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Abstract

Objectives: The circadian clocks are internal timing mechanisms that drive ~24 hr rhythms
in a tissue-specific manner. Many aspects of the physiology of the intervertebral disc (IVD)
show clear diurnal rhythms. However, it is unknown whether IVD tissue contains functional
circadian clocks and if so, how their dysregulation is implicated in IVD degeneration.

Methods: Clock gene dynamics in ex vivo IVD explants (from PER2::LUC reporter mice)
and human disc cells (transduced with lentivirus containing Per2::luc reporters) were
monitored in real-time by bioluminescence photon counting and imaging. Temporal gene
expression changes were studied by RNAseq and qRT-PCR. IVD pathology was evaluated
by histology in a mouse model with tissue-specific deletion of the core clock gene Bmal1.

Results: Here we show the existence of the circadian rhythm in mouse IVD tissue and
human disc cells. This rhythm is dampened with ageing in mice and can be abolished by
treatment with IL-13 but not TNFa. Time series RNAseq revealed 607 genes with 24 hr
patterns of expression representing several essential pathways in IVD physiology. Mice with
conditional knockout of Bmal1 in their disc cells demonstrated age-related degeneration of
IVDs.

Conclusions: We have established autonomous circadian clocks in mouse and human IVD
cells which respond to age and cytokines, and control key pathways involved in the
homeostasis of IVDs. Genetic disruption to the mouse IVD molecular clock predispose to
IVD degeneration. These results support the concept that disruptions to circadian rhythms
may be a risk factor for degenerative IVD disease and low back pain.
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Introduction

The circadian clocks are internal timing mechanisms which drive ~24 hr rhythms in
physiology and behaviour. In mammals, the central pacemaker Suprachiasmatic Nuclei
(SCN) in the hypothalamus synchronizes peripheral clocks in most major body organs.'
Circadian rhythms coordinate tissue-specific physiology with light/darkness, rest/activity
feeding cycles and body temperature fluctuations.” * Disruptions to circadian rhythms (during
ageing or in shift workers) have been linked to increased risk of diseases (e.g. obesity,
diabetes, cardiovascular disease, and osteoarthritis.’ ® At the molecular level, the circadian
clock consists of a network of transcriptional activators (Clock, Bmal1) and repressors
(Per1/2 and Cry1/2) organized in a negative feedback loop.® This core oscillator generates
24 hour rhythms in the expression of not only its core components but also a myriad of clock
controlled genes (CCGs). Depending on the tissue, expression of 3-16% of the whole
transcriptome exhibits a circadian rhythm.’

The spine is comprised of bony vertebral bodies alternating with fibro-cartilagenous
intervertebral discs (IVD). IVD degeneration is among the most prevalent musculoskeletal
disorders affecting one in five people under 60 and more than half of the people above 60
years of age.! Low back pain, which is often associated with IVD degeneration, is the
number one cause of Years Lived with Disability in the developed countries.® Existing
evidence suggests that the IVD is a highly rhythmic tissue, experiencing a diurnal cycle of
higher loading (activity phase),’®'" followed by a period of low-load recovery (resting phase).
Under high load the pressurized interstitial fluid flows to regions of lower pressure through
the outer annulus fibrosus (AF) and the cartilaginous end plate (CEP), resulting in decreased
disc height, AF outward bulging and an increase in osmolarity of the central gelatinous
nucleus pulposus (NP). During the recovery period, the process is reversed by high osmotic
pressure inside the disc causing fluid flow to the NP."? Exchange of nutrients/metabolites
that occurs with fluid flow during this cycle maintains disc cell homeostasis."

Consistent with the rhythmic nature of IVD tissue, shift work (a factor known to disrupt
circadian rhythms) was reported to be associated with higher risk of LBP and IVD
degeneration.”'® We have previously shown that environmental disruption of circadian
rhythm in mice, when combined with high fat diet, leads to degeneration of the lumbar 1VD
tissue in mice."® More recently, changes in the expression of circadian clock genes have
been identified in rat IVD tissues following passive smoking (a risk factor for LBP).%°
However, no studies have examined whether IVD cells express intrinsic circadian clocks,
how these IVD clocks are regulated, what their targets are, and whether genetic disruption to
the IVD clock impact on tissue homeostasis and susceptibility to degeneration.

In this study, we systemically characterized the molecular circadian clock mechanisms in
mouse and human IVD tissue/cells. Moreover, by generating a tissue-specific Bmal1 KO
mouse model, our study provides the first genetic evidence linking a core clock factor to IVD
degeneration.

Results

Intervertebral disc possesses a functional, temperature entrainable circadian clock

https://mc.manuscriptcentral.com/ard
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To test whether the IVD contains a molecular circadian clock capable of driving circadian
rhythm of gene expression we monitored the dynamics of PER2::Luc protein in IVD explant
cultures isolated from PER2:Luc reporter mice.?! Real-time bioluminescence photon
counting demonstrated robust circadian rhythm of PER2::Luc activity which lasted for more
than 5 days, with a period of 23.93 +/- 0.10 hrs (mean +/- SEM, n=6, Fig. 1A). As the IVD
comprises two distinct cell types, the NP and AF cells, we wanted to know if both regions
exhibit circadian rhythms. Live imaging of the mouse IVD explants using high sensitivity EM-
CCD camera revealed rhythmic PER2::Luc signals from both AF and NP cells (see
Supplementary videos 1-3). To extend these studies to humans, primary human NP cells
were transiently transfected with a vector carrying the luciferase gene under the control of
the Per2 promoter. This approach revealed cell autonomous circadian oscillations of
Per2::luc expression, indicating the operation of a functional clock machinery in these human
disc cells (Fig. 1B). IHC staining of human NP tissue sections using antibodies against
BMAL1 and CLOCK confirmed presence of these essential circadian clock components in
human discs (Fig. 1C).

One of the key properties of a peripheral circadian clock is their ability to respond to time
cues that are controlled by the SCN clock, such as hormones or changes in body
temperature. Since the IVDs are not vascularised or innervated (except in pathological
conditions)?, we hypothesised that daily body temperature oscillations may be a mechanism
of clock entrainment for IVDs. To test this, IVD explants from the same mouse were placed
in different incubators programmed to have oppositely phased cyclic temperature changes
for 4 days (38.5°C for 12 hrs/35.5°C for 12 hrs, or vice versa), before returning to a constant
37°C. As a control, another IVD explant from the same mouse was incubated under constant
37°C. The PER2::Luc rhythms in IVD explants were all in similar circadian phase for the first
3 days before the temperature protocol (Fig. 1D). Once the antiphasic protocol was
introduced, the oscillations were driven 180 ° out of phase with each other. Interestingly, the
antiphasic oscillations were maintained for at least three more days after the tissues were
released to constant temperature. In contrast, the IVD explant that remained at constant
temperature gradually lost its ability to oscillate by day 7, mainly due to desynchronization in
culture (Fig. 1D). These results clearly indicate that temperature cycles that approximate
body temperature changes are capable of not only entraining the circadian phase of the IVD
oscillation, but enhancing the oscillation amplitude.

Aging affects the circadian rhythm of IVDs

Daily systemic time cues in body temperature and hormone release are known to be altered
with aging.? In addition, intrinsic properties of the clock oscillator could deteriorate with age
as well.”® * Indeed, we have previously demonstrated that the amplitude of circadian
oscillations in cartilage and tendon tissues dampen with aging.?® #* Therefore, we
hypothesized that circadian rhythms may change in aging disc, compromising the daily
control of IVD physiology. To assess this, we compared the oscillations of PER2::Luc
expression in mouse VD explant cultures from animals aged 2 and 12 months (Fig. 2A,
supplementary Video 1). The amplitude of oscillations in IVDs from 12 months old mice was
severely reduced (by ~60%) as compared to 2 month old mice. Additionally, the average
period of oscillations was significantly lengthened by 1.6 hrs in [VDs from 12 month old mice
(Fig. 2A). IHC staining showed decreased expression of the core circadian transcription
factors BMAL1 and CLOCK in 12 month (Fig. S1) and 24 month old mice as compared to 2

https://mc.manuscriptcentral.com/ard

Page 4 of 62



Page 5 of 62

©CoO~NOUTA,WNPE

Annals of the Rheumatic Diseases

month old (Fig. 2B). These data demonstrate that the IVD clock becomes dysregulated with
ageing.

The circadian rhythm of IVD is disrupted by IL-1B in a NF-kB dependent manner

Chronic inflammation is a known factor associated with IVD degeneration and lower back
pain.”’ To investigate the effects of catabolic cytokines on disc circadian clock, we treated
IVD explants from the PER2::Luc reporter mice with IL-1B, LPS and TNFa. Tissues were
under continuous bioluminescence recording. Treatment with IL-1B (or LPS, Fig. S2A)
resulted in complete disruption of the PER2::Luc circadian rhythm, associated with
significant changes of clock genes (Bmal1, Per2 and Nr1d1)(Fig. 3A, Fig.S3). The disrupted
rhythm could be reinstated by dexamethasone (an anti-inflammatory glucocorticoid, Fig. 3A)
or IL-1RA (an antagonist of IL-1, Fig.S2B), but not by forskolin (a clock synchronising agent
without anti-inflammatory properties, Fig. S2C). NFkB is one of the classic pathways through
which IL-1B can mediate its effects. To evaluate the involvement of NFkB, we used the
IKK1/2 inhibitor BMS-345541 to block the activation of NFkB. The clock-disrupting effect of
IL-1B was blocked by pre-treating the IVD explant with BMS-345541, supporting a role of
NFkB pathway in the IL-1pB -mediated clock disruption. In contrast to IL-1B, treatment of IVD
explants with TNFa had no effect on their circadian rhythms (Fig. 3B). In contrast, both IL-1(3
and TNFa elicited a strong induction of NFkB signalling in a lung epithelial cell line,
suggesting a possible cell-type specific response (Fig.S2D). Next, we took advantage of a
transgenic mouse strain expressing the p65-DsRedXP protein fusion construct®® to observe
the nuclear translocation of p65, one of the major components of the NFkB complex. Live
imaging showed that treatment of IVD explants with IL-1p caused rapid nuclear translocation
of p65 both in AF and NP cells. However, addition of TNFa (up to 40 ng/mL) had no effect
on p65 translocation (Fig.3C).

There are at least two potential mechanisms through which IL-18 could disrupt the IVD
circadian rhythm. Individual cells may still have robust clocks but become desynchronised,
with their clocks being in different phases, leading to reduced oscillation amplitude; or
individual cells may have lost their pacemaking properties. To distinguish between these
two possibilities, we used a high sensitivity EM-CCD camera to visualize the PER2::Luc
bioluminescence signals from individual cells in the presence or absence of IL-1pB.
Consistent with the lack of effect of forskolin, this imaging approach revealed loss of
bioluminescence at single cell level, excluding the desynchronization hypothesis (Fig. 3D
and Supplementary video 2). Therefore, disruption to the IVD clock could be a hitherto
undiscovered response to pro-inflammatory cytokines.

Identification of the first IVD circadian transcriptome

Circadian clocks in different tissues exert their local functions through regulating diverse yet
highly tissue-specific set of target genes. To reveal the extent of rhythmic genes in IVD
tissue under physiological conditions, we performed a time-series RNAseq study using IVD
tissues (collected every 4 hours for 48 hours) from mice kept in 12 hr light/12 hr darkness.
We used a well-recognized JTKCycle? algorithm to pick out rhythmic genes. Using
Paqust<0.05 as a cut-off, we identified 607 genes (3.5% of expressed genes in IVD) with
rhythmic 24 hr expression patterns (Figure 4A, Supplementary Table 1). Further phase

https://mc.manuscriptcentral.com/ard



©CoO~NOUTA,WNPE

Annals of the Rheumatic Diseases

clustering analysis of these rhythmic genes using R package revealed 4 main clusters (Fig.
S4), with more than 70% of these genes peaking at night time points (representing the active
phase of mouse). Gene ontology (GO)-term analysis using topGO revealed dozens of
overrepresented functional groups with an adjusted p< 0.01, including “fatty acid metabolic
process”, “circadian rhythm”, “intracellular protein transmembrane transport’, “intrinsic
apoptotic signaling pathway”, “carboxylic acid metabolic process”, and “response to
endoplasmic reticulum stress”. We next compared the IVD rhythmic gene list to that of the
mouse cartilage and tendon we published earlier.>®*® There was a very small number of
genes (6-16%) overlapping between any two of these skeletal tissues, with only 16 genes
common to all three, supporting the tissue-specific function of the peripheral clocks (Figure
4B). Of these 16 common genes, 8 were core circadian clock genes. The expression
profiles of canonical clock genes (Bmal1, Per2, Dbp) and selected target genes Follistatin (a
BMP antagonist)*® and Timp4 (a tissue inhibitor of MMPs)*' relevant to IVD physiology and
catabolism were validated by temporal gRT-PCR in mouse IVD tissues (Figure 4C, Fig S5).

Targeted deletion of Bmal1 causes age-dependent IVD degeneration

Bmal1 is an essential circadian clock component for the generation of 24 hr rhythms. The
global Bmal1 knock-out mouse shows multi-tissue pathologies, including ectopic calcification
of IVDs.* However, the severe disruption to whole body circadian rhythms confounds
interpretation of phenotype. To evaluate the function of local IVD clocks, we produced a
conditional KO mouse model (Col2a1-Bmal1 KO, cKO) with a cell type-specific abolition of
the transcription factor Bmal1 in a1(ll) collagen expressing cells, including NP and AF cells,
and chondrocytes.*®* We have previously shown that the central SCN clock and behavioural
locomotion rhythms in the cKO mice are not affected.®® IHC staining of IVDs confirmed loss
of BMAL1 expression in the majority of the AF cells and chondrocytes of the cartilaginous
end plate in cKO mice (Fig. 5A). The cKO mouse was crossed with the PER2::Luc mouse to
enable real-time tracking of clock rhythms. Photon counting of PER2::Luc bioluminescence
demonstrated a lack of circadian oscillations in the cKO IVDs, with no response to
dexamethasone treatment (Fig. 5B). Bioluminescence imaging of the cKO IVDs confirmed
lack of circadian oscillations of PER2::Luc in both AF and NP cells (Fig. 5C and
Supplementary video 3).

Histological analysis revealed early signs of degeneration of the lumbar IVDs in cKO mouse
at 6 months of age, such as thinning of the growth plate of vertebral body (Fig. 6A), and
gradual disappearance of the CEP (Fig. S6). At 12 months, there was widespread
degeneration of lumbar IVDs in cKOs. Bone bridges appeared within the growth plate, the
CEP was almost completely replaced by bone (Fig. 6A, black arrow), and the height of the
disc was significantly reduced in cKO IVDs (Fig. 6A). In addition, staining with Safranin O
and picrosirius red revealed disorganisation of the outer annulus structure and signs of
fibrosis (with organized collagen bundles) appearing at the periphery of the IVDs (Fig. 6A-C,
asterisk). Finally, using X-ray studies, the cKO mice showed clear signs of calcification and
narrowing of spaces between vertebrae at 6 months (in tail IVDs, data not shown) and 12
months (in lumbar IVDs, Fig. 6C). No signs of degeneration were evident in age-matched
WT mice up to the age of 12 months (Fig. 6B). However, similar degenerative changes to
the cKO mutants were visible in WT mice at 24 months of age (Fig. S7), suggesting the
possibility that loss of Bmal1 and/or circadian rhythm in IVD cells leads to accelerated
ageing of the tissue. TUNEL assay and qPCR were performed to explore the underlying
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mechanisms for the observed phenotype. There were no obvious signs of apoptosis,
although significant upregulation of catabolism-related genes (Adamts1, Adamts5, Adamts15
and Follistatin) were observed in cKO IVDs (Fig.S8, S9). Together, these results indicate the
essential role of the locally expressed core clock factor BMAL1 in IVD homeostasis, loss of
which led to profound tissue degeneration.

Discussion

Low back pain is amongst the most prevalent spinal diseases associated with increasing
age, with over 80% of the UK population predicted to experience back pain within their
lifetime. Progressive degeneration of the IVD tissue, partly caused by increased catabolism
driven by inflammatory/catabolic cytokines, is a major contributing factor in LBP.** It has long
been known that the physiology of IVD is under strong influence by a diurnal rhythm
associated with the rest/activity cycles, i.e., daily cycles of loading (activity phase) and low-
load recovery (resting phase)."®"® Exchange of nutrients/metabolites that occurs with fluid
flow during this cycle maintains disc cell homeostasis. Recent epidemiological and
experimental studies have linked shift work (in humans) and chronic disruption of circadian
rhythms (in mice) to higher risk of IVD degeneration.™ > """ However, our study represents
the first critical analysis of the molecular and cellular mechanisms of the IVD clock under
physiological and pathological conditions. Using the clock gene reporter mouse/cell models,
as well as a conditional Bmal1f KO mouse model that had disrupted IVD clock, we
established autonomous circadian clocks in mouse and human IVD cells that respond to
temperature cycles, dampen with age and become dysregulated by catabolic cytokines.
Genetic disruption to the mouse IVD molecular clock predisposes to IVD degeneration.
Global Bmal1 KO also showed a phenotype in the skeletal system, including the spine.
However, our conditional KO model allows us to conclude the essential role of locally
expressed BMAL1 or circadian rhythm in maintaining IVD homeostasis. These results
support the notion that disruptions to circadian rhythms during ageing or in shift workers may
be a contributing factor for the increased susceptibility to degenerative IVD diseases and low
back pain.

We also revealed for the first time the circadian transcriptome of the 1VD tissue. Of particular
interest are the genes and pathways that have been previously implicated in IVD physiology
and pathology, such as genes involved in matrix homeostasis/repair (e.g Follistatin, Timp4,
Adamts1, Adamts5, Adamts15 and Adam17),° *' mitochondria function and fatty acid
metabolism (e.g. Pex1, Pex2, Pex5, Pex15, Adipog, Adipor2, Fasn).* * Although glucose
and anaerobic glycolysis represent major metabolic pathways in VD, there is evidence that
mitochondria in the NP are functional and they retain the capacity to metabolise fatty acids
through mitochondrial oxidative metabolism.*®> Other relevant pathways include ER stress
and apoptosis (e.g. Aifm1, Atf6, Chac1, Bak1, Bbc3, Opa1 and Fas).*” *® The diverse clock-
controlled pathways identified by this approach implicate circadian rhythm as a critical
regulatory mechanism for IVD biology.

Using IVD tissue explants, we have identified the disruption of the circadian clock in IVD as
hitherto undiscovered response to pro-inflammatory cytokines. Similar clock disruptions by
inflammatory cytokines have been found in other cell types, such as in macrophages,®
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synovial fibroblasts,*’ and chondrocytes.?® The involvement of NFkB pathway in mediating
the effects of IL-1 is consistent with our earlier findings in chondrocytes, where NFkB
interferes with the core clock complex to disrupt circadian pacemaking.?® Given the diverse
pathways controlled by the IVD clock, cytokine-mediated circadian disruption may be
involved in driving key aspects of the catabolic response of IVD to chronic inflammation.
Therefore, there is the possibility of stabilizing IVD clock rhythm as a novel strategy to
combat tissue catabolism. Although the concentration we used for IL-13 (5 ng/mL) in these
tissue explant studies was higher than that in degenerative IVD (~50 pg/mL), this dose is in
line with most ex vivolin vitro studies. We also identified a lack of response of the IVD clock
(and cartilage clock)?® to TNFa, possibly due to the defective NFKB nuclear translocation.
These findings suggest IL-1 and TNFa may act on distinct downstream pathways and
regulate different target genes within the IVD, as seen in chondrocytes. In SW1353
chondrocyte-derived cells, catabolic genes such as IL-6, BMP-2, MMP13 and COX-2 only
respond to IL-1, with almost no response to TNFa.*' “? Such results are intriguing because
we have shown that IL-1B plays a more prominent role in driving disc degeneration than
TNFa.*** Therefore, anti-inflammatory drugs that selectively target IL-1 are more likely to
bring therapeutic benefits.

In conclusion, our results provide a firm basis for future studies that aim to elucidate the
functional implication and therapeutic potential of the human IVD circadian rhythm in health
and disease of the spine.
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Figure legends

Figure 1. IVDs possess an autonomous circadian clock. (A) Representative PER2::Luc
bioluminescence trace of mouse IVD explant culture (period = 23.93 + 0.247h; mean + SD;
n=6); (B) Representative trace of human NP cells transduced with a Per2::luc reporter
(period=22.52 + 0.39h; mean = SD; n=3); (C) IHC of BMAL1 and CLOCK on NP biopsy of
human IVDs (magnification 5x left, 10x right); n=3. (D) Temperature entrainment (n=4). Two
IVD explant cultures (represented by red and blue traces) from the same animal were held
under antiphase temperature cycles (alternating 12-hour cycles of 38.5°C/35.5°C; baseline
temperature= 37°C). Third IVD explant culture from the same animal was kept at a constant
temperature of 37°C (Purple trace below).

Figure 2. Circadian rhythm of IVD is dampened during aging. (A) Representative
bioluminescence traces of young (2 months) and ageing (12 months) IVDs from PER2::Luc
mice. The period was significantly lengthened in older mice (p<0.05) and the amplitude was
significantly dampened (p<0.05) (two-tailed nonparametric Mann-Whitney test; n=4); (B) IHC
of BMAL1 and CLOCK on young (3 months) and aged (24 months) mouse IVDs; n=4.
Magnification 10x. The Safranin O staining panel on the right was included to ease
visualization of the different structures of the IVD. NP- nucleus pulposus; AF- annulus
fibrosus; OAF- outer annulus fibrosus; CEP- cartilaginous end plate.

Figure 3. IL-1B, but not TNFa, disrupts the circadian rhythm of IVDs. (A) Representative
bioluminescence traces of PER2::Luc mouse IVD explants. Arrows indicate time of treatment
with IL-1B (5 ng/mL), IKK inhibitor (BMS-345541, 10 uM) and dexamethasone (100 nM). Red
trace - treated with IL-1[3, green trace - pre-treated with IKK inhibitor before addition of IL-1f3,
blue trace - vehicle control; n=3. (B) Representative bioluminescence traces treated with
TNFa (red trace, 40 ng/mL) or control (blue trace). Arrows indicate time of treatments; n=3.
(C) Live fluorescence imaging of p65DsRed reporter in mouse IVDs by confocal microscopy
before and after treatment with IL-18 or TNFa. Scale bar 20 ym. Arrows indicate the nuclei.
AF- annulus fibrosus; NP- nucleus pulposus; (D) Live bioluminescence imaging of an IVD
tissue from PER2::Luc mouse, treated with IL-13 (at 48h), followed by dexamethasone (at
96h).

Figure 4. Circadian transcriptome in mouse IVD identified by time series RNA
sequencing. (A) Heat map depicting the expression patterns of the 607 rhythmic genes (3.5
% of the IVD transcriptome) identified by JTKCycle. Genes were organized according to
timing of peak expression. White bars represent the day; black bars represent the night. (B)
Venn diagram comparing the number of rhythmic genes of IVD, cartilage and tendon. (C)
gPCR validation of time-dependent expression of clock genes (Bmal1, Per2 and Dbp) and
target genes (Follistatin and Timp4) in mouse IVDs normalized to Gapdh. Mean and SEM (n
= 6). Grey shadow indicates the night phase.

Figure 5. Conditional deletion of Bmal1 in Col2a1-expressing cells results in
disruption of the circadian rhythms in mouse IVDs. (A) IHC of BMAL1 in 3 month old WT
and KO mice (magnification: upper panels 10x and lower panels 40x); n=3. (B)
Representative bioluminescence traces of WT (blue) and Bmal1 cKO (red) mouse IVD
explant cultures; n=6. Arrow indicates treatment with dexamethasone. (C) Live
bioluminescence imaging of IVDs from WT and Bmal1 cKO IVDs from mice on a PER2::Luc
background.
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Figure 6. Loss of Bmal1 leads to degeneration of IVDs and cartilaginous tissues of the
spine. (A) Safranin O staining of 12 month old WT and Bmal1 cKO mouse lumbar IVDs;
n=4. Red arrow-loss of CEP; Black arrow- fragmentation of growth plate; *-fibrosis
(magnification 2.5x). Analysis of the IVD height and growth plate thickness was shown (two-
tailed nonparametric Mann-Whitney test; n=4) *- p<0.05; *** - p<0.001. (B) Picrosirius red
staining of lumbar IVDs from 12 month old WT and Bmal1 cKO mouse showing organisation
of collagen (magnification 2.5x left and 5x right panels); n=4. Images were visualized under
brightfield or polarized light. (C) X-ray radiography of 12 month old WT and Bmal1 cKO
mouse spines; n=3. Yellow arrows- calcification of IVDs; Red arrows- calcification of tissues
surrounding the IVDs.

Supplementary figure legends

Figure S1. Reduced expression of BMAL1 and CLOCK in ageing IVDs. IHC of BMAL1
and CLOCK on sections of IVDs from 3 and 12 months old mice; n=4. Magnification, 5x left
and middle panels, 10x right panels. BMAL1 staining was visible in the AF, but not the CEP,
of 12 month old mice. CLOCK staining was largely absent in both AF and CEP in 12 month
old mice.

Figure S2. Effects of LPS, IL-1RA, forskolin and TNFa on IVD oscillations.
Representative bioluminescence traces of PER2::Luc mouse IVD explants; n=3. (A) LPS
treatment (1 pg/mL, red trace) disrupted the rhythm, which could be rescued by treatment
with dexamethasone (100 nM). (B, C) Disrupted circadian rhythm by IL-1B treatment (5
ng/mL, red trace) was not rescued by application of forskolin (10 uM), but by pre-treatment
with IL-1RA (1 pg/mL) . Arrows indicate time of treatment. (D) Both IL-18 (5 ng/mL) and
TNFa (40 ng/mL) induced strong NFkB signalling in lung epithelial cells stably transfected
with NFkB::luc reporter. Representative, n=3.

Figure S3. Effects of IL-18 on endogenous clock gene expression. gPCR of several
clock genes, Adamts1 and IL-6 in IVD explants upon IL-1[3 treatment (5 ng/mL for 4 hours).
*, p<0.05; ***, p<0.001, n=4.

Figure S4. Phase clustering analysis of rhythmic genes in mouse IVDs. Clustering
analysis was performed using cluster (A) and Rtsne (B) of R package. These analyses
revealed 4 main clusters with different peak times (two at night and two during the day).
Example genes for each cluster were highlighted. There was a good concordance between
these two methods of analysis.

Figure S5. Time course qPCR of B-actin in mouse IVDs. Note the lack of circadian
rhythms. Mean and SEM (n = 6).

Figure S6. Early onset of IVD degeneration in IVDs from 6 month old cKO mice.
Safranin O/methyl green staining revealed gradual disappearance of CEP in the Bmal1 cKO
mouse (black arrow); n=4.
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Figure S7. Spontaneous degeneration of IVDs from aged WT mice. Picrosirius red
staining and polarised light microscopy were performed on IVDs from 3 and 24 month old
wild type mice; n=4. The aged WT mouse IVDs display a phenotype similar to Bmal1 cKO
IVDs, with fibrosis of the outer AF composed of bundles of organised collagen visible under
polarised light microscope.

Figure S8. TUNEL staining of IVDs from 12 months old WT and Bmal71 cKO mice. Note
there were no detectable signs of apoptosis in either WT or cKO IVDs. N=4.

Figure S9. Time course qPCR of catabolic genes in IVDs from 3 months old WT and
Bmal1 cKO mice. Mean and SEM (n = 4). *, p<0.05; **, p<0.01; ***, p<0.001.

Supplementary table and videos

Supplementary Table 1. List of rhythmic IVD genes with a ~24 hr period.

Supplementary Video 1, Live bioluminescence imaging of the PER2::Luc mouse IVD
explants (2 month on the left and 12 month on the right) using high sensitivity EM-

CCD camera.

Supplementary Video 2, Live bioluminescence imaging of the PER2::Luc mouse IVD
explants treated with IL-1$ (at 48 hr), followed by Dex (at 96 hr).

Supplementary Video 3, Live bioluminescence imaging of the mouse IVD explants

from a WT mouse (left) and a Bmal1 cKO mouse (right).
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Figure 1. IVDs possess an autonomous circadian clock. (A) Representative PER2::Luc bioluminescence trace
of mouse IVD explant culture (period = 23.93 + 0.247h; mean + SD; n=6); (B) Representative trace of
human NP cells transduced with a Per2::luc reporter (period=22.52 + 0.39h; mean + SD; n=3); (C) IHC of
BMAL1 and CLOCK on NP biopsy of human IVDs (magnification 5x left, 10x right); n=3. (D) Temperature
entrainment (n=4). Two IVD explant cultures (represented by red and blue traces) from the same animal
were held under antiphase temperature cycles (alternating 12-hour cycles of 38.5°C/35.5°C; baseline
temperature= 37°C). Third IVD explant culture from the same animal was kept at a constant temperature of
37°C (Purple trace below).
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Figure 3. IL-1B, but not TNFa, disrupts the circadian rhythm of IVDs. (A) Representative bioluminescence
traces of PER2::Luc mouse IVD explants. Arrows indicate time of treatment with IL-1B (5 ng/mL), IKK
inhibitor (BMS-345541, 10 yM) and dexamethasone (100 nM). Red trace - treated with IL-13, green trace -
pre-treated with IKK inhibitor before addition of IL-1B, blue trace - vehicle control; n=3. (B) Representative
bioluminescence traces treated with TNFa (red trace, 40 ng/mL) or control (blue trace). Arrows indicate time
of treatments; n=3. (C) Live fluorescence imaging of p65DsRed reporter in mouse IVDs by confocal
microscopy before and after treatment with IL-18 or TNFa. Scale bar 20 um. Arrows indicate the nuclei. AF-
annulus fibrosus; NP- nucleus pulposus; (D) Live bioluminescence imaging of an IVD tissue from PER2::Luc
mouse, treated with IL-1B (at 48h), followed by dexamethasone (at 96h).
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Abstract

Objectives: The circadian clocks are internal timing mechanisms that drive ~24 hr rhythms
in a tissue-specific manner. Many aspects of the physiology of the intervertebral disc (IVD)
show clear diurnal rhythms. However, it is unknown whether IVD tissue contains functional
circadian clocks and if so, how their dysregulation is implicated in IVD degeneration.

Methods: Clock gene dynamics in ex vivo IVD explants (from PER2::LUC reporter mice)
and human disc cells (transduced with lentivirus containing Per2:luc reporters) were
monitored in real-time by bioluminescence photon counting and imaging. Temporal gene
expression changes were studied by RNAseq and gRT-PCR. IVD pathology was evaluated
by histology in a mouse model with tissue-specific deletion of the core clock gene Bmal1.

Results: Here we show the existence of the circadian rhythm in mouse IVD tissue and
human disc cells. This rhythm is dampened with ageing in mice and can be abolished by
treatment with IL-1B but not TNFa. Time series RNAseq revealed 607 genes with 24 hr
patterns of expression representing several essential pathways in IVD physiology. Mice with
conditional knockout of Bmal1 in their disc cells demonstrated age-related degeneration of
IVDs.

Conclusions: We have established autonomous circadian clocks in mouse and human IVD
cells which respond to age and cytokines, and control key pathways involved in the
homeostasis of IVDs. Genetic disruption to the mouse VD molecular clock predispose to
IVD degeneration. These results support the concept that disruptions to circadian rhythms
may be a risk factor for degenerative IVD disease and low back pain.

https://mc.manuscriptcentral.com/ard
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Introduction

The circadian clocks are internal timing mechanisms which drive ~24 hr rhythms in
physiology and behaviour. In mammals, the central pacemaker Suprachiasmatic Nuclei
(SCN) in the hypothalamus synchronizes peripheral clocks in most major body organs.™
Circadian rhythms coordinate tissue-specific physiology with light/darkness, rest/activity
feeding cycles and body temperature fluctuations.'* Disruptions to circadian rhythms (during
ageing or in shift workers) have been linked to increased risk of diseases (e.g. obesity,
diabetes, cardiovascular disease, and osteoarthritis.’ ® At the molecular level, the circadian
clock consists of a network of transcriptional activators (Clock, Bmal1) and repressors
(Per1/2 and Cry1/2) organized in a negative feedback loop.® This core oscillator generates
24 hour rhythms in the expression of not only its core components but also a myriad of clock
controlled genes (CCGs). Depending on the tissue, expression of 3-16% of the whole
transcriptome exhibits a circadian rhythm.”

The spine is comprised of bony vertebral bodies alternating with fibro-cartilagenous
intervertebral discs (IVD). IVD degeneration is among the most prevalent musculoskeletal
disorders affecting one in five people under 60 and more than half of the people above 60
years of age.® Low back pain, which is often associated with IVD degeneration, is the
number one cause of Years Lived with Disability in the developed countries.® Existing
evidence suggests that the IVD is a highly rhythmic tissue, experiencing a diurnal cycle of
higher loading (activity phase),’®"" followed by a period of low-load recovery (resting phase).
Under high load the pressurized interstitial fluid flows to regions of lower pressure through
the outer annulus fibrosus (AF) and the cartilaginous end plate (CEP), resulting in decreased
disc height, AF outward bulging and an increase in osmolarity of the central gelatinous
nucleus pulposus (NP). During the recovery period, the process is reversed by high osmotic
pressure inside the disc causing fluid flow to the NP."? Exchange of nutrients/metabolites
that occurs with fluid flow during this cycle maintains disc cell homeostasis. '

Consistent with the rhythmic nature of IVD tissue, shift work (a factor known to disrupt
circadian rhythms) was reported to be associated with higher risk of LBP and IVD
degeneration.’*"® We have previously shown that environmental disruption of circadian
rhythm in mice, when combined with high fat diet, leads to degeneration of the lumbar IVD
tissue in mice." More recently, changes in the expression of circadian clock genes have
been identified in rat IVD tissues following passive smoking (a risk factor for LBP).%°
However, no studies have examined whether IVD cells express intrinsic circadian clocks,
how these IVD clocks are regulated, what their targets are, and whether genetic disruption to
the 1VD clock impact on tissue homeostasis and susceptibility to degeneration.

In this study, we systemically characterized the molecular circadian clock mechanisms in
mouse and human VD tissue/cells. Moreover, by generating a tissue-specific Bmal1 KO
mouse model, our study provides the first genetic evidence linking a core clock factor to IVD
degeneration.

Results

Intervertebral disc possesses a functional, temperature entrainable circadian clock
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To test whether the IVD contains a molecular circadian clock capable of driving circadian
rhythm of gene expression we monitored the dynamics of PER2::Luc protein in IVD explant
cultures isolated from PERZ2:Luc reporter mice.?’ Real-time bioluminescence photon
counting demonstrated robust circadian rhythm of PER2::Luc activity which lasted for more
than 5 days, with a period of 23.93 +/- 0.10 hrs (mean +/- SEM, n=6, Fig. 1A). As the IVD
comprises two distinct cell types, the NP and AF cells, we wanted to know if both regions
exhibit circadian rhythms. Live imaging of the mouse IVD explants using high sensitivity EM-
CCD camera revealed rhythmic PER2::Luc signals from both AF and NP cells (see
Supplementary videos 1-3). To extend these studies to humans, primary human NP cells
were transiently transfected with a vector carrying the luciferase gene under the control of
the Per2 promoter. This approach revealed cell autonomous circadian oscillations of
Per2::luc expression, indicating the operation of a functional clock machinery in these human
disc cells (Fig. 1B). IHC staining of human NP tissue sections using antibodies against
BMAL1 and CLOCK confirmed presence of these essential circadian clock components in
human discs (Fig. 1C).

One of the key properties of a peripheral circadian clock is their ability to respond to time
cues that are controlled by the SCN clock, such as hormones or changes in body
temperature. Since the IVDs are not vascularised or innervated (except in pathological
conditions)??, we hypothesised that daily body temperature oscillations may be a mechanism
of clock entrainment for IVDs. To test this, IVD explants from the same mouse were placed
in different incubators programmed to have oppositely phased cyclic temperature changes
for 4 days (38.5°C for 12 hrs/35.5°C for 12 hrs, or vice versa), before returning to a constant
37°C. As a control, another IVD explant from the same mouse was incubated under constant
37°C. The PER2::Luc rhythms in IVD explants were all in similar circadian phase for the first
3 days before the temperature protocol (Fig. 1D). Once the antiphasic protocol was
introduced, the oscillations were driven 180 ° out of phase with each other. Interestingly, the
antiphasic oscillations were maintained for at least three more days after the tissues were
released to constant temperature. In contrast, the IVD explant that remained at constant
temperature gradually lost its ability to oscillate by day 7, mainly due to desynchronization in
culture (Fig. 1D). These results clearly indicate that temperature cycles that approximate
body temperature changes are capable of not only entraining the circadian phase of the IVD
oscillation, but enhancing the oscillation amplitude.

Aging affects the circadian rhythm of IVDs

Daily systemic time cues in body temperature and hormone release are known to be altered
with aging.?® In addition, intrinsic properties of the clock oscillator could deteriorate with age
as well.”® #* Indeed, we have previously demonstrated that the amplitude of circadian
oscillations in cartilage and tendon tissues dampen with aging.® ?® Therefore, we
hypothesized that circadian rhythms may change in aging disc, compromising the daily
control of IVD physiology. To assess this, we compared the oscillations of PER2:Luc
expression in mouse VD explant cultures from animals aged 2 and 12 months (Fig. 2A,
supplementary Video 1). The amplitude of oscillations in IVDs from 12 months old mice was
severely reduced (by ~60%) as compared to 2 month old mice. Additionally, the average
period of oscillations was significantly lengthened by 1.6 hrs in IVDs from 12 month old mice
(Fig. 2A). IHC staining showed decreased expression of the core circadian transcription
factors BMAL1 and CLOCK in 12 month (Fig. S1) and 24 month old mice as compared to 2

https://mc.manuscriptcentral.com/ard



©CoO~NOUTA,WNPE

Annals of the Rheumatic Diseases

month old (Fig. 2B). These data demonstrate that the IVD clock becomes dysregulated with
ageing.

The circadian rhythm of IVD is disrupted by IL-1p in a NF-kB dependent manner

Chronic inflammation is a known factor associated with IVD degeneration and lower back
pain.?’ To investigate the effects of catabolic cytokines on disc circadian clock, we treated
IVD explants from the PER2::Luc reporter mice with IL-13, LPS and TNFa. Tissues were
under continuous bioluminescence recording. Treatment with IL-1B (or LPS, Fig. S2A)
resulted in complete disruption of the PER2:Luc circadian rhythm, associated with

rhythm could be reinstated by the—addition—of-dexamethasone (an anti-inflammatory |

glucocorticoid, Fig. 3A)_or IL-1RA (an antagonist of IL-1, Fig.S2B), but not by forskolin (a
clock synchronising agent without anti-inflammatory properties, Fig. S2BS2C). NFkB is one
of the classic pathways through which IL-18 can mediate its effects. To evaluate the
involvement of NFkB, we used the IKK1/2 inhibitor BMS-345541 to block the activation of
NFkB. The clock-disrupting effect of IL-1 was blocked by pre-treating the IVD explant with
BMS-345541, supporting a role of NFkB pathway in the IL-1B -mediated clock disruption. In
contrast to IL-1B, treatment of IVD explants with TNFa had no effect on their circadian
rhythms (Fig. 3B)._In contrast, both IL-18 and TNFa elicited a strong induction of NFkB
signalling in a lung epithelial cell line, suggesting a possible cell-type specific response
(Fig.S2D). Next, we took advantage of a transgenic mouse strain expressing the p65-
DsRedXP protein fusion construct?® to observe the nuclear translocation of p65, one of the
major components of the NFkB complex. Live imaging showed that treatment of IVD
explants with IL-18 caused rapid nuclear translocation of p65 both in AF and NP cells.
However, addition of TNFa (up to 40 ng/mL) had no effect on p65 translocation (Fig.3C).

There are at least two potential mechanisms through which IL-1B could disrupt the IVD
circadian rhythm. Individual cells may still have robust clocks but become desynchronised,
with their clocks being in different phases, leading to reduced oscillation amplitude; or
individual cells may have lost their pacemaking properties. To distinguish between these
two possibilities, we used a high sensitivity EM-CCD camera to visualize the PER2::Luc
bioluminescence signals from individual cells in the presence or absence of IL-1[.
Consistent with the lack of effect of forskolin, this imaging approach revealed loss of
bioluminescence at single cell level, excluding the desynchronization hypothesis (Fig. 3D
and Supplementary video 2). Therefore, disruption to the IVD clock could be a hitherto
undiscovered response to pro-inflammatory cytokines.

Identification of the first IVD circadian transcriptome

Circadian clocks in different tissues exert their local functions through regulating diverse yet
highly tissue-specific set of target genes. To reveal the extent of rhythmic genes in IVD
tissue under physiological conditions, we performed a time-series RNAseq study using 1VD
tissues (collected every 4 hours for 48 hours) from mice kept in 12 hr light/12 hr darkness.
We used a well-recognized JTKCycle®® algorithm to pick out rhythmic genes. Using
P.gust<0.05 as a cut-off, we identified 607 genes (3.5% of expressed genes in VD) with
rhythmic 24 hr expression patterns (Figure 4A, Supplementary Table 1). Further phase
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clustering analysis of these rhythmic genes using R package revealed 4 main clusters (Fig.
S3S4), with more than 70% of these genes peaking at night time points (representing the
active phase of mouse). Gene ontology (GO)-term analysis using topGO revealed dozens of
overrepresented functional groups with an adjusted p< 0.01, including “fatty acid metabolic
process”, “circadian rhythm”, “intracellular protein transmembrane transport®’, “intrinsic
apoptotic signaling pathway”, “carboxylic acid metabolic process”, and ‘response to
endoplasmic reticulum stress”. We next compared the 1VD rhythmic gene list to that of the
mouse cartilage and tendon we published earlier.”>?® There was a very small number of
genes (6-16%) overlapping between any two of these skeletal tissues, with only 16 genes
common to all three, supporting the tissue-specific function of the peripheral clocks (Figure
4B). Of these 16 common genes, 8 were core circadian clock genes. The expression
profiles of canonical clock genes (Bmal1, Per2, Dbp) and selected target genes Follistatin (a
BMP antagonist)*® and Timp4 (a tissue inhibitor of MMPs)*' relevant to IVD physiology and
catabolism were validated by temporal gRT-PCR in mouse IVD tissues (Figure 4C, Figure
S45).

Targeted deletion of Bmal1 causes age-dependent IVD degeneration

Bmal1 is an essential circadian clock component for the generation of 24 hr rhythms. The
global Bmal1 knock-out mouse shows multi-tissue pathologies, including ectopic calcification
of IVDs.*> However, the severe disruption to whole body circadian rhythms confounds
interpretation of phenotype. To evaluate the function of local VD clocks, we produced a
conditional KO mouse model (Col2a1-Bmal1 KO, cKO) with a cell type-specific abolition of
the transcription factor Bmal7 in a1(ll) collagen expressing cells, including NP and AF cells,
and chondrocytes.* We have previously shown that the central SCN clock and behavioural
locomotion rhythms in the cKO mice are not affected.*® IHC staining of IVDs confirmed loss
of BMAL1 expression in the majority of the AF cells and chondrocytes of the cartilaginous
end plate in cKO mice (Fig. 5A). The cKO mouse was crossed with the PER2::Luc mouse to
enable real-time tracking of clock rhythms. Photon counting of PER2::Luc bioluminescence
demonstrated a lack of circadian oscillations in the cKO IVDs, with no response to
dexamethasone treatment (Fig. 5B). Bioluminescence imaging of the cKO IVDs confirmed
lack of circadian oscillations of PER2::Luc in both AF and NP cells (Fig. 5C and
Supplementary video 3).

Histological analysis revealed early signs of degeneration of the lumbar IVDs in cKO mouse
at 6 months of age, such as thinning of the growth plate of vertebral body (Fig. 6A), and
gradual disappearance of the CEP (Fig. S4S56). At 12 months, there was widespread
degeneration of lumbar 1VDs in cKOs. Bone bridges appeared within the growth plate, the
CEP was almost completely replaced by bone (Fig. 6A, black arrow), and the height of the
disc was significantly reduced in cKO IVDs (Fig. 6A). In addition, staining with Safranin O
and picrosirius red revealed disorganisation of the outer annulus structure and signs of
fibrosis (with organized collagen bundles) appearing at the periphery of the 1VDs (Fig. 6A-C,
asterisk). Finally, using X-ray studies, the cKO mice showed clear signs of calcification and
narrowing of spaces between vertebrae at 6 months (in tail IVDs, data not shown) and 12
months (in lumbar IVDs, Fig. 6C,—+ed-and-yellow—arrows). No signs of degeneration were
evident in age-matched WT mice up to the age of 12 months (Fig. 6B). However, similar
degenerative changes to the cKO mutants were visible in WT mice at 24 months of age (Fig.
85867), suggesting the possibility that loss of Bmal1 and/or circadian rhythm in IVD cells
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leads to accelerated ageing of the tissue. TUNEL assay and gPCR were performed to
explore the underlying mechanisms for the observed phenotype. There were no obvious
signs of apoptosis, although significant upregulation of catabolism-related genes (Adamts1,
Adamts5, Adamts15 and Follistatin) were observed in cKO IVDs (Fig.S8, S9). Together,
these results indicate the essential role of the locally expressed core clock factor BMAL1 in
IVD homeostasis, loss of which led to profound tissue degeneration.

Discussion

Low back pain is amongst the most prevalent spinal diseases associated with increasing
age, with over 80% of the UK population predicted to experience back pain within their
lifetime. Progressive degeneration of the IVD tissue, partly caused by increased catabolism
driven by inflammatory/catabolic cytokines, is a major contributing factor in LBP.** It has long
been known that the physiology of IVD is under strong influence by a diurnal rhythm
associated with the rest/activity cycles, i.e., daily cycles of loading (activity phase) and low-
load recovery (resting phase).'®"® Exchange of nutrients/metabolites that occurs with fluid
flow during this cycle maintains disc cell homeostasis. Recent epidemiological and
experimental studies have linked shift work (in humans) and chronic disruption of circadian
rhythms (in mice) to higher risk of IVD degeneration.' " '"'° However, our study represents
the first critical analysis of the molecular and cellular mechanisms of the IVD clock under
physiological and pathological conditions. Using the clock gene reporter mouse/cell models,
as well as a conditional Bmall KO mouse model that had disrupted IVD clock, we
established autonomous circadian clocks in mouse and human IVD cells that respond to
temperature cycles, dampen with age and become dysregulated by catabolic cytokines.
Genetic disruption to the mouse IVD molecular clock predisposes to IVD degeneration.
Global Bmal1 KO also showed a phenotype in the skeletal system, including the spine.

S2Ndi T WG adloU ol IVWEU d pPIHCTIVEYPE 111 UIT ORCITLdl oyotTlll, HILIUUNTIY Ui opile. A

However, our conditional KO model allows us to conclude the essential role of locally
expressed BMAL1 or circadian rhythm in maintaining IVD homeostasis. These results
support the notion that disruptions to circadian rhythms during ageing or in shift workers may
be a contributing factor for the increased susceptibility to degenerative IVD diseases and low
back pain.

We also revealed for the first time the circadian transcriptome of the IVD tissue. Of particular
interest are the genes and pathways that have been previously implicated in IVD physiology
and pathology, such as genes involved in matrix homeostasis/repair (e.g Follistatin, Timp4,
Adamts1, Adamts5, Adamts15 and Adam17),*® *' mitochondria function and fatty acid
metabolism (e.g. Pex1, Pex2, Pex5, Pex15, Adipoq, Adipor2, Fasn).* *® Although glucose
and anaerobic glycolysis represent major metabolic pathways in IVD, there is evidence that
mitochondria in the NP are functional and they retain the capacity to metabolise fatty acids
through mitochondrial oxidative metabolism.*® Other relevant pathways include ER stress
and apoptosis (e.g. Aifm1, Atf6, Chac1, Bak1, Bbc3, Opal and Fas).*” ® The diverse clock-
controlled pathways identified by this approach implicate circadian rhythm as a critical
regulatory mechanism for IVD biology.

Using IVD tissue explants, we have identified the disruption of the circadian clock in IVD as
hitherto undiscovered response to pro-inflammatory cytokines. Similar clock disruptions by
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inflammatory cytokines have been found in other cell types, such as in macrophages,®
synovial fibroblasts,** and chondrocytes.?® The involvement of NFKkB pathway in mediating
the effects of IL-1 is consistent with our earlier findings in chondrocytes, where NFkB
interferes with the core clock complex to disrupt circadian pacemaking.?® Given the diverse
pathways controlled by the IVD clock, cytokine-mediated circadian disruption may be
involved in driving key aspects of the catabolic response of IVD to chronic inflammation.
Therefore, there is the possibility of stabilizing IVD clock rhythm as a novel strategy to
combat tissue catabolism. Although the concentration we used for IL-18 (5 ng/mL) in these
tissue explant studies was higher than that in degenerative IVD (~50 pg/mL), this dose is in
line with most ex vivolin vitro studies.

We also identified a lack of response of the IVD clock (and cartilage clock)®® to TNFa,
possibly due to the defective NFkB nuclear translocation. These findings suggest IL-1 and
TNFa may act on distinct downstream pathways and regulate different target genes within
the IVD, as seen in chondrocytes. In SW1353 chondrocyte-derived cells, catabolic genes
such as IL-6, BMP-2, MMP13 and COX-2 only respond to IL-1, with almost no response to
TNFa.*' *? Such results are intriguing because we have shown that IL-1B plays a more
prominent role in driving disc degeneration than TNFa.** ** Therefore, anti-inflammatory
drugs that selectively target IL-1 are more likely to bring therapeutic benefits.

In conclusion, our results provide a firm basis for future studies that aim to elucidate the
functional implication and therapeutic potential of the human IVD circadian rhythm in health
and disease of the spine.
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Figure legends

Figure 1. IVDs possess an autonomous circadian clock. (A) Representative PER2::Luc
bioluminescence trace of mouse IVD explant culture (period = 23.93 + 0.247h; mean * SD;
n=6); (B) Representative trace of human NP cells transduced with a Per2::luc reporter
(period=22.52 + 0.39h; mean + SD; n=3); (C) IHC of BMAL1 and CLOCK on NP biopsy of
human IVDs (magnification 5x left, 10x right); n=3. (D) Temperature entrainment (n=4). Two
IVD explant cultures (represented by red and blue traces) from the same animal were held
under antiphase temperature cycles (alternating 12-hour cycles of 38.5°C/35.5°C; baseline
temperature= 37°C). Third IVD explant culture from the same animal was kept at a constant
temperature of 37°C (Purple trace below).

Figure 2. Circadian rhythm of IVD is dampened during aging. (A) Representative
bioluminescence traces of young (2 months) and ageing (12 months) IVDs from PER2::Luc
mice. The period was significantly lengthened in older mice (p<0.05) and the amplitude was
significantly dampened (p<0.05) (two-tailed nonparametric Mann-Whitney test; n=4); (B) IHC
of BMAL1 and CLOCK on young (3 months) and aged (24 months) mouse IVDs; n=4.
Magnification 10x. The Safranin O staining panel on the right was included to ease
visualization of the different structures of the IVD. NP- nucleus pulposus; AF- annulus
fibrosus; OAF- outer annulus fibrosus; CEP- cartilaginous end plate.

Figure 3. IL-1B, but not TNFa, disrupts the circadian rhythm of IVDs. (A) Representative
bioluminescence traces of PER2::Luc mouse IVD explants. Arrows indicate time of treatment

trace - treated with IL-18, green trace - pre-treated with IKK inhibitor before addition of IL-1(,
blue trace - vehicle control; n=3. (B) Representative bioluminescence traces treated with
TNFa (red trace, 40 ng/mL) or control (blue trace). Arrows indicate time of treatments; n=3.
(C) Live fluorescence imaging of p65DsRed reporter in mouse 1VDs by confocal microscopy
before and after treatment with IL-1B or TNFa. Scale bar 20 ym. Arrows indicate the nuclei.
AF- annulus fibrosus; NP- nucleus pulposus; (D) Live bioluminescence imaging of an 1VD
tissue from PER2::Luc mouse, treated with IL-13 (at 48h), followed by dexamethasone (at
96h).

Figure 4. Circadian transcriptome in mouse IVD identified by time series RNA
sequencing. (A) Heat map depicting the expression patterns of the 607 rhythmic genes (3.5
% of the IVD transcriptome) identified by JTKCycle. Genes were organized according to
timing of peak expression. White bars represent the day; black bars represent the night. (B)
Venn diagram comparing the number of rhythmic genes of VD, cartilage and tendon. (C)
gPCR validation of time-dependent expression of clock genes (Bmal1, Per2 and Dbp) and
target genes (Follistatin and Timp4) in mouse IVDs normalized to Gapdh. Mean and SEM (n
= 6). Grey shadow indicates the night phase.

Figure 5. Conditional deletion of Bmal1 in Col2a1-expressing cells results in
disruption of the circadian rhythms in mouse IVDs. (A) IHC of BMAL1 in 3 month old WT
and KO mice (magnification: upper panels 10x and lower panels 40x); n=3. (B)
Representative bioluminescence traces of WT (blue) and Bmal1 cKO (red) mouse IVD
explant cultures; n=6. Arrow indicates treatment with dexamethasone. (C) Live
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bioluminescence imaging of IVDs from WT and Bmal1 cKO IVDs from mice on a PER2::Luc
background.

Figure 6. Loss of Bmal1 leads to degeneration of IVDs and cartilaginous tissues of the
spine. (A) Safranin O staining of 12 month old WT and Bmal1 cKO mouse lumbar IVDs;
n=4. Red arrow-loss of CEP; Black arrow- fragmentation of growth plate; *-fibrosis
(magnification 2.5x). Analysis of the IVD height and growth plate thickness was shown (two-
tailed nonparametric Mann-Whitney test; n=4) *- p<0.05; *** - p<0.001. (B) Picrosirius red
staining of lumbar IVDs from 12 month old WT and Bmal1 cKO mouse showing organisation
of collagen (magnification 2.5x left and 5x right panels); n=4. Images were visualized under
brightfield or polarized light. (C) X-ray radiography of 12 month old WT and Bmal1 cKO
mouse spines; n=3. Yellow arrows- calcification of IVDs; Red arrows- calcification of tissues
surrounding the IVDs.

Supplementary figure legends

Figure S1. Reduced expression of BMAL1 and CLOCK in ageing IVDs. IHC of BMAL1
and CLOCK on sections of IVDs from 3 and 12 months old mice; n=4. Magnification, 5x left
and middle panels, 10x right panels. BMAL1 staining was visible in the AF, but not the CEP,
of 12 month old mice. CLOCK staining was largely absent in both AF and CEP in 12 month
old mice.

Figure S2. Effects of LPS, IL-1RA—=and, forskolin and TNFa on IVD oscillations.
Representative bioluminescence traces of PER2::Luc mouse IVD explants; n=3. (A) LPS
treatment (1 yg/mL, red trace) disrupted the rhythm, which could be rescued by treatment
with dexamethasone_(100 nM). (B, C) Disrupted circadian rhythm by IL-1f treatment (5

pgna/mL, red trace) was not rescued by application of forskolin (10 yM), but by pre-
treatment with IL-1RA (1 _pg/mL)eeuld-neot be-rescued-byforskelin—a-clock—synchronising
agent. Arrows indicate time of treatment._(D) Both IL-18 (5 ng/mL) and TNFa (40 ng/mL)
induced strong NFkB signalling in lung epithelial cells stably transfected with NFkB::luc
reporter. Representative, n=3.

Figure S3. Effects of IL-18 on endoqenous clock gene expression. qPCR of several

*, p<0.05; ***, p<0.001, n= 4

Figure S3S4. Phase clustering analysis of rhythmic genes in mouse IVDs. Clustering
analysis was performed using cluster (A) and Rtsne (B) of R package. These analyses
revealed 4 main clusters with different peak times (two at night and two during the day).
Example genes for each cluster were highlighted. There was a good concordance between
these two methods of analysis.

Figure S4S5. Time course gPCR of B-actin in mouse IVDs. Note the lack of circadian

rhythms. Mean and SEM (n = 6).
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| Figure S6. Early onset of IVD degeneration in IVDs from 6 month old cKO mice.

Safranin O/methyl green staining revealed gradual disappearance of CEP in the Bmal1 cKO
mouse (black arrow); n=4.

Figure S56S7. Spontaneous degeneration of IVDs from aged WT mice. Picrosirius red
staining and polarised light microscopy were performed on IVDs from 3 and 24 month old
wild type mice; n=4. The aged WT mouse IVDs display a phenotype similar to Bmal1 cKO
IVDs, with fibrosis of the outer AF composed of bundles of organised collagen visible under
polarised light microscope.

Figure S8. TUNEL staining of IVDs from 12 months old WT and Bmal1 cKO mice. Note _

there were no detectable signs of apoptosis in either WT or cKO [VDs. N=4,

Figure S9. Time course gPCR of catabolic genes in IVDs from 3 months old WT and

Bmal1 cKO mice. Mean and SEM (n = 4). *, p<0.05; **, p<0.01; ***, p<0.001.

Supplementary table and videos

Supplementary Table 1. List of rhythmic IVD genes with a ~24 hr period.

Supplementary Video 1, Live bioluminescence imaging of the PER2::Luc mouse IVD
explants (2 month on the left and 12 month on the right) using high sensitivity EM-

CCD camera.

Supplementary Video 2, Live bioluminescence imaging of the PER2::Luc mouse IVD
explants treated with IL-1$ (at 48 hr), followed by Dex (at 96 hr).

Supplementary Video 3, Live bioluminescence imaging of the mouse IVD explants

from a WT mouse (left) and a Bmal1 cKO mouse (right).

Supplementary Online Methods
Animals

All animal studies were performed in accordance with the 1986 UK Home Office Animal
Procedures Act. Approval was provided by the local ethics committee. Mice were maintained
at 20-22°C, with standard rodent chow available ad libitum and under 12:12 hr light dark
schedule (light on at 7 am; light off at 7 pm). Bmal1™* mice* were crossed onto a
PER2::luc background. The PER2::Luc mice carry the firefly luciferase gene fused in-frame
with the 3’ end of the Per2 gene, creating a fusion protein reporter.?' Bmal1™¥x .
PER2:Luc mice were subsequently crossed with Col2a1“® mice expressing cre
recombinase under the control of the Col2a? promoter®® to generate cartilage/IVD specific
Bmal1 KO. All mice were bred in-house at the University of Manchester. Genotyping of the
Col2a1-Bmal1” mice was described before.®

Reagents and antibodies
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IL-1B and TNFa were purchased from R&D, lipopolysaccharides (LPS), BMS-345541,
dexamethasone (Dex), Forskolin (FSK) were purchased from Sigma. The following
antibodies were used in this study, BMAL1 (mouse monoclonal)*’ and CLOCK (Abcam
ab3517).

Tissue explant cultures, bioluminescence recording and imaging

Organotypic IVD tissue explants were prepared as described before.?® Explants were
cultured on 0.4-um cell culture inserts (Millipore), and bioluminescence was recorded in real
time using a LumiCycle apparatus (Actimetrics). Baseline subtraction was carried out using a
24-hour moving average. Amplitude was measured at second peak from the start of
recording and period was determined from three peaks using LumiCycle analysis software.
For temperature entrainment the incubator housing the LumiCycle after 37°C three day initial
phase were set to oscillate the temperature from to 35.5°C for 12 hours to 38.5°C for 12
hours for four cycles. Another incubator was cycling the temperature in opposite phase.
Third incubator was kept at constant 37°C temperature as control.

For live tissue bioluminescence imaging, intervertebral discs of the WT and Col2a1-Bmal1”
mice (on a PER2:Luc background) were imaged using a self-contained Olympus
Luminoview LV200 microscope (Olympus) and recorded using a cooled Hamamatsu
ImageEM C9100-13 EM-CCD camera.* Images were taken every hour for the duration of
the experiment and combined in Imaged.

Time course sample collections, mRNA extraction, RNAsequencing and quantitative
real-time PCR

The circadian transcriptome studies in mouse IVD were performed as described before.?®
Intervertebral discs were obtained from 8-12 weeks old mice kept under 12 hr/12 hr
light/darkness conditions. IVDs were collected every 4 hr for 48 hrs, starting at 9 am
(zeitgeber time ZT2). 3-4 lumbar discs of the same animal were pooled to obtain sufficient
material. The tissues were immediately snap frozen in liquid nitrogen, and then stored at -
80°C until mRNA extraction. Tissues were homogenised using a Mikro-Dismembrator S
(Satorius Stedim Biotech) with the barrel and ball of the dismembrator pre-cooled in liquid
nitrogen. mRNA was extracted using RNeasy micro kit (Qiagen) according to the
manufacturer’s protocol. Quality and integrity of total RNA samples were assessed using a
2100 Bioanalyzer or a 2200 TapeStation (Agilent Technologies) according to the
manufacturer’s instructions. Thus prepared mRNA was used for RNAseq and gPCR
analysis.

For RNA sequencing, RNA-seq libraries were generated using the TruSeq® Stranded
mRNA assay (lllumina, Inc.) according to the manufacturer’s protocol. Briefly, total RNA (0.1-
4 ug) was used as input material from which polyadenylated mRNA was purified using poly-
T, oligo-attached, magnetic beads. The mRNA was then fragmented using divalent cations
under elevated temperature and then reverse transcribed into first strand cDNA using
random primers. Second strand cDNA was then synthesised using DNA Polymerase | and
RNase H. Following a single 'A' base addition, adapters were ligated to the cDNA fragments,
and the products then purified and enriched by PCR to create the final cDNA library. Adapter
indices were used to multiplex libraries, which were pooled prior to cluster generation using
a cBot instrument. The loaded flow-cell was then paired-end sequenced (101 + 101 cycles,
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plus indices) on an lllumina NextSeq instrument. Demultiplexing of the output data (allowing
one mismatch) and BCL-to-Fastq conversion was performed with CASAVA 1.8.3.
101bpx101bp paired-end reads were generated from each sample. Up to 82M total reads
were obtained in each sample.

For gPCR, RNA concentrations were determined using NanoDrop 2000 (Thermo Scientific),
equal amounts of RNA were converted to cDNA using the High Capacity cDNA Reverse
Transcription (RT) Kit (Applied Biosystems). Tagman based qPCR was carried out using a
StepOne Plus Real-Time PCR System (Applied Biosystems) with Fast Blue gPCR
MasterMix (Eurogentec). Tagman primers and probes were purchased from Applied
Biosystems. Gene names and probe IDs are as follows, Gapdh: Mm99999915 g1; Arntl,
MmO00500226_m1; Per2, MmO00478113_m1; Dbp, Mm01194021_m1; Follistatin,
MmO00514982_m1; Timp4, Mm01184417_m1.

Bioinformatic analysis of the RNAseq data

The fastq files were analysed with FastQC and any low quality reads and contaminated
barcodes were trimmed with Trimmomactic. All libraries were aligned to GRCm38.p2
assembly of mouse genome using Tophat-2.1.0 and only matches with the best score were
reported for each read. The mapped reads were counted by genes with HTSeq against
gencode.vM2.annotation.gtf. Genes with very low expressed (with average read across all
time point <10) were filtered out. Time-dependent genes were identified by JTKCycle.® The
rhythmic genes with a 24 hr period and an adjusted p value less than 0.05 were selected for
further validation. GO analysis of the JTK_CYCLE identified circadian genes was performed
using topGO of the R package.*® These genes were also clustered with cluster and Rtsne of
the R package.*® Raw data were deposited in EMBL-EBI Array Express (accession number
pending).

Human tissues and cells and lentiviral transduction

Adult human IVD specimens were obtained with informed consent from the Intervertebral
Disc Tissue Bank at the University of Manchester, using surgical specimens from patients
undergoing disc surgery for treatment of disc herniation or IVD degeneration, in accordance
with local ethical committee approval. Tissue was processed for cell extraction and
representative samples of all tissues containing intact AF and NP regions were formalin-
fixed, paraffin-embedded and sections histologically graded as previously reported® with
samples graded as follows: non-degenerate (grade 0-4); mildly degenerate (grade 5-7); and
severely degenerate (grade 8-12). Only low grade samples (grade 0-2) were used in this
study. NP tissue from each sample was macroscopically dissected from AF, and finely
minced prior to enzymatic digestion in a solution of 0.1% (w/v) type Il collagenase and 0.1%
(w/v) hyaluronidase in serum-free DMEM overnight at 37°C with agitation. Isolated cells
were cultured in DMEM supplemented with 10% (v/v) FBS, 1 mM sodium pyruvate,
10,000U/ml penicillin, 10mg/ml streptomycin, 25ug/ml amphotericin B and 1mM ascorbate
under standard conditions (37°C, 21% O,, 5% CO,). Cells were then expanded in monolayer
and used at passage <2. Grade 2 cells were used for Per2::luc lentiviral transduction and
bioluminescence photon counting.
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Lentiviral transduction of primary human NP cells was performed using methods previously
described.?® Briefly, lentiviral particles containing a Per2::luc reporter were produced in HEK
293T packaging cells and used to transduce the human NP cells. Cells were then
synchronized with forskolin before lumicycle recording.

Histology and immunohistochemistry

Mouse spines were dissected and fixed in PBS 4% paraformaldehyde solution followed by
decalcification in 20% EDTA pH 7.4. Decalcified tissues were processed and embedded in
paraffin. Frontally embedded lumbar spine paraffin blocks were sectioned on a microtome to
5 um thickness, 3-4 sections per slide. Each block yielded 40-50 slides. Every 5th slide was
stained with Saffranin O and the sections were examined for the presence of disc
degeneration. H&E, picrosirius red and Safranin O staining were performed according to
standard protocols. Safranin O stained sections were imaged using Zeiss Observer D1
Axiocam 105 color camera and measurements of disc height and growth plate thickness
were performed in Imaged. Picrosirius red stained slides were imaged under brightfield or
polarized light. The latter allows us to incorporate the birefringent properties of fibrillar
collagen, in order to visualize the more organized collagen molecules.

IHC was performed using DAB staining method as described previously.?® Briefly, the slides
were deparaffinised and rehydrated. Antigen retrieval was performed using 1mg/mL Trypsin
in PBS (Sigma) digestion for 10 min. Slides were washed and blocked with blocking solution
(3% donkey serum in PBS TritonX 0.1%) for 1 h at room temperature. The slides were then
incubated with primary antibody diluted in blocking solution overnight at 4°C. Subsequently
slides were washed and incubated with fluorescent secondary antibody diluted in blocking
solution for 1 h at 4°C. One of the sections on each slide was used as no primary antibody
control.

Live imaging of p65-DsRed

Intervertebral discs from p65-DsRed mouse were cut in half to expose both the AF and NP
tissue and embedded in the Matrigel matrix (BD Biosciences) in 35-mm glass bottom
Cellview dishes (Greiner Bio-one). Images were acquired with a Zeiss LSM 780 Confocal
Inverted Microscope in a humidified CO, incubator (at 37°C, 5% CO,) with a C-Apochromat
40%/1.2 W Korr objective. During imaging tissue was treated with IL-1B (5—-20 ng/mL) or
TNFa (up to 40 ng/mL). DsRedXP tagged p65 was visualized by excitation with a green
helium neon laser (543 nm) and detection through both a 545-nm dichroic mirror and a 560-
nm long pass filter. Data capture was performed using ZEN2010B software (Zeiss).

Statistical analysis

Data were evaluated using Two-tailed Student's t-test, two way ANOVA or non-parametric,
two-tailed Mann-Whitney test. Results were presented as mean + SEM from at least three
independent experiments. Differences were considered significant at the values of *P < 0.05,
**P <0.01 and ***P < 0.001.
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Supplementary Online Methods
Animals

All animal studies were performed in accordance with the 1986 UK Home Office Animal
Procedures Act. Approval was provided by the local ethics committee. Mice were maintained
at 20-22°C, with standard rodent chow available ad libitum and under 12:12 hr light dark
schedule (light on at 7 am; light off at 7 pm). Bmal1™"™* mice*® were crossed onto a
PER2::luc background. The PER2::Luc mice carry the firefly luciferase gene fused in-frame
with the 3’ end of the Per2 gene, creating a fusion protein reporter.?' Bmal1"/* - PER2::Luc
mice were subsequently crossed with Col2a71® mice expressing cre recombinase under the
control of the Col2a1 promoter* to generate cartilage/IVD specific Bmal1 KO. All mice were
bred in-house at the University of Manchester. Genotyping of the Col2a1-Bmal1” mice was
described before.*

Reagents and antibodies

IL-1B8 and TNFa were purchased from R&D, lipopolysaccharides (LPS), BMS-345541,
dexamethasone (Dex), Forskolin (FSK) were purchased from Sigma. The following
antibodies were used in this study, BMAL1 (mouse monoclonal)*’ and CLOCK (Abcam
ab3517).

Tissue explant cultures, bioluminescence recording and imaging

Organotypic IVD tissue explants were prepared as described before.®® Explants were
cultured on 0.4-pm cell culture inserts (Millipore), and bioluminescence was recorded in real
time using a LumiCycle apparatus (Actimetrics). Baseline subtraction was carried out using a
24-hour moving average. Amplitude was measured at second peak from the start of
recording and period was determined from three peaks using LumiCycle analysis software.
For temperature entrainment the incubator housing the LumiCycle after 37°C three day initial
phase were set to oscillate the temperature from to 35.5°C for 12 hours to 38.5°C for 12
hours for four cycles. Another incubator was cycling the temperature in opposite phase. Third
incubator was kept at constant 37°C temperature as control.

For live tissue bioluminescence imaging, intervertebral discs of the WT and Col2a1-Bmal1”
mice (on a PER2:Luc background) were imaged using a self-contained Olympus
Luminoview LV200 microscope (Olympus) and recorded using a cooled Hamamatsu
ImageEM C9100-13 EM-CCD camera.*® Images were taken every hour for the duration of
the experiment and combined in ImagelJ.

Time course sample collections, mRNA extraction, RNAsequencing and quantitative
real-time PCR

The circadian transcriptome studies in mouse IVD were performed as described before.?
Intervertebral discs were obtained from 8-12 weeks old mice kept under 12 hr/12 hr
light/darkness conditions. IVDs were collected every 4 hr for 48 hrs, starting at 9 am
(zeitgeber time ZT2). 3-4 lumbar discs of the same animal were pooled to obtain sufficient
material. The tissues were immediately snap frozen in liquid nitrogen, and then stored at -
80°C until mRNA extraction. Tissues were homogenised using a Mikro-Dismembrator S
(Satorius Stedim Biotech) with the barrel and ball of the dismembrator pre-cooled in liquid
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nitrogen. mRNA was extracted using RNeasy micro kit (Qiagen) according to the
manufacturer’s protocol. Quality and integrity of total RNA samples were assessed using a
2100 Bioanalyzer or a 2200 TapeStation (Agilent Technologies) according to the
manufacturer’s instructions. Thus prepared mRNA was used for RNAseq and gqPCR
analysis.

For RNA sequencing, RNA-seq libraries were generated using the TruSeq® Stranded mRNA
assay (lllumina, Inc.) according to the manufacturer’s protocol. Briefly, total RNA (0.1-4 pg)
was used as input material from which polyadenylated mRNA was purified using poly-T,
oligo-attached, magnetic beads. The mRNA was then fragmented using divalent cations
under elevated temperature and then reverse transcribed into first strand cDNA using
random primers. Second strand cDNA was then synthesised using DNA Polymerase | and
RNase H. Following a single 'A' base addition, adapters were ligated to the cDNA fragments,
and the products then purified and enriched by PCR to create the final cDNA library. Adapter
indices were used to multiplex libraries, which were pooled prior to cluster generation using a
cBot instrument. The loaded flow-cell was then paired-end sequenced (101 + 101 cycles,
plus indices) on an lllumina NextSeq instrument. Demultiplexing of the output data (allowing
one mismatch) and BCL-to-Fastq conversion was performed with CASAVA 1.8.3.
101bpx101bp paired-end reads were generated from each sample. Up to 82M total reads
were obtained in each sample.

For gPCR, RNA concentrations were determined using NanoDrop 2000 (Thermo Scientific),
equal amounts of RNA were converted to cDNA using the High Capacity cDNA Reverse
Transcription (RT) Kit (Applied Biosystems). Tagman based gPCR was carried out using a
StepOne Plus Real-Time PCR System (Applied Biosystems) with Fast Blue gPCR MasterMix
(Eurogentec). Tagman primers and probes were purchased from Applied Biosystems. Gene
names and probe IDs are as follows, Gapdh: Mm99999915 g1; Arntl, Mm00500226_m1;
Per2, Mm00478113_m1; Dbp, MmO01194021_m1; Follistatin, Mm00514982_m1; Timp4,
MmO01184417_m1.

Bioinformatic analysis of the RNAseq data

The fastq files were analysed with FastQC and any low quality reads and contaminated
barcodes were trimmed with Trimmomactic. All libraries were aligned to GRCm38.p2
assembly of mouse genome using Tophat-2.1.0 and only matches with the best score were
reported for each read. The mapped reads were counted by genes with HTSeq against
gencode.vM2.annotation.gtf. Genes with very low expressed (with average read across all
time point <10) were filtered out. Time-dependent genes were identified by JTKCycle.?® The
rhythmic genes with a 24 hr period and an adjusted p value less than 0.05 were selected for
further validation. GO analysis of the JTK_CYCLE identified circadian genes was performed
using topGO of the R package.* These genes were also clustered with cluster and Rtsne of
the R package.” Raw data were deposited in EMBL-EBI Array Express (accession number
pending).

Human tissues and cells and lentiviral transduction

Adult human IVD specimens were obtained with informed consent from the Intervertebral
Disc Tissue Bank at the University of Manchester, using surgical specimens from patients
undergoing disc surgery for treatment of disc herniation or IVD degeneration, in accordance
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with local ethical committee approval. Tissue was processed for cell extraction and
representative samples of all tissues containing intact AF and NP regions were formalin-
fixed, paraffin-embedded and sections histologically graded as previously reported® with
samples graded as follows: non-degenerate (grade 0-4); mildly degenerate (grade 5-7); and
severely degenerate (grade 8-12). Only low grade samples (grade 0-2) were used in this
study. NP tissue from each sample was macroscopically dissected from AF, and finely
minced prior to enzymatic digestion in a solution of 0.1% (w/v) type Il collagenase and 0.1%
(w/v) hyaluronidase in serum-free DMEM overnight at 37°C with agitation. Isolated cells were
cultured in DMEM supplemented with 10% (v/v) FBS, 1 mM sodium pyruvate, 10,000U/ml
penicillin, 10mg/ml streptomycin, 25ug/ml amphotericin B and 1mM ascorbate under
standard conditions (37°C, 21% O,, 5% CO,). Cells were then expanded in monolayer and
used at passage <2. Grade 2 cells were used for Per2::luc lentiviral transduction and
bioluminescence photon counting.

Lentiviral transduction of primary human NP cells was performed using methods previously
described.?® Briefly, lentiviral particles containing a Per2::luc reporter were produced in HEK
293T packaging cells and used to transduce the human NP cells. Cells were then
synchronized with forskolin before lumicycle recording.

Histology and immunohistochemistry

Mouse spines were dissected and fixed in PBS 4% paraformaldehyde solution followed by
decalcification in 20% EDTA pH 7.4. Decalcified tissues were processed and embedded in
paraffin. Frontally embedded lumbar spine paraffin blocks were sectioned on a microtome to
5 um thickness, 3-4 sections per slide. Each block yielded 40-50 slides. Every 5th slide was
stained with Saffranin O and the sections were examined for the presence of disc
degeneration. H&E, picrosirius red and Safranin O staining were performed according to
standard protocols. Safranin O stained sections were imaged using Zeiss Observer D1
Axiocam 105 color camera and measurements of disc height and growth plate thickness
were performed in ImagedJ. Picrosirius red stained slides were imaged under brightfield or
polarized light. The latter allows us to incorporate the birefringent properties of fibrillar
collagen, in order to visualize the more organized collagen molecules.

IHC was performed using DAB staining method as described previously.?® Briefly, the slides
were deparaffinised and rehydrated. Antigen retrieval was performed using 1mg/mL Trypsin
in PBS (Sigma) digestion for 10 min. Slides were washed and blocked with blocking solution
(3% donkey serum in PBS TritonX 0.1%) for 1 h at room temperature. The slides were then
incubated with primary antibody diluted in blocking solution overnight at 4°C. Subsequently
slides were washed and incubated with fluorescent secondary antibody diluted in blocking
solution for 1 h at 4°C. One of the sections on each slide was used as no primary antibody
control.

Live imaging of p65-DsRed

Intervertebral discs from p65-DsRed mouse were cut in half to expose both the AF and NP
tissue and embedded in the Matrigel matrix (BD Biosciences) in 35-mm glass bottom
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Cellview dishes (Greiner Bio-one). Images were acquired with a Zeiss LSM 780 Confocal
Inverted Microscope in a humidified CO, incubator (at 37°C, 5% CO,) with a C-Apochromat
40%/1.2 W Korr objective. During imaging tissue was treated with IL-18 (5—20 ng/mL) or
TNFa (up to 40 ng/mL). DsRedXP tagged p65 was visualized by excitation with a green
helium neon laser (543 nm) and detection through both a 545-nm dichroic mirror and a 560-
nm long pass filter. Data capture was performed using ZEN2010B software (Zeiss).

Statistical analysis

Data were evaluated using Two-tailed Student's t-test, two way ANOVA or non-parametric,
two-tailed Mann-Whitney test. Results were presented as mean + SEM from at least three
independent experiments. Differences were considered significant at the values of *P < 0.05,
**P < 0.01 and ***P < 0.001.
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