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Abstract

Loss of NOTCH signaling in postnatal murine joints results in osteoarthritis (OA), indicating a
requirement for NOTCH during joint cartilage maintenance. Unexpectedly, NOTCH components
are significantly up-regulated in human and murine post-traumatic OA, suggesting either a
reparative or pathological role for NOTCH activation in OA. Here we investigated the potential
dual role for NOTCH in joint maintenance and OA by generating two mouse models
overexpressing the NOTCHL intracellular domain within postnatal joint cartilage; one with
sustained NOTCH activation that likely resembles pathological NOTCH signaling and one with
transient NOTCH activation that more closely reflects physiological NOTCH signaling. Sustained
NOTCH signaling in joint cartilage leads to an early and progressive OA pathology, while on the
contrary, transient NOTCH activation enhances cartilage matrix synthesis and promotes joint
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maintenance under normal physiological conditions. Using RNA-seq, immunohistochemical, and
biochemical approaches we identified several novel targets potentially responsible for NOTCH-
mediated cartilage degradation, fibrosis, and OA progression, including components of the 1L6/
STAT3 and ERK/p38 MAPK pathways; factors that may also contribute to post-traumatic OA
development. Collectively, these data demonstrate a dual role for the NOTCH pathway in joint
cartilage and identify important downstream NOTCH effectors as potential targets for disease
modifying osteoarthritis drugs (DMOADS).

Introduction

Osteoarthritis (OA) is the most common joint disorder observed worldwide and a major
cause of disability that carries an extremely high socioeconomic burden (1). In the United
States alone, nearly 25% of the population is expected to have physician diagnosed OA by
2030 (2), which is estimated to cost between $100 and $200 billion annually (3, 4). OA is
characterized clinically by fibrosis and degradation of the joint cartilages, osteophyte
formation, subchondral bone sclerosis, and synovial tissue hyperplasia (5-7). Most of these
disease outcomes are dictated by abnormal chondrocyte differentiation coupled with an
imbalance in cartilage extracellular matrix (ECM) turnover. Under physiological conditions,
articular and joint chondrocytes maintain a dynamic balance between synthesis and
degradation of ECM components. Normal joint cartilages are largely composed of an ECM
rich in Type Il Collagen (COL2AL1) and the proteoglycan Aggrecan (ACAN), which in the
context of OA are degraded by specific collagenases (MMP13, MMP9, MMP3, etc.) and
aggrecanases (ADAMTS4, ADAMTSS, etc.) (8-10). OA disease progression can also be
exacerbated by inflammatory factors, such as Interleukins 13 and 6 (IL1p and 1L6) and
tumor necrosis factor-a (TNFa) (11-13), which both suppress matrix synthesis and promote
matrix degradation. While several factors have been implicated in the pathogenesis of OA,
the genetic pathways that precisely regulate the catabolic or anabolic cartilage response or
the balance of these processes are just beginning to be understood (5, 14, 15). Understanding
the molecular mechanisms that regulate cartilage anabolism and catabolism to maintain joint
cartilage homeostasis will be extremely important in developing future disease modifying
osteoarthritis drugs (DMOADS).

Recently, the NOTCH pathway was identified as a potential regulator of both catabolic and
anabolic molecules in the cartilage ECM during development (16-18). In mammals,
NOTCH signaling is primarily initiated when a NOTCH ligand interacts with one of the
NOTCH receptors, leading to a series of receptor cleavages that ultimately releases the
NOTCH intracellular domain (NICD) into the cytoplasm. The NICD then translocates to the
nucleus and activates downstream target gene expression, including genes of the Hes/Hey
families, via interactions with the RBPjik-MAML transcriptional complex (19-21). NOTCH
pathway components are expressed in both the developing growth plate cartilage and adult
articular cartilage (22, 23), suggesting a functional role for NOTCH in regulating both
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cartilage development and homeostasis. We recently discovered that loss of RBPjk-
dependent NOTCH signaling in all joint tissues, as well as, postnatal joint cartilages results
in an early and progressive OA-like pathology (24), indicating a requisite role for NOTCH
in articular cartilage and joint maintenance. Interestingly, recent studies have also
demonstrated that the NOTCH pathway is highly activated in mouse and human joint tissues
during post-traumatic OA (25-27), and that temporary suppression of NOTCH signaling in
murine joints leads to delayed OA progression (25). These data collectively suggest that
physiological NOTCH signaling within joint tissues is essential for joint maintenance,
however, when NOTCH signaling is abnormally activated such as during post-traumatic
OA, temporary inhibition of the NOTCH pathway or its downstream effectors may provide
a means for altering the progression of post-traumatic OA. Since the NOTCH pathway is
just beginning to be understood in the context of OA and joint cartilage maintenance,
identifying potential downstream effectors that may also serve as better drug targets will be
crucial in both our understanding of the disease and the development of future therapeutics.

To assess the potential dual role for NOTCH signaling in joint cartilages and to determine
whether the amplitude, duration, and/or frequency of NOTCH activation influences cartilage
physiology or pathology, we generated mouse models overexpressing the NICD1 within
postnatal joint cartilages in a sustained or transient manner. We further investigated the
underlying mechanisms and downstream targets of NOTCH signaling during OA
development and cartilage degeneration.

Sustained Activation of NOTCH1 Signaling in Postnatal Chondrocytes Results in a
Progressive OA-like Pathology

To determine whether NOTCH activation in OA was a reparative response or contributed to
the pathology, we generated a NOTCH gain-of-function (GOF) genetic mouse model using
the tetracycline-on (Tet-On) system in combination with the Cre-recombinase system:
Col2alCre; tetO-NICD1; Rosa-rtTA”* (fig. S1A). Only in the presence of the reverse
tetracycline transactivator (rtTA) and tetracycline (or its commercially available alternative
doxycycline), the tetO promoter can drive over-expression of NICD1 within cartilages.
Therefore, we can control the robustness and duration of NOTCH signaling by adjusting the
dose and frequency of doxycycline (DOX) administration. We first generated and
characterized the NOTCHZ1 over-expression profile in a sustained NOTCH GOF model
using high doses and frequencies of DOX injections. Knee joints of Col2alCre; tetO-
NICD1; Rosa-rtTA”* mutants (sGOF NICD1) and Rosa-rtTA7* littermate controls (WT)
were injected with a single high dose of DOX (100ug/g body weight) and harvested at day 1
and 3 post injection. Immunofluorescence (IF) analyses revealed that NOTCH1 was over-
expressed in all zones of the articular cartilage in sGOF NICD1 mice at dayl post injection,
and maintained high levels of expression at day 3 following DOX delivery, suggesting
sustained NOTCH1 activation (Fig. 1A). To confirm these results, RNA was isolated from
articular chondrocytes of 1-month old WT and sGOF NICD1 mice at day 0, 1, 3and 7
following a single high dose DOX injection. Real-time gPCR revealed that NICD1
expression peaked at day 1 following DOX injection (8-fold induced), and maintained a
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high level of expression at days 3 and 7 (4-fold and 6-fold induced respectively) (Fig. 1B).
Expression of the NOTCH target gene, Hesl, was also elevated at day 1 and 3 (~1.6-fold
induced at both time points), although expression returned to basal levels by day 7 (Fig. 1B).
Therefore, we injected 1-month old sGOF NICD1 mutant and control mice with high doses
and high frequencies of DOX (100ug/g body weight, three times/week) to obtain sustained
NOTCH activation (fig. S1B), and harvested knee joints at 2-months of age. Histological
analyses revealed hallmark features of an OA-like pathology in sSGOF NICD1 mutants
including: 1) joint cartilage fibrosis and degeneration, 2) meniscus degradation, and 3)
synovial tissue hyperplasia (Fig. 1C). Alcian blue, hematoxylin, and orange-g (ABH/OG)
staining demonstrated a loss of proteoglycan content in the articular cartilage of SGOF
NICD1 knee sections with the development of chondrocyte clusters in regions retaining
some stain, a hallmark of early OA. Severe synovial hyperplasia was also observed in sSGOF
NICD1 mutants. Additionally, the growth plates often collapsed in sSGOF NICD1 mutants,
which lead to an altered architecture of the subchondral bone. Histomophometry performed
on 2-month-old ABH/OG stained knee sections established that articular cartilage thickness
and area were significantly reduced (by ~30% and ~40%, respectively) in SGOF NICD1
mutants, and the number of chondrocytes was dramatically decreased by approximately 50%
(Fig. 1D). TUNEL staining revealed a near 60% increase in TUNEL-positive cells on SGOF
NICD1 mutant knee sections, especially in the regions where chondrocytes formed cell
clusters (fig. S2A). These data suggest that sustained NOTCHZ1 activation in joint cartilage
leads to early and severe cartilage loss, potentially mediated by the induction of apoptosis in
articular chondrocytes.

To identify specific changes in the expression of ECM-related molecules we performed IHC
for COL2A1, COL10A1, SOX9, COL3AL, and MMP13 on 2-month-old sGOF NICD1
mutant and control knee sections (Fig. 1C). IHC analysis demonstrated that fibrotic cartilage
regions exhibited enhanced COL3AL expression, suggesting chondrocyte de-differentiation
and fibrosis. Expression of COL2A1 was moderately reduced in the articular cartilage in
SGOF NICD1 mutant sections, while COL10A1 expression was increased in the articular
cartilage deep zone. Notably, SOX9 was largely absent from the superficial zones of SGOF
NICD1 mutant articular cartilage. In regions with severe cartilage degeneration and fibrosis,
SOX9 was completely absent. Consistent with articular cartilage loss, we detected a striking
increase in the catabolic marker, MMP13, within areas of cartilage degeneration. Real-time
gPCR was performed on RNA isolated from articular chondrocytes of 2-month-old SGOF
NICD1 mutant and control mice (Fig. 1E). Gene expression analyses demonstrated that
expression of the anabolic gene Sox9 was dramatically decreased by 50% in sGOF NICD1
mutant mice, whereas the expression of the catabolic genes Mmpl13 and Adamtsb were
significantly increased (by 132- and 6-fold respectively). Consistent with the IHC analyses,
the de-differentiation marker Collal was dramatically up-regulated (~35-fold) in SGOF
NICD1 mutants. Moderate up-regulation of Col2al (~2-fold) and Acan (~4-fold) was
observed in sGOF NICD1 mutants, however the expression of Col10al was 70% down-
regulated, suggesting abnormal cartilage ECM synthesis. Collectively, these data revealed
that sGOF NICD1 mutants exhibit altered ECM synthesis, increased cartilage degradation,
and cartilage fibrosis, consistent with a progressive OA-like pathology. These phenotypes
were largely replicated at 2- and 8-months of age in another sustained GOF NICD1 genetic
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mouse model that uses tamoxifen (1mg/10g body weight for 5 days at 1-month of age) to
drive lower levels of cartilage-specific sustained NICD1 expression from the Rosa26 locus
that is induced by the AcanCreERT2 driver (NICD1Ac TMy(fig. S3), further highlighting that
enhanced NOTCH signaling specifically within chondrocytes is the driving force for OA
development in these mice.

Transient Activation of NOTCH1 Signaling in Postnatal Chondrocytes Results in Increased
Cartilage ECM Synthesis and Joint Maintenance

Since sustained NOTCH activation at low or high levels results in an early and progressive
OA-like pathology, we set out to determine whether transient NOTCH activation in joint
cartilages leads to a different bioactivity by more closely mimicking physiologic Notch
signaling in immature cartilage during development. To generate a transient NOTCH GOF
model, we injected the Col2alCre; tetO-NICD1; Rosa-rtTA”* mutant mice (tGOF NICD1)
and Rosa-rtTA* littermate controls (WT) with low dose and low frequency of DOX (1ug/g
body weight, once/week for 1 month) at 1-month of age (fig. S1B), and harvested knee
joints a 2- and 4-months of age. IF and real-time qPCR analyses performed on 1-month-old
tGOF NICD1 and control mice confirmed that a single low dose of DOX administration can
only transiently activate NOTCH1 signaling for 1 to 3 days in sparse chondrocytes of the
articular cartilage (Fig. 2A, B). Joint integrity analyses demonstrated that, by 2-months of
age, tGOF NICD1 mutant mice that received a single DOX injection per week exhibited
normal knee joint architecture with increased cartilage ECM synthesis (Fig. 2C).
Histomophometry analyses revealed that articular cartilage thickness and area were
significantly increased by 23% and 31% respectively in tGOF NICD1 mutants as compared
to controls (Fig. 2D). Notably, the number of articular chondrocytes was also increased by
27% (Fig. 2D). By 4-months of age, tGOF NICD1 mutant mice exhibited the continuation of
joint cartilage maintenance, with trends for increased cartilage area and chondrocyte
number, and a 13% increase in articular cartilage thickness as compared to controls (fig.
S4A, B). TUNEL staining revealed no significant change of apoptosis in tGOF NICD1
mutants at both 2- and 4-months of age (fig. S2B, C).

To identify specific changes in the expression of ECM-related molecules, we performed
IHC for COL2A1, COL10A1, SOX9, COL3A1, and MMP13 on tGOF NICD1 mutant and
control knee sections at 2- and 4-months of age (Fig. 2C, fig. S4A). By 2-months of age,
COL2A1 expression was significantly enhanced in the articular cartilage of tGOF NICD1
mutant knee sections. The number of chondrocytes expressing SOX9 was also increased in
the superficial and tangential zones of tGOF NICD1 mutant knee sections, while mild up-
regulation of COL10A1 expression was observed strictly in the deep zone. The increased
expression of COL2A1 and SOX9 can also be observed in 4-month old tGOF NICD1
mutant mice. COL3A1 and MMP13 were almost non-detectable in both tGOF NICD1
mutants and controls at 2- and 4-months of age. RNA was isolated from articular
chondrocytes of 2- and 4-month-old tGOF NICD1 mutant and control mice to access the
changes of ECM-related genes (Fig. 2E and fig. S4C). Real-time gPCR analyses
demonstrated that by the age of 2-months, expression of Sox9, Col2al and Acan were
significantly up-regulated (by 2-fold, 40% and 3-fold respectively) in tGOF NICD1 mutant
mice, while Col10al was decreased by ~60%. Moderate up-regulation of Collal and
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Mmp13 was also observed at this time point (by 3.5 and 6.2 fold respectively). No
significant change was observed in Adamts4 and Adamts5 expression. Interestingly, the
anabolic effect observed in 2-month old tGOF NICD1 mutants was maintained until 4-
months of age, which was 2 months after the last DOX administration. Gene expression
analyses revealed increased Sox9, Col2al and Acan in tGOF NICD1 mutants (by 4-fold,
3.2-fold and 3-fold respectively), while the previously elevated expression of Collal and
Mmp13 were reduced by 50%. Collectively, these data were consistent with the IHC
analyses and demonstrated that transient activation of NOTCHL1 signaling in adult joint
cartilages enhanced articular cartilage ECM synthesis and promoted joint maintenance for at
least two months following the last DOX administration.

To investigate whether transient NOTCH1 activation can protect joint integrity against
trauma-induced OA, we performed a meniscal-ligamentous injury (MLI) surgery on 8-week-
old tGOF NICD1 mutant and control mice followed by 4 low doses of DOX injections
(1pg/g body weight, once/week). Knee joints were harvested 8-weeks after surgery and joint
integrity was analyzed by ABH/OG stained histology (fig. S4D). Accelerated OA
progression was observed in tGOF NICD1 mutants, including joint cartilage degeneration
and clefting, meniscus degradation, osteophyte formation, and severe synovial tissue
expansion (fig. S4D). These data suggest that transient Notch activation can only promote
cartilage and joint maintenance under physiological conditions, but in pathological
situations, such as the trauma-induced inflammatory environment, even transient Notch
activation accelerates OA development and leads to rapid joint degradation potentially due
to synergistic effects with other pro-inflammatory factors within the injured joint
environment.

Large-scale Temporal Gene Expression Profiling Reveals Potential NOTCH1 Target Genes
Responsible for Cartilage Fibrosis and Degradation

We have demonstrated that NOTCH signaling is a critical regulator of cartilage and joint
maintenance under physiological conditions, and sustained activation of NOTCH in
postnatal cartilages leads to a progressive OA-like pathology. However, the downstream
NOTCH targets responsible for OA development remain unclear. To address this issue, we
developed an in vitro sustained NOTCH GOF model using costal chondrocytes isolated
from Col2alCre; tetO-NICD1; Rosa-rtTA”* mutant and control mice and performed RNA-
sequencing (RNA-seq) analyses at 6 hours and 48 hours following DOX administration in
culture. These data revealed that NOTCH activation induced 451 genes at 6 hours and 1249
genes at 48 hours, including NOTCH pathway genes (HeyL, Notch3, Jagl, etc.), cartilage
degradation enzymes (Mmpl13, Mmp9, Adamts4, Adamtsb, etc.), fibrous collagens (Col3al,
Col4al, Col5as3, etc.), growth factors (Pdgfb, Tgfbl, Tgfb2, etc.), and specific cytokines/
chemokines (116, Ccl20, Ccl17, etc.), while other inflammatory factors often associated with
OA remained relatively low (111a, 111b, Tnf). NOTCH activation also down-regulated the
expression of 75 genes at 6 hours and 867 genes at 48 hours, including cartilage-related
collagens (Col2al, Col9al, Col11al, etc.) and chondrogenic genes (Sox9, Sox5, Sox6, Acan,
Comp, etc.). In particular, we highlight here the profiles of NOTCH target genes,
chondrogenic genes, catabolic genes, fibrous collagens, and inflammatory factors that are
likely associated with the NOTCH induced OA progression in vivo (Fig. 3). The majority of
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chondrogenic genes were dramatically down-regulated, whereas the expression of Mmp and
Adamts family genes were significantly up-regulated at 48 hours following DOX treatment.
Interestingly, the expression of collagens went in two separate directions: the expression of
genes encoding cartilage-related collagens such as Col2al, Col9al, Col9a2, Col9a3,
Colllal, Col1la2 were significantly repressed, while the expression of genes encoding
fibrous collagens such as Col3al, Col4al, Col4a2, Col5a3, Col6a2 and Col14al were all
dramatically induced. These data identified novel NOTCH regulated genes in chondrocyte
cultures, and demonstrated that sustained NOTCH signaling suppresses the chondrogenic
phenotype and promotes cartilage fibrosis and degradation, implicating the NOTCH
pathway as a critical regulator of the pathogenesis of OA. We also found the expression of
some inflammatory factors moderately up-regulated, such as several Interleukin and Tnf
related genes. In particular, the expression of 116 was 5- and 54-fold up-regulated at 6 hours
and 48 hours, which was one of the most robustly responsive genes following DOX
treatment in SGOF NICD1 chondrocytes. In addition, pathway analysis identified several
clustered genes related to tyrosine kinase signaling, G protein coupled receptor (GPCR)
signaling, and Nitric Oxide (NO) signaling pathways as being significantly up-regulated,
many of which have been implicated in OA and/or cartilage catabolism (Fig. 3).

Sustained NOTCHL1 Signaling Activates the IL6/STAT-3 Pathway in OA Cartilages

IL6 is a pro-inflammatory cytokine produced by various types of cells and is associated with
human OA (28). It is modestly expressed in normal articular cartilage, but significantly
over-expressed in OA synovial membrane, cartilage and synovial fluid, which stimulates not
only the production of the cartilage-degrading proteases, but also suppresses the expression
of anabolic genes such as Sox9, Col2al and Acan (7, 9, 11). IL6 signaling is initiated by
ligand binding to a membrane bound IL6 receptor (IL6R) or a soluble form of IL6R (SIL6R)
and the co-receptor gp130, which ultimately leads to activation of JAK kinase and signals
propagated via the ERK MAPK pathway and the STAT1/STAT3 pathway (29-32). To
better understand the role of 1L6 following NOTCH activation, we first confirmed the RNA-
seq results with real-time gPCR performed on P2 costal chondrocytes, P21 articular
chondrocytes, and the chondrogenic cell line ATDCS5 (Fig. 4A,B). Dramatic up-regulation of
116 was observed in all cell models following NOTCH activation.

To better understand IL6 regulation of ECM-related and OA-associated factors, we utilized
an in vitro culture model of ATDC5 chondrogenic cells. Differentiated ATDCS5 cells were
transformed with NICD1 over-expression vectors or treated with recombinant IL6 proteins
(rIL6) for 24 hours, and RNA was harvested for real-time qPCR analyses. Gene expression
analyses revealed that rIL6 treatment suppressed Sox9, Cola2al and Acan expression, and
induced Mmp13 and Col3al expression, consistent with gene changes observed under
sustained NOTCH activation (Fig. 5B). Since STAT3 is an important downstream mediator
of IL6 signaling and is the most abundant Stat molecule expressed in cartilage, we assessed
the capacity of IL6 to induce an activated form of the STAT3 protein (phosphorylated
STAT3, pSTAT3) in chondrogenic ATDCS5 cells. Western blot analysis revealed that rIL-6
treatment rapidly activated STAT3 in an acute manner, evidenced by a rapid increase in its
phosphorylation at the residue Tyr705. Based on the facts that sustained NICD1 signals
stimulate 116 expression and that IL-6 can activate STAT3 in chondrogenic cells, we
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predicted that STAT3 signaling would be elevated in NICD1 GOF chondrocytes. Indeed,
Western blot analysis showed a significant increase in the level of pPSTAT3 48 hours
following NOTCH activation.

To determine whether the NOTCH-induced IL6/STAT3 signaling occurred in vivo within
the joints of our NOTCH GOF models (sGOF NICD1 and NICD1ATM) '\ve performed
IHC analyses for IL6 and p STAT3 on joint sections from 2- and 8-month old mutant and
control mice. A low level of IL6 was expressed in normal articular cartilage and synovial
tissues of WT animals, but was abundantly over-expressed in the cartilage ECM and
hyperplastic synovium of sustained NOTCH signaling mutants, especially in regions of
severe fibrosis (Fig. 4D and fig. S3D). To confirm that increased IL6 was associated with
enhanced STAT3 activation, we examined the expression of pSTAT3 in both NOTCH GOF
models. IHC revealed that no pSTAT3 signal was detected in WT knee joints, nevertheless,
significant up-regulation of pSTAT3 was detected in the fibrotic cartilages, degraded
menisci, and hyperplastic synovial tissues in both SGOF NICD1 and NICD1A¢a" ™™ mytants
(Fig. 4D and fig. S3D).

To further demonstrate whether the effect observed under NOTCH activation was 1L6
dependent, we pre-treated differentiated ATDC5 cells with IL6 neutralizing antibodies for
24 hours, and transformed the cells with FLAG control or NICD1 over-expression vectors.
Real-time gPCR revealed that IL6 neutralization did not alleviate the NOTCH-mediated
suppression of Sox9, but partially reduced the NOTCH-mediated induction of Mmp13.
Interestingly, neutralization of IL6 almost completely eliminated the NOTCH-mediated
induction of Col3al. These data suggest that NOTCH-mediated regulation of Sox9 is IL6-
independent, while NOTCH regulation of Mmp13 and Col3al occur in an IL6-dependent
manner (Fig. 4E). Collectively, these results suggest that prolonged NOTCH activity
induces the expression of IL6 in OA cartilage, which may directly result in joint cartilage
degeneration and fibrosis via IL6/STAT-3 signaling activities.

We also confirmed IL6/STAT3 activation in a surgical-induced OA model, where 2-month-
old WT mice were administered a meniscal-ligamentous injury (MLI) surgery that produces
a progressive OA-like phenotype from 4 to 20 weeks post injury (33, 34). At 12-weeks post
surgery, OA-like pathologies can be observed in MLI induced mice, including joint cartilage
degeneration and fibrosis, osteophyte formation, and synovial hyperplasia (Fig. 5). IHC
demonstrated enhanced IL6 expression in OA tissues, especially the fibrotic and
degenerative cartilages and synovium, and pSTAT3 was detected in IL6 positive regions
(Fig. 5). These results suggest that injury-induced joint cartilage fibrosis and degeneration
may also occur via IL6/STAT3 signaling pathway changes, a mechanism that may be shared
with NOTCH-induced OA.

ERK and p38 MAPK Pathways Likely Contribute to the NOTCH1-induced OA-related

Phenotypes

In addition to the STAT3 regulation, the ERK and p38 MAPK pathways are known to be
important mediators of pathological IL6 signaling as well as numerous other cytokines and
growth factors. To test whether IL6 can activate these two pathways in chondrogenic cells,
we examined the effects of rIL6 treatments on the activation and phosphorylation of ERK
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and p38 MAPK in ATDCS cells. Western blot analysis showed that phospho-ERK1/2 and
phospho-p38 levels increased dramatically within 30 minutes of rIL6 treatment, and then
rapidly declined, indicating that IL6 can simultaneously activate both ERK and p38 MAPK
pathways in ATDCS cells (Fig. 6A). In line with the NOTCH-induced up-regulation of IL6
in costal chondrocytes, phosphorylated (active) forms of ERK and p38 were also
significantly increased in these NICD GOF primary cells (Fig. 6A). Similar to our pSTAT3
analyses, IHC performed on articular cartilage sections from sGOF NICD1 mice further
confirmed elevated levels of phospho-p38 in vivo (Fig. 6B). Unfortunately, available
phospho-ERK1/2 antibodies were not compatible with IHCs performed on our paraffin
sections of adult knee joints. Therefore, further in vivo studies may be needed to elucidate
the potential p38 and ERK1/2 contributions to NOTCH-induced OA-like phenotypes.

To determine whether ERK and p38 MAPK contributed to the OA-associated phenotypes
caused by sustained NICD1 signals in vitro, we evaluated the effects of ERK inhibitor
U0126 and p38 MAPK inhibitor SB202190 on the expression of anabolic (Sox9, Acan),
catabolic (Adamts5, Mmp13), and fibrotic (Col3al) genes. Real-time qPCR revealed that
both U0126 and SB202190 treatment had no significant impact on the NOTCH-mediated
up-regulation of Col3al or suppression of Sox9 (Fig. 6C,D). While U0126 treatment had no
effect on the NOTCH-mediated suppression of Acan (Fig. 6C), SB202190 treatment
exacerbated the NOTCH-mediated suppression of Acan expression (Fig. 6D). Interestingly,
both U0126 and SB202190 treatment significantly alleviated NOTCH-induced Mmp13
expression (Fig. 6C,D). Moreover, SB202190 treatment also partially rescued NOTCH-
mediated up-regulation of Adamts4 (Fig. 6D). Collectively, these data suggest that elevated
ERK and p38 MAPK at least partially contributes to the NOTCH-mediated up-regulation in
cartilage catabolic activity, although interference with p38 MAPK may induce further down-
regulation of some cartilage anabolic factors. Furthermore, inhibition of either ERK or p38
MAPK does not affect NOTCH-induced cartilage fibrosis.

Alternative Signaling Pathways Activated by Sustained NOTCH1 Signaling in
Chondrocytes

In addition to inflammatory signaling, gene and pathway analysis of our RNA-seq data
revealed that multiple alternative signaling pathways were significantly up-regulated in
sGOF NICD1 chondrocytes. We highlight here the top 3 significant pathways in our
analyses that have also been previously reported to be relevant in cartilage biology and
arthritis-related pathologies. These include tyrosine kinase signaling, G protein coupled
receptor (GPCR) signaling, and Nitric Oxide (NO) signaling pathways (Fig. 3).

Many genes related to tyrosine kinase signaling are dramatically induced by sustained
NOTCH1 signaling in chondrocytes (Fig. 3). Several of them, such as Pgf, Flt1, and Ngf,
have previously been shown to be involved in the pathology of osteoarthritis and cartilage
catabolism (35-39). To investigate whether tyrosine kinase signaling contributed to
NOTCH1-induced OA-related molecular phenotypes in vitro, we treated chondrocytes with
Genistein, a tyrosine kinase inhibitor. gPCR analysis revealed that Genistein treatment did
not alleviate the NOTCH1-mediated Sox9 and Acan suppression, but significantly attenuated
the NOTCHL1 induction of catabolic (Adamts4 and Mmp13) and fibrotic (Col3al) genes (fig.
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S5). These data indicate that tyrosine kinase signaling may partially mediate NOTCH1-
induced catabolic and fibrotic processes.

Since several GPCR signaling factors were identified in our RNAseq dataset (Fig. 3) and
have also been implicated in cartilage biology and joint disease (40, 41), we next tested
whether elevated GPCR signaling contributed to the NOTCH1-induced OA-associated
molecular phenotypes. We individually inhibited three major downstream pathways of
GPCR signaling, G.s/adenylate cyclase, G, and Gq/11/PLC, using adenylate cyclase
inhibitor SQ-22536 (fig. S6A), Gajinhibitor Pertussis toxin (PTx) (fig. S6B), and the PLC
inhibitor Edelfosine (fig. S6C), respectively. Inhibition of any of these three pathways did
not alleviate the NOTCH1-mediated induction of Adamts4 and Mmp13, nor the NOTCH1-
mediated suppression of Sox9 and Acan (fig. S6A,B,C). However, both PTx and Edelfosine
treatment slightly reduced NOTCHZ1-mediated induction of Col3al (fig. S6B,C), suggesting
that GPCR signaling may partially mediate the induction of fibrotic Col3al by sustained
NOTCH1 signaling.

NO signaling has been strongly implicated in human OA and experimental OA (42-45).
Interestingly, a group of genes related to NO signaling, including genes encoding endothelin
receptor A, soluble guanylyl cyclase (the only known receptor for nitric oxide), and
phosphodiesterase, were remarkably up-regulated by sustained NICD1 signals (Fig. 3).
However, endothelin receptor A (Edra) antagonist BQ-123 or soluble guanylyl cyclase
(sGC) inhibitor ODQ treatment only slightly alleviated the NOTCH1-mediated induction of
Col3al (fig. S7A,B). Similarly, phosphodiesterase inhibitor IBMX only modestly attenuated
the NOTCH21-mediated suppression of Sox9 and Acan (fig. S7C). In contrast, none of these
treatments rescued the NOTCH1-mediated induction of Adamts4 and Mmp13 (fig.
S7A,B,C), indicating that NO-related signaling is unlikely to mediate the effect of NOTCH1
activation on the up-regulation of catabolic genes, but may have an impact on the NOTCH-
regulated anabolic and fibrotic responses in cartilage.

Discussion

In this study, we have provided the first genetic evidence that sustained versus transient
NOTCH activation in postnatal joint cartilages leads to opposing effects on articular
cartilage and joint maintenance. This study establishes that sustained NOTCH activation in
adult joint cartilage results in a severe, early, and progressive OA-like pathology, while
transient NOTCH activation results in increased cartilage ECM synthesis and joint
maintenance only under physiological conditions. In vitro and in vivo studies demonstrate
the capability of NOTCH signaling to regulate anabolic, catabolic, and fibrotic gene
expression, and RNA-seq experiments determined that sustained NOTCH activation
suppresses chondrogenic genes but promotes the expression of cartilage-related proteases
(MMPs and ADAMTSs), fibrotic collagens, inflammatory factors including 116, and a host
of broad signaling pathways (tyrosine kinase, GPCR, and NO signaling) that are known to
affect cartilage biology and potentially contribute to OA. Collectively, these data indicate
that NOTCH signaling is a critical pathway that regulates joint cartilage homeostasis and in
pathological situations of sustained signaling is involved in joint cartilage degradation and
fibrosis, likely via induction of at least the IL6/STAT3, ERK/p38 MAPK pathways, and
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potentially others. Therefore, an appropriate balance of NOTCH signaling must be achieved
in order to maintain normal articular cartilage homeostasis and joint integrity.

NOTCH components are widely expressed in human adult articular cartilage, indicating a
potential role for NOTCH signaling in articular cartilage maintenance during adult life (46,
47). Interestingly, the expression of NOTCH signaling molecules is significantly up-
regulated in OA cartilage (25-27, 46), indicating a role for NOTCH in OA on-set and
progression. We demonstrated here that sustained NOTCH activation in postnatal joint
cartilages leads to an early and progressive OA-like pathology, including joint cartilage
degradation, fibrosis, and synovial expansion, which is likely due to the dramatic up-
regulation of cartilage degradation enzymes and pro-inflammatory factors. It has recently
been shown that loss or reductions in cartilage-specific NOTCH signaling are capable of
reducing MMP13 expression within murine joints and delaying cartilage degeneration over
the short-term (8-weeks) (25). Interestingly, our previous data have demonstrated that
although decreased expression of both anabolic and catabolic factors can be observed with
short-term NOTCH inhibition in joint cartilages, long-term (6 to 8-months) NOTCH
reduction disrupts normal physiology of the cartilage and ultimately results in cartilage
degeneration (24). These data collectively suggest that NOTCH signaling may play a
complex role in cartilage homeostasis, such that both sustained activation or permanent
reduction of NOTCH signaling leads to cartilage degradation and joint failure.

NOTCH signaling is involved in both anabolism and catabolism of cartilage. We and others
have previously shown that sustained NICD activation in committed growth plate
chondrocytes (17, 48) and articular chondrocytes (49) stimulated the expression of the
catabolic factor Mmp13, while permanent NOTCH inhibition within growth plate and
primary articular chondrocyte cultures reduced Mmp13 expression (17, 48). Several lines of
evidence have demonstrated that sustained NOTCH signaling in mesenchymal progenitors
and growth plate chondrocytes suppresses Sox9, Col2al, and Acan (17, 48, 50, 51). Data
presented by Mead and colleagues (18) and our lab (Kohn et al., unpublished data) have
indicated that loss of NOTCH signaling leads to inappropriate expression of Sox9 in
hypertrophic chondrocytes. Furthermore, we have demonstrated here that sustained over-
expression of NICD1 leads to suppression of Sox9, Col2al, and Acan in adult articular
cartilage and chondrogenic cell cultures, while transient over-expression of NICD1 in adult
joint cartilages promotes the expression of Sox9, Col2al and Acan in vivo. Interestingly,
others have demonstrated that short-term or transient NOTCH signaling promotes
chondrocyte anabolism by inducing Sox9 in vitro (52), although the mechanisms for this
action remain unclear. Collectively, these data suggest that transient or physiological
NOTCH signaling in chondrocytes favors a balanced anabolic and catabolic cartilage
maintenance response, while sustained or high levels of NOTCH activity elicits a
pathological response via the simultaneous suppression of chondrogenic genes and induction
of catabolic factors.

All sustained NICD1 GOF models exhibited robust up-regulation of IL6 and pSTAT3 in
degenerating and fibrotic regions of joint cartilages and synovial tissues. Prior studies
identified a conserved RBPjxk binding site within the promoter of 116, which overlaps a NF-
kB binding site (53). RBPjx can directly bind this site, and NOTCH signaling can induce 116
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transcription via interactions with the NF-xB pathway (53, 54). Consistent with these
findings, we find elevated IL6 production after NOTCH activation in vivo and in vitro.
RNA-seq analyses revealed that the expression level of 116 was 5- and 54-fold up-regulated
after 6 and 48 hours of NOTCH1 activation respectively, confirming the concept that 116
may be a direct NOTCH target gene. An in vitro study performed in chondrocyte cultures
has also suggested that neutralization of IL6 cannot modify the NOTCH-mediated
suppression of Sox9 and Col2al, but opposed Mmp13 induction (55). Here we further
demonstrated that neutralization of IL6 at least partially inhibits NOTCH-mediated
induction of Mmp13 and also abolishes NOTCH-mediated induction of Col3al.
Interestingly, STAT3 activity can be modulated by NOTCH and the NOTCH effectors,
HES1 and HESS, in cultured neural cells where both the NICD and the HES proteins were
shown to associate and facilitate the complex formation between JAK2 and STAT3 (56).
Therefore, these data suggest a potential role for NOTCH and HES proteins in promoting
cartilage degeneration in both an IL6-independent and -dependent manner by regulating the
phosphorylation and activity of STAT3.

We also determined that sustained NOTCH1 signaling activates the ERK and p38 MAPK
pathways in chondrocytes both in vitro and in vivo, which has not been previously reported.
ERK and p38 MAPK can function as downstream effectors of IL6 signaling, but are also
regulated independent of IL6 via numerous pathways including other inflammatory
cytokines and growth factor/receptor pathways (TGFB/TGFBRs, RTKs and GPCRs). While
the mechanism by which NOTCHJ1 activates ERK and p38 MAPK in chondrocytes may
occur via the induction of IL6, we have also demonstrated the ability of NOTCHL to highly
induce other inflammatory cytokines (Ccl20, Ccl17, Cxcr4, etc.), RTK components (Flt1,
Pgf, Pdgfb, Ngf, Ngfr, etc.), and GPCR family members (Gpbar1, Rgs5, Gpr20, Ednra, etc.).
Several of these factors have been shown to separately activate an ERK and p38 MAPK
signaling cascade and have also been implicated in cartilage biology and joint disease (35—
41, 57). Attenuation of specific branches of these broad signaling pathways (RTKs and
GPCRs), as well as others induced by NOTCHL1 in chondrocytes (NO), have demonstrated
the complex nature by which NOTCH signaling regulates cartilage anabolism, catabolism,
and fibrotic gene regulation. Future studies will be directed at dissecting this complex
regulation in order to uncover the precise mechanism(s) involved in NOTCH-induced OA
and to identify novel targets for the development of disease modifying osteoarthritis drugs
(DMOADs).

Materials and Methods

Mouse strains

Animal studies were approved by the University of Rochester Committee on Animal
Resources. All mouse strains, including AcanCreERT2 (58), Rosa-NICD1ff (59), Col2alCre
(60), tetO-NICD1 (61), and Rosa-rtTAT* (62) have been described previously. Col2alCre;
tetO-NICD1; Rosa-rtTA”* and AcanCreFRT2; Rosa-NICD1ff (NICD1AcaTM) mice were
viable and produced in Mendelian ratios. Doxycycline was administrated to Col2alCre;
tetO-NICD1; Rosa-rtTA”* mice and littermate controls with two strategies starting at 1-
month of age: 1 ug/g body weight, once/week or 100 pg/g body weight, three times/week.
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Mice were harvested at 2-months and 4-months of age. Tamoxifen (1 mg/10 g body weight)
was administered daily via intraperitoneal injection to all NICD1A¢a"™™ anq littermate
controls for 5 continuous days starting at 1-month of age. Mice were harvested at 2-months
and 8-months of age.

Trauma-induced OA model and surgical procedures

We used a well-established mouse meniscal-ligamentous injury (MLI) model to mimic the
clinical situation of trauma-induced OA (34). All experiments were performed according to
the protocol approved by the Institutional Animal Care & Use Committee at the University
of Rochester Medical Center. MLI surgery was performed on 8-week-old Col2alCre; tetO-
NICD1; Rosa-rtTA”* (tGOF NICD1) mice and littermate controls. Briefly, the bilateral hind
limbs were shaved and prepared for aseptic surgery. The right knee joint was exposed and
the medial collateral ligament was transected. Then the joint space was opened slightly and
the medial meniscus was detached from its anterior-medial tibial attachment using a
microsurgical technique. The contralateral knee joint was sham-operated without any
ligament transection or meniscus detachment. The skin incision was closed after the surgery.
Doxycycline (DOX) was administered to both tGOF NICD1 and control mice via i.p.
injection (1 pg/g body weight, once/week) for 4 weeks after MLI surgery. Knee joints were
harvested 8 weeks post MLI surgery by the age of 4-months.

Analysis of mouse tissue sections

Knee joints were harvested and fixed in 10% neutral buffered formalin for 3 days,
decalcified in Formic Acid Bone Decalcifier (Immunocal, Decal Chemical Corp.) for 7-10
days, paraffin processed, and embedded for sectioning. Tissues were sectioned at 5 um and
stained with ABH/OG. IHC analyses were performed on sections using traditional antigen
retrieval and colorimetric development methodologies with the following primary
antibodies: SOX9 (Santa Cruz), COL2A1 (Thermo Scientific), COL10A1 (Quartett),
COL1A1 (Abcam), COL3A1 (Abcam), MMP-13 (Thermo Scientific), IL6 (Abcam), and
phosphorylated STAT3 (Cell Signaling). TUNEL cell death assay was performed on
sections using the in situ Cell Death Detection Kit, Fluorescein (Roche) according to the
manufacturer’s instructions. IF analysis and -galactosidase staining was performed on
frozen sections. Knee joints were harvested and fixed in 4% paraformaldehyde (PFA) for 2
hours at 4 °C and decalcified with 14% EDTA at 4 °C for 10 days. Tissues were washed in
sucrose gradient, embedded with Tissue-TEK OCT medium, snap frozen in liquid nitrogen
and sectioned at 10 um using a Lecia CM 1850 cryotome. The NOTCHL1 primary antibody
(Santa Cruz) was used for IF analysis. Beta-galactosidase staining was performed as
previously described (63).

Murine costal chondrocyte isolation and RNA-seq

Murine costal chondrocytes were isolated as previously described with modifications (15).
Briefly, rib cages were dissected from 2-day-old Col2alCre; tetO-NICD1; Rosa-rtTAT*
mutant or control pups with soft tissue removed and plated in 1X PBS. Rib cages were
digested with 2mg/ml of Pronase (Roche) in 1X PBS for 1 hour in a 37°C shaking water
bath, and then digested in 3mg/ml Collagenase D (Roche) in DMEM high glucose medium

Sci Sgnal. Author manuscript; available in PMC 2016 January 21.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 14

(Gibco) for 1 hour at 37°C. The rib cages were transferred into a petri dish and digested in
3mg/ml Collagenase D in DMEM high glucose medium for 4-6 hours. Murine costal
chondrocyte cell suspensions were then filtered through 40um filters, and seeded at a density
of 500,000 cells/well in 6-well tissue culture plates in DMEM high glucose medium
supplemented with 10% Fetal Bovine Serum (FBS) (Sigma) and 1% Penicillin/Streptomycin
(P/S). Both mutant and control cell cultures were treated with 10ug/ml doxycycline (Sigma)
for 6 or 48 hours.

RNA was extracted with the RNeasy Mini Kit (Qiagen) and the RNase-Free DNase Set
(Qiagen) according to the manufacturer’s instructions. Three biological replicates were
performed in both mutant and control groups. 1ug of total RNA from each sample was sent
to the Genomics Research Center (GRC) at URMC for mRNA sequencing and data
processing. According to the GRC, RNA concentration is determined using a NanoDrop
1000 spectrophotometer and RNA quality is assessed using an Agilent Bioanalyzer
(Agilent). The TruSeq RNA Sample Preparation Kit V2 (Illumina) was used for next
generation sequencing library construction according to the manufacturer’s protocols.
Briefly, mRNA was purified from 100ng total RNA using oligo-dT magnetic beads and
fragmented. First-stand cDNA synthesis was performed with random hexamer priming
followed by second-strand cDNA synthesis. End repair and 3’adenylation was performed on
the double stranded cDNA. Illumina adaptors were ligated to both ends of the cDNA,
purified by gel electrophoresis, and amplified using PCR primers specific to the adaptor
sequences to generate amplicons of approximately 200-500bp in size. The amplified
libraries are hybridized to the Illumina single end flow cell and amplified using the cBot
(IMumina) at a concentration of 8 picomoles per lane. Single end reads of 100nt were
generated for each sample and aligned to the organism specific reference genome. Raw
reads generated from the Illumina HiSeq2500 sequencer were de-multiplexed using
configurebcl2fastqg.pl version 1.8.3. Low complexity reads and vector contamination were
removed using sequence cleaner (“seqclean”) and the NCBI univec database, respectively.
The FASTX toolkit (fastg_quality_trimmer) was applied to remove bases with quality scores
below Q=13 from the end of each read. Processed reads were then mapped to the UCSC
XXX genome build with SHRiIMP version 2.2.3 and differential expression analysis was
performed using Cufflinks version 2.0.2; specifically, cuffdiff2 and usage of the general
transfer format (GTF) annotation file for the given reference genome.

ATDCS Cell culture and quantitative gene expression analyses

ATDCS cells (RIKEN BRC) were maintained in DMEM /F-12 (1:1) (Gibco) medium
supplemented with 5% FBS and 1% P/S. For ATDCS5 cell differentiation studies, ATDC5
cells were cultured with DMEM/F-12 (1:1) medium supplemented with 5% FBS, 1% P/S
and 0.1% ITS premix (BD Biosciences). Differentiated ATDC5 chondrogenic cells cultured
for 7-14 days were then cultured in serum free DMEM /F-12 (1:1) medium for 6 hours,
transfected with FLAG control/NICD1 over-expression vectors using Lipofectamine 2000
(Invitrogen) according to the manufacture’s instruction, or treated with control diluents/
recombinant IL6 proteins (R&D System) for 24 hours. For acute signaling studies,
differentiated ATDCS cells were serum starved overnight, and then treated with control
diluents or recombinant mouse IL6 protein (R&D System) for indicated time. For
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experiments using the IL6 neutralizing antibody (Abcam), differentiated ATDCS cells were
pre-treated with the antibody for 24 hours, and then transformed with FLAG control/NICD1
over-expression vectors using Lipofectamine 2000. RNA was isolated using the RNeasy
Mini Kit (Qiagen). Complementary DNA synthesis and real-time gPCR were performed as
previously described (16). Primer sequences for NICD1, Hesl, Sox9, Col2al, Acan,
Col10a1, Col3al, Collal, Mmpl3, Adamts4, Adamts5, and 116 are available upon request.

nfection and inhibitor treatment

For inhibitor experiments, primary costal chondrocytes were isolated from neonatal Rosa-
NICD17* pups and cultured in DMEM media with 10% FBS and 1% P/S (referred as
growth medium) as described above. Isolated chondrocytes were seeded in 12-well plates at
0.5x108 cells/well. After overnight culture, cells were infected with adenoviruses expressing
either green fluorescence protein (Ad-GFP) or Cre (Ad-CRE) at a multiplicity of infection
(MOI) of 100 in the presence of 8 ug/ml polybrene. 24 hours after viral infection, cells were
cultured either in fresh growth medium (for protein analysis) or in fresh growth medium
containing vehicle or indicated inhibitors (for RNA analysis). 48 hours later, cells were
harvested for protein or RNA isolation.

ERKZ1/2 inhibitor U0126 was from Sigma, and used at 10 uM. p38 MAPK inhibitor
SB202190 was from Sigma and used at 2 uM. Protein tyrosine kinases inhibitor Genistein
was from TOCRIS and used at 60pM. PLC inhibitor Edelfosine was from TOCRIS, and
used at 5uM. Adenylate cyclase inhibitor SQ-22536 was from Sigma, and used at 10 uM.
Gaiinhibitor Pertussis toxin (PTx) was from TOCRIS and used at 100 ng/ml. Nitric oxide-
sensitive guanylyl cyclase inhibitor ODQ was from Sigma, and used at 10 uM. Endothelin
receptor A antagonist BQ-123 was from Sigma, and used at 5uM. Phosphodiesterase
inhibitor IBMX was from Sigma, and used at 65 uM.

Western blot analyses

For western blot analyses, total proteins were extracted from cells using RIPA buffer [20
mM Tris (pH 8.0), 150 mM NacCl, 0.1% SDS, 1% NP-40, 0.5% sodium deoxycholate]
supplemented with protease and phosphatase inhibitors (Roche). 30 ug protein samples were
separated on 10% SDS-polyacrylamide gels and were transferred to PVDF membranes.
Immunoblots were then blocked with 5% nonfat milk and incubated overnight with primary
antibodies at a final dilution of 1:1000. Antibodies for STAT3, phospho-STAT3 (Tyr705),
ERKZ1/2, phospho-ERK1/2 (Thr202/Tyr204), p38 MAPK, and phospho-p38 MAPK
(Thr180/Tyr182) were all purchased from Cell Signaling Technology.

Histomorphometry

Quantitative histomorphometry was performed on ABH/OG stained sections using an
OsteoMeasure analysis system (OsteoMetrics). Cartilage thickness was measured from the
middle of the femoral and tibial condyles. Cartilage area was traced from both articular
cartilage surfaces using the area tool in OsteoMeasure software. 3-5 mice were analyzed in
each group and at least 3 slides were examined for each mouse.
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Statistical analysis

Statistical analyses were performed using Student’s t-test and one-way ANOVA followed by
Bonferroni method where appropriate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Sustained activation of NOTCH1 signaling in postnatal chondrocytesresultsin a
progressive OA-like pathology
(A) IF and (B) real-time gPCR analyses revealed sustained Notch signaling activation after
high dose (100 pg/g body weight) of DOX administration. (Scale bars, 50um.) Gene
expression analyses were performed for NICD1 and Hesl in triplicate. All samples were
normalized to Beta-actin and then normalized to the controls. Bars represent means + SD.
“*” denotes P<0.05, two-tailed Student’s t test. (C) ABH/OG staining and IHC analyses of
COL2A1, SOX9, COL10A1, COL3A1 and MMP13 on 2-month-old WT and sGOF NICD1

Sci Sgnal. Author manuscript; available in PMC 2016 January 21.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Liuetal.

Page 21

mutant knee sections. High magnification of a centralized domain of articular cartilage is
shown in a yellow box. White arrows indicate cell clusters. (Scale bars, 50um) (D)
Histomorphometry analyses of articular cartilage thickness, area, and chondrocyte number
performed on 2-month-old WT and sGOF NICD1 mutant knee sections. All results were
normalized to WT control. Bars represent means + SD. “*” denotes P<0.05, two-tailed
Student’s t test. (E) Real-time gPCR comparing gene expression in the articular
chondrocytes isolated from 2-month-old WT and sGOF NICD1 mutant mice. Gene
expression analyses were performed for Sox9, Col2al, Acan, Col10al, Mmp13, Adamts4,
Adamtsb, and Collal in triplicate. All samples were normalized to Beta-actin and then
normalized to the controls. Bars represent means + SD. “*” denotes P<0.05, two-tailed
Student’s t test. n>3 biological repeats for all experiments.
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Figure 2. Transient activation of NOTCH1 signaling in postnatal chondrocytes resultsin
increased cartilage ECM synthesis and joint maintenance

(A) IF and (B) real-time gPCR analyses revealed transient Notch signaling activation after
low dose (1 pg/g body weight) of DOX administration. (Scale bars, 50um.) Gene expression
analyses were performed for NICD1 and Hesl in triplicate. All samples were normalized to
Beta-actin and then normalized to the controls. Bars represent means + SD. “*” denotes
P<0.05, two-tailed Student’s t test. (C) ABH/OG staining and IHC analyses of COL2A1,
SOX9, COL10A1, COL3A1 and MMP13 on 2-month-old WT and tGOF NICD1 mutant
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knee sections. High magnification of a centralized domain of articular cartilage is shown in a
yellow box. (Scale bars, 50um) (D) Histomorphometry analyses of articular cartilage
thickness, area, and chondrocyte number performed on 2-month-old WT and tGOF NICD1
mutant knee sections. All results were normalized to WT control. Bars represent means +
SD. “*” denotes P<0.05, two-tailed Student’s t test. (E) Real-time gPCR comparing gene
expression in the articular chondrocytes isolated from 2-month-old WT and tGOF NICD1
mutant mice. Gene expression analyses were performed for Sox9, Col2al, Acan, Col10al,
Mmp13, Adamts4, Adamts5, and Collal in triplicate. All samples were normalized to Beta-
actin and then normalized to the controls. Bars represent means + SD. “*” denotes P<0.05,
two-tailed Student’s t test. n>3 biological repeats for all experiments.
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Figure 3. Large-scale temporal gene expression profiling reveals potential NOTCH1 tar get genes
responsiblefor cartilagefibrosis and degradation

P2 costal chondrocyte cultures isolated from control and Col2alCre; tetO-NICD17*; Rosa-
rtTA”* mutant pups were treated with 10ug/ml DOX for 6 or 48 hours. RNA was collected
for RNA-seq experiments. Each group contained three biological repeats. Log2(Fold
Change) (Log2FC) of some genes of interest are shown, including Notch pathway genes,
typical chondrogenic and catabolic genes, fibrous collagens, as well as genes from
inflammatory signaling, tyrosine kinase signaling, GPCR signaling, and NO signaling. “*”
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denotes statistical significance with P<0.05 after Benjamini-Hochberg correction for
multiple-testing (Cufflinks version 2.0.2).
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Figure 4. Sustained NOTCH1 signaling activatesthe IL6/STAT 3 pathway in cultured cellsand
OA cartilages

(A) Real-time qPCR analyses for 116 were performed on RNA collected from P2 costal
chondrocyte cultures or P21 articular chondrocyte cultures isolated from WT and sGOF
NICD1 mutant pups treated with 10pg/ml DOX for 6 or 48 hours in triplicate. All samples
were normalized to Beta-actin and then normalized to the controls. Bars represent means +
SD. “*” denotes P<0.05, two-tailed Student’s t test. (B) Real-time qPCR comparing gene
expression in ATDCS5 cells transfected with FLAG control or NICD1 over-expression
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vectors for 24 hours, and gene expression in ATDCS cells treated with control diluents or
recombinant IL6 proteins (rIL6, 1ng/ml) for 24 hours. Gene expression analyses were
performed for 116, Sox9, Col2al, Acan, Mmp13, Adamts5, and Col3al in triplicate. All
samples were normalized to Beta-actin and then normalized to the controls. Bars represent
means + SD. “*” denotes P<0.05, two-tailed Student’s t test. (C) Western blot analyses for
STAT3 and phosphorylated STAT3 (pSTAT3) in proteins extracted from ATDC5 cells
treated with rIL6 (100 ng/ml) for 0, 30, and 60 min, and in proteins extracted from control
AdGFP infected or AdCre infected R26-NICD1"* primary chondrocytes. Results are
representative of three independent experiments. (D) ABH/OG and IHC analyses of IL6 and
pSTAT3 on 2-month-old WT and sGOF NICD1 mutant knee sections. (Scale bars, 50um.)
Red arrowheads indicate pSTAT3 positive cells. (E) Real-time gPCR comparing gene
expression in ATDCS5 cells transfected with FLAG control, NICD1 over-expression vectors,
and NICD1 over-expression vectors plus IL6 neutralizing antibody (anti-1L6) for 24 hours.
Gene expression analyses were performed for Sox9, Mmp13, and Col3al in triplicate. All
samples were normalized to Beta-actin and then normalized to the controls. Bars represent
means £ SD. “*” denotes P<0.05, one-way ANOVA, followed by Bonferroni method.

Sci Sgnal. Author manuscript; available in PMC 2016 January 21.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Liuetal.

Page 28

ABH/OG

IL6

pSTAT3

12 weeks post surgery

Figure 5. IL6/STAT3 pathway isactivated in atrauma-induced OA model
ABH/OG staining and IHC analyses of IL6 and pSTAT3 on sham or MLI knee sections of

5-month-old WT mice that were 12 weeks post surgery. (Scale bars, 50um.) Red arrowheads
indicate pSTAT3 positive cells. n>5 biological repeats.
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Figure 6. Sustained NOTCH1 signaling activates the ERK/p38 cascade and leads to selected
effects on the expression of catabolic, chondrogenic, and fibrous genes

(A) Western blot analyses for ERK, phosphorylated ERK (pERK), p38, and phosphorylated
p38 (p-p38) in proteins extracted from ATDCS cells treated with rIL6 (100 ng/ml) for 0, 30,
and 60 min, and in proteins extracted from control AdGFP infected or AdCre infected R26-

NICD17* primary chondrocytes. Results are representative of three independent

experiments. (B) IHC analyses of pERK on 2-month-old WT and sGOF NICD1 mutant knee
sections. (Scale bars, 50um.) Red arrowheads indicate pERK positive cells. (C, D) Real-time
gPCR comparing gene expression in RNA extracted from control AdGFP infected and
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AdCre infected R26-NICD17* primary chondrocytes. (C) AdGFP/AdCre infected plus ERK
inhibitor U0126, and (D) AdGFP/AdCre infected plus p38 inhibitor SB202190. Gene
expression analyses were performed for Adamts4, Mmp13, Sox9, Acan, and Col3al in
triplicate. All samples were normalized to Beta-actin and then normalized to the controls.
Bars represent means + SD. “*” denotes P<0.05, one-way ANOVA, followed by Bonferroni
method.
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