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Figure 3

IL1B, 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), inhibitor of kappaB kinase (IKK) inhibitor (BMS-345541, 10 mM) and dexamethasone

(100 nM). Red trace—treated with IL-1j, green trace—pretreated with IKK inhibitor before addition of IL-1B, blue trace—uvehicle control; n=3. (B)
Representative bioluminescence traces treated with TNFo: (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 TNFo. Scale bar 20 nm.
Arrows indicate the nuclei. (D) Live bioluminescence imaging of an IVD tissue from PER2::Luc mouse, treated with IL-1p (at 48 hours), followed by
dexamethasone (at 96 hours). AF, annulus fibrosus; IL, interleukin; IVD, intervertebral disc; NP, nucleus pulposus; TNF, tumour necrosis factor.

forskolin (a clock synchronising agent without anti-inflammatory
properties, see online supplementary figure S2C). Nuclear factor
kappa B (NF-xB) is one of the classical pathways through which
IL-1B8 can mediate its effects. To evaluate the involvement of
NF-«B, we used the IKK1/2 inhibitor BMS-345541 to block the
activation of NF-xkB. The clock-disrupting effect of IL-1p was
blocked by pretreating the IVD explant with BMS-345541, sup-
porting a role of NF-xB pathway in the IL-1B-mediated clock
disruption. In contrast to IL-1p, treatment of IVD explants with
TNFa had no effect on their circadian rhythms (figure 3B). In con-
trast, both IL-1B and TNFa elicited a strong induction of NF-xB
signalling in a lung epithelial cell line, suggesting a possible
cell-type-specific response (see online supplementary figure 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 NF-kB
complex. Live imaging showed that treatment of IVD explants with
IL-1B caused rapid nuclear translocation of p65 both in AF and NP
cells. However, addition of TNFo (up to 40 ng/mL) had no effect
on p65 translocation (figure 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 oscilla-
tion amplitude, or individual cells may have lost their pacemak-
ing properties. To distinguish between these two possibilities,
we used a high-sensitivity EM-CCD camera to visualise 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 biolumines-
cence at single cell level, excluding the desynchronisation
hypothesis (see figure 3D and online supplementary video S2).
Therefore, disruption to the IVD clock could be a hitherto
undiscovered response to proinflammatory 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
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Figure 4  Circadian transcriptome in mouse intervertebral disc (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 organised 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 normalised to Gapdh. Mean and SEM (n=6). Grey shadow indicates the night phase.

RNAseq study using IVD tissues (collected every 4 hours for
48 hours) from mice kept in 12-hour light/12-hour darkness.
We used a well-recognised JTKCycle*® algorithm to pick out
rhythmic genes. Using P,4i,x<0.05 as a cut-off, we identified
607 genes (3.5% of expressed genes in IVD) with rhythmic
24-hour expression patterns (see figure 4A and online
supplementary table S1). Further phase clustering analysis of
these rhythmic genes using R package revealed four main clus-
ters (see online supplementary figure 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 transmem-
brane transport’, ‘intrinsic apoptotic signalling pathway’, ‘car-
boxylic acid metabolic process’ and ‘response to endoplasmic
reticulum stress’. We next compared the IVD rhythmic gene list
with 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 expres-
sion profiles of canonical clock genes (Bmall, Per2, Dbp) and
selected target genes Follistatin (a bone morphogenetic proteins
(BMP) antagonist)*® and Timp4 (a tissue inhibitor of matrix
metalloproteinase (MMPs))*! relevant to IVD physiology and
catabolism were validated by temporal quantitative reverse tran-
scription (qRT)-PCR in mouse IVD tissues (see figure 4C and
online supplementary figure S5).

Targeted deletion of Bmal1 causes age-dependent IVD
degeneration

Bmall is an essential circadian clock component for the gener-
ation of 24-hour rhythms. The global Bmall knockout mouse
shows multitissue 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 (Col2al-Bmall KO, conditional knockout (cKO))
with a cell-type-specific abolition of the transcription factor
Bmall in o1(Il) 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
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Figure 5 Conditional deletion of Bmal7 in Col2a1-expressing cells results in disruption of the circadian rhythms in mouse intervertebral discs
(IVDs). (A) IHC of BMALT in 3-month-old wild type (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 Bmal7 cKO IVDs from mice on a PER2::Luc background.

cKO mice are not affected.>® THC staining of IVDs confirmed
loss of BMAL1 expression in the majority of the AF cells and
chondrocytes of the CEP in ¢KO mice (figure 5A). The cKO
mouse was crossed with the PER2::Luc mouse to enable real-time
tracking of clock rhythms. Photon counting of PER2::Luc bio-
luminescence demonstrated a lack of circadian oscillations in the
cKO IVDs, with no response to dexamethasone treatment (figure
5B). Bioluminescence imaging of the cKO IVDs confirmed lack of
circadian oscillations of PER2::Luc in both AF and NP cells (see
figure SC and online supplementary video S3).

Histological analysis revealed early signs of degeneration of
the lumbar IVDs in ¢cKO mouse at 6 months of age, such as thin-
ning of the growth plate of vertebral body (figure 6A), and
gradual disappearance of the CEP (see online supplementary
figure 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 (figure
6A, black arrow) and the height of the disc was significantly
reduced in ¢cKO IVDs (figure 6A). In addition, staining with
Safranin O and picrosirius red revealed disorganisation of the
outer annulus structure and signs of fibrosis (with organised col-
lagen bundles) appearing at the periphery of the IVDs (figure
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, figure 6C). No signs of degen-
eration were evident in age-matched wild type (WT) mice up to

the age of 12 months (figure 6B). However, similar degenerative
changes to the cKO mutants were visible in WT mice at
24 months of age (see online supplementary figure S7), suggesting
the possibility that loss of Bmall and/or circadian rhythm in IVD
cells leads to accelerated ageing of the tissue. Terminal deoxynu-
cleotidyl transferase dUTP nick end labeling (TUNEL) assay and
qPCR were performed to explore the underlying mechanisms for
the observed phenotype. There were no obvious signs of apop-
tosis, although significant upregulation of catabolism-related genes
(Adamts1, AdamtsS, Adamts1S and Follistatin) was observed in
cKO IVDs (see online supplementary figures S8 and 9). 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 among the most prevalent spinal diseases asso-
ciated 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 LBR** It has long been known
that the physiology of IVD is under strong influence by a
diurnal rhythm associated with the rest/activity cycles, that is,
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
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Figure 6 Loss of Bmall 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—Ioss of cartilaginous end plate (CEP); black arrow—fragmentation of growth plate; *—fibrosis
(magnification 2.5x). Analysis of the intervertebral disc (IVD) height and growth plate thickness was shown (two-tailed non-parametric
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 visualised under brightfield or polarised 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.

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 degener-
ation."* 15 177 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 condi-
tional 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 predis-
poses to IVD degeneration. Global Bmall 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 main-
taining 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 suscepti-
bility 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 path-
ways that have been previously implicated in IVD physiology
and pathology, such as genes involved in matrix homeostasis/

repair (eg, Follistatin, Timp4, Adamts1, Adamts5, Adamts15
and Adam17),%° ! mitochondria function and fatty acid metab-
olism (eg, Pex1, Pex2, Pex5, Pex15, Adipoq, Adipor2 and
Fasn).>* *¢ Although glucose and anaerobic glycolysis represent
major metabolic pathways in IVD, there is evidence that mito-
chondria in the NP are functional and they retain the capacity
to metabolise fatty acids through mitochondrial oxidative
metabolism.** Other relevant pathways include endoplasmic
reticulum (ER) stress and apoptosis (eg, Aifm1, Atf6, Chacl,
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 TVD as hitherto undiscovered response
to proinflammatory cytokines. Similar clock disruptions by
inflammatory cytokines have been found in other cell types,
such as in macrophages,® synovial fibroblasts*® and chondro-
cytes.”® The involvement of NF-xB pathway in mediating the
effects of IL-1 is consistent with our earlier findings in chondro-
cytes, where NF-kB interferes with the core clock complex to
disrupt circadian pacemaking.”® Given the diverse pathways
controlled by the IVD clock, cytokine-mediated circadian dis-
ruption may be involved in driving key aspects of the catabolic
response of IVD to chronic inflammation. Therefore, there is

582 Dudek M, et al. Ann Rheum Dis 2017;76:576-584. doi:10.1136/annrheumdis-2016-209428

“ybuAdoo Aq parosroid 1sanb Aq 6T0Z |dy Gz uo Jwod fwqg pie//:dny woly papeojumod ‘9102 1SNBNY € U0 8Z1602-9T0Z-SIPWnayluue/9eTT 0T St paysiignd 1s11 :SIg wnayy uuy


navin
Sticky Note
None set by navin

navin
Sticky Note
MigrationNone set by navin

navin
Sticky Note
Unmarked set by navin

navin
Sticky Note
None set by navin

navin
Sticky Note
MigrationNone set by navin

navin
Sticky Note
Unmarked set by navin

http://ard.bmj.com/

Basic and translational research

the possibility of stabilising IVD clock rhythm as a novel strategy
to combat tissue catabolism. Although the concentration we
used for IL-1B (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 vivo/in vitro studies. We also identified a
lack of response of the IVD clock (and cartilage clock)*® to
TNFo, possibly due to the defective NF-xB nuclear translo-
cation. These findings suggest that 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 cyclooxygenase (COX)-2 only respond to IL-1,
with almost no response to TNFo..*! ** 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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