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Supplementary Text

Molecular Characterization of Brain and Muscle Bmal1-HA Transgenic Lines

To characterize the molecular effects of exogenous expression of Bmal1-HA, we performed experiments to examine the levels of gene and protein expression in the brain and muscle Bmal1-HA transgenic mouse lines. These lines were designed to constitutively express BMAL1-HA. To verify this, we measured similar levels of BMAL1-HA protein in brain from brain Scg2::tTA x tetO::Bmal1-HA double transgenic mice or muscle from muscle Acta1::Bmal1-HA transgenic mice during two different time points (ZT6 and 18 in brain line; ZT0 and 12 in muscle line) (fig. S6). These time points fall within the range when BMAL1 levels are normally high (circadian time (CT)15-3) and low (CT6-12) in liver extracts (1). We then examined mRNA levels of key BMAL1 target genes Per1 and Per2 (2). In the brain transgenic line, Bmal1 and Per1 expression in the SCN was measured by in situ hybridization analysis (fig. S7).  The net expression level of exogenous Bmal1 was very similar in the double transgenic Bmal1+/+ and double transgenic Bmal1-/- mice.  At zeitgeber time (ZT)18, double transgenic Bmal1+/+ mice displayed 2.2-fold increased Bmal1 expression compared to WT mice.  In addition, Bmal1 in SCN of brain-rescued Bmal1-/- mice was expressed constitutively at levels comparable to WT peak levels.  While both WT and double transgenic Bmal1+/+ mice showed robust variation in Per1 expression in the SCN at these times, the Bmal1-/- mice exhibited depressed amplitude and overall low expression of Per1 (fig. S7).  In comparison, the brain-rescued Bmal1-/- mice had increased amplitude of Per1 expression, although peak levels remained significantly lower than WT levels.  

Per2 expression was measured by quantitative PCR in both muscle and liver from the brain and muscle transgenic lines at ZT12, which is normal peak time for Per2 in these tissues (fig. S8).  We surprisingly observed no decrease in Per2 expression in Bmal1-/- liver extracts in either line.  These data suggest that at least in liver, Per2 expression is regulated by other factors that do not require functional Bmal1.  However, Per2 in muscle of Bmal1-/- mice was significantly reduced to below 50% WT levels at ZT12.  This decreased expression was restored to WT levels in the muscle-rescued mice but not in the brain-rescued mice.  These data suggest that the presence of BMAL1 is required for proper expression of Per2 within muscle and that different peripheral tissues may regulate this gene in very distinct manners.  In addition, expression of Rev-Erbα and Dbp was analyzed in these lines, and both genes exhibited dramatic downregulation in liver and muscle of Bmal1-/- mice and show increased expression only in muscle of muscle-rescued mice (fig. S8).  

Materials and Methods: 
BAC clone identification
A mouse BAC library (Research Genetics/Invitrogen, Carlsbad, CA) was screened using the hamster Bmal1 cDNA as probe (GenBank accession number AF070917) to obtain four Bmal1-containing clones. Clones were restriction mapped with NotI, EagI, NruI, and SalI and separated using pulsed-field gel electrophoresis in 1% SeaPlaque ME agarose (Cambrex, East Rutherford, NJ) for 18 hours. The 5’ and 3’ ends of the Bmal1 coding region were mapped to the restriction fragments by Southern blotting and hybridization with 32P-end-labelled oligomers specific to the N-terminus (CCTTGAGGTGACCAGCAACTAC) and the C-terminus (GATACTGCAGCTGTTGCCAAAG), respectively.  

cDNA construct design

An HA tag sequence (TACCCATACGATGTTCCAGATTACGCTCTT) was inserted via oligonucleotide-directed PCR at the 3’ end (starting at amino acid 625) of mBmal1 cDNA (in pcDNA3.1 vector, (3)), and a MluI site was inserted 153 bp upstream of the translational start site using Pfu Ultra polymerase (Stratagene, La Jolla, CA). The PCR product was subcloned into pCR2.1-TOPO vector using the manufacturer’s instructions (Invitrogen) and the construct was sequence verified using BigDye Terminator sequencing kit reagents (ABI, Foster City, CA). For the tetO:Bmal1 construct, a 2.1 kb fragment containing HA-tagged Bmal1 cDNA was inserted into MluI-XbaI digested pTRE2 vector (Clontech, Mountain View, CA). For the Acta1::Bmal1 construct, pcDNA3.1 plasmid (Invitrogen) containing 2.2 kb of sequence directly upstream from the human Acta1 translational start site (4) (kindly provided by Drs. Karyn Esser and Edna Hardeman) was linearized with EcoRI and digested HA-tagged Bmal1 cDNA from pCR2.1-TOPO plasmid was ligated directly downstream of the Acta1 promoter sequence. For the Scg2::tTA construct, 9.85 kb of DNA directly upstream from the mouse Scg2 translational start site was ligated upstream of the tTA gene encoded in pMMY20 plasmid (5) (kindly provided by Dr. Mark Mayford).

Construction of transgenic mice
For Bmal1 BAC transgenic lines, two overlapping BAC clones that contained Bmal1 genomic sequence were purified using cesium chloride ultracentrifugation as previously described (6) and resuspended together at 1ng/μl each in injection buffer (10 mM Tris-HCl, 0.1 mM EDTA, 100 mM NaCl, pH 7.5). For Acta1::Bmal1, tetO::Bmal1 and Scg2::tTA constructs, DNA was also purified using cesium chloride ultracentrifugation and linearized with restriction enzymes to exclude most of the vector backbone sequence. Appropriately-sized DNA fragments were separated using agarose gel electrophoresis, extracted with QIA quick gel extraction kit (Qiagen, Hilden, Germany) and dialyzed in injection buffer (10 mM Tris-HCl, 0.1 mM EDTA, pH 7.5). DNA was diluted to 1ng/μl and microinjected into fertilized CD1 oocytes as previously described (7). Transgene-positive mice were identified by PCR on genomic DNA from tail biopsies using primers specific for the constructs used to create the transgenic lines. The pattern of inheritance in the BAC transgenic mice indicated that the BAC clones integrated into the X chromosome. Therefore, only male mice were used in the BAC transgenic mouse experiments to avoid chimeric expression of X chromosome genes. In the brain and muscle transgenic lines, both male and female mice were used for wheel-running experiments, since no significant differences are observed in circadian rhythm period, amplitude or activity levels in C57BL/6J mice (8).  BAC Tg; Bmal1+/- and BAC Tg; Bmal1-/- mice could not be distinguished by genotyping methods, due to the presence of wild-type (WT) genomic sequence in the BAC clone. Therefore, these mice were bred to WT females and resulting pups were genotyped to infer the parental genotype.
Genotyping primer sequences

Bmal1 BAC Tg mouse genotyping primer sequences

Forward: GATTACGCCAAGCTATTTAGGTGACACTATAGAATAC 

BAC clone 1 Reverse: CTTGGACCTATCGGAGTTTTGG

BAC clone 2 Reverse: GCTTCTTAACAGGTTCTTAAATTCTGC
tetO::Bmal1 Tg mouse genotyping primer sequences

Forward: ATCCACGCTGTTTTGACCTC

Reverse: CCATCCTTAGCACGGTGAGT

Acta1::Bmal1 Tg mouse genotyping primer sequences

Forward: CTAGTGCCCAACACCCAAAT

Reverse: CCCAAATTCCCACATCTGAA

Scg2::tTA Tg mouse genotyping primer sequences
Forward: CAAGTGTATGGCCAGATCTCAA

Reverse: AGACAAGCTTGATGCAAATGAG

Mouse breeding and running wheel experimental design
All transgenic lines were produced in the CD1 strain background and either backcrossed to C57BL/6J mice first, or directly crossed with the Bmal1+/- line, which had been backcrossed to C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME) for 5-9 generations. Final offspring used in activity wheel recording experiments were therefore from mixed strain genetic backgrounds, with the majority (at least ~70%) of the genome inherited from C57BL/6J strain. For the brain transgenic line, Scg2::tTA x tetO::Bmal1-HA double transgenic mice were produced by crossing Scg2::tTA hemizygous mice to tetO::Bmal1 hemizygous mice. Mice that carried both transgenes were subsequently crossed with Bmal1+/- mice to produce Scg2::tTA x tetO::Bmal1-HA double transgenic Bmal1+/- mice. These mice were subsequently crossed again with Bmal1+/- mice to produce double transgenic Bmal1-/- (rescued) mice, along with other possible genotypes from this mating. For the muscle and Bmal1 BAC transgenic lines, hemizygous transgenic mice were consecutively crossed with the Bmal1+/- line as described above. Over 1000 total mice were required to produce the rescued Bmal1-/- mice reported here.

Adult mice (at least 8 weeks old) were moved to activity wheel-equipped cages housed in a 12h:12h light:dark (LD) cycle for at least 7 days. The cages were then transferred into constant darkness (DD) for at least 3 weeks. Animals were checked for health and food status daily, water bottles were changed every 2 weeks, and bedding was changed every 3 weeks. Infrared goggles were used during periods of constant darkness. For the brain line of mice, 10 μg/ml doxycycline was administered in drinking water, with fresh water exchanged every 3-4 days. After 2 weeks of treatment, doxycycline water was replaced with regular tap water and mice were left in DD for an additional 3 weeks. At the end of the experimental schedule, mice were returned to an LD cycle for at least 7 days, until re-entrainment occurred (although some Bmal1-/- mice did not entrain to a LD cycle, (2)).  Tissues were then harvested from mice at the indicated zeitgeber time (ZT). Body weights were measured post-mortem and after mice had completed wheel experiments.

Quantitation of circadian rhythm parameters and activity levels

Running wheel activity was recorded and analyzed essentially as previously described (8). The free-running period in DD for BAC and muscle transgenic lines was calculated from continuous 14-day periods by using χ2 periodogram analysis (Clocklab software, Actimetrics, Evanston, IL). For the brain line of mice, the free-running period was calculated from continuous 14-day periods in pre-Dox (total of 21 days), Dox (total of 14 days) and post-Dox (total of 21 days) treatment intervals. For both pre-Dox and post-Dox conditions, the last 14 days of each interval were analyzed, while the Dox treatment interval was analyzed beginning 3 days after the first Dox administration, to allow the drug to take effect. If no significant rhythm was detected with χ2 periodogram, the free-running period was not scored.

The amplitude of circadian rhythm was analyzed using the fast Fourier transform (FFT), which estimates the relative power of approximately 24 hour period rhythm in comparison with all other periodicities in the time series (8). For activity level data analysis, the total number of wheel revolutions was counted in LD (7-10 days) and DD periods (using the same days described above for free-running period analysis); these values were averaged separately and compared among genotypes as total wheel revolutions per day. To compare free-running period and amplitude data measured in BAC and muscle transgenic lines, a one-way analysis of variance (ANOVA) with Tukey post test was performed comparing all genotypes (GraphPad Prism, San Diego, CA). For free-running period and amplitude data measured in the brain line of mice (during multiple treatments), and for activity level data measured in all lines, a general linear model (GLM) ANOVA with Bonferroni post-hoc test (NCSS97, Kayesville, UT) was used to statistically compare all data and determine significant differences with respect to genotype, time interval and interaction.  

In brain-rescued mice, phases were compared by extrapolating the phase of rhythms that occur during post-Dox treatment interval and comparing the phase differences with either phase of rhythms that occur during pre-Dox treatment interval or time of Dox removal (tap water replacement). Phase differences (in hours) were converted to degrees (360 degrees = 24 hours) and presented as Rayleigh plots. The average phase and phase clustering analyses were performed using statistical analysis described in (9, 10) and using spreadsheet formulas kindly provided by Dr. Fred Davis.

In situ hybridization
Brains were removed from mice and immediately frozen on dry ice. Alternate 20 μm coronal sections through the SCN were thaw-mounted on superfrost plus slides (VWR). In situ hybridization was performed essentially as described in (11), using 36-mer oligonucleotide probes (IDT, Coralville, IA) that were radiolabeled at the 3’ ends with 33P via terminal I Deoxynucleotidyl Transferase (Gibco/Invitrogen). SCN signal density was quantified using ImageJ 1.34s software (NIH, Bethesda, MD) and normalized to radioactive standards. GLM ANOVA statistical analysis was used to compare gene expression among genotypes.

Bmal1 in situ probe 1 (Figure 1, 2):

TTCTACAGAAGAAAGAGCGGCGGGCTCCAGAGCATA

Bmal1 in situ probe 2 (Figure 4):

GGGTTGGTGGCACCTCTCAAAGTTTTCATGTGCTGA

HA in situ probe:

GCGTAATCTGGAACATCGTATGGGTATGGCAAGTCA

Quantitative PCR analysis of gene expression
Total RNA was extracted from frozen samples using Trizol (Invitrogen) and diluted to 0.1 mg/ml. TaqMan real-time RT-PCR assays were performed using the comparative amplification detection threshold of target gene expression (CT) method, an ABI 7700 Sequence Detector, and TaqMan EZ RT-PCR kit reagents (ABI). Probe (ABI) and primer sets (IDT) were designed with Primer Express software (ABI). mRNA levels were measured by determining the cycle number at which CT was reached. In each sample, CT was normalized to Gapdh expression (ΔCT), performed in the same tube. Normalized ΔCT values from each time point were then subtracted from the average wildtype ΔCT value (ΔΔCT) to determine the relative abundance values (2-ΔΔCT). One-way ANOVA statistical analysis was used to compare gene expression in mice of different genotypes.  Muscle and liver tissue were analyzed separately.  

Bmal1 probe: FAM-TGACCCTCATGGAAGGTTAGAATATGCAGAAC-TAMRA

Bmal1 Forward: CCAAGAAAGTATGGACACAGACAAA

Bmal1 Reverse: GCATTCTTGATCCTTCCTTGGT

Per2 probe: FAM-ACTGCTCACTACTGCAGCCGCTCGT-TAMRA 

Per2 Forward: GCCTTCAGACTCATGATGACAGA

Per2 Reverse: TTTGTGTGCGTCAGCTTTGG

Rev-Erbα probe: FAM-GTTCTGGCATGTCCCATGAACATG-TAMRA

Rev-Erbα Forward: GGCAAGGCAACACCAAGAA

Rev-Erbα Reverse: GGCCGCTGCGTCCAT

Dbp probe: FAM-AGAACCGGCCAGCTGTCTCCTGAA-TAMRA
Dbp Forward: AGCCTTCTGCAGGGAAACAG
Dbp Reverse: GCAGAGTTGCCTTGCGCT
Cell culture and transfection

NIH 3T3 fibroblasts were grown in DMEM (Mediatech) supplemented with 10% bovine calf serum (BCS, Hyclone, Logan, UT), penicillin/streptomycin (Invitrogen) and L-glutamine (Sigma, St. Louis, MO). The day before transfection, cells were plated onto 6-well plates at a density of 1x105 cells/well in DMEM containing 10% BCS. After reaching approximately 50% confluency, cells were transfected essentially as described in (3) with 20 ng of mPer1::luc reporter, 100 ng pCMV-β-galactosidase for normalization, and 200 ng of each transcription factor (pcDNA3.1-mBmal1 [wildtype], pcDNA3.1-mBmal1-HA, pcDNA3.1-mClock, pcDNA3.1-mCry1 and pcDNA3.1-mCry2) using Lipofectamine PLUS (Invitrogen) according to manufacturer’s instructions. The total mass of DNA was normalized to 1μg/well using pcDNA3.1 plasmid. Forty-eight hours after transfection, cells were rinsed with PBS and harvested in reporter lysis buffer (Promega, Madison, WI). Luciferase activity was measured and normalized to β-galactosidase activity according to the manufacturer’s instructions (Luciferase Assay System and β-Galactosidase Enzyme Assay System, Promega).

Protein expression analysis

Mouse tissues (cerebellum, liver and gastrocnemius muscle) were briefly homogenized in buffer (50 mM Tris-HCl, 5 mM EDTA, 15 mM NaCl, 0.2% nonidet P-40, 0.5% Triton-X 100, protease inhibitor cocktail (Sigma), pH 7.4) using a polytron homogenizer. Homogenates were centrifuged at 15,000 x g for 20 min at 4º C, and supernatants were removed and re-centrifuged. Protein concentration was measured using DC Protein Assay (Bio-Rad, Hercules, CA) according to the manufacturer’s instructions. Acrylamide gel electrophoresis was performed on samples using 50 μg protein/lane, and separated proteins were transferred to nitrocellulose. Equivalent protein amount on the nitrocellulose transfers was verified by Ponceau S staining. Blots were blocked in PBS containing 5% nonfat milk and incubated with HRP-labeled anti-HA antibody (Roche, Basel, Switzerland). Bound antibody was detected by chemiluminescence (Roche).  
Alizarin Red staining

Tissue calcification was determined by staining of skeletons with Alizarin Red (12, 13). Briefly, animal carcasses were skinned, eviscerated and submerged in 1% KOH for 4 hours. After 4 hours, the carcasses were heated to 45º C for 15 min and then transferred to 2% KOH overnight. For staining, carcasses were placed in 1.9% KOH containing 0.04% Alizarin Red (Sigma) for 48 hours. The skeletons were cleared in a solution containing 2:1:2 glycerin:benzyl alcohol:70% ethanol for 3 hours followed by heating to 45º C for 1 hour. Stained and cleared skeletons were stored in glycerin. Please note that the calcaneal tendon was cut prior to tissue digestion, in order to remove hind limb muscles.
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 Fig. S1.  Bmal1 expression in liver of BAC transgenic mice. Bmal1 mRNA from the liver of male transgenic (dashed line) and wild-type (WT) (solid line) mice taken at the indicated zeitgeber times (ZT) was measured using quantitative PCR. The asterisk denotes significantly higher Bmal1 mRNA abundance as compared to ZT 10 within the same genotype, and a cross indicates significantly higher signal at the same time point between the two genotypes (GLM ANOVA, Scheffe’s post-hoc test, p<0.05).        

Fig. S2.  HA-tagged BMAL1 protein is functional in Per1::luciferase co-transfection reporter assays. 3T3 fibroblasts were transfected with the indicated DNA constructs and luciferase activity was measured from cell lysate preparations. Bar graph depicts mean + SEM.  HA-tagged BMAL1 significantly induced transcription of Per1::luciferase reporter construct compared to reporter alone (one-way ANOVA p<0.01). HA-tagged BMAL1-induced transcription was repressed by CRY proteins in a manner statistically similar to wild-type BMAL1 (one-way ANOVA p>0.05).  
Fig. S3. Wheel-running activity records of brain transgenic line mice. Shown are wheel-running activity records from one WT, one Scg2::tTA x tetO::Bmal1 double transgenic (DTg), one Bmal1-/- (Bmal1 KO) mouse and three brain-rescued DTg Bmal1-/- (DTg; Bmal1 KO) mice. The Bmal1-/- and brain-rescued activity records are from different animals than those shown in Figure 2. Mice were housed in LD for at least 10 days and then released into DD. After 3 weeks in DD, mice were administered 10μg/ml Dox in drinking water for 2 weeks (highlighted in yellow) and then switched back to tap water for an additional 3 weeks.  

Fig. S4. Amplitude power spectra from the brain transgenic line of mice during Dox treatment interval.  Shown are the fast Fourier transform analyses performed on the same activity records shown in fig. S3 (one WT, one Scg2::tTA x tetO::Bmal1 double transgenic (DTg), one Bmal1-/- (Bmal1 KO) mouse and three brain-rescued DTg Bmal1-/- (DTg; Bmal1 KO) mice) during the 2-week Dox treatment (which halts expression of Bmal1-HA).  Only very low amplitude, non-significant rhythms were detected in brain-rescued mice.  The period associated with the highest power peak (highest amplitude rhythm detected) is shown in each graph.  

Fig. S5. Phase relationships of rhythms occurring after Dox treatment versus before Dox treatment or time of Dox removal in WT and brain-rescued (DTg KO) mice. (A) The phases of behavioral rhythm occurring before versus after Dox treatment were strongly clustered in WT mice (p<0.001), but not in brain-rescued mice (p>0.1), suggesting that the initial rhythm was not sustained during the Dox interval in the brain-rescued mice. (B) Phase of rhythm during post-Dox interval relative to the time of Dox removal. A moderate yet not significant (0.1>p>0.05) clustering was observed between time of Dox removal versus the phase of regained rhythm in the brain-rescued mice and the continued rhythm in the WT mice. Taking into account the variation of individual mouse water consumption, clearance rate and transcription efficiency, this suggests that the phase of regained rhythm in the brain-rescued mice was possibly dependent on the reinitiation of Bmal1 expression after Dox removal. The brain-rescued mice took an average of 5 days to regain rhythm after Dox removal. Rayleigh plots represent 24 hours, arrow direction indicates average phase differences and arrow length indicates strength of clustering (r, see materials and methods).

Fig. S6.  BMAL1-HA expression in muscle and brain lines of mice. Western blots were performed with HA antibody on 50 µg/lane protein of muscle extracts from muscle Acta1::Bmal1-HA transgenic (Tg) mice (A) or brain extracts from brain Scg2::tTA x tetO::Bmal1 (DTg) mice (B). Exogenous BMAL1-HA is produced at consistent, similar levels at different times of day and between different background genotypes.

Fig. S7.  Bmal1 is constitutively expressed and Per1 expression is partially rescued in SCN of brain-rescued Bmal1-/- mice. SCN in situ hybridization experiments were performed on brain-transgenic line mouse brains taken at ZT6 or ZT18 using probes against Bmal1 and Per1. (A) Shown are representative images of in situ hybridization experiments performed on Bmal1-/- (KO) or Scg2::tTA x tetO::Bmal1 (DTg) KO mouse brains. Images were cropped to highlight the region that includes the SCN and third ventricle. Scale bar is 0.5mm. Quantitation of SCN signal was performed by measuring signal detected within normal SCN anatomical area (as seen in DTg KO Bmal1 in situ images); however, in KO brains, additional Per1 signal was consistently detected at peak time (ZT6) dorsal to the SCN, along the third ventricle walls.  (B) Bar graphs represent mean + SEM of signal density within SCN region. In Bmal1 panel, asterisk indicates values that are significantly different from WT peak. In Per1 panel, asterisk indicates a significant difference between KO and DTg KO in peak Per1 signal (GLM ANOVA).  WT, DTg and DTg KO all exhibited significant difference in Per1 expression between ZT6 and 18.  Per1 expression in KO mice was not significantly different between ZT6 and 18 (GLM ANOVA).    

Fig. S8.  Quantitation of Per2, Dbp and Rev-Erbα expression in muscle and liver from muscle and brain-transgenic lines. Quantitative PCR measuring Per2, Dbp and Rev-Erbα gene expression was performed on RNA extracted from muscle and liver tissue from the muscle line (left column) and brain line (right column) mice at ZT12. Relative abundance was determined by normalizing to Gapdh and comparing to WT mean value (shown are mean + SEM). A significant decrease in Per2 in KO muscle but not liver was observed (*p<0.05, **p<0.01, ***p<0.001; one-way ANOVA). Average Per2 expression was increased in muscle-rescued muscle, while Per2 expression in muscle from brain-rescued mice remained low. A decrease in Dbp expression was observed in KO muscle and liver in both lines as compared to WT. Average Dbp expression was increased in muscle-rescued muscle, but not liver (although, the increased expression in muscle-rescued muscle was still significantly lower than WT levels, p<0.05, one-way ANOVA). Average Dbp expression was not increased in either tissue from brain-rescued mice. Rev-Erbα expression was significantly lower in muscle and liver from brain-transgenic line KO mice and signficantly lower in liver, but not muscle from muscle-transgenic line KO mice. However, average Rev-Erbα expression in KO muscle from muscle-transgenic mice was only 36% of WT level. The average Rev-Erbα expression increased to WT levels (107%) in muscle from muscle-rescued mice, but did not increase in liver from muscle-rescued mice, nor in liver or muscle from brain-rescued mice. One-way ANOVA was used to statistically compare liver and muscle samples, separately.  
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