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Abstract

Background: Osteoarthritis has been associated with a plethora of pathological factors and one which has recently
emerged is chondrocyte endoplasmic reticulum (ER) stress. ER stress is sensed by key ER-resident stress sensors, one
of which is activating transcription factor 6 (ATF6). The purpose of this study is to determine whether increased ER

stress plays a role in OA.

effect on DMM-induced OA severity.

progression.

Apoptosis, Histology, RNA-seq

Methods: OA was induced in male wild-type (+/+), ColllTg? (c/c) and Atféa™~ mice by destabilisation of the
medial meniscus (DMM). c/c mice have increased ER stress in chondrocytes via the collagen Il promoter-driven
expression of ER stress-inducing Tg“®9. Knee joints were scored histologically for OA severity. RNA-seq was
performed on laser-micro-dissected RNA from cartilage of +/+ and ¢/c DMM-operated mice.

Results: In situ hybridisation demonstrated a correlation between the upregulation of ER stress marker, BiP, and
early signs of proteoglycan loss and cartilage damage in DMM-operated +/+ mice. Histological analysis revealed a
significant reduction in OA severity in ¢/c mice compared with +/+ at 2 weeks post-DMM. This chondroprotective
effect in ¢/c mice was associated with a higher ambient level of BiP protein prior to DMM and a delay in
chondrocyte apoptosis. RNA-seq analysis suggested XbpI-regulated networks to be significantly enriched in c/c
mice at 2 weeks post-DMM. Compromising the ER through genetically ablating Atféa, a key ER stress sensor, had no

Conclusion: Our studies indicate that an increased capacity to effectively manage increases in ER stress in articular
cartilage due either to pre-conditioning as a result of prior exposure to ER stress or to genetic pre-disposition may
be beneficial in delaying the onset of OA, but once established, ER stress plays no significant role in disease

Keywords: Endoplasmic reticulum (ER) stress, Osteoarthritis, Mouse, Medial meniscus destabilisation (DMM), ATF6q,

Background

Osteoarthritis (OA) is a debilitating degenerative joint
disease with risk factors ranging from gender, genetic
pre-disposition, obesity, injury, joint alignment and age
[1-3]. This multitude of risk factors, along with variable
clinical features, emphasises OA heterogeneity [4, 5].
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The pathological hallmarks of OA include progressive
fibrillation of articular cartilage, altered chondrocyte
phenotype, thickening of subchondral bone and remod-
elling of peri-articular tissues [6]. The characteristic pro-
gressive breakdown of cartilage in OA joints results
from an imbalance between the degradation and repair
of the tissue, and one potential pathogenic mechanism
that has received recent attention is increased chondro-
cyte endoplasmic reticulum (ER) stress.

ER stress can be caused by many different factors and
triggers the unfolded protein response (UPR) [7-10].
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The UPR is mediated by three ER-resident transmem-
brane stress sensors: pancreatic ER-kinase (PKR)-like
ER kinase (PERK), inositol-requiring enzyme 1 (IRE1)
and activating transcription factor 6 (ATF6), and re-
sults in attenuation of protein translation and upregu-
lation of chaperones (including BiP/Grp78) and genes
involved in ER-associated degradation. The transcrip-
tional upregulation of BiP has been used extensively
as a marker of ER stress [11, 12]. The initial re-
sponses to ER stress are aimed at alleviating the
stress although should these responses fail to restore
protein homeostasis, CHOP-mediated apoptosis may
be triggered [13].

Chondrocytes, due to their high secretory load, are
particularly sensitive to ER stress [10]. Indeed, elevated
chondrocyte ER stress is not only associated with a
number of chondrodysplasias but represents the princi-
pal disease mechanism in at least one of these forms of
dwarfism [10, 14—16]. Over recent years, several studies
have associated ER stress with OA in both man and
mouse [17-22]. In all cases, an upregulation of the ER
chaperone BiP was reported in osteoarthritic tissue.
However, it remains unclear whether increased ER stress
is merely a physiological response, for instance to the
anabolic, increased ECM synthesis seen in OA, or it can
influence the onset and progression of disease.

Our present study was therefore to determine whether
exposure to increased ER stress can modulate OA onset
or progression. We previously generated a transgenic
mouse model (CollITg*%; [23]) in which ER stress was
induced in chondrocytes by the Col2al promoter-driven
expression of a misfolding protein, the cog form of
thyroglobulin (Tg®®), in a similar fashion to that de-
scribed previously [15]. Briefly, Tg°® misfolds in the ER
inducing ER stress and an UPR [14, 23, 24]. We also in-
vestigated a possible connection between disrupting the
cells ability to sense ER stress and disease progression
through ablating one of the key ER stress sensors
ATF6a. Atféa™'~ mice have no overt phenotype; how-
ever, their ability to respond to ER stress challenges, in-
cluding through the induction of BiP, is severely
compromised [25]. We induced OA by destabilisation of
the medial meniscus (DMM) in CollITg"® and Atfé6a-
knockout mice [25] to examine the effects of either prior
exposure to increased ER stress or a compromised UPR
on disease onset and progression, respectively. Our re-
sults show increased ER stress is an early response in
surgically induced OA. The CollITg®® mice, whose
chondrocytes have been pre-conditioned to increased ER
stress throughout development [23], are protected
against the earliest stages of OA. Furthermore, Atf6a-
knockout mice, which have a diminished ability to
ameliorate ER stress, showed no significant differences
in OA severity compared with control mice, suggesting
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ER stress is not a in disease

progression.

significant factor

Methods

Mouse strains

Generation of the CollITg"”® mouse has been previously
described [23]. Mice were bred to homozygosity, and
breedings of wild-type (+/+) and homozygote (c/c) mice
were maintained on a FVB/N/C57Bl6 background.
Atféa’"-knockout mice were generated as described
previously [25].

Surgical induction of osteoarthritis

OA was induced in 10-12-week-old male mice by DMM
of the right knee as described [26]. Briefly, under isoflur-
ane anaesthesia and following standard surgical site prep-
aration, the medial menisco-tibial ligament was exposed
by gentle blunt dissection and transected with a 5-mm mi-
cro-surgical blade using sterile surgical techniques. Joints
were flushed with sterile saline prior to separate closure of
the joint capsule, subcutaneous tissue (8/0 polyglactin 910
suture) and skin (cyanoacrylate). The left knee was the
non-operated control. Operated mice received post-opera-
tive pain relief (buprenorphine) for 48 h. For RNA-seq
analysis, sham operations where the medial menisco-tibial
ligament was visualised but not transected were per-
formed in independent animals. Mice were randomly allo-
cated to groups/time points prior to study
commencement using their individual ID numbers.

Histology

Animals were sacrificed at 2 (n=6/group), 4 (n=13/
group) and 8 (n=14/group) weeks post-surgery. Knee
joints were dissected, fixed in paraformaldehyde over-
night, demineralised using 0.8 M EDTA pH 7.4 for 1-2
weeks, paraffin-embedded, sectioned coronally at 5um
thickness, stained with safranin O and fast-green and
photographed as previously described [23].

OA severity was determined using the Osteoarthritis
Research Society International (OARSI) scoring system
[27]. At least five sections across the whole joint, spaced
~ 80 um apart, were scored by three separate scorers in a
blind fashion. The joint score was calculated by combin-
ing the individual scores from all four quadrants of the
joint. Statistical differences between groups were evalu-
ated using ANOVA (GraphPad Prism).

Immunohistochemistry (IHC)

IHC was performed as described [23]. Briefly, antigen
unmasking was carried out in citrate buffer pH 6.0
heated to > 85 °C for 10 min followed by washes in PBS.
Primary antibody used was anti-Grp 78 goat polyclonal
(Santa Cruz, SC-1051) diluted 1/300. Sections were then
incubated with ABC reagent (Vector Laboratories, PK-
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6100) for 30 min and developed using the Vector VIP kit
(Vector Laboratories, SK-4600). Negative control sec-
tions for IHC were performed with the appropriate
serum minus the primary antibody. Tissue sections that
were known to express the protein of interest were in-
cluded as positive controls. Images were captured using
the Carl Zeiss Axiovision microscope fitted with an
Axiocam colour CCD camera and associated Axiovision
software.

In situ hybridisation (ISH)

DIG-labelled colourimetric in situ was performed as de-
scribed [15] with the following riboprobes: Col2al: 600
bp insert encoding the 3'UTR from L.M.A.G.E clone ID
735113; BiP: 350bp fragment from LM.A.G.E clone
1D6334883; thyroglobulin: 700 bp ¢cDNA fragment amp-
lified using primers FTTGTAGATCCATCCATCAAGC
and RGTGACTACGATGAAGTTGC.

Terminal transferase dUTP nick end labelling (TUNEL)
assay

TUNEL assays were performed using a fluorometric
TUNEL kit (Promega, G3250) following the manufac-
turer’s instructions. Images were collected using the
CooISNAP ES Olympus BX51 camera and associated
Metaview software. Two slides containing sections
spaced at least 80 pm apart, per animal, were assayed.
Separate cell counts throughout the entire lateral and
medial tibial plateau were assessed as described previ-
ously [23] and analysed by ANOVA (GraphPad Prism).

Laser capture microdissection of articular cartilage, RNA
preparation and RNA sequencing

Dissection, laser microdissection and RNA extraction
from mouse articular cartilage were performed as previ-
ously described [28, 29]. Each mouse articular cartilage
yielded ~ 20-30 ng of total RNA. +/+ SHAM, +/+ DMM
and c¢/c DMM mice at 2weeks post-surgery (n=3/
group) were used in this experiment. The integrity of
total RNA was assessed on the Agilent Technology Bioa-
nalyzer 2100 using RNA6000 Pico-Chip (Agilent) and
quantified using a QuBit assay (Life Technologies).
RNA sequencing cDNA libraries were generated using
the NuGen Ovation® Single Cell RNA-Seq system
(NuGEN Technologies Inc., Part No.0342) according
to the manufacturer’s instructions. 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
(100 + 100 cycles, plus indices) on an Illumina
HiSeq2500 instrument. Demultiplexing of the output
data (allowing one mismatch) and BCL-to-Fastq con-
version was performed with CASAVA1.8.3. The read
counts for each sample (at least 10M) were
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normalised to the total number of reads and analysed
using DESeq2 at a 10% FDR (adjusted for multiple
testing using the Benjamini-Hochberg correction: p,g;
value reported by DESeq). Differentially expressed
genes were used in pathway and functional analyses
(Ingenuity System:s).

Quantitative polymerase chain reaction (qPCR)

Due to the limited amounts of tissue RNA available,
c¢DNA libraries from the same pools used for RNA se-
quencing analysis were used for qPCR. Reactions were
performed in duplicate using the SYBR Green kit (Applied
Biosystems) following the manufacturer’s instructions on
a StepOne Plus detector system (Life Technologies). Pri-
mer sequences (Additional file 1: Table S1) used had been
previously validated [29] or were designed for this study
using Primer-Blast. Relative gene expression levels were
normalised to P-actin and calculated using the 274
method. To calculate fold changes of gene expression, the
2744 method was used.

Results
DMM increases ER stress in cartilage as OA damage
becomes apparent
Lateral compartments of DMM joints and non-operated
control joints from +/+ mice showed no significant OA-
related changes (Fig. 1). DMM-operated +/+ mice devel-
oped OA progressively over the 8-week period with car-
tilage damage specifically localised to the medial
compartments of the joint (Fig. 1a, b). Two weeks post-
DMM, +/+ mice exhibited focal loss of proteoglycans
and mild fibrillation at the articular surface. By 4 weeks
post-DMM, there was cartilage structural damage and
vertical cleft formation. At 8 weeks, DMM joints exhib-
ited a significant degree of cartilage degradation. OARSI
scoring revealed a significant increase in the severity of
OA with time (Fig. 1b).

mRNA expression of Col2al and the ER stress
marker BiP in articular cartilage of +/+ non-oper-
ated knee joints was below the level of detection by
ISH (Fig. 1a). In comparison, the +/+ DMM-oper-
ated knees exhibited increases in Col2al and BiP
expression that were evident at 2 weeks and most
intense at 4 weeks post-DMM. The spatial localisa-
tion of increased expression of both BiP and Col2al
expanded in tandem with the progression of cartil-
age damage, especially evident between 2 and 4
weeks post-DMM. The most intense upregulation of
expression localised to chondrocytes immediately
adjacent to the OA lesion, particularly apparent at
4 weeks post-DMM (Fig. 1a). The upregulation of
BiP mRNA indicates that increased ER stress is an
early feature of disease onset in this mechanically



Kung et al. Arthritis Research & Therapy (2019) 21:206 Page 4 of 13

2 Weeks Post 4 Weeks Post 8 Weeks Post
Non-Operated DMM DMM DMM
o y . - -
£
c X
50
=
[3°]
(]
(o]
£ <
c
o
SR
[ N
[3°]
» |
I
B
~
C
N
o
O -
-
(2]
Q
Q
41 5 B +/+ 2 Weeks Non-Op
° O +/+ 2 Weeks DMM
§3 5 O +/+ 4 Weeks Non-Op
@ 0 +/+ 4 Weeks DMM
©
o, . O +/+ 8 Weeks Non-Op
(=] *
° — & +/+ 8 Weeks DMM
o
T
X (¢) A3 < 3
. A A
>°\° > v é‘(( @
Fig. 1 Surgical induction of OA in +/+ mice causes increased ER stress in articular chondrocytes. a Safranin O staining of sections from non-operated
and DMM-operated knee joints from +/+ mice at 2, 4 and 8 weeks post-DMM. The insert shows an expanded view of the highlighted black box. +/+
mice developed progressive OA as evidenced by the loss of safranin O staining and increasing degree of cartilage degradation. Col2a1 and BiP in situ
hydrisation (ISH) was performed on sections from non-operated control joints and DMM-operated joints at 2, 4 and 8 weeks post-DMM. The presence
of transcript is indicated by the blue staining (arrows). +/+ DMM-operated knee joints exhibited an increase in Col2al and BiP expression compared to
non-operated joints. b Histological scores of OA pathology using a semi-quantitative scoring system. +/+ mice exhibited significant increase in the
severity of OA with time. Results are the average score + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. LFC = lateral femoral condyle; LTP =
lateral tibial plateau; MFC = medial femoral condyle; MTP = medial tibial plateau; Non-op = non-operated. Scale bar= 100 um

induced OA and is coincidental with first signs of
proteoglycan loss and structural damage.

ColliTg*°? mice are protected against the initial stages of
surgically induced OA

To determine whether prior exposure to increased ER
stress can influence the onset or progression of OA, we
conducted DMM surgery on CollITg” (c/c) mice which
experience chondrocyte ER stress when the mutant
thyroglobulin transgene, driven by the Col2al promoter,
is expressed [23]. We hypothesised that following DMM

surgery, the added increased ER stress experienced by
chondrocytes as they upregulated collagen II (and there-
fore Tg™®) synthesis would increase either the rate of
onset or the severity of disease in c¢/c mice.

We first established that the expression of the ColllTg-
% transgene per se during development and early adult-
hood did not predispose the animals to OA or other
articular cartilage abnormalities (Additional file 2: Figure
S1A&B). The articular cartilage of CollITg°*® mice at 3—
9weeks and 18 months of age were normal with no
signs of degeneration and were indistinguishable from
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+/+ mice (Additional file 2: Figure SIA&B). Next, DMM
surgery was conducted on c¢/c mice as part of the same
experiment that generated the +/+ (control) data de-
scribed above (Fig. 1). It should be noted that in the car-
tilage of non-operated knees in c/c mice, the expression
of Col2al, Tg"® and BiP was below the level of detection
(Fig. 2a). The lack of detectable expression demonstrates
that in an unchallenged adult knee joint Col2al expres-
sion (and thus Tg°*® and BiP) is very low in contrast to
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the high levels seen in younger animals. Increased ER
stress indicated by the upregulation of BiP mRNA ac-
companying 7¢°® and Col2al expression was apparent
in chondrocytes following DMM surgery in c/c mice
compared to non-operated c/c controls (Fig. 2a). Fur-
thermore, DMM-operated c/c mice developed signs of
osteoarthritic damage (Fig. 2a) in a similar fashion to the
controls (+/+) described above (Fig. 1). However, direct
comparison of the level and type of damage revealed that
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Fig. 2 ColllTg* mice are protected against the initial stages of surgically induced OA. a Safranin O staining and in situ hybridisation (ISH) for
Col2al, Tg*® and BiP mRNA on sections from non-operated and DMM-operated knee joints from ¢/c mice at 2, 4 and 8 weeks post-DMM. The
presence of each transcript is indicated by the blue staining and depicted by the arrows. ¢/c DMM-operated knee joints exhibited an
upregulation in all three transcripts, Col2al, Tg*? and BiP in chondrocytes around the OA-affected region compared to ¢/c non-operated joints.
Histological scores of the SO-stained images using a semi-quantitative scoring system are shown. ¢/c mice exhibited a significant increase in the
severity of OA with time. **p < 0.01, ***p < 0.001, ***p < 0.0001. b Safranin O staining of sections from non-operated and DMM-operated knee
joints from +/+ and c/c mice at 2 weeks post-DMM. The insert shows an expanded view of the highlighted black box. Histological scores of the
safranin O-stained images using a semi-quantitative scoring system are shown. c¢/c mice show significantly reduced OA severity compared with
+/+ mice. Data shown as average score + SEM. ***p < 0.0001 +/+ 2 week post-DMM versus c/c 2 week post-DMM. LFC = lateral femoral condyle;

LTP = lateral tibial plateau; MFC = medial femoral condyle; MTP = medial tibial plateau. Scale bar =100 ym
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at 2 weeks post-DMM, c/c mice had significantly less
damage than the +/+ controls (Fig. 2b). The loss of pro-
teoglycan and cartilage damage in the medial tibial plat-
eau was significantly less in c/c mouse joints (Fig. 2b).
However, at later time points there were no differences
in the levels of damage seen in the two groups (cf histo-
logical scores for 4 and 8 weeks +/+ (Fig. 1) and c¢/c mice
(Fig. 2)).

Apoptosis is delayed in DMM-operated ColllTg*°? mice
compared with +/+ mice

To investigate the mechanism by which the CollITg"*
transgene appeared to have a chondroprotective role
during the onset of OA (2 weeks DMM), we examined
the levels of apoptosis in the cartilage of +/+ and c/c
mice following DMM (Fig. 3a). The lateral compart-
ments of both +/+ and c¢/c mice 2 weeks post-DMM ex-
hibited few apoptotic cells (Fig. 3b). In comparison,
significant numbers of apoptotic cells were detected in
the medial compartments of DMM-operated joints
(Fig. 3a) although there was no significant difference in
the proportion of apoptotic cells in +/+ and c/c cartilage
(Fig. 3b). Nevertheless, close inspection of the OA lesion
revealed a subtle but clear delay in apoptosis in 2-week
DMM-operated joints of c/c compared to +/+ mice.
Chondrocytes within the OA lesion of +/+ mice did not
stain with DAPI (blue), nor were they labelled as apop-
totic (green), indicating that these cells were already
dead and their genomic DNA degraded (Fig. 3a). It was
the chondrocytes immediately adjacent to the OA lesion
that were TUNEL-positive in the +/+ medial compart-
ment (Fig. 3a—see arrows). However, in c/c mice, the
cells within the lesion were TUNEL-positive, indicating
that apoptosis in these cells was still in progress and
therefore delayed compared to the equivalent cells in
+/+ controls (Fig. 3a).

CollITg®? mice articular chondrocytes exhibit a higher
level of BiP protein prior to DMM surgery

As described above for both +/+ and c/c mice, BiP
mRNA levels in chondrocytes of non-operated joints
were below the level of detection by in situ analyses and
only became detectable in OA-affected chondrocytes 2
weeks post-DMM. We next looked to see whether BiP
protein levels in the cartilage prior to DMM induction
were equivalent in +/+ and c¢/c mice (Fig. 3c). Surpris-
ingly, immunodetectable BiP was much more intense in
chondrocytes of c¢/c mice compared to +/+ mice even
though in both lines, mRNA levels for BiP were very low
(Figs. 1 and 2). This increase in BiP protein was still ap-
parent in the c/c mouse cartilage 2 weeks after DMM
(Additional file 2: Figure S2). These data indicate that
chondrocytes in the CollITg"* line have a higher ambi-
ent concentration of BiP protein, presumably due to the
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prior exposure to increased levels of ER stress during de-
velopment [23]. The increased concentration of BiP
chaperone and the implicit increased capability to neu-
tralise the damaging effects of elevated ER stress could
explain why the onset of OA and chondrocyte apoptosis
was slightly delayed in the c/c compared to +/+ line.

RNA sequencing analysis identifies dysregulated genes 2
weeks after DMM surgery

To investigate the gene expression changes associated
with the chondroprotective effects in the c/c mice, we
performed RNA sequencing on articular cartilage from
2weeks DMM and SHAM knee joints. The expression
profiles of 6 genes were assessed by PCR and compared
with the RNA-seq data in the 3 groups to validate the
expression data (Additional file 2: Figure S3). A total of
511 dysregulated genes were identified in +/+ DMM ver-
sus SHAM (Additional file 3: Table S2) and 2090 in c/c
DMM versus SHAM (Additional file 3: Table S3). Com-
paring c/c DMM vs +/+ DMM revealed 633 genes that
were either up- or downregulated (Additional file 3:
Table S4).

The 50 genes most significantly dysregulated by DMM
in +/+ mice were compared with the equivalent expres-
sion profiles in ¢/c DMM mice (Tables 1 and 2). Expres-
sion of 49 of the 50 genes were detected in ¢/c DMM
mice. All but one of these 49 genes changed expression
in the same direction in both +/+ and c¢/c mice; 39 of
which were also statistically dysregulated in ¢/c DMM
cartilage (p <0.05; Table 1). In addition, the genes indi-
cated by an asterisk (Table 1) were also found to be dif-
ferentially regulated in a concordant fashion in an
independent microarray analysis of 2-week DMM-in-
duced changes [29]. Ingenuity analysis suggested the up-
stream regulators of differentially expressed genes in +/+
DMM cartilage compared with SHAM to include TGFf31
& 3, EGF, FGF2 and TNF (Additional file 4: Table S5).

Ingenuity-generated upstream regulator analyses of
the full list of differential genes suggested CDKN2A (a
cell cycle regulatory gene), Xbpl (a transcription factor
governing key aspects of the UPR), Rictor (a regulatory
element of MTORC2) and TGEFB1 as being potentially
involved in producing the chondroprotective role seen
in ¢/c mice at 2 weeks post-DMM (Table 3).

Compromising the ATF6a arm of the UPR does not alter
the severity of OA

Given that we (Fig. 1) and others have shown that chon-
drocyte ER stress is a feature of cartilage damage in OA,
we were surprised to find that the CollITg"*® mice did
not develop more severe damage following DMM com-
pared to controls. We therefore decided to probe the po-
tential link between increased ER stress and OA disease
in a different setting in which the capacity of cells to
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Fig. 3 Chondrocyte apoptosis associated with proteoglycan loss is delayed in DMM-operated ColllTg* mice which exhibit increased levels of
intracellular BiP protein prior to DMM. Apoptosis is delayed in mice homozygous for ColllTg*? (c/c) compared to wild-type (+/4) mice. a
Representative knee joint medial compartment sections stained with safranin O (SO) to visualise the OA lesion at 2 weeks DMM and serial
sections analysed by TUNEL (FITC) with DAPI counter-stain (blue). b Quantitation of TUNEL-positive cells shows a significant increase in apoptosis
in the medial compartments of the 2-week DMM-operated joints compared to the lateral compartments in both +/+ and c/c mice (see a).
Chondrocytes within the OA lesion in +/+ mice do not stain with DAPI, whereas chondrocytes in the OA lesion of ¢/c mice are labelled with
TUNEL and DAPI (see arrows) indicating they are in the process of apoptosis and that they are delayed compared with +/+ mice. ¢ Increased BiP
protein (dark purple staining indicated by black arrows) in articular and growth plate chondrocytes of 9-week-old non-operated c/c compared to
+/+ mice. The inserts are enlarged sections of the areas represented by the black boxes. Scale bar= 100 pm
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manage increases in ER stress is compromised due to
the ablation of a key ER stress sensor. ATF6a is one of
the three key ER stress sensors, and although Atfsa™'~
mice have no overt phenotype, their ability to respond
to ER stress challenges is compromised [25]. For in-
stance, the chondrocytes’ ability to induce BiP and
CHOP in response to ER stress caused by the expression
of mutant type X collagen in the metaphyseal chondro-
dysplasia-type Schmid mouse is much impaired and the

clinical phenotype more severe on the Atféa™~ back-
ground [30].

Firstly, histological examination of the articular cartil-
age of 6-7-month-old Atf6a~'~ mice revealed no signs of
degeneration (Fig. 4a) indicating that these mice do not
spontaneously develop OA. We performed DMM sur-
gery on Atféa”’~ and Atféa*’* controls at 10-12 weeks
of age and collected knee joints 4 weeks later which is
the usual first time point examined in this type of study.
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Table 1 Fifty most dysregulated genes in articular cartilage of
+/4+ DMM compared to SHAM and the equivalent expression in
the ColllTg®? DMM group
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Table 1 Fifty most dysregulated genes in articular cartilage of
+/+ DMM compared to SHAM and the equivalent expression in
the ColllTg*®? DMM group (Continued)

WT DMM v SHAM ColllTg cog DMM v SHAM

WT DMM v SHAM ColllTg cog DMM v SHAM

Padj Fold change  Gene name  Fold change  p.g Dadj Fold change  Gene name  Fold change  p.g
391E-63 11.51 Inhba* 3240 2.13E-102 1.598E-08 —244 Gm16070 - 1.66 0.017891341
1.0308E-29 —-8.60 Adamtsi8*  —393 581E-08 2.3008E-08 —1.92 Lox 1.29 0.019344488
285E-27 685 Bmp7* 693 3.80E-24 322926-08 185 Col6az* 273 2.23E-08
1.1299E-24 433 Gpx3 745 848E-36 49035E-08 191 Lmo4 1.36 0.037644471
9.0276E-24 423 Pappa 6.26 443613 6.6380E-08 458 Hmga2* 695 362E11
5.1868E-21 3.30 Fni1* 535 6.87E-22 8.9945E-08 235 Emp1* 3.26 5.00E-09
79751E=21 374 Ank* 451 1.70E=27 1.312E-07 6.00 Gdf6 ND NA
24681E-20 352 Ctsh* 305 2.73E-06 156-07  —207 Nampt ~1.15 NS
77114E-19 544 Penk* 8.26 471E-27 Data compiled from Additional file 2: Table S2 &S3. Italics—genes significantly
dysregulated in both WT DMM and ColllTg"®? DMM compared to SHAM. *Gene
4.0057E-18  5.00 Prkg2* 5.09 6.04E-13 also significantly dysregulated in similar direction in 2-week post-DMM wild-
5266E—18 387 Gas] —101 NS type cartilage samples assessed by microarray [29]. ND not detected, NA not
available due to only one value in data set, NS not significant (false discovery
7.7024E-18 -2.86 Fibin -1.82 1.03E-06 rate/adjusted P value > 0.1)
36914E-17 =307 Scara3* -1.30 NS
85273E-17 533 Hbegf* 852 114E-17 Non-operated knee joints from Atféa™'~ and Atfoa*’*
A1ME1S 247 Pmepal 265 9A4E_31 mice showed no signs of Cartilage‘d‘egradation as ei)/(:
pected (Fig. 4b). In contrast, DMM joints from Atf6a
#O94BE1S 243 Tmdsf1* 413 39046 and Atféa*"* mice displayed signs of proteoglycan and
47632815 238 Galnt7* 290 3.338-21 cartilage loss (Fig. 4b). Histological scoring revealed no
86454E-15 291 Hspa4l* 420 241E-38 differences in the severity of OA between Atféa™’~ and
19886E—14 —2.39 Comp 142 0.04857489 Atf6a+/ " mice (Fig. 4c). The lack of significant differ-
57638E-14 219 Col6az* 256 2 20E-10 ences in the pathology between Atféa™'~ and Atfoa*'*
99399E_14 350 Bmp2* 45 58761 mice suggests ER stress does not play an important role
in DMM-induced OA pathology.
99399E-14 2.8 Mgp 1033 191E-176
6.1568E-13  —641 Adamtsi2*  ~304 0020992517  Discussion
1585E-12 393 Npr3* 282 0.00016205 We aimed to establish the role of ER stress in modu-
24475E-12 299 Fgf1* 132 NS lating OA disease onset and progression. Firstly, we
SA612E—12 332 Bhlhed0* 446 358E-18 demonstrated that increased ER stress, indicated by
L0334E-11 305 Chad® 168 0000147006 elevated BiP mRNA,‘ is a featur? of disease onset in
the DMM model, being present in chondrocytes at or
25909811 3.29 serpinet 347 3568207 adjacent to the initial site of damage (Fig. 1a). Cells
3.7608E-11 347 serpina3n® 2232 NA expressing increased BiP had also upregulated Col2al
83862E-11 -3.15 Abi3bp -2.12 881E-08 mRNA which indicates these chondrocytes were
83862E-11 —3.79 Popiric —252 0000331801  undergoing an anabolic response to DMM surgery
20827E-10 513 Centd 537 197608 (Fig. 1a). The association of increased BiP with in-
53680610 684 Omd* o7 00655615 creased collagen synthesis in human OA was previ-
ously noted by Nugent et al. [18].
254686710 236 Vaca* 284 335631 We next examined whether exposure to ER stress is a
5.2059E-10 388 Fhiz® 345 143E-08 critical factor in OA onset or progression using the
6.9381E-10  5.09 Ltbp2* 781 NA CollITg™ (c/c) transgenic mouse [23]. ISH revealed un-
6.9381E-10 334 Cyr61* 339 1.54E—07 detectable levels of Col2al expression in the cartilage of
30948E-09 713 Ptgs2* 1518 NA unchallenged, non-operated joints of both +/+ and c/c
47855600 240 o 1 003383883 adult mice (Figs. 1 a1.1d 2) demonstra.tlng that Fhe .Colla—
gen II-driven expression of Tg“® which was high in ac-
259026709 ~203 O - 104 NS tively growing animals [23] was not expressed at
6.2564E-09 176 Atplarl* 244 4538-22 significant levels in adult CollITg"® mice. Indeed, Tg™®
7.6081E-09  2.50 Tsc22d1* 335 132E-14 mRNA was not detected by ISH in articular cartilage of
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Table 2 Fifty most significantly dysregulated genes in articular
cartilage of ColllTg*®? DMM compared to +/+ DMM mice

Gene name Fold change Padj

Enpp2 3.80 7.729E-24
Apobr -538 1.581E-18
Gasl 3.90 1.581E-18
Serpina3n 5.76 3413E-16
Chil 332 9.585E-15
Ltf -529 1.778E=14
lghg2b —13.55 4.240E-13
Fam111a -501 5.242E-13
Tnfrsf11b 207 1495E-12
Lyz2 —-3.05 2.941E-12
Mgp 322 34426-12
ltga2b -7.20 1.080E-11
Lox 243 7.576E-11
Cpq 278 1.069E-10
Eno2 6.51 2.247E-10
Aph1b -9.03 8851E-10
Scara3 237 1.834E-09
Camp —-4.11 2.179E-09
Recan1 3.15 5.282E-09
Alox5 -9.00 6.821E-09
Sema3c 329 1.006E-08
Pabpc1 -1.83 2.472E-08
Pcsks 2.35 2.829E-08
Hells -599 6.300E-08
Hbb-bt —442 1.544E-07
2810474019Rik —-222 1.727E-07
Magt1 2.26 2385E-07
Gda -3.70 2.393E-07
S100a8 -375 4.021E-07
Plekha2 - 269 4.102E-07
Clmp 227 4.102E-07
Pkd2 219 4.102E-07
Dcn 207 4.102E-07
Ank2 2.29 1.365E-06
Fkbp9 1.84 1.590E-06
Rps2-ps13 —-6.65 1.822E-06
Tmd4sf1 1.65 2.902E-06
Vill -560 3.656E-06
Ncf1 —348 3.656E-06
Cenpf —-395 4.238E-06
Mcfd2 269 4.270E-06
Ccdc125 -6.25 4.462E-06
Spp1 295 4.873E-06
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Table 2 Fifty most significantly dysregulated genes in articular
cartilage of ColllTg*®? DMM compared to +/+ DMM mice
(Continued)

Gene name Fold change Padj

Celf2 -353 5489E-06
Serpina3g 540 5.552E-06
Agp1 —245 5.886E—06
Lta4h -362 6.559E-06
Mki67 —347 8.515E-06
Hist1h2ai -285 8.954E-06
Trmsb4x —-251 9.833E-06

non-operated joints of c¢/c adult mice (Fig. 2). We
hypothesised that following DMM surgery, the increased
ER stress experienced by chondrocytes as they upregu-
lated collagen II (and therefore Tg“®) synthesis would
increase either the rate of onset or the severity of disease
in the CollITg"® mouse line. However, to our surprise,
c/c mice displayed a chondroprotective effect at 2 weeks
post-DMM. The chondroprotective effect observed in
DMM-operated c/c mice was associated with a focal
delay in apoptosis and with higher ambient levels of BiP
protein in c/c chondrocytes prior to DMM (Fig. 3).
Firstly, both ER stress and apoptosis were also involved
in the early stages of mechanically induced cartilage
thinning described in rat mandibular cartilage [31]. Sec-
ondly, the elevated levels of BiP protein in c/c mice were
present in articular chondrocytes prior to DMM-induced
OA (Fig. 3) even though at this time, the levels of BiP
and Tg“*®* mRNAs in cartilage were below the level of de-
tection (Figs. 1 and 2, non-operated joints). The elevated
levels of BiP protein in the c¢/c compared to +/+ chon-
drocytes, which presumably arises as a consequence of
the exposure to increased ER stress during development
and growth when the Col2al promoter-driven Tg”¢ ex-
pression was high [23], could explain why the CollITg"*®
mouse was partially protected and apoptosis delayed fol-
lowing DMM.

A higher ambient level of BiP induced by prior expos-
ure to ER stress increases the efficiency with which the
ER copes with a subsequent exposure to increased ER
stress [32]. Furthermore, such pre-conditioning has pre-
viously been shown to be beneficial in OA [33-36]. Ac-
cordingly, the articular chondrocytes of the c/c
compared to +/+ mice, were in a stronger position to
deal with the increased ER stress associated with DMM
possibly accounting for the lower levels of cartilage dam-
age and the delayed apoptosis seen at 2 weeks (Figs. 2
and 3). The elevated levels of BiP protein in the ¢/c mice
would also help suppress ER-derived oxidative stress
resulting from the anabolic reaction in chondrocytes
[37] indicated by the increased collagen II expression
(Additional file 2: Figure S2). Together, these studies
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Table 3 Top upstream regulators identified in ColllTg*® DMM mice compared to +/+ DMM mice

Page 10 of 13

U p-value
Y - of Target Moleculesin Dataset
Regulators z-score
overlap
BIRC5,Ccle CTGF , CXCL14 DUSP1 E2F2 EPSB,FAM111A FEN1,GNAS H2AFX HMGB
CDKN2A 3.999 4.78E-08 |2IL11|TGAY JUN KANKZ LAMP1 MCM4 MKIG7 NR3C1,0DC1,P4HAZ PMEPAT TFDP
1, TMPONIM VRK1
APP .CALR.COL10A1,COPB1,CREB3,DERL1 DNAJC3 FKBP14 FN1,GOLPH3 MCFD2,
XBP1 3607 144E-08 |NCF1,PDIA3,PPIB,RAB33B,RCN3 RPN2 SEC23A SEC24D SEC31A SRPR TFDP1 TR
AM1USO1
RICTOR 3317 1.27E-01 ATPEVOD1 ‘NDUFS2,PSMBS,FSMM,RSEI:DS_‘EPLQSRPLM RPS24 RPS4Y1,TCIRGT,
ABCG1,ACVR1 ADAM17 ALOXS5 ANKLEZ APP AQP1 ARPC2 ASPM BACE1,BGLAP B
IRC5 BMPG,BSG,C200rf24 CADM1,CAMP CAP1,CD36, CELF2,CEMIP CENPE, CENPF
CFL1,CHI3LT,CHST11,CNN2,COMP,CPQ,CREB3,CTGF ,CXCL12,CXCR4,DCN,DNAJB
4 DNMT1,DOCK2,DTX4 DUSP1 EGLNT,ENPP1,FEN1FLIT,FNT,FNDC3B FOXO1,GAS
1,GEM,GFPT2,GNAS GNB2L1 HBEGF HEXA HSPB1 HTRATIGFBP7 IL11,INHBAITG
A4 ITGAM ITGAV ITPR1 ITPR2 JUN,LCN2 LIFR LOX LPL LTA4H LTBP2 LTBP3 LyBa
TGFB1 3.188 2.99€E-23 {includes
others) MFI2 MGP MKIB7 MMPS MYB MYHS MYL12A NAMPT NCF1 NEDD3,NOC3L P
4HA1,PCOLCE2 PDLIMS PLAT PLCB1 PLOD2 PMEPA1 PTPRC PXN RAPGEF3 RBM
S3,RPAZ RPN2,SAR1A SCARB1,SERPINA3 SERPINB1,SERFPINE2,SLC12A4 SLC4A1T
,S0D3,SPP1,ST3GALS,SUSDS, TACC2, TCN2 TGFB1,TGFBR1, TGFBR2, TGFBR3, TME|
M184B TNC TNFAIP3, TNFAIPE TNFRSF11B, TOP2A TUBB2A TXNIP USO1 VCAN VD
AC2 VIMXDHXYLT1
IASPM BGLAP CHAD, CHI3L1 CXCL12,DCN EFNE2 FIBIN FN1 FOXO1 PAMR1 PTPRZ
T¥STH 21805 B.08507 1,5PP1 TGFB1,TGFBR2. TNFRSF21,VCAN VM
CTGF 2648 5.34E-05 BIRCS,COL10A1,CTGF ,DCN,FN 1 HAPLN1 JUN LOX LTBP3 MMP3 P4HA1 TGFB1
BMPEB 2630 2.00E-02 CTGF E2F2 ERRFI1 HBEGF INHBA PCOLCE2 PMEPA1
FBX0O32 28621 1.50E-02 CADM1,CALR DNAJC3 PDIA3 PPP3CE,STT3A VIMP
APP.CXCL12IL11 INHBA I TGAY JUN LCN2 LOX MMP3 NR3C1,S100A8 SERPINA3Z,S
ILTA 2579 12204 PP1,TGFB1 TNFAIP3TNFRSF11B
POUSF1 2500 221E-02 ACVR1 BIRC5 BMPR1A DNMT1 ,Dlél?mg?A\/,ll\lMCKAm PMEPA1,SPP1,TEAD1,TGF
ASPM C301f58,CASCS CENPL CXCR4 DUSP8 EGLN1,ENO2 FAM111A FAM114A1 F
NUPR1 2486 1.29E-06 GF1,GATSL2 HBEGF HIST1H3F HIJURP HK2 IGF 1R, IRF2BP2 KANKZ2 KIF 11 MKIB7 M
o= MS22L P4HAZ PDK1 PFKFB3,PFKF B4 RASAL2 REBM 14 RFTN2 SLC16AB,SLCBAB SP
RTN,STK38 TMEM 1678 TMPO UEVLD ZMYM3
REL 2449 1.01E-01 APP BIRCS,FNT JUN MMPS,TNFAIP3 VIM
BNIP3L 2449 B.75E-03 CENPE,CENPF KIF11 NUF2 TGFB1,TOP2A

demonstrate the potential benefit of an adapted, pre-con-
ditioned ER response, perhaps induced for instance by
controlled heating and cooling of joints, in protecting
against subsequent insults and thus delaying disease onset.

RNA-seq analysis revealed the most significantly dys-
regulated genes in +/+ DMM vs SHAM controls were
also dysregulated in ¢/c DMM cartilage (Table 1) and in
an independent microarray-based study [29]. The RNA
for sequencing in the current study was collected from
the whole medial tibial condyle rather than the tissue in
the immediate vicinity of the OA lesion, and it is there-
fore not surprising that significant elevations in mRNAs
encoding genes such as BiP and Col2al, which at 2
weeks post-DMM were highly localised to the edge of
the damaged cartilage (see Figs. 1 and 2), were not de-
tected in +/+ DMM vs SHAM (Additional file 3: Table
S2). More surprising was the absence of any significant
increase in BiP mRNA in the cartilage of CollITg"® (c/c)
DMM (Additional file 3: Table S3) despite the increased
ambient BiP protein levels seen in the chondrocytes of
the CollITg’® mice (Fig. 3 and Additional file 2: Figure
S2). The increased BiP protein in the adult CollITg™®
mouse chondrocytes are unlikely to be the consequence
of short-term increased BiP synthesis but more likely
arise from changes in protein turnover rates in the c/c
mice [38].

Tg®® expression is capable of activating all three arms
of the UPR; IRE1, ATF6 and PERK [15, 39]. Moreover,
in the current study, when looking for upstream regula-
tors of genes dysregulated in c/c vs +/+ mice 2 weeks
post-DMM, the XbpI-driven UPR network was signifi-
cantly activated in CollITg®® OA cartilage (Table 3),
consistent with evidence of increased Xbp1 splicing dur-
ing cartilage development of CollITg**® mice [23]. These
Xbp1-activated pathways downstream of the UPR sensor
IRE1 can be considered a legacy of the CollITg™® chon-
drocytes having been conditioned to an elevated level of
ER stress throughout development. XBP1 splicing is up-
regulated in human OA [19, 20], and it was also identi-
fied as an upstream regulator in mouse osteoarthritic
tissue [29]. Additionally, the spliced active form of XBP1
is a negative regulator of apoptosis in OA [20]. Accord-
ingly, DMM-operated c/c mice displayed a delay in
chondrocyte apoptosis although our studies do not rule
out the possibility that the delayed apoptosis is the result
of less tissue damage rather than due to the increased
BiP protein. Altogether, prior exposure to increased ER
stress may have a chondroprotective role against the on-
set of OA perhaps through XbpI-regulated pathways/
networks together with the inherently higher ambient
level of BiP protein present in the CollITg™®
chondrocytes.
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Fig. 4 ATF6-knockout mice have normal articular cartilage and develop OA following DMM at the same rate as wild-type controls. a
Representative images of safranin O-stained sections from knee joints of 6-7-month-old ATF6a-knockout mice (n = 3) showing intact articular
cartilage with no signs of degeneration. b Safranin O-stained sections of non-operated (left) and DMM-operated (right) knee joints from wild-type
(WT; n=7) and ATF6a KO (KO; n =9) mice at 4 weeks post-DMM. The insert shows an expanded view of the highlighted black box. ¢ Histological
scores of the safranin-stained sections. Values are mean + SEM (n = 7). LFC = lateral femoral condyle; LTP = lateral tibial plateau; MFC = medial

+/+

Non-Op

It is difficult to interpret the role of ER stress in dis-
ease progression in the CollITg"® mouse given that the
chondrocytes start off with elevated levels of BiP. We
therefore adopted a second approach by performing
DMM on the Atféa™’~ mouse, which has a compromised
ability to respond to increases in ER stress in many tis-
sues [25] including cartilage most evident through their
severely compromised induction of BiP [30]. However,
we were unable to detect any significant changes in OA
severity in Atféa’~ mice following DMM suggesting
that whilst increased ER stress is apparent early during
disease onset in OA chondrocytes, control of the level of

ER stress by ATF6a is not a major determinant of dis-
ease progression in DMM.

CHOP-knockout mice had reduced chondrocyte apop-
tosis and disease progression in a mechanically induced
model of OA similar to DMM [22]. CHOP is a pro-
apoptotic transcription factor that acts downstream of
the PERK pathway under ER stress. Interestingly, PERK
has emerged as a potential novel target for OA therapy
[40]. However, ER stress is one of several forms of cellu-
lar stress that can promote apoptosis. Others include
oxidative stress, osmotic stress, metabolic stress and heat
shock [41], many of which have also been implicated in
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the OA disease mechanism(s) [42]. These later causes
may be of more significance than ER stress in OA pro-
gression specifically given the lack of effect of the
CollITg™® or Atféa™~ genotypes on OA severity at 4
and/or 8 weeks post-DMM.

It should be borne-in-mind that much of the work de-
scribed and discussed above is based on studies using
mechanically induced OA in genetically homogeneous
lines, coupled with gene knockouts. However, when
interpreting the relevance of these findings for the hu-
man OA condition, the genetic heterogeneity of the
population together with the complex pattern of envir-
onmental influences must be taken into account.

Conclusion

Our studies indicate that an increased capacity to effect-
ively manage increases in ER stress in articular cartilage
due either to genetic pre-disposition or pre-conditioning
as a result of prior exposure to increased ER stress may
be beneficial in delaying the onset of OA. Once signifi-
cant tissue damage is established, ER stress does not play
a significant role on disease progression.

Additional files

Additional file 1: Table S1. Primer sequences for gPCR. (DOCX 18 kb)

Additional file 2: Figure S1. ColllTg“*’mice have normal articular
cartilage with no signs of degeneration. Figure S2. Increased BiP protein
in articular cartilage of DMM-operated ColllTg"? mice. Figure S3.
Validation of RNAseq expression data by qPCR. Graphs displaying gPCR
data relative to housekeeping 3 Actin (Act B) and normalised read counts
from RNA-seq data of FN1, MGP, SPP1, MMP3, BMP7 & Col2al, expression
in articular cartilage from wild type (+/+) mice 2 weeks post DMM/SHAM
and ColllTg*®? (c/c) mice 2 weeks post DMM. Each point represents an
individual mouse (average of 2 technical replicates for qPCR data).
Horizontal bars show the mean value for each gene. (DOCX 15459 kb)

Additional file 3: Table S2. Differentially regulated genes in +/+ DMM
vs SHAM. Table S3. Differentially regulated genes in ¢/c DMM vs SHAM.
Table S4. Differentially regulated genes in +/+ DMM vs ¢/c DMM. (XLS
276 kb)

Additional file 4: Table S5. Top uptream regulators identified in +/+
DMM mice compared to SHAM mice. (DOCX 52 kb)
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