC-BMALI protein
expression after addition of dexamethasone (time 0) in the presence of DOX at 0 pg/mL (B),
0.01 pg/mL (C), 0.1 pg/mL (D), 1 pg/mL (E), 10 pg/mL (F) and from wild-type U20S cells
(G). Protein samples were collected and subjected to immunoblot analysis in three independent
experiments. Markers (A, €, and ®) indicate MYC-BMALI bands in three biological

replicates, and TP indicates total protein stains (upper panels). Graphs show the quantification
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of MYC-BMALI protein amount by densitometry (lower panels). The intensity of each band
was normalized by total protein, and values were normalized against the mixture of the samples
of all time points in each series. Lines in black indicate the average values of the three
biological replicates. No significant rhythmicity in the circadian range (between 20 to 28 hours)
was detected in the presence of DOX at 0, 0.01, 0.1, 1, and 10 pg/mL (JTK cycle test, ADJ.P
= 0.81 in the presence of DOX at 0 pg/mL and ADJ.P = 1 in the presence of DOX from 0.01

to 10 pg/mL and in wild-type U20S cells).
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Figure 12. MYC-BMALI1 protein levels of U20S-Pguai::Fluc/ABmall/Prrescs::Myc-
Bmall strain-2 cells. Total protein samples were collected from U20S-
Pamair::Fluc/ABmall/Prrescs::Myc-Bmall strain-2 cells cultured every 4 hours from 24 to 52
hours after the addition of 100 nM of dexamethasone (time 0) and mixed the cell lysate from
24 to 52 hours before SDS-PAGE. Graphs showing the relative amount of MYC-BMALI1
protein after treatment with different concentrations of doxycycline (DOX). For protein
accumulation, equal amounts of the protein samples collected within each DOX concentration
were mixed and subjected to immunoblot analysis using an anti-Myc antibody for Myc-Bmall
strain-2 cells and using an anti-ARNTL antibody for wild-type U20S cells. Results were
normalized using the average value of DOX at 1 pg/mL, and data are shown as the mean +
SEM. N = 3 samples/group, one-way ANOVA followed by Tukey’s multiple comparison test,
different characters (a, b) indicate significant differences (P < 0.05). Protein samples were
collected and subjected to immunoblot analysis in three independent experiments. Markers

(A, @, and @) indicate MYC-BMALI in three biological replicates.
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The amount of the proteins involved in ROR/REV/Bmall loop did not show obvious
rhythmicity in the circadian range

In the current mammalian TTFL model, BMAL1, CLOCK, REV-ERBs and RORs
constitute ROR/REV/Bmall loop (Cho et al., 2012; Sato et al., 2004; Preitner et al., 2002).
REB-ERBs and RORs positively and negatively regulate Bmall transcription, respectively,
and compete for RORE located in the upstream region of Bmall, resulting in circadian
oscillation in Bmall transcription (Guillaumond et al., 2005). CLOCK-BMALI1 heterodimer
positively regulates the transcription of REB-ERBs and RORs.

It is possible that REB-ERBs and/or RORs accumulate in a circadian manner to
generate circadian oscillation in Pgnar activity. To test this possibility, I measured the levels of
REV-ERBa protein by immunoblot analysis. To examine DOX-induced changes at the overall
levels of REV-ERBa protein, an equal volume mixture of samples from 0 to 52 hours was
analyzed (Figure 13, Table 4). The levels of REV-ERBa protein exhibited an ascending trend
as the DOX concentration increased (Figure 13A). However, in contrast to MYC-BMALI
protein expression levels (Fig. 11A), no significant change was observed between DOX at 0.01
and 0.1 pg/mL. Then, I assessed the time-course of changes at the accumulation levels of REV-
ERBua in the presence of DOX at 0, 0.01, 0.1, 1, and 10 pg/mL (Figure 13, B-F) No significant
rhythmicity within the circadian range (between 20 and 28 hours) was detected at any
concentrations of DOX (JTK cycle test, ADJ.P > 0.05) (Table 4) (Hughes et al., 2010). I also
examined the time-course changes in the accumulation of endogenous BMALI1 in wild-type
U20S-Pgnair::Fluc using an anti-REV-ERBa antibody (Figure 13G), significant rhythmicity
was observed in the protein levels (ADJ.P = 3.904 x 10©). I also tried to examine the DOX-
induced changes in the overall levels of RORa protein, and the time-course changes in the
accumulation levels of RORa protein in the presence of DOX at 0.1 and 1 pug/mL, however, I

could not obtain data because the reactivity of the antibody was not satisfactory.
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According to the current model, CLOCK-BMALI activates the transcription of REV-
ERBs and RORs. To examine DOX-induced changes at the overall levels of CLOCK protein,
an equal volume mixture of samples from 0 to 52 hours after the stimulation was analyzed
(Figure 14, Table 4). The average levels of CLOCK protein in the presence of DOX at 0.1
pg/mL was approximately five-fold higher than that of DOX at 0.01 pg/mL (Figure 14A). Then,
I assessed the time-course changes in the accumulation levels of CLOCK protein in the
presence of DOX at 0.1 and 1 pg/mL (Figure 14, B-C). In the presence of DOX at 0.1 pg/mL,
no significant rhythmicity within the circadian range (between 20 and 28 hours) was detected
for CLOCK protein accumulation (JTK cycle test, ADJ.P > 0.05) (Table 4) (Hughes et al.,
2010). In the presence of DOX at 1 pg/mL it showed significant rhythmicity (JTK cycle test,
ADIJ.P < 0.05), although the amplitude value was calculated to be 0.229 for CLOCK protein
in the presence of DOX at 1 pg/mL using JTK cycle test (Table 4), suggesting that the
rhythmicity of CLOCK protein accumulation, if any, was very weak. This weak oscillation
seems not functional because any circadian oscillation was not detected in the levels of REV-
ERBa protein. From the data shown in Figure 13 and Figure 14, it is not likely that the
oscillation in Pgua: activity is driven by the oscillation in the levels of ROR/REV/Bmall loop

component proteins.
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Figure 13. REV-ERBa protein did not show significant circadian rhythmicity. Total
protein samples were collected from U20S-Pguair::Fluc/ABmall/Prrescs::Myc-Bmall strain-2
cells cultured every 4 hours from 24 to 52 hours after addition of 100 nM of dexamethasone
(time 0). (A) Graphs showing relative REV-ERBa protein after treatment with different
concentrations of doxycycline (DOX). For protein accumulation, equal amounts of the protein
samples collected within each DOX concentration were mixed and subjected to immunoblot
analysis using anti-REV-ERBa antibody. Results were normalized using the average values of
DOX at 1 pg/mL, and data are shown as the mean = SEM. N = 3 samples/group, one-way
ANOVA followed by Tukey’s multiple comparison test, different characters (a and b) indicate
significant differences (P < 0.05). (B-G) Time curve of REV-ERBa protein expression after
addition of dexamethasone (time 0) in the presence of DOX at 0 pg/mL (B), 0.01 pg/mL (C),
0.1 pg/mL (D), 1 pg/mL (E), 10 pg/mL (F), and from wild-type U20S cells (G). Protein
samples were collected and subjected to immunoblot analysis in three independent experiments.
Markers (A, 9, and ®) indicate REV-ERBa bands in three biological replicates, and TP
indicates total protein stains. Asterisks in B-G indicate nonspecific bands (upper panels).

Graphs (lower panels) show the quantification of REV-ERBa protein amount by densitometry.
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The intensity of each band was normalized by total protein, and values were normalized against
the mixture of the samples of all time points in each series. Lines in black indicate the average
values of the three biological replicates. No significant rhythmicity in the circadian range
(between 20 to 28 hours) was detected in the presence of DOX at 0, 0.01, 0.1, 1, and 10 pg/mL
(JTK cycle test, ADJ.P = 0.16 in the presence of DOX at 0.01 pg/mL and ADJ.P =1 in the
presence of DOX at 0, 0.1, 1, and 10 pg/mL). Significant rhythmicity in wild-type U20S cells

(ADJ.P =3.904 x 10°%).
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Figure 14. CLOCK protein did not show clear circadian rhythmicity. Total protein
samples were collected from U20S-Pguair::Fluc/ABmall/Prrescs::Myc-Bmall strain-2 cells
cultures every 4 hours from 24 to 52 hours after the addition of 100 nM of dexamethasone
(time 0). (A) Graphs showing relative CLOCK protein after treatment with different
concentrations of doxycycline (DOX). For protein accumulation, equal amounts of the protein
samples collected within each DOX concentration were mixed and subjected to immunoblot
analysis using anti-CLOCK antibody. Results were normalized using the average values of
DOX at 1 pg/mL and data are shown as the mean = SEM. N = 3 samples/group, one-way
ANOVA followed by Tukey’s multiple comparison test, different characters (a and b) indicate

significant differences (P < 0.05). (B-F) Time curve of CLOCK protein expression after
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addition of dexamethasone (time 0) in the presence of DOX at 0.1 pg/mL (B) and 1 pg/mL (C).
Protein samples were collected and subjected to immunoblot analysis in three independent
experiments (upper panels). Markers (A, 4, and ®) indicate CLOCK bands in three biological
replicates, and TP indicates total protein stains. Asterisks in C indicate nonspecific bands.
Graphs (lower panels) show the quantification of CLOCK protein amount by densitometry.
The intensity of each band was normalized by total protein, and values were normalized against
the mixture of the samples of all time points in each series. Lines in black indicate the average
values of the three biological replicates. No significant rhythmicity in the circadian range
(between 20 to 28 hours) was detected in the presence of DOX at 0.1 and 1 pg/mL (JTK cycle
test, ADJ.P = 0.77). In the presence of DOX at 1 ug/mL, significant circadian rhythmicity with
a period of 20 hours and an amplitude of 0.229 was observed (ADJ.P = 0.029, see also Table

4).
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Table 4. JTK cycle test of U20S-Ppuair:: Fluc/ABmall/Prrescs::Myc-Bmall strain-2
cells at each DOX concentration

JTK cycle test ADIJ.P Period LAG Amplitude
MYC-BMALI1
DOX 0 pg/mL 0.81 24 2 0.079
DOX 0.01 pg/mL 1 20 2 0.377
DOX 0.1 pg/mL 1 24 0 0.136
DOX 1 pg/mL 1 20 2 0.13
DOX 10 pg/mL 1 28 4 0.167
Wild-type 1 20 4 0.077
REV-ERBa
DOX 0 pg/mL 1 20 18 0.111
DOX 0.01 pg/mL 0.16 28 4 0.147
DOX 0.1 pg/mL 1 28 4 0.133
DOX 1 pg/mL 1 28 6 0.13
DOX 10 pg/mL 1 28 6 0.095
Wild-type 3.904 x 10°° 28 0 0.348
CLOCK
DOX 0.1 pg/mL 0.77 20 2 0.234

DOX 1 pg/mL 0.029 20 0 0.229




Transient response analysis of the Ppuair activity

The most widely applicable technique for analyzing forced dynamic response is
transient response analysis. Its goal is to find out a transfer function expressing how a system
responds to input stimulation, i.e., an input-output relationship (Golnaraghi and Kuo, 2009;
Ogata, 2010). In this analysis, a function in the time domain (t-domain) that specifically
expresses the time-dependent behavior of a system (e.g. luminescence from Pppair::Fluc) is
converted into that in the frequency domain (s-domain) by the Laplace transform. The Laplace
transform converts the differential equations in the t-domain into algebraic equations in the s-
domain, which makes solving differential equations to be easier. Conversely, s-domain
functions can be converted to t-domain functions by inverse Laplace transform.

I subjected the time-course data of Puai::Fluc luminescence to transient response
analysis to find out the mechanism underlying the generation of circadian oscillations under
constitutive MYC-BMALI1 expression. In this framework, the administration of
dexamethasone was considered as the input to stimulate Pgnq: activity. The transfer functions
were estimated using the System Identification Toolbox pre-installed in MATLAB (version
R2019b; MathWorks, Natick, MA).

A unit step input into the system was used to approximate the administration of 100 nM

of dexamethasone at time 0, which can be expressed by the following unit step function:

w0048 o

Denoting U(s) and Y(s) as the Laplace transforms of the input and output signals,

respectively, the transfer function G (s) is represented as:

Y(s)

G(s) = )

(2).
Pamair activity in the presence of DOX at 1 pg/mL was approximated by the following

transfer function, with two poles and no zeros (Figure 15, DOX 1 ug/mL):

47



bg

s2+aqs+ag

G(s) = (3).

The coefficients were estimated as a; = 0.03214, a, = 0.06171, by = 34.42. This formula

can be rewritten as the following second-order system representing a damped oscillator:

G(s) =K —n" ).

. 52420 wpS+wn?
where on, is the natural angular velocity, a frequency or rate at which an object naturally
vibrates,  is the damping coefficient, an influence on an oscillatory system that lessens or stops
it from oscillating, and K is the gain, the relationship between the input to the output signal at
a steady state; when the baseline increase, gain parameter show very high value (Marghitu et

al., 2001). Using on and C, the period t of the damped oscillator is determined as

21

= ©)
On the other hand, Pga activity in the presence of DOX at 0.05 and 0.1 pg/mL were
approximated by the following third-order transfer function with three poles and no zeros

(Figure 15, DOX 0.05 and 0.1 pg/mL):

bo
(s2+ays+ag)(cos+1)

G(s) =

(6).

The coefficients were estimated as a; = 0.02363, ay, = 0.06411, b, = 224.6, ¢; =
118.4 for DOX 0.05 pg/mL; and a; = 0.01804, a, = 0.06051, b, = 75.58, ¢, = 350.2 for
DOX 0.1 pg/mL. This third-order transfer function can be decomposed into first-order and

second-order systems as follows:
. 1 . wnz
Tes+1 s2+42{wpS+wp?

G(s)=K

7).

1

» 7=77)> the time constant T characterizes the response
S

In the first-order system (i.e.

time required for the baseline of the luminescence signal to rise exponentially to its steady
state. The values of parameters calculated for each DOX concentration are listed in Table 5.

This analysis indicated that in the presence of DOX at 0.01 ug/mL, the Ppua activity was
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approximated using the following six-order transfer function with six poles and six zeros as

follows:

G(s) = 47565°+431.455+2765*+14.2253+3.07552+0.040855+0.006588
56+0.319155+0.066755%+0.0103553+0.000664552+3.197e ~55+1.083e~6

A higher-order transfer function was required to describe the behavior of P activity,
which is difficult to interpret using a combination of basic elements (Figure 15, DOX 0.01
pug/mL). It is possible that baseline Psmas activity became uncontrollable when the MYC-

BMALI1 concentration was too low.
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Figure 15. Transfer functions reproducing the behaviors of Pgua activity obtained by
transient response analysis. Luminescence data of Pgu.u; activity in the presence of
doxycycline (DOX) at 1, 0.1, 0.05, and 0.01 pg/mL shown in Figure 6 were subjected to
transient response analysis. Experimental values of luminescence intensity are shown in black
and simulated data (inverse Laplace transform of G(s) - U(s) ) are shown in red for DOX 1
pg/mL (upper left panel), pink for DOX 0.1 ug/mL (upper right panel), purple for DOX 0.05

pg/mL (bottom left panel), and blue for DOX 0.01 pg/mL (bottom right panel).
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Table 5. Parameters of oscillation calculated for each DOX concentration

DOX concentration (pg/mL) 1 0.1 0.05
Natural angular velocity (on) (h™!) 0.2484 0.2460 0.2532
Damping coefficient ({) (h) 0.06469 0.03668 0.04667
*Period (1) (h) 25.4 25.6 24.8
Time constant (Ts) (h!) - 350.2 118.4
Gain (K) 557.8 1249 3504

*Calculated by substituting o, and { values into Equation 5.
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Discussion

Circadian rhythms are biological oscillations caused by an endogenous timing system
that regulates activities such as sleep/wake cycles, metabolic balance, and hormone production
oscillating with a period length of approximately 24 hours (Rijio and Takahashi, 2019;
Takahashi., 2017). The current molecular mechanism for understanding circadian oscillations
in the transcription of clock genes has been TTFL (Takahashi., 2017) (Figure 1). However, this
TTFL model cannot fully explain why the constitutive expression of clock genes can restore
circadian oscillations. In this study, I performed quantitative experiments by establishing a
novel Pguaii::Fluc reporter cell line in which endogenous Bmall is inactivated by CRISPR-
Cas9 and exogenous Bmall is expressed under a DOX-inducible promoter (Figure 3).

The results of this study demonstrate that DOX concentrations had a significant impact
on the luminescence of the Pguai::Fluc reporter (Figure 6). In particular, in the presence of
DOX from 0.2 to 1 pg/mL, Pnair activity showed damped oscillation with gradual stabilization
at a value specific to each DOX concentration. Moreover, circadian oscillation in Pp.,> activity
can also be restored by constitutive expression of MYC-BMALL (Figure 8). In the presence of
DOX at 0.1 and 1 pg/mL. In the Pp.,2 activity showed luminescence activity clearly antiphase
with Pgnar activity as in wild-type U20S cells. I further tested the levels of exogenous Bmall
in the presence of various concentrations of DOX using quantitative RT-PCR from 24 to 52
hours (Figure 10) and immunoblotting from 0 to 52 hours (Figure 11). No significant circadian
rhythmicity was observed for the transcriptional and translational products in the presence of
DOX from 0 to 10 pg/mL.

I tested whether the accumulation of proteins involved in the ROR/REV/Bmall loop
exhibited circadian rhythmicity. The accumulation levels of REV-ERBa protein (Figure 13) in

the presence of DOX at 0.1 and 1 ug/mL, and that of CLOCK protein levels in the presence of
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DOX at 0.1 pg/mL (Figure 14) did not show significant circadian rhythmicity by JTK cycle
test.

The accumulation of CLOCK protein in the presence of DOX at 1 pg/mL (Figure 14C)
showed significant but quite weak rhythmicity with an amplitude value of 0.229. For the
following reasons, I anticipate that this CLOCK rhythmicity is not the factor underlying the
Pamair oscillation. No studies have been reported proving that CLOCK directly binds to the
regulatory region of Bmall to regulate transcription. The CLOCK-BMALI1 heterodimer
controls the expression of REV-ERBs and RORs, whose translational products bind to the
regulatory region of Bmall to regulate transcription. However, as shown in Figure 11, the
REV-ERBa protein show no significant rhythmicity in the presence of DOX at 0.1 and 1 pg/mL
while it shows clear circadian rhythmicity in wild-type U20S cells (Figure 13G). Therefore, it
is unlikely that robust circadian oscillations of the Pgna; and Ppe,2 activity levels are driven by
oscillations at the protein levels, although this possibility cannot be completely ruled out.

BMAL1, CLOCK, and REV-ERBs exhibit circadian oscillations in their
phosphorylation state (Robles et al., 2017; Lee et al., 2001). More specifically, circadian
oscillations in the phosphorylation of CLOCK and BMALI1 are thought to be crucial in
regulating subcellular localization, stability, protein-protein interactions, and transcriptional
activity (Tamaru et al., 2009; Yoshitane et al., 2009). Detection of the electrophoretic mobility
change of the bands during SDS-PAGE is a common method for identifying phosphorylated
proteins (Lee et al., 2019). However, I was unable to identify notable band shifts of BMALI,
REV-ERBa, and CLOCK proteins that exhibit circadian rhythm (Figures 11, 13, and 14) and
the time-course changes in the accumulation of endogenous BMALI1 in wild-type U20S-
Pamair::Fluc. 1t should be underlined that endogenous BMALI1 was found as multiple bands,
possibly in phosphorylated forms (Yoshitane et al., 2009), which were not prominent in DOX-

induced MYC-BMALI. Therefore, it seems unlikely that circadian phosphorylation of these
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proteins regulates the circadian rhythms of Ppna; and Pp,2 activities. However, it is impossible
to completely rule out this possibility from the data obtained in this study because
phosphorylation of only a small portion of these proteins, such as the nuclear-located
CLOCK/BMALI heterodimer, which may be difficult to detect from total protein samples,
possibly regulate circadian oscillation in Pgnar and Ppe,2 activities (Brenna and Albrecht., 2020;
Yoshitane et al., 2009).

Since the components of the core loop were not genetically manipulated in our Bmall-
inducible cell line, it is possible to assume that the intact core loop causes the Pznqi; activity to
oscillate. However, this does not seem to be the case. According to the DOX concentration, the
amplitude of the oscillations in the Pgumas and Pper2 activities were simultaneously restored
(Figure 8). These results suggested that there is no hierarchical relationship between Py and
Prer2 activities and that DOX-induced BMALI significantly affects both of Pgua: and Ppe2
activities. In wild-type U20S cells, Pgnair and Pper2 activities oscillate in antiphase because
night-activated RORE in Pgna and morning-activated E-box in Pp.,> are incorporated into the
interlocked feedback loops of activators and repressors (Ueda et., 2005). In the U20S-
Pamar::Fluc/ABmall/Prrescs::Myc-Bmall strain-2 cells, the antiphase relationship of Pgua; and
Pper2 activities were still recapitulated even though functional Bmall is not driven by
endogenous Ppna containing RORE, which cannot be explained by the current mammalian
TTFL model.

Many mathematical models of circadian systems were proposed in the previous two
decades (Asgari-Targi and Klerman., 2019). In these models, the behaviors of the mammalian
TTFL components were expressed using a system of differential equations with experimentally
determined parameters, including the activation and repression of clock genes transcription by
clock gene products. In the model proposed by Mirsky et al., the constitutive expression of

Bmall is described by setting a constant value for the rate of Bmall mRNA synthesis (Mirsky
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et al., 2009). This model predicted that the levels of transcriptional and translational products
of clock genes such as Cry, Clock, Rorc, Rev-erba, as well as the translational product of Bmall
exhibit clear circadian oscillation even under constant levels of Bmall mRNA. In contrast, the
current study revealed no discernible rhythmicity in the levels of the BMAL1, CLOCK, and
REV-ERBa proteins when Bmall was expressed constitutively. For Bmall transcriptional
oscillations to be in the appropriate phase with respect to other clock genes, the high amplitude
of oscillations in REV-ERB and ROR levels and their almost antiphase relationship are
necessary (Relogio et al., 2011). Nevertheless, with the constant levels of REV-ERBa protein,
our results demonstrate that Pgu..; activity oscillated in the appropriate phase relationship
relative to Ppe,2 activity. As a result, understanding these results using the mathematical models
mentioned above is difficult.

It has long been accepted that the basis of the circadian clock is non-linear limit cycle
oscillations in the field of chronobiology (Gonze and Ruoff, 2021). In this study, I found that
the Pguas activity data were well-approximated by a second-order system that represents a
linear damped oscillator in the presence of DOX at 1 pg/mL, and a third-order system that can
be interpreted as a linear damped oscillator forced through a first-order system in the presence
of DOX at 0.1 and 0.05 pg/mL. This finding can be a trigger to solving the oscillatory
mechanism of the circadian clock because a linear system is much easier to analyze than a
nonlinear one.

The damping coefficient ({) describes how quickly the oscillation decays. When the
is equal to 0, the oscillation continues stably without damping; when the ( is between 0 and 1,
the oscillation is damped, and when the ( is higher than 1, no oscillation is observed. In all
three conditions (DOX 1, 0.1, and 0.05 pg/mL) of oscillation, the { was quite small (Table 5),
indicating that the damping of the oscillation was rather weak. The oscillation periods (7) were

all in a similar range between 24.8 and 25.6 h (Table 5). These results indicate that the

55



concentration of BMALI did not affect the oscillatory parameters ({ and on) significantly, but
the baseline activity of Pznai; activity, shown by the first order component (Figure 15). It is
possible that a weakly damped linear oscillator system, whose molecular mechanism is still
unclear but is essentially independent of BMALI, underlying the circadian clock and this
oscillator regulates Ppna; and Ppe,2 activities in parallel.

Based on the results of this study, I found that constitutively expressed Bmall can
restore rhythmicity in Pgnaz activity. Expression levels of exogenous Bmall affect the baseline
but the period of circadian rthythms in Ppua; and Ppe,2 activities. At least in our experimental
system, the roles of Bmall in circadian oscillations seem to be different from those assumed in
the current mammalian TTFL model. Further studies are required to determine whether the
function of Bmall described in this study is specific to our experimental system or is true for

the mammalian circadian system.
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