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This review highlights a selection of literature in the area of osteoarthritis biology published between the
2015 and 2016 Osteoarthritis Research Society International (OARSI) World Congress. Highlights were
selected from a pubmed search covering cartilage, bone, inflammation and pain. A personal selection was
made based, amongst other things, on topics presented during the 2015 conference. This covers circadian
rhythm, TGF-p signaling, autophagy, SIRT6, exercise, lubricin, TLR's, pain and NGF. Furthermore, in this
review we have made an effort to connect these seemingly distant topics into one scheme of connections
between them, revealing a theoretical big picture underneath.

© 2016 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.

Introduction

For this year in review in osteoarthritis biology we made a
personal selection of the articles from pubmed searches on “oste-
oarthritis and cartilage”, “osteoarthritis and inflammation”, and
“osteoarthritis and subchondral bone”. The selection was further
based on topics that were selected for presentation during the
Osteoarthritis Research Society International (OARSI) 2015 confer-
ence as well as on topics that were researched by multiple groups in
this year. We made an effort to interconnect the mechanisms these
articles describe to osteoarthritis pathophysiology. This led to
addition of a few articles that revealed the connecting elements.
This grand scheme of interactions formed the foundation for this
review (Fig. 1).

Circadian rhythm

Cartilage degradation is a hallmark of OA. This year, great
progress has been made in understanding the role of the circadian
clock in cartilage homeostasis, and how dysregulation hereof can
result in cartilage degradation and OA. Circadian rhythms are
physical, mental and behavioral changes that respond primarily to
light and dark and hence roughly follow the 24-h light—dark cycle.
It has become clear that this cycle is also present in cells that do
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have the ability to perceive light and dark themselves, but rely on
so-called clock genes to synchronize cellular processes. Recently, it
has become clear that these synchronizing processes are important
in chondrocyte behavior.

Kc et al. compared mice with a standard 12 h light and dark
cycles, with mice where this cycle was reversed at the end of each
week for the duration of 22 weeks'. This shift in cycle resulted in a
reduced proteoglycan content, increased fibrillation and a higher
OARSI histopathology score, indicating increased OA severity.
Remarkably, when a high fat diet (HFD) was added during the final
10 weeks of the protocol, the differences between non-shifted and
shifted were further increased, illustrating a link between circadian
rhythm and metabolism. When this group investigated which clock
genes could be involved by mutating either Clock or CSK1 epsilon
tau in mice, remarkably, neither of these mutations resulted in joint
pathology®. In contrast, Dudek et al. showed that disruption of
another core clock gene, BMAL1, does result in joint damage.
BMAL1 was reduced in OA cartilage with increasing severity as well
as with aging®. By generating a chondrocyte-specific Bmal1-KO
mouse they disrupted the circadian clock activities in cartilage
tissues and as a result found progressive degeneration and lesions
in knee articular cartilage from age 2 months on and by 3-6
months this had resulted in severe lesions. Furthermore, with RNA-
Seq they screened for possible mechanisms to explain how clock
disruption results in OA. With this technique they found that TGF-f
receptor ALK1 (Acvrll) levels were rhythmic in WT mice, but
constantly upregulated in the conditional Bmal1-KO mouse at
night, while ALK5 (Tgfbr1) levels remained unchanged. This sug-
gested a change to increase in the Alk1/AIKk5 ratio which has pre-
viously been identified as catabolic for cartilage and associated
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Fig. 1. Scheme of the osteoarthritis biology year in review 2015—2016. This is a simplified scheme of the connections between findings reported in studies selected for this year in
review. Connections indicated in green have a positive outcome on OA, whereas those in red have a negative outcome. Arrows indicate stimulation, blocked lines indicate inhibition.
This scheme is simplified in such a way that aging and OA are in one frame, but not necessarily connected. Content of this scheme is summarized in the conclusion section of this

review.

with OA”. This was further confirmed with corresponding down-
stream alterations: decreased Smad2 but increased Smad1/5
phosphorylation as well as altered expression of downstream
markers in conditional Bmal1-KO. In addition, Nfat7c2, which was
recently identified as a key chondrocyte transcriptional marker for
healthy cartilage, was also reduced in the conditional Bmal1-KO.
Guo et al. studied the function of the core Clock/BMAL complex
in chondrocyte-like cells and cartilage from a Cryl-luc mouse,
which is a reporter for circadian rhythm. They found that addition
of the pro-inflammatory factors IL1f or LPS, but not the addition of
TNFa, disturbed the circadian rhythm by dampening it. This was
reversible by adding the anti-inflammatory and synchronizing
agent dexamethasone, but not by other synchronizing agents.
Mechanistically it was shown that IL1f disrupted the Clock/Bmall
complex in an NFkB dependent manner. Strikingly, the inhibitory
effect of IL1 and LPS was not observed in tissue explants from lung
or esophagus, suggesting perhaps a cartilage-specific mechanism.
Together these studies show that the genes involved in the
circadian rhythm, in particular Bmall, is important for cartilage
maintenance and that disruption thereof, which can be achieved by
a pro-inflammatory environment, could be involved in OA. Down-
stream of this circadian rhythm disruption lies the disturbance of
cartilage-maintenance factors Nfatc2 and TGF-f signaling.

TGF-f signaling

This year many researchers have focused on modulating TGFf
signaling as a potential therapeutic application in OA. As stated
before, TGF-f can signal via multiple pathways. The receptors
bound by TGF-B govern the downstream signals, hence ALK5

binding leads to Smad2/3 signaling which is associated with a
beneficial, maintenance effect on cartilage, whereas ALK1 binding
leads to Smad1/5/8 signaling ultimately driving factors associated
with chondrocyte hypertrophy. Jeffries et al. investigated which
pathways and upstream regulators are shared by differentially
methylated genes in both OA subchondral bone and cartilage’.
Strikingly, TGF-3 was on top of that list, followed by TNF and p53,
further establishing TGF-f as a key player in OA. Xie et al. blocked
TGF-B systemically by i.p. injection with a neutralizing antibody
(1D11) and found that it attenuated ACLT-induced OA in mice®. The
antibody treatment resulted in decreased thickness of calcified
cartilage, reduced proteoglycan loss, slowed degeneration of
articular cartilage and improved subchondral bone structure in
ACLT mice as compared to vehicle-treated ACLT mice. It is impor-
tant to note the author statement that the high dose of the antibody
resulted in thinner hyaline cartilage and proteoglycan loss, indi-
cating that a certain level of TGF-§ should remain in order to pre-
serve bone and cartilage integrity. Interestingly, the levels of
phosphorylated Smad2/3, which are indicative of active TGF-B
signaling, were reduced in ACLT cartilage and increased in sub-
chondral bone. Treatment with the antibody resulted in reduced
phosphorylated Smad2/3 in the subchondral bone, whereas in ACLT
cartilage it resulted in less pronounced reduction than ACLT alone.
Unfortunately, the authors did not comment on a potential
mechanism.

Zhao et al. focused on cartilage degeneration and excessive
subchondral bone formation in spontaneous OA in Dunkin-Hartley
guinea pigs’. Doing so, they confirmed earlier findings: a switch in
the expression of phosphorylated Smad2/3 to Smad1/5/8 in
degenerating cartilage during chondrocyte terminal differentiation.
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They also linked the excessive osteogenesis in subchondral bone to
activity of TGF-p.

Mori et al. observed that knocking out Smad3 resulted in ab-
normalities in condylar subchondral bone in mandibular condyles®.
In the cartilage they found Smad3 knock out resulted in loss of cells
and proteoglycans, accompanied by a decrease in collagen type 2
and aggrecan and increased MMP13 and MMP9 levels.

Not only in mature cartilage, but also during chondrogenesis
blocking of TGFB/Smad3 proved to have deleterious effects. Huo
et al. investigated miR-193b and found that it repressed TGFf2,
TGFBR3 and Smad3 phosphorylation and might inhibit early
chondrogenesis via this mechanism as well as regulate inflamma-
tion via repression of TNFo’. The publication of Li et al. is in line
with the above mentioned studies, where they found that miR-16-
5p was upregulated in human OA cartilage samples when
compared with healthy controls'’. Functional analysis showed that
miR-16-5p inhibited Smad3 expression, while reducing expression
of collagen type Il and aggrecan and inducing MMPs and ADAMTS.
Huang et al. showed that a Smurf2 deficient mouse has milder
spontaneous OA as well as DMM-induced OA'. Smurf2 is an E3
ubiquitin ligase that inhibits TGF-f signaling by promoting degra-
dation of receptor-Smads]1, -2 and -3 as well as of TGF-f receptors.
Using immature murine articular chondrocytes (iVIAC) from the
Smurf2 deficient mice, they found an enhanced expression of
chondrogenic genes Sox9, Col2, and Acan, both with and without
TGF-B treatment. When stimulating with IL1B, these genes were
suppressed, but Sox9 remained high in the Smurf2 deficient cells.
Thus lack of inhibition of TGF-§ signaling with Smurf2 seems
beneficial for chondrocytes. Important to consider here is the fact
that the authors also found higher levels of Smurfl upon TGF-§
treatment of the smurf2 deficient iMACs compared with controls.
This could compensate for Smurf2 and thereby potentially modu-
late rather than inhibit the signal: Smurf2 mainly inhibits Smad2,
whereas Smurf1 inhibits Smad1/5.

Combined these studies show that interfering with certain parts
of TGF-p signaling could be a target for therapy in OA, but it should
be tightly controlled as too little or too much can result in opposing
effects.

Autophagy

Autophagy is a protective mechanism of a cell to survive in times
of nutrient starvation, and is characterized by a cellular lysosomal
degradation pathway. It enables a cell to adapt to stress by degra-
dation of cellular proteins and organelles to suppress damage,
maintain metabolism and promote cellular viability and fitness'%.In
turn, autophagy has been found to play an important role in
chondrocyte homeostasis and osteoarthritis. Using GFP-LC3 trans-
genic mice, Carames et al. could quantify autophagosomes in
chondrocytes and found basal autophagy activation in young mice,
but with age a reduction in the total number of autophagic vesicles
per cell was found as well as a reduction in the total area of vesicles
per cell, indicating that the vesicles were also smaller'>. Major
autophagy control genes Atg5 and Lc3 were also drastically reduced
with age in cartilage in mice, and expression of these genes was
negatively correlated to a reduction in cartilage cellularity and an
increase in apoptosis. Remarkably, loss of atg5 and Ic3 preceded the
age-dependent structural damage to cartilage. Taking this one step
further, Bouderlique et al. conditionally knocked out one of these
genes, Atg5, in cartilage, in a col2-cre dependent manner'. This
resulted in an increase in TUNEL staining, indicating increased cell
death as well as an increase in caspase3 and caspase9 positive cells
in cartilage which are markers of apoptosis. Moreover, loss of atg5
resulted in an increased OARSI score in age-related OA. Strikingly,
this increase in OA was not observed in the mechanically induced

MMT model, indicating that autophagy especially plays a role in an
age-specific, not trauma-specific mechanism of OA. Taking the
reverse approach, Zhang investigated a repressor of autophagy,
namely mTOR'". They showed that mTOR was increased in human
OA cartilage compared with normal cartilage, and also in surgically-
induced OA in dogs (model) and mice (DMM). When mTOR was
knocked out in a cartilage-specific manner, this resulted in a
reduction in the OARSI OA score. The cartilage had an increase in
autophagy genes including ULK1, LC3B and ATG5 10 weeks post
surgery and MMP13 expression was reduced. The protective effect
of mTOR knockout mice was not limited to cartilage, but also
resulted in a reduction in fibrosis. As TGF-p is involved in fibrosis,
the authors investigated phosphorylated Smad3 in synovium and
found that it was reduced in mTOR knockout mice, underlining the
interplay between TGF-f signaling and autophagy.

SIRT6

Autophagy and senescence are distinct cellular processes in
response to stress, but are functionally intertwined'%. Senescence is
the irreversible exit out of the cell cycle by a cell and is increased
during OA. Nagai et al. investigated the role of sirtuin 6 (SIRT6) in
human chondrocytes and found that depletion of SIRT6 causes
cellular senescence as well as DNA damage and telomere
dysfunction'®. SIRT6 was found in normal as well as OA human
chondrocytes and using siRNA for SIRT6 reduced SIRT6-dependent
upregulation of MMP1 and MMP13, reduced proliferation and
induced an accumulation of YH2AX foci and TIFs, which are mea-
sures for DNA and telomere damage respectively. Whereas Nagai
et al. inhibited SIRT6, Wu et al. overexpressed SIRT6 and found that
this suppressed cellular senescence, supporting the findings of
Nagai et al. that SIRT6 plays an important role in cartilage ho-
meostasis'. Wu et al. showed that SIRT6 was reduced in knee
cartilage from OA patients compared to normal, and that SIRT6
expression declined with advancing age in murine cartilage. This
decline in SIRT6 protein correlated with cellular senescence and by
overexpression of SIRT6 replicative senescence of chondrocytes
could be suppressed. Interestingly, exposing chondrocytes to IL13
reduced SIRT6 expression, indicating that inflammation regulates
SIRT6 expression, and resulted in MMP13 upregulation. Strikingly,
this IL1p-induced MMP13 upregulation could be reversed by
overexpression of SIRT6, however, via a yet unclear mechanism;
SIRT6 significantly attenuated the expression of NFkB dependent
genes but did not affect NFkB-p65 nuclear translocation. Also
in vivo, sirt6 overexpression appeared protective against OA. When
inducing mechanical OA by transsection of the medial collateral
ligament and medial meniscectomy, overexpression of SIRT6
resulted in reduced OARSI scores indicating a protective effect of
SIRT6.

Ailixiding et al. sought to investigate the role of SIRT6 in the
crosstalk between aging and metabolic syndrome/OA and therefore
used a SIRT6 haploinsufficient mouse'®. Feeding these mice a HFD
resulted in a significantly higher blood glucose level in the SIRT6
haploinsufficient mice compared to control mice, indicating sus-
ceptibility to metabolic syndrome. SIRT6 haploinsufficiency resul-
ted in cartilage clefts and proteoglycan loss by 9 months of age,
enhanced Collagen type X expression (deep zone), increased
MMP13 expression (superficial zone) and osteophytes. In addition,
synovial hypertrophy accompanied by infiltrating inflammatory
cells was observed. HFD resulted in OA features in both WT and
SIRT6 haploinsufficient mice in which the SIRT6 haploinsufficient
mice showed a further enhanced osteophyte formation in HFD
conditions, which was associated with enhanced synovial hyper-
trophy. When using a Prx1-Cre; Sirt67f mouse, which lack SIRT6
only in their limbs, a marked reduction of cartilage proteoglycan
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content was observed at 6 months of age compared to controls.
Strikingly, these mice did not show the enhanced Collagen type X or
MMP13 expression that was observed in the haploinsufficient mice.
When investigating TUNEL staining, the SIRT6 haploinsufficient
mice showed an increased apoptotic cell number, but the Prx1-Cre;
Sirt67f mice did not.

Overall these studies show that SIRT6 can have protective effects
during OA which might be due to SIRT6 effects on inhibition of
senescence.

The extracellular matrix matters

Chondrocytes are pivotal in maintaining a healthy cartilage
extracellular matrix, but the vice versa also holds true. Kim et al.
showed that during OA there is an increase in matrix/collagen cross
linking enzymes'®. These cross linking enzymes ultimately resulted
in a stiffer matrix and this stiffer matrix greatly affected mecha-
notransduction. They showed that in a stiffer matrix, chondrocytes
expressed more MMP's and ADAMTS’ whereas SOX9, COL2a1 and
Aggrecan expression was reduced. This indicated that a stiffer
matrix could actually contribute to OA, but the proof came from an
experiment where the cross linking enzyme LOX was inhibited
during a DMM experiment, which resulted in an improvement of
cartilage integrity.

Exercise

Besides investigating molecular and cellular processes that can
benefit OA patients by pharmacotherapeutic interventions, there
are interventions patients can do for themselves like exercise. Even
though exercise might be beneficial, patients that have OA and are
in pain might be afraid to load their joints, believing that it may
cause damage. This year substantial evidence was added to show
moderate exercise can prevent loss of crucial joint tissues due to
OA.

lijima et al. used rats that underwent DMM surgery and assigned
them to a sedentary or walking group that had access to a tread-
mill?. The walking group was divided into groups with a different
duration of access to a treadmill: treadmill access throughout the
entire 8 week experiment, treadmill access during the first 4 weeks
out of a total of 8 weeks, or treadmill access during the last 4 out of
a total of 8 weeks. All rats that underwent DMM and were assigned
to any of the walking groups showed an improvement on all out-
comes as compared to the sedentary DMM group. In cartilage the
walking groups had a lower OARSI score, more Toluidine blue
staining, and more collagen type Il staining. On bone parameters
the walking groups showed reduced subchondral bone cysts, pre-
vention of subchondral bone sclerosis, reduced osteocyte death and
a decreased number of TRAP and an increased number of ALP
positive cells. The group that had access to the treadmill during the
last 4 weeks out of a total of 8 weeks performed slightly better than
the other walking groups. Rats in all walking groups showed
enhanced BMP2 and -6 staining in cartilage and bone, which the
authors proposed as a mechanism behind the protective effects.

Exercise and lubricin

One way exercise can improve cartilage function, is by the in-
duction of lubricin, also known as proteoglycan 4 (PRG4). Musu-
meci et al. investigated the effect of physical exercise in rats in
healthy young, adult and aged rats and whether lubricin could be
used as a new marker for chondrocyte senescence’’. They found
that lubricin was highly expressed in chondrocytes of healthy
young rats and that this declined with age. However, if the rats
were subject to exercise, the reduced lubricin expression was at

least in part restored. Another study investigated the potential
therapeutic application of lubricin by using recombinant lubricin in
ovariectomized (OVX) rats as a model for osteoporosis-related
OA??. They gave the lubricin either early, at the day of OVX, or
late at 2 weeks after OVX. The OVX resulted in loss of proteoglycans
and increased the calcified cartilage zone, increased MMP13 and
collagen type X expression as well as enhanced TRAP and OSX
staining. All of this was counteracted by treatment with recombi-
nant lubricin. This was also reflected by the data on bone as the
lubricin treatment normalized the subchondral bone architecture,
which was especially clear on the bone volume/tissue volume (BV/
TV value), which was restored to normal. Also CD31 immunohis-
tochemical staining, indicative of angiogenesis, was reduced to
normal levels by early lubricin treatment and drastically decreased
in late treatment groups. Similar to the paper of lijima et al. late
treatment of OVX rats with lubricin seemed to perform slightly
better than early treatment reflected by improved OARSI scores.
However, this did not hold true for all parameters. For example,
early lubricin treatment performed better in decreasing MMP13
and ColX expression in cartilage, decreasing TRAP and OSX in bone
and reducing vessel area in the calcified cartilage.

Of note, recombinant lubricin induced lubricin expression sug-
gesting a positive feedback loop.

Lubricin and TLR's

Apart from its lubricating function, Lubricin has been found to
have anti-inflammatory effects. Alquraini et al. investigated the
mechanism behind this, and found that lubricin can bind to both
the pro-inflammatory receptors TLR2 and TLR4 in HEK cells and by
doing so could dose-dependently inhibit activation of these re-
ceptors, even in conditions with OA and RA synovial fluid?>. Iqbal
et al. investigated a similar mechanism, but added an in vivo study
on OA and pain“. They found that lubricin could bind to TLR2, 4 and
5, resulting in NFkB activation, which ultimately led to a change in
signaling and therefore an altered cytokine/chemokine secretion,
for example Lubricin decreased NFkB translocation in the presence
of LPS or flagellin. In a rat DMM model Igbal et al. showed that
lubricin treatment maintained cartilage integrity, reduced osteo-
phyte formation and reduced synovial inflammation as well as
expression of inflammatory cytokines. Strikingly, with the rat
grimace scale the authors observed a reduction in pain in the
lubricin-treated mice as well. To investigate whether the pain
reduction could be TLR-lubricin dependent, the authors investi-
gated NFkB expression and found that it was limited in a normal
joint, but upon injury NFkB expression and translocation was
observed. Upon lubricin injection this NFkB expression and trans-
location was however inhibited to the level of non-injured joints.

TLR's and pain

The link between TLR's and pain has also been made by Miller
et al. They investigated TLR4 from the angle of DAMPs being
involved in pain by performing a DMM in TLR4 null mice?’. They
showed that dorsal root ganglion (DRG) neurons expressed TLR4
and that exposure of DRG cultures to TLR4 ligands S100A8 and a2-
macroglobulin resulted in release of the proalgesic chemokine
MCP1 and increased intracellular calcium concentrations. Blocking
of TLR4 could fully prevent this response. The intact DRG's also
responded to the TLR4 agonist LPS. One would expect, given these
findings that this would translate to in vivo results of TLR4 blockage
on pain as well. However, the TLR4 null mice were not protected
from mechanical allodynia, nor from joint damage. In the TLR4 null
mice there were still a few neurons that responded to S100A8 and
ap-macroglobulin, indicating that other pathways, including RAGE,
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may also facilitate responses to DAMPS. The authors also include
TLR2 and pathways driven by proalgesic cytokines and chemokines
as hypothetical causes of the mechanical allodynia in DMM in the
TLR4 null mice. Krock et al. found that TLR2 was a regulator for NGF
in human intervertebral discs, underlining the possibility of mul-
tiple mechanisms leading to pain via TLRs®.

Pain vs structural damage, and NGF

The link between pain and structural damage in OA has been an
enigma. OA leads to pain, but the pain does not seem to correlate
with the actual structural damage in many studies. Kc et al. inves-
tigated PKCS null mice in OA as PKCS mediates cartilage damage?®’.
They saw a highly significant reduction in structural damage in
DMM in the PKC3 null mice, yet the pain was increased compared to
WT DMM mice. Here structural damage and pain not only lacked a
correlation, but even deviated in opposite directions. The authors
found that this could be explained by the PKC3 mice having
enhanced expression of both TrkA and NGF and, as a result,
augmented axonal outgrowth.

On the other hand, O'Dricsoll et al. investigated cartilage,
meniscus and bone of mice undergoing partial meniscectomy or
DMM at the point in time where pain was experienced?®. They
found that NGF was consistently upregulated in the articular
cartilage. They identified that NGF and tachykinin could be upre-
gulated in articular cartilage by mechanical injury in a TAK1, FGF2
and Src-kinase dependent manner. In contrast to Kc, here structural
damage was linked to pain.

It is now well known that NGF is a key player in OA pain. Several
researchers have focused on the benefits of blocking either NGF of
NGF signaling, via TrkA. Nwosu et al. showed that blocking TrkA in
rats in either MIA or MNX inhibited pain behavior, as measured by
weight bearing asymmetry”’. In dogs with degenerative joint dis-
ease, Lascelles et al. showed that anti-NGF treatment resulted in
enhanced activity®’. Also in rats, Ishikawa et al. showed blocking
NGF with an antibody led to an improvement in gait, even long
after a single dose injection®’.

Conclusion

We selected these manuscripts based on the pubmed search,
presented abstracts during the 2015 conference and inter-
connectivity into one scheme (Fig. 1). We started with the circadian
rhythm, which is a relatively new subject to the field of OA. Clock
genes were disturbed during aging and OA and vice versa dis-
turbing the circadian rhythm induced OA pathology. Mechanisti-
cally the data pointed toward Bmall as a pivotal factor in this
process. The expression of Bmall was reduced by IL1. Disruption of
Bmall leads to disturbance of Nfatc2 and TGF-B signaling. Many
authors showed that altering TGF- signaling affected OA, pointing
towards a disruption in the ALK1/ALK5 signaling balance. TGF-§
clearly required tight control as too little as well as too much
resulted in deleterious effects. There was a link between autophagy
and TGF-B as knock out of autophagy inhibitor mTOR reduced
Smad3 phosphorylation, which is downstream of ALK5. Autophagy
control genes Atg5 and Lc3 were drastically reduced in aging
cartilage and knocking out Atg5 induced OA-like changes. Strik-
ingly this only held true in an age-dependent model, not a me-
chanical DMM model. In the mTOR knock out mouse, however, the
DMM did show reduction in OA. Autophagy and senescence are
closely linked and functionally intertwined. SIRT6, which was
reduced in OA, was protective against cellular senescence and its
overexpression led to protection against OA.

A hot topic this year was exercise. From several angles it was
shown that exercise had a positive effect on several OA parameters

in mice. During the 2016 OARSI conference it was presented that
lack of loading results in decrease TGF-§ signaling via Smad2/3,
which links exercise to the other studies®’. A mechanism of exer-
cise that was researched by several groups was the increase in
lubricin upon exercise. Lubricin was found to bind to TLR's and
thereby inhibit their activity. Lubricin treatment itself had a posi-
tive effect, not only on pathology in OA, but also on pain, which was
TLR-dependent. The link between TLR's and pain also became clear
in TLR4 null mice, which clearly showed a reduction in many
proalgesic factors in the DRG of DMM-mice. However, this did not
lead to a reduction in mechanical allodynia. This could lie in the
type of pain that was measured or via other mechanismes, like TLR2,
which is currently under investigation. TLR2 was found to upre-
gulate NGF. Blocking of NGF has so far consistently been able to
block pain in OA. In a study using PKC® null mice, which had a
significant reduction in DMM-induced pathology, pain still per-
sisted in an NGF-dependent manner. This study shows that the
damage-pain disconnect could lie in the levels of NGF. In an OA-
unrelated manuscript it was shown that TLR's are involved in dis-
rupting the circadian clock via disruption of Bmal1, which will most
likely hold true for OA as well.

This review tied together a selection of seemingly distant
manuscripts on the same disease: osteoarthritis. By doing so, this
review underlines that we are all working together on solving the
big OA-puzzle, one piece at a time (Fig. 1).

Author contributions

ENBD, APMvC and PMvdK performed the literature search for this
manuscript. ENBD and APMvC structured the selected manuscripts
into an underlying scheme that formed the framework for this
manuscript. ENBD wrote the manuscript based on this framework,
which was edited by all authors into the final manuscript.

Conflict of interest
The authors have no competing interests.

Acknowledgements

The authors acknowledge funding by the Dutch Arthritis
Foundation (Reumafonds) grant number 12-2-401.

References

1. Kc R, Li X, Forsyth CB, Voigt RM, Summa KC, Vitaterna MH,
et al. Osteoarthritis-like pathologic changes in the knee joint
induced by environmental disruption of circadian rhythms is
potentiated by a high-fat diet. Sci Rep 2015;5:16896, http://dx.
doi.org/10.1038/srep16896.

2. Kc R, Li X, Voigt RM, Ellman MB, Summa KC, Vitaterna MH,
et al. Environmental disruption of circadian rhythm pre-
disposes mice to osteoarthritis-like changes in knee joint. ] Cell
Physiol 2015;230(9):2174—83, http://dx.doi.org/10.1002/jcp.
24946.

3. Dudek M, Gossan N, Yang N, Im HJ, Ruckshanthi ]JP,
Yoshitane H, et al. The chondrocyte clock gene Bmal1l controls
cartilage homeostasis and integrity. ] Clin Investig
2016;126(1):365—76, http://dx.doi.org/10.1172/]CI82755.

4. Blaney Davidson EN, Remst DF, Vitters EL, van Beuningen HM,
Blom AB, Goumans MJ, et al. Increase in ALK1/ALK5 ratio as a
cause for elevated MMP-13 expression in osteoarthritis in
humans and mice. ] Immunol 2009;182(12):7937—45.

5. Jeffries MA, Donica M, Baker LW, Stevenson ME, Annan AC,
Beth Humphrey M, et al. Genome-wide DNA methylation
study identifies significant epigenomic changes in osteoar-
thritic subchondral bone and similarity to overlying cartilage.


http://dx.doi.org/10.1038/srep16896
http://dx.doi.org/10.1038/srep16896
http://dx.doi.org/10.1002/jcp.24946
http://dx.doi.org/10.1002/jcp.24946
http://dx.doi.org/10.1172/JCI82755
http://refhub.elsevier.com/S1063-4584(16)30418-6/sref4
http://refhub.elsevier.com/S1063-4584(16)30418-6/sref4
http://refhub.elsevier.com/S1063-4584(16)30418-6/sref4
http://refhub.elsevier.com/S1063-4584(16)30418-6/sref4
http://refhub.elsevier.com/S1063-4584(16)30418-6/sref4

180

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

E.N. Blaney Davidson et al. / Osteoarthritis and Cartilage 25 (2017) 175—180

Arthritis Rheumatol 2016;68(6):1403—14, http://dx.doi.org/
10.1002/art.39555.

. Xie L, Tintani F, Wang X, Li F, Zhen G, Qiu T, et al. Systemic

neutralization of TGF-beta attenuates osteoarthritis. Ann N Y
Acad Sci 2016;1376(1):53—64, http://dx.doi.org/10.1111/nyas.
13000.

. Zhao W, Wang T, Luo Q, Chen Y, Leung VY, Wen C, et al.

Cartilage degeneration and excessive subchondral bone for-
mation in spontaneous osteoarthritis involves altered TGF-
beta signaling. ] Orthop Res 2016;34(5):763—70, http://dx.doi.
org/10.1002/jor.23079.

. Mori H, Izawa T, Tanaka E. Smad3 deficiency leads to

mandibular condyle degradation via the sphingosine 1-phos-
phate (S1P)/S1P3 signaling axis. Am ] Pathol 2015;185(10):
274256, http://dx.doi.org/10.1016/j.ajpath.2015.06.015.

. Hou C, Yang Z, Kang Y, Zhang Z, Fu M, He A, et al. MiR-193b

regulates early chondrogenesis by inhibiting the TGF-beta2
signaling pathway. FEBS Lett 2015;589(9):1040—7, http://dx.
doi.org/10.1016/j.febslet.2015.02.017.

Li L, Jia ], Liu X, Yang S, Ye S, Yang W, et al. MicroRNA-16-5p
controls development of osteoarthritis by targeting SMAD3 in
chondrocytes. Curr Pharm Des 2015;21(35):5160—7.

Huang H, Veien ES, Zhang H, Ayers DC, Song J. Skeletal char-
acterization of Smurf2-deficient mice and in vitro analysis of
Smurf2-deficient chondrocytes. PLoS One 2016;11(1):
0148088, http://dx.doi.org/10.1371/journal.pone.0148088.
White E, Lowe SW. Eating to exit: autophagy-enabled senes-
cence revealed. Genes Dev 2009;23(7):784—7, http://dx.doi.
org/10.1101/gad.17953009.

Carames B, Olmer M, Kiosses WB, Lotz MK. The relationship of
autophagy defects to cartilage damage during joint aging in a
mouse model. Arthritis Rheumatol 2015;67(6):1568—76,
http://dx.doi.org/10.1002/art.39073.

Bouderlique T, Vuppalapati KK, Newton PT, Li L, Barenius B,
Chagin AS. Targeted deletion of Atg5 in chondrocytes promotes
age-related osteoarthritis. Ann Rheum Dis 2016;75(3):627—31,
http://dx.doi.org/10.1136/annrheumdis-2015-207742.

Zhang Y, Vasheghani F, Li YH, Blati M, Simeone K, Fahmi H,
et al. Cartilage-specific deletion of mTOR upregulates auto-
phagy and protects mice from osteoarthritis. Ann Rheum Dis
2015;74(7):1432—40, http://dx.doi.org/10.1136/annrheumdis-
2013-204599.

Nagai K, Matsushita T, Matsuzaki T, Takayama K, Matsumoto T,
Kuroda R, et al. Depletion of SIRT6 causes cellular senescence,
DNA damage, and telomere dysfunction in human chon-
drocytes. Osteoarthritis Cartilage 2015;23(8):1412—-20, http://
dx.doi.org/10.1016/j.joca.2015.03.024.

WuY, Chen L, Wang Y, Li W, Lin Y, Yu D, et al. Overexpression
of Sirtuin 6 suppresses cellular senescence and NF-kappaB
mediated inflammatory responses in osteoarthritis develop-
ment. Sci Rep 2015;5:17602, http://dx.doi.org/10.1038/
srep17602.

Ailixiding M, Aibibula Z, Iwata M, Piao J, Hara Y, Koga D, et al.
Pivotal role of Sirt6 in the crosstalk among ageing, metabolic
syndrome and osteoarthritis. Biochem Biophys Res Commun
2015;466(3):319—-26, http://dx.doi.org/10.1016/j.bbrc.2015.
09.019.

Kim JH, Lee G, Won Y, Lee M, Kwak ]S, Chun CH, et al. Matrix
cross-linking-mediated mechanotransduction promotes post-
traumatic osteoarthritis. Proc Natl Acad Sci U S A
2015;112(30):9424—9, http://dx.doi.org/10.1073/pnas.
1505700112.

lijima H, Aoyama T, Ito A, Tajino |, Yamaguchi S, Nagai M, et al.
Exercise intervention increases expression of bone morpho-
genetic proteins and prevents the progression of cartilage-

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

subchondral bone lesions in a post-traumatic rat knee model.
Osteoarthritis Cartilage 2016;24(6):1092—102, http://dx.doi.
org/10.1016/j.joca.2016.01.006.

Musumeci G, Castrogiovanni P, Trovato FM, Imbesi R, Giunta S,
Szychlinska MA, et al. Physical activity ameliorates cartilage
degeneration in a rat model of aging: a study on lubricin
expression. Scand ] Med Sci Sports 2015;25(2):e222—-30,
http://dx.doi.org/10.1111/sms.12290.

Cui Z, Xu C, Li X, Song J, Yu B. Treatment with recombinant
lubricin attenuates osteoarthritis by positive feedback loop
between articular cartilage and subchondral bone in ovariec-
tomized rats. Bone 2015;74:37—47, http://dx.doi.org/10.1016/
j-bone.2014.12.065.

Alquraini A, Garguilo S, D'Souza G, Zhang LX, Schmidt TA,
Jay GD, et al. The interaction of lubricin/proteoglycan 4 (PRG4)
with toll-like receptors 2 and 4: an anti-inflammatory role of
PRG4 in synovial fluid. Arthritis Res Ther 2015;17:353, http://
dx.doi.org/10.1186/513075-015-0877-x.

Igbal SM, Leonard C, Regmi SC, De Rantere D, Tailor P, Ren G,
et al. Lubricin/proteoglycan 4 binds to and regulates the ac-
tivity of toll-like receptors in vitro. Sci Rep 2016;6:18910,
http://dx.doi.org/10.1038/srep18910.

Miller RE, Belmadani A, Ishihara S, Tran PB, Ren D, Miller R],
et al. Damage-associated molecular patterns generated in
osteoarthritis directly excite murine nociceptive neurons
through Toll-like receptor 4. Arthritis Rheumatol 2015;67(11):
2933—43, http://dx.doi.org/10.1002/art.39291.

Krock E, Currie ]JB, Weber MH, Ouellet JA, Stone LS,
Rosenzweig DH, et al. Nerve growth factor is regulated by toll-
like receptor 2 in human intervertebral discs. ] Biol Chem
2016;291(7):3541-51,  http://dx.doi.org/10.1074/jbc.M115.
675900.

Kc R, Li X, Kroin JS, Liu Z, Chen D, Xiao G, et al. PKCdelta null
mutations in a mouse model of osteoarthritis alter osteoar-
thritic pain independently of joint pathology by augmenting
NGF/TrkA-induced axonal outgrowth. Ann Rheum Dis
2016;75(12):2133—41, http://dx.doi.org/10.1136/annrheumdis-
2015-208444.

Driscoll C, Chanalaris A, Knights C, Ismail H, Sacitharan PK,
Gentry C, et al. Nociceptive sensitizers are regulated in
damaged joint tissues, including articular cartilage, when
osteoarthritic mice display pain behavior. Arthritis Rheumatol
2016;68(4):857—67, http://dx.doi.org/10.1002/art.39523.
Nwosu LN, Mapp PI, Chapman V, Walsh DA. Blocking the
tropomyosin receptor kinase A (TrkA) receptor inhibits pain
behaviour in two rat models of osteoarthritis. Ann Rheum Dis
2016;75(6):1246—54, http://dx.doi.org/10.1136/annrheumdis-
2014-207203.

Lascelles BD, Knazovicky D, Case B, Freire M, Innes JF, Drew AC,
et al. A canine-specific anti-nerve growth factor antibody al-
leviates pain and improves mobility and function in dogs with
degenerative joint disease-associated pain. BMC Vet Res
2015;11:101, http://dx.doi.org/10.1186/s12917-015-0413-x.
Ishikawa G, Koya Y, Tanaka H, Nagakura Y. Long-term anal-
gesic effect of a single dose of anti-NGF antibody on pain
during motion without notable suppression of joint edema
and lesion in a rat model of osteoarthritis. Osteoarthritis
Cartilage 2015;23(6):925—32, http://dx.doi.org/10.1016/j.joca.
2015.02.002.

Madej W, van Caam A, Blaney Davidson E, Buma P, van der
Kraan PM. Unloading results in rapid loss of TGFbeta signaling
in articular cartilage: role of loading-induced TGFbeta
signaling in maintenance of articular chondrocyte phenotype?
Osteoarthritis Cartilage 2016;24(10):1807—15, http://dx.doi.
org/10.1016/j.joca.2016.05.018.


http://dx.doi.org/10.1002/art.39555
http://dx.doi.org/10.1002/art.39555
http://dx.doi.org/10.1111/nyas.13000
http://dx.doi.org/10.1111/nyas.13000
http://dx.doi.org/10.1002/jor.23079
http://dx.doi.org/10.1002/jor.23079
http://dx.doi.org/10.1016/j.ajpath.2015.06.015
http://dx.doi.org/10.1016/j.febslet.2015.02.017
http://dx.doi.org/10.1016/j.febslet.2015.02.017
http://refhub.elsevier.com/S1063-4584(16)30418-6/sref10
http://refhub.elsevier.com/S1063-4584(16)30418-6/sref10
http://refhub.elsevier.com/S1063-4584(16)30418-6/sref10
http://refhub.elsevier.com/S1063-4584(16)30418-6/sref10
http://dx.doi.org/10.1371/journal.pone.0148088
http://dx.doi.org/10.1101/gad.1795309
http://dx.doi.org/10.1101/gad.1795309
http://dx.doi.org/10.1002/art.39073
http://dx.doi.org/10.1136/annrheumdis-2015-207742
http://dx.doi.org/10.1136/annrheumdis-2013-204599
http://dx.doi.org/10.1136/annrheumdis-2013-204599
http://dx.doi.org/10.1016/j.joca.2015.03.024
http://dx.doi.org/10.1016/j.joca.2015.03.024
http://dx.doi.org/10.1038/srep17602
http://dx.doi.org/10.1038/srep17602
http://dx.doi.org/10.1016/j.bbrc.2015.09.019
http://dx.doi.org/10.1016/j.bbrc.2015.09.019
http://dx.doi.org/10.1073/pnas.1505700112
http://dx.doi.org/10.1073/pnas.1505700112
http://dx.doi.org/10.1016/j.joca.2016.01.006
http://dx.doi.org/10.1016/j.joca.2016.01.006
http://dx.doi.org/10.1111/sms.12290
http://dx.doi.org/10.1016/j.bone.2014.12.065
http://dx.doi.org/10.1016/j.bone.2014.12.065
http://dx.doi.org/10.1186/s13075-015-0877-x
http://dx.doi.org/10.1186/s13075-015-0877-x
http://dx.doi.org/10.1038/srep18910
http://dx.doi.org/10.1002/art.39291
http://dx.doi.org/10.1074/jbc.M115.675900
http://dx.doi.org/10.1074/jbc.M115.675900
http://dx.doi.org/10.1136/annrheumdis-2015-208444
http://dx.doi.org/10.1136/annrheumdis-2015-208444
http://dx.doi.org/10.1002/art.39523
http://dx.doi.org/10.1136/annrheumdis-2014-207203
http://dx.doi.org/10.1136/annrheumdis-2014-207203
http://dx.doi.org/10.1186/s12917-015-0413-x
http://dx.doi.org/10.1016/j.joca.2015.02.002
http://dx.doi.org/10.1016/j.joca.2015.02.002
http://dx.doi.org/10.1016/j.joca.2016.05.018
http://dx.doi.org/10.1016/j.joca.2016.05.018

	Osteoarthritis year in review 2016: biology
	Introduction
	Circadian rhythm
	TGF-β signaling
	Autophagy
	SIRT6
	The extracellular matrix matters
	Exercise
	Exercise and lubricin
	Lubricin and TLR's
	TLR's and pain
	Pain vs structural damage, and NGF
	Conclusion
	Author contributions
	Conflict of interest
	Acknowledgements
	References


