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Abstract

Serum bone turnover markers show diurnal variation in humans, suggesting that circadian rhythms
contribute to normal bone physiology. This conclusion is corroborated by bone phenotypes in mice
with genetic disruption of the circadian molecular clock mechanism, for instance via deletion of
the transcription factor Brain and Muscle Arntl-like 1 (Bmal). To dissect the contribution of
circadian molecular clocks in individual bone cell types, we generated mice with conditional
deletion of Bmall in osteoclasts (Ctsk-cré) and in mesenchymal cells of the limbs (PrxZ-cre). We
report that deletion of Bmall in osteoclasts had no effect on trabecular or cortical bone parameters
in vivo or on osteoclast differentiation i vitro. In contrast, Bmal1?'.Prx1-cre mice had
significantly less trabecular and cortical bone than Bmal1”/ littermate controls, recapitulating the
bone phenotype of Bmall germline deficient mice. The number of osteoblast precursors in the
bone marrow of Bmal1?f. Prx1-cre mice was similar to wild-type controls, while the i vitro
differentiation capacity of Bmall-deficient osteoblast precursors, measured as induction of
alkaline phosphatase activity, was significantly lower. Despite this, serum procollagen type 1 N-
terminal propeptide (P1NP), a measure of bone formation in vivo, was higher in Bmal1?" Prx1-cre
mice than in Bmal1”f mice. Consistent with a high bone turnover state in the mutant mice, the
bone resorption marker serum C-terminal telopeptides of Type | collagen (CTX-I) was also
elevated, and Bmal1”f. Prx1-cre mice had a higher number of tartrate resistant acid phosphatase
(TRAP) positive osteoclasts than Bmal17 controls. These results demonstrate that adult bone
mass in mice is controlled by the intrinsic circadian molecular clock in mesenchymal cells but not
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osteoclasts. The effect of the mesenchymal cell clock on bone turnover appears to involve
osteoblast-osteoclast cross-talk.
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1. Introduction

Many biological processes follow circadian rhythms which, in humans and other mammals,
are generated by cell-intrinsic molecular clocks that generate diurnal changes in gene
expression, affecting about 10 % of the transcriptome in any given cell type [1]. At the
molecular level, the mammalian molecular clock is a transcriptional-translational feedback
mechanism. Positive regulators (Bmall, Clock, Npas2) drive the expression of negative
feedback regulators (Per and Cry genes, Nr1d1), which in turn inhibit the expression and
activity of the positive regulators in a cycle that lasts approximately 24 hours [2]. A central
clock in the hypothalamus receives sensory input from the eyes and communicates with
peripheral tissues via neuronal and hormonal pathways to synchronize peripheral tissue
clocks with the environment. Disruption of the synchrony between environmental and
endogenous circadian rhythms, for instance in shift workers, or dysfunction of the molecular
clock mechanism in older people, has been linked to disease. Understanding the molecular
mechanisms underlying circadian control may also be important for optimal drug therapy

3].

Several serum bone turnover markers in humans show diurnal variation [4], suggesting a role
for circadian molecular clocks in bone physiology. This conclusion is corroborated by bone
phenotypes in mice with genetic disruption of the circadian molecular clock mechanism.
Mice with germline deletion of Cry1/Cry2or Per1/PerZ, transcription factors that form the
negative feedback loop of the circadian molecular clock, were shown to have a high bone
mass phenotype thought to be mediated via effects of leptin and the sympathetic nervous
system on osteoblast function [5]. Bmall is the major positive regulator of the molecular
clock. Published bone phenotypes for mice with germline deletion of Bmall have varied,
reporting either low bone mass [6] or no bone phenotype [5, 7]. We found that Bmal1
germline mutant mice have a low bone mass phenotype. To further clarify the role of
circadian molecular clocks in bone physiology we generated mice with conditional deletion
of Bmall in osteoclasts and mesenchymal cells, respectively. Our results confirm a critical
function for circadian molecular clocks in mesenchymal cells, as conditional deletion of
Bmal1 in mesenchymal cells but not in osteoclasts recapitulated the low bone mass
phenotype seen in germline Bmal1 deficient mice. Moreover, our data suggest that the
development of low bone mass in these mice is the result of increased bone turnover and
involves cross-talk between osteoblasts and osteoclast lineage cells.
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2. Material and Methods

2.1 Mice

Bmal1”f mice (B6.129S4(Cg)-ArntIMIWeit/5) [8], Arx1-cre mice (B6.Cg-Tg(Prrx1-
cre)1Cjt/d)[9] and ROSA26™T/MG mice (B6.129(Cg)-
Gt(ROSA)26SortM4ACTB-tdTomato,-EGFP)LU0/j) [10], all on a C57BL/6 background, were
purchased from the Jackson Laboratory. Ctsk-cre mice [11] were a gift of Shigeaki Kato,
University of Tokyo, Japan and have been backcrossed to C57BL/6 for 20 generations. The
BmalI™ allele arose by Cre-mediated germline deletion in offspring of a female

Bmal1™f. Prx1-cre mouse [9]. Bmall™'~ mice are infertile [7]. Bmall™'~ and Bmal1**
littermates were generated by crossing Bmal1*'~ parents. Bmal1”.Ctsk-cre, Bmal1”*.Ctsk-
cre, and Bmal17f littermates were generated by mating Bmal1”*.Ctsk-cre and Bmal17*
parents. Bmal1” Prxi-cre and Bmal1”f controls were derived by mating Bmal1? Prxi-cre
males with Bmal1”f females. Age and sex of the mice included in each experiment are
specified in the text. In most cases, 8-week-old male knockout mice and control littermates
were pooled from multiple litters for analysis. Consecutive animals were analyzed without
selection. Mice were housed in microisolator cages with up to 5 mice per cage in specific
pathogen-free animal facilities at the Harvard T.H. Chan School of Public Health or at
Brigham and Women’s Hospital under standard 12 hour light - 12 hour dark conditions, the
beginning of the light period corresponding to circadian time (CT) 0 hours. Animals had
access to standard mouse chow (PicoLab Mouse Diet 20, #5058, LabDiet) and water ad
libitum. All studies were performed according to institutional and NIH guidelines for care
and use of laboratory animals and were approved by the Institutional Animal Care and Use
Committees of Harvard Medical School and Brigham and Women’s Hospital.

2.2 Micro-computed tomography

A Scanco Medical uCT 35 system with an isotropic voxel size of 7 um was used for micro-
computed tomographic (microCT) analysis of femurs. All microCT analysis was performed
blinded to the genotype of the analyzed mice. Bones were scanned in 70% ethanol using an
X-ray tube potential of 55 kVp, an X-ray intensity of 0.145 mA and an integration time of
600 ms. A region beginning approximately 0.28 mm proximal to the growth plate and
extending 1.1 mm proximally was selected for trabecular bone analysis. A second region 0.6
mm in length centered at the midpoint of the femur was used to measure cortical bone
parameters. A semi-automated contouring approach was used to distinguish cortical and
trabecular bone. The region of interest was thresholded using a manually determined global
threshold set at 368 mg HA/cm?3 for trabecular bone and 708 mg HA/cm3 for cortical bone.
3-D microstructural properties of bone, including bone volume fraction (BV/TV), trabecular
number (Tb N), trabecular thickness (Tb Th), trabecular separation (Tb Sp), trabecular bone
mineral density (Th BMD), cortical thickness (Cort Th), and cortical bone mineral density
(Cort BMD) were calculated using software supplied by the manufacturer.

2.3 Histology

For osteoclast quantification, femurs from 8-week-old Bmal1”fand Bmal1?". Prx1-cre mice
were fixed in 10% neutral buffered formalin (NBF) for 24 hours followed by decalcification
with 14% EDTA for 14 days and paraffin embedding. 5 um sections were stained for TRAP
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activity [12] and counterstained with hematoxylin. The OsteoMeasure Analysis System
(OsteoMetrics) was used to determine the osteoclast surface per bone surface within a region
of interest 100 um proximal to the growth plate. Two sections from each of 6 mice per group
were analyzed. Slides were imaged on a Leica DM2000 LED microscope. For deletion
analysis, femurs from 4-week-old Bmal1”f. ROSA26™ /MG and Bmal1™. Ctsk-

cre. ROSA26™MT/MG mice were fixed in 4% paraformaldehyde (PFA) and decalcified with
14% EDTA for 2 days. Cryosections (16 um) were stained with DAPI and imaged with a
Leica TCS SP8 confocal microscope.

2.4 In vitro osteoclast assays

Total bone marrow cells were cultured on suspension dishes (Corning) in a-MEM with
ribonucleosides (Corning) supplemented with 10% fetal bovine serum (FBS), 100 U/ml
penicillin G, 1 mg/ml streptomycin (both Cellgro), and 40 ng/ml macrophage colony-
stimulating factor (M-CSF, R&D). After 3 days, non-adherent cells were replated at a
density of 6x10% cells/well in 24 well plates or 1x10* cells/well in 96 well plates and
cultured in medium with 10 ng/ml RANKL (R&D) and 20 ng/ml M-CSF for 5-7 days.
Osteoclasts were then stained for TRAP activity or harvested for quantitative polymerase
chain reaction (QPCR). For reporter analysis, Bmal1" Ctsk-cre. ROSA26™MT/MG and
Bmal1”f ROSA26™T/MG control osteoclasts were grown on 1 mm glass coverslips (Sigma)
coated in FBS, fixed in 4% PFA and stained with DAPI. An Olympus FSX100 Inverted
Microscope was used to evaluate EGFP expression.

2.5 Invitro osteoblast assays

Long bones were isolated from 7-10 day old mice, crushed and digested with 2 mg/ml
dispase Il (Roche) and 1 mg/ml collagenase type Il (Worthington Biochemicals) in a-MEM
for 30 minutes at 37 °C with agitation, whereupon the supernatant was collected (Fraction 1)
and replaced with fresh digestion medium. Two subsequent digestions were performed
identically (Fraction 2, 3). For colony forming unit (CFU) assays, Fraction 1 was plated at
1.5x10° cells/well in medium onto 6 wells plates, expanded for 4 days and then
differentiated for 21 days in a-MEM medium without ribonucleosides (Corning)
supplemented with 10 % FBS, 100 U/ml penicillin G, 1 mg/ml streptomycin, 50 pg/ml
ascorbic acid and 5 mM B-glycerophosphate. Cultures were fixed in 10% neutral buffered
formalin (NBF) and stained for alkaline phosphatase activity. Colonies were counted by two
independent investigators blinded to genotype. Fraction 2 and 3 were pooled, plated onto 10
cm dishes and passaged every other day for 10 days. The expanded population was then
plated at 1.1x10%4 cells/cm?, differentiated for 28 days as described and stained with alizarin
red and von Kossa. Cultures were also stained and analyzed for alkaline phosphatase activity
as described [13]. The alkaline phosphatase index (AP index) was derived by normalizing
alkaline phosphatase activity to Alamar Blue (Invitrogen) fluorescence as a measure of cell
viability. All cultures were performed with cells from individual mice.

2.6 Quantification of Bmall deletion

Genomic DNA was extracted from primary osteoclast or osteoblast cultures using a standard
protocol for tail DNA isolation, i.e. digestion with proteinase K (Sigma) followed by
isopropanol precipitation. Real-time quantitative PCR analysis of DNA samples was done on
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a StepOnePlus Real-Time PCR System (Applied Biosystems) with Fast SYBR Green Master
Mix (Applied Biosystems) and the following primer pairs: FL5 -
GCTCACAGGCTGCAGAGG, TTCCAGACGACCAGGTTTGG; D3Mit319-
TCTCCCTCACTTTTTCCTTCC, AACAGCCAGTCCAGCAAATC; D7Mit97 -
CTTCCACACATCCACACTTACA, TCTTGGTCTCCAGCCTCTGT. The FL5 primer pair
flanks the upstream /oxPsite in the floxed BmalZ locus yielding a PCR product of ~170 base
pairs (bp). Cre-mediated excision of the floxed DNA segment abrogates the reverse primer
site and results in loss of the PCR product. The satellite markers D3Mit319and D7Mit97
were used for quantification of total DNA, with the primers above yielding PCR products of
197 bp and 138 bp, respectively, for C57BL/6 genomic DNA. Abundance of the floxed
Bmall allele was measured by normalizing the cT value for FL5 over the mean cT value for
D3Mit319and D7Mit97 using the AcT method. Data were further normalized by dividing
each individual data point by the mean of the Bmal1”f samples in a given experiment.

2.7 Gene expression in cortical bone

Diaphyseal bone from femurs was flushed to remove the marrow. RNA was isolated from
the remaining cortical bone with Trizol reagent (Life Technologies) using a bullet blender
(Next Advance) to homogenize the tissue. 500 ng of RNA was used to generate cDNA
(Affinity Script RT-PCR cDNA Synthesis Kit, Agilent Technology). Real-time quantitative
PCR (gPCR) was performed in duplicate using Sybr green reagent (Life Technologies).
Primer sequences were Opg— TGTCCAGATGGGTTCTTCTCA,
CGTTGTCATGTGTTGCATTTCC; Rankl- CAGCATCGCTCTGTTCCTGTA,
CTGCGTTTTCATGGAGTCTCA; Hprt - GTTAAGCAGTACAGCCCCAAA,
AGGGCATATCCAACAACAAAC.

2.8 Serum bone turnover markers
Blood was collected from mice by cardiac puncture following euthanasia at the time points
indicated in the text. Serum was isolated using serum separator tubes (BD Biosciences) and
analyzed using commercial ELISA kits for CTX-1 and P1NP (IDS), or RANKL and OPG
(R&D).

2.9 Statistical Analysis
Statistical analysis and graphing were done with Prism 7 (Graphpad Software). Two
experimental groups were compared using the Student’s ftest and three groups by one-way
ANOVA. The bars in all graphs represent mean and standard deviation (SD).

3. Results

3.1 Adult Bmall germline knockout mice have a low bone mass phenotype

We analyzed femurs from 8-week-old male mice with germline deletion of Bmall
(Bmal1™") by microCT. This age was selected for analysis to avoid confounding of the
results by the progressive arthropathy in Bmal1~~ mice [7], which might restrict mobility at
later time points. At 8 weeks of age, the trabecular bone mass in male Bmall™~ mice was
about 40% lower than in Bmal1*/* male littermates (Fig. 1A). Corresponding changes were
observed for trabecular number, thickness and separation. Trabecular BMD was reduced by
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5% (Fig. 1B). Bmal1™~ mice also showed a slight but statistically significant reduction of
cortical thickness and cortical BMD (Fig. 1C and D).

3.2 Osteoclast-specific deletion of Bmall has no effect on microCT bone parameters

To address whether the reduction in trabecular bone mass is a function of Bmal1 deficiency
in osteoclast or osteoblasts, we generated mice with conditional deletion of Bmal1 using a
mouse strain with a floxed Bmal1 allele [8] that has been widely used to analyze the effects
of tissue-specific Bmall deletion. In this strain, Cre recombinase activity excises the exon
encoding the helix-loop-helix domain of Bmal1 resulting in a functional null mutant [8].
First, we generated mice with osteoclast-specific deletion of Bmall using the Ctsk-cre driver
strain [11] comparing 8-week-old Bmal1”f Ctsk-cre mice with Bmal17*.Ctsk-cre littermates.
None of the standard trabecular or cortical bone microCT parameters demonstrated a trend
in the direction of the phenotype observed in Bmall germline mutants (Fig. 2A and B, Fig.
S1).

We had chosen this experimental setup to avoid potential Cathepsin K gene-dosage effects
caused by the Ctsk-cre knock-in allele. Subsequent experiments revealed that there was no
significant difference in microCT parameters between male Ctsk-cre positive mice and wild-
type C57BL/6 littermates at 8 weeks (Fig. S2), and we confirmed that Bmall
haploinsufficiency does not result in a discernable bone phenotype (Fig. S3). We thus
concluded that Bmal1 deficiency in osteoclasts has no effect on bone. However, contrary to
our findings, a recent report suggested that mice with osteoclast-specific Bmall deletion
have higher bone mass than Bma/17f mice at 12 weeks of age [14]. To address this
discrepancy, we performed an additional in vivo study. Bmal1”*.Ctsk-cre mice were crossed
with Bmal1”f mice to generate littermates with the three genotypes Bmal1”f, Bmal17*.Ctsk-
creand Bmal1™'.Ctsk-cre, which were analyzed at 12 weeks (Fig. 2C-F). Again, there were
no statistically significant differences between male Bmal1”f Ctsk-cre mice and littermate
controls (Fig. 2C-F) confirming our initial observation.

We verified that Ctsk-cre was functional in our mice by crossing the ROSA™MT/MG reporter
allele into the Bmal1™" Ctsk-cre line. Analysis of 4-week-old Bmal1”* Ctsk-cre. ROSAMT/MG
mice demonstrated green fluorescence near the growth plate in an osteoclast-like distribution
(Fig. 3A). No statistically significant difference in osteoclast differentiation from the bone
marrow of Bmal1™ Ctsk-crevs. Bmal1”f bone marrow was observed /n vitro (Fig. 3B),
despite documented osteoclast Cre-activity demonstrated using the ROSA™T/MG reporter
(Fig. 3C) and RANKL-induced Bmal1 deletion measured by qPCR (Fig. 3D). This gPCR
assay quantifies abundance of the floxed Bmal allele using a primer pair flanking the
upstream /oxP site. Cre-mediated excision of the floxed gene segment removes the reverse
primer binding site and results in loss of the PCR product (Fig. S4). In conclusion, the
analysis of Bmal1™".Ctsk-cre mice provided no evidence for an effect of osteoclast-specific
deletion of Bmall on bone parameters that would mimic the bone phenotype observed in
mice with germline deletion of Bmall.
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3.3 Conditional deletion of Bmall maps the bone phenotype to Bmall-deficient
mesenchymal cells

We then analyzed mice with Bmall deficiency in mesenchymal cells using the PrxI-cre
driver [9]. In contrast to deletion in osteoclasts, mesenchymal cell-specific deletion of
Bmallin Bmal1”'.Prx1-cre mice lowered trabecular bone mass in 8-week-old mice with a
reduction in BV/TV by ~20% relative to Bmal1”" littermate controls (Fig. 4A, 4E and F).
We observed corresponding statistically significant changes in trabecular number, thickness
and separation. Trabecular BMD, cortical thickness and cortical BMD were also decreased
(Fig. 4B-D), similar to germline Bmal1 deletion. The same phenotype was present in 8-
week-old female mice (Fig. S5). Real-time quantitative PCR data in Fig. S6 provide
evidence for Bmall deletion and disruption of the circadian molecular clock in the
extremities of Bmal1”!. Prx1-cre mice. Bmall deficiency in mesenchymal cells thus
recapitulates the bone phenotype observed in Bmal1 germline-knockout mice, mapping the
effect of Bmall deficiency on bone to a mesenchymal cell lineage derived from PrxI-cre
positive precursors.

In order to study potential mechanisms, we compared the /n7 vitro osteogenic potential of
bone marrow cells from Bmal1”fand Bmal1”f.Prx1-cre mice. There was no difference in the
number of osteoblast precursors between the two genotypes (Fig. 5A and B). However, we
observed a small but statistically significant reduction in osteogenic potential of

Bmal1”f Prx1-cre bone marrow stromal cell osteoblast precursors measured as induction of
alkaline phosphatase activity under osteoblast differentiating conditions (Fig. 5C and D).
Panel E in Fig. 5 demonstrates deletion of Bmall in osteoblast cultures from Bmal1™ prx1-
cre mice, whereas the Bmal1”locus is in germline configuration in DNA isolated from the
tail, consistent with the PrxZ-cre expression pattern [9].

3.4 Evidence for high bone turnover in Bmal1f.Prx1-cre mice

We then analyzed bone turnover markers in the serum of Bmal1”fand Bmal1”" Prx1-cre
mice every 6 hours over the course of one day. Contrary to our expectation, serum P1NP as a
marker of bone formation was increased in Bmal1”" Prx1-cre mice at all time points. Serum
CTX-I as a marker of /n vivo osteoclast activity was also increased (except at circadian time
6 hours). This suggests that the reduced bone mass in Bmal1?". Prx1-cre mice is due to
increased bone turnover compared with Bma/17fwild-type controls, resulting in an overall
negative balance. Consistent with this interpretation we found a small but statistically
significant increase in the number of osteoclasts in Bmal1”" Prx1-cre mice (Fig. 6B). The in
vitro osteoclastogenic potential of Bmal1”fand Bmal1™ Prxi-cre bone marrow did not
differ (Fig. S7), suggesting that the effect of Brmall deficiency on osteoclast numbers and
resorption activity in Bmal1”f Prx1-cre mice is the result of osteoblast-osteoclast cross-talk
in vivo. Others have reported that Bmall controls the expression of RANKL in osteoblasts
[15]. Consistent with this, we observed increased expression of Rank/in diaphyseal cortical
bone of Bmal1™ Prx1-cre mice (Fig. 6C). However, expression of Opgwas also increased
resulting in a decreased ratio of Rankl/Opg expression in bone (Fig. 6C). We then examined
serum protein levels of RANKL and OPG over the course of the 24-hour day. At circadian
time 6 hours, serum levels of RANKL in Bmal1”¥ Prx1-cre mice were decreased relative to
Bmal17f controls, with no significant difference in RANKL at other time points (Fig. 6D).
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Serum OPG levels were indistinguishable between the two strains (Fig. 6D). Thus, increased
local or systemic RANKL activity is unlikely to be the mechanism that explains how Bmal1-
deficient osteoblasts promote bone resorption and high bone turnover. Instead, Bmall may
control secondary pathways by which osteoblasts promote osteoclast formation or activity.

4. Discussion

The low bone mass phenotype we observed in Bmall™~and Bmal1? Prx1-cre mice mirrors
reports of increased bone mass in mice with germline deletion of either Per1/Per2or Cryl/
Cry2[5]. Bmall drives the expression of these transcription factors, which then oppose the
activity of Bmall [16]. Deletion of Bmal1 thus disrupts the molecular clock at a different
point in the circadian cycle than deletion of Peri/Per2or Cry1/Cry2. This has been likened
to the removal of either the thermostat or the furnace from a heating system [17] resulting in
opposing changes in the expression of clock-controlled genes and, correspondingly,
divergent phenotypic outcomes when either the clock driver BmalZ or the negative
regulators Per1/Per2or Cry1/Cry2 are deleted. We cannot rule out that Bmall has additional
functions outside of its role as a core regulator of the circadian molecular clock.
Nevertheless, our results identify mesenchymal cells as the driver of the bone phenotype in
Bmal1™!~ mice, with osteoclast-specific Bmal1 deletion having no effect on bone mass,
cortical thickness or BMD. Whether Per1/Per2or Cry1/Cry2 deletion similarly acts through
effects in mesenchymally derived cells remains to be shown.

Our results are consistent with those of Samsa et al., who demonstrated a low bone mass
phenotype in Bmal1~~ mice compared with wild-type controls using microCT [6]. In
contrast, Bunger et al., in their original description of Bmal1~/~ mice [7] did not find a
significant decrease in areal bone mineral density in BmalZ~~ mice using Piximus
densitometry, although there was a trend toward decreased femoral bone mineral density.
Our results also contrast with those of Xu et al. who reported an osteoclast-intrinsic role for
Bmall in controlling bone mass [14]. Possible explanations for these diverging results
include differences in sensitivity of microCT compared to densitometry, genetic background
of the knockout mice, stringency of using littermate controls, and possibly effects of local
microbiota [18].

Studies of serum bone turnover markers in humans and mice have demonstrated robust
circadian variations of osteoclast markers [19, 20]. Our data show that Bmall deficiency in
the progeny of PrxI expressing cells results in a small increase in the number of osteoclasts.
Additionally, it is likely that Bmall deficiency in mesenchymal cells affects osteoclast
function /n vivo, as the circadian curve of serum CTX-I in Bmal1”f. Prx1-cre mice is
flattened compared with Bmal1”f controls. The lack of a bone phenotype in mice with
osteoclast-specific deletion of Bmall suggests that circadian osteoclast activity is mostly
under extrinsic control by non-osteoclast clocks. These data suggest that osteocytes,
osteoblasts or other mesenchymally derived cells regulate osteoclast activity over the course
of a 24-hour day. It has been reported that Bmall directly controls the expression of RANKL
in osteoblasts [15], and we found increased Rank/expression in cortical bone from
Bmal1™. Prx1-cre mice. However, we also measured increased Opg expression with a
decreased Rankl/Opg ratio in Bmal1”" Prx1-cre mice compared to Bmal1”f animals.
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Furthermore, serum RANKL levels in Bmal1%" Prx1-cre mice were not elevated compared
with wild-type littermate controls, at least at 8 weeks of age. How the circadian molecular
clock in mesenchymal cells impacts the number and/or function of osteoclasts thus remains
to be determined.

Although osteoblast differentiation from Bmal1”f. Prx1-cre precursors was modestly
decreased /in vitro, serum markers of bone formation were actually higher in Bmal17" prx1-
cremice. This is consistent with the findings of Fu et al., who reported that 8-week-old
BmalI™"~ mice had an increased bone formation rate but also accelerated bone resorption, as
demonstrated by increased urine deoxypyridinoline levels in their study [5]. Similarly, bone
resorption activity as measured by serum CTX-I was higher inBmal1”" Prx1-cre mice during
the majority of the circadian cycle. Taken together, our data suggest that the low bone mass
in Bmal1™ Prx1-cre mice is due to increased bone turnover. Although we do not have
dynamic histomorphometry data, we hypothesize that Bmall deficiency in mesenchymal
cells results in increased bone resorption mediated by wild-type osteoclasts and secondary
stimulation of bone formation. However, this increase in bone formation in Bmal1”/ Prx1-
cremice is not sufficient to fully compensate for the loss due to cell-intrinsic defects in
Bmall-deficient osteoblasts.

Limitations of our study include the typical issues encountered when analyzing conditional
knockout mice. Gene deletion is an artificial disruption of cellular function, which may
impact the translatability of such studies. Moreover, results are critically dependent on the
deletion characteristics of the specific cre strains used including the potential for gene
deletion in cells other than the targeted cell lineage. We also did not analyze the impact of
disrupting environmental circadian rhythms on bone.

Interestingly, circadian disruption by shift work is associated with increased markers of bone
resorption in women [21]. Furthermore, in a small study, nurses working rotating shifts were
found to have lower BMD and a higher prevalence of osteopenia than day time workers in
the same hospital [22]. The negative consequences of circadian disruption on bone health
was confirmed in the Nurses’ Health Study, where nurses working night shifts for 20 or
more years had a relative fracture risk of 1.37 compared to nurses who had never worked
shifts [23]. And in the Osteoporotic Fractures in Men (MrOS) study, there was a modest
association of the daytime to nighttime activity ratio with areal BMD and change in areal
BMD over 4 years [24]. Alternations in diurnal hormone patterns, particularly of
reproductive hormones, have been proposed as the mechanism explaining the effect of
circadian rhythm disruption on bone [21, 23]. Our work and that of others, using mouse
models, demonstrate that mesenchymal cell-intrinsic circadian molecular clocks are major
drivers of diurnal variation in bone turnover. Extrinsic circadian rhythm disruptions may
affect bone health by interfering with physiological circadian osteoblast-osteoclast
interactions.
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Highlights
Bmall-/- mice with genetic disruption of the circadian molecular clock have

a low bone mass phenotype.

The bone phenotype of Bmall-/- mice is recapitulated in mice with
conditional Bmal1 deletion in mesenchymal cells (Bmal1ff.Prx1-cre), but not
in mice with conditional Bmal1l deletion in osteoclasts (Bmal1f.Ctsk-cre).

Bmal1f Prx1-cre mice exhibit high bone turnover with enhanced bone
resorption and bone formation.
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Bmal1** vs. Bmal1”-
male, 8 weeks

Femurs from 8-week-old male Bmal1*"* and Bmal1™'~ littermates were analyzed by
microCT. (A) Trabecular bone parameters, (B) trabecular BMD, (C) cortical thickness, and
(D) cortical BMD. Bars are mean and SD; n=8 animals per group; p values by Student’s ¢
test. Th, trabecular; Cort, cortical; BV/TV, bone volumef/tissue volume; N, number; Th,
thickness; S, separation; BMD, bone mineral density.
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Fig. 2. Mice with conditional deletion of Bmall in osteoclasts lack a bone phenotype.
Femurs from 8-week-old male Bmal17*.Ctsk-cre and Bmal1”f. Ctsk-cre littermates were

analyzed by microCT. (A) Trabecular BV/TV, (B) cortical thickness. Subsequently, a three-
way analysis of 12-week-old male Bmal1”, Bmal1"* Ctsk-cre and Bmal1™.Ctsk-cre mice
was performed comparing (C) trabecular bone parameters, (D) trabecula BMD, (E) cortical
thickness, and (F) cortical BMD. Bars are mean and SD; n=8-10 animals per group. There
were no statistically significant differences between groups by Student’s ftest (A, B) or one-

way ANOVA (C-F).
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Fig. 3. Deletion of Bmall in osteoclasts from Bmal1f.Ctsk-cre mice.
(A\) Sections of the distal femur from representative 4-week-old Bmal1”f ROSA26MT/MG

and Bmal1” Ctsk-cre. ROSA26™ /MG mice analyzed by fluorescence microscopy. Green =
EGFP, Blue = DAPI. Positive EGFP fluorescence documents a history of Cre activity. (B)
Osteoclasts were differentiated in vitro from Bmal1”fand Bmal1"". Ctsk-cre bone marrow of
individual mice in the presence of M-CSF and RANKL, and the number of TRAP positive
osteoclasts per well was counted. Pooled data from two experiments are shown with each
symbol representing one animal. Data were normalized to the mean number of Bmal17*
osteoclasts in each experiment (100%). (C) Bone marrow cells from

Bmal17”f ROSA26™T/MG and Bmal1”f Ctsk-cre. ROSA26™T/MG mice were differentiated into
osteoclasts as in (B), control macrophages were generated by culture with M-CSF. Green =
EGFP, Red = tdTomato. (D) Genomic DNA was prepared from Bmal1?f and Bmal1™.Ctsk-
cre macrophage (M-CSF) and osteoclast (M-CSF + RANKL) cultures. Deletion of Bmall
was assessed by real-time quantitative PCR analysis of genomic DNA. Data were
normalized to the Bmall content in macrophage cultures (100%). Each data point represents
one animal. Pooled data from two experiments are shown. Bars are mean and SD; p values
by Student’s ftest.
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Fig. 4. Bmal1 deletion in mesenchymal cells reproduces the bone phenotype of Bmall germline

knockout mice.

Femurs from 8-week-old male Bmal1”fand Bmal1™ Prx1-cre littermates were analyzed by
microCT. (A, B) Trabecular bone parameters, (C) cortical thickness, and (D) cortical BMD.
Bars are mean and SD; n=10 animals per group; p values by Student’s ¢test. (E) 3-D
rendering of trabecular bone specimens and (F) representative H&E stained sections of

trabecular bone from 8-week-old male Bmal1”fand Bmal1?”f Prx1-cre mice.
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Fig. 5. In vitro osteoblast differentiation from Bmal 17f Prx-cre bone marrow.
(A) Cells derived by enzymatic digestion of whole long bones from Bmal1”fand

Bmal1”f Prx1-cre mice were differentiated in osteogenic medium for 21 days, and the
number of alkaline phosphatase positive colonies was counted. Each data point represents
the mean of triplicate cultures from the bone marrow of one mouse, bars are mean and SD of
data pooled from 4 experiments. Representative wells are shown in (B). (C) Osteoblast
precursors were differentiated in osteogenic medium for 28 days and assayed for alkaline
phosphatase activity using a colorimetric assay. The AP index was calculated by normalizing
alkaline phosphatase activity to cell viability measured by Alamar Blue assay. Data points
represent the mean of triplicate cultures from the bone marrow of individual mice; bars are
mean and SD of data pooled from 4 experiments; p value by Student’s ¢test. (D)
Representative wells stained with a non-soluble alkaline phosphatase substrate. (E) Genomic
DNA isolated from the tail of Bmal1”f and Bmal1™".Prx1-cre mice or osteoblast cultures
from Bmal1”fand Bmal1”f. Prx1-cre bone marrow was analyzed for deletion of Bmall by
real-time quantitative PCR. Each data point represents one animal; bars are mean and SD; p
value by Student’s ftest.
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Fig. 6. Enhanced bone turnover in Bmal 17f Prx-cre mice.
(A) PINP and CTX-I measured in the serum of 8-week-old male Bmal1”fand

Bmal1™" Prx1-cre littermates collected at 6-hour intervals. Data are mean and SD, n=5

Page 19

animal per time point and genotype, p values by Student’s #test, * < 0.05, ** < 0.01. (B)
Representative TRAP-stained sections of distal femurs from 8-week-old male Bmal1”f and
Bmal1”f Prx1-cre littermates. Osteoclast surface (OCS) per bone surface (BS) was measured
as described in Methods. 2 slides from each of n=6 mice per genotypes were analyzed, bars
are mean and SD; p value by Student’s ttest. (C) Rankl, Opg and the ratio of Rankl/Opg

gene expression in cortical bone of 8-week-old male Bmal1”fand Bmal1”f Prxi-cre
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littermates at circadian time 6h, n=10 animals per genotype, p values by Student’s #test. (D)
RANKL and OPG serum levels in 8-week-old male Bmal1"fand Bmal1” Prx1-cre
littermates measured in 6-hour intervals, n=7 animals per time point and genotype, p values
by Student’s ftest, *** < 0.001. In (A) and (D), the 0-hour data are shown at both 0 and 24
hours in order to represent a full 24-hour day.
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