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ABSTRACT
Objective To test the hypothesis that Notch signalling
plays a role in the pathogenesis of rheumatoid arthritis
(RA) and to determine whether pharmacological
inhibition of Notch signalling with γ-secretase inhibitors
can ameliorate the RA disease process in an animal
model.
Methods Collagen-induced arthritis was induced in
C57BL/6 or Notch antisense transgenic mice by
immunisation with chicken type II collagen (CII). C57BL/
6 mice were administered with different doses of
inhibitors of γ-secretase, an enzyme required for Notch
activation, at disease onset or after onset of symptoms.
Severity of arthritis was monitored by clinical and
histological scores, and in vivo non-invasive near-infrared
fluorescence (NIRF) images. Micro-CT was used to
confirm joint destruction. The levels of CII antibodies
and cytokines in serum were determined by ELISA and
bead-based cytokine assay. The expression levels of
cytokines were studied by quantitative PCR in
rheumatoid synovial fibroblasts.
Results The data show that Notch signalling stimulates
synoviocytes and accelerates their production of
proinflammatory cytokines and immune responses
involving the upregulation of IgG1 and IgG2a.
Pharmacological inhibition of γ-secretase and antisense-
mediated knockdown of Notch attenuates the severity
of inflammatory arthritis, including arthritis indices, paw
thickness, tissue damage and neutrophil infiltration,
and reduces the levels of active NF-κB, ICAM-1,
proinflammatory cytokines and matrix metalloproteinase-
3 activity in the mouse model of RA.
Conclusions These results suggest that Notch is
involved in the pathogenesis of RA and that inhibition of
Notch signalling is a novel approach for treating RA.

INTRODUCTION
The Notch-1 (Notch) signalling pathway regulates
cell development, differentiation, proliferation, sur-
vival and apoptosis.1 2 In mammalian cells, there
are four Notch receptors (Notch-1 through
Notch-4) and five Notch ligands (Delta-like
[DLL]-1/-3/-4 and Jagged-1/-2), which are all trans-
membrane proteins. Binding of a ligand to Notch
initiates a two-step proteolytic cleavage of Notch,
first by an extracellular ADAM family protease, and
then by the intramembrane γ-secretase complex
that releases Notch intracellular domain (NICD).3 4

NICD then translocates into the nucleus, where it

forms a transcriptional activator complex with the
CSL family of transcription factors (C-promoter
binding factor 1/recombination signal sequence
binding protein Jκ, suppressor of hairless, and
Lag-1) and modulates the expressions of target
genes such as Hes family of transcription factors
members and p21.1

Rheumatoid arthritis (RA) is a complex chronic,
progressive inflammatory disease involving hyper-
plasia of synovial tissues and destruction of joint
architecture such as cartilage, bone and liga-
ments.5 6 Data support the notion that Notch sig-
nalling is involved in the pathogenesis of RA. The
expression and activation of Notch occur in osteo-
arthritis cartilage and RA synoviocytes.7–10 Notch
signalling is involved in the TNFα-induced prolifer-
ation of RA synoviocytes,10 and Jagged-1 can
modulate collagen-induced arthritis (CIA) progres-
sion by affecting CD8+ T cell responses.11 T helper
(Th) cells from RA patients exhibit an altered
expression profile of Notch receptors and enhanced
activation of Notch signalling.12 Recently, the inter-
actions between the Notch signalling pathway and
angiogenesis have been described in RA. Notch
signalling mediates hypoxia and vascular endothe-
lial growth factor (VEGF)/angiopoietin2
(Ang2)-induced angiogenesis in RA.13 14 Notch sig-
nalling is also involved in the inflammatory
responses of multiple sclerosis, glomerular disease
and stroke.15–19 The amount of NICD is increased
in diabetic nephropathy and focal segmental glo-
merulosclerosis.16 In addition, Notch signalling
contributes to neuronal death after cerebral ischae-
mia by enhancing apoptotic cascades in neurons
and by microglia-mediated inflammatory
response.17–19

Although the functional involvement of the
Notch signalling in severe inflammatory diseases
has been previously suggested, Notch signalling has
not been established as a therapeutic target for RA.
Moreover, the mechanisms by which Notch inhib-
ition might slow or stop the progression of RA are
unknown. Here we report that suppression of
Notch signalling using antisense technology and
low-molecular-weight γ-secretase inhibitors ameli-
orate the disease process in a mouse model of RA.

MATERIALS AND METHODS
Detailed materials and methods can be found in
the online supplementary data.
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Mice
Mice overexpressing Notch antisense (NAS) under the control of
a mouse mammary tumour virus long terminal repeat promoter
were generated, backcrossed to C57BL/6 mice and characterised
as previously described.20 This study was reviewed and approved
by the Institutional Animal Care and Use Committee (IACUC) of
Sungkyunkwan University School of Medicine (SUSM).

Collagen-induced arthritis
CIA was induced in C57BL/6 or NAS mice as previously
described.21

Synoviocyte culture
Fibroblast-like synoviocytes were isolated from synovial tissues
obtained during joint replacement surgery from patients with
RA, defined according to the criteria of American College of
Rheumatology.22

Non-invasive near-infrared fluorescence imaging
For optical imaging of inflammation in arthritic joints, hydro-
phobically modified glycol chitosan (HGC) nanoparticles were
used. HGC nanoparticles were prepared by conjugating glycol
chitosan with hydrophobic 5β-cholanic acid in the presence of
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDAC) and
N-hydroxysuccinimide (NHS), as previously described.23

Immunoblotting
Briefly, 20 μg of proteins were separated by SDS-PAGE and
transferred to polyvinlylidene fluoride (PVDF) membranes.
Membranes were blocked in 5% non-fat milk for 1 h at room
temperature and incubated overnight at 4°C and analysed with
antibodies raised against Notch-1 (upstate, Lake Placid,
New York, USA), activated Notch-1 (NICD) (Abcam,
Cambridge, UK), Hes-1 (Santacruz, Santa Cruz, California,
USA), ICAM-1 (Santacruz), phospho-p65 (Cell Signaling,
Danvers, Massachusetts, USA) or GAPDH (Thermo, Walteham,
Washington, USA).

Micro-CT
At 35 days after first immunisation of CII, CT images of the
knee joints and hind limbs of control and CIA mice were

obtained using a micro-CT (Skyscan 1076; SKYSCAN N.V.,
Kontich, Belgium).

Statistical analysis
Prism V.5.0 (Graphpad Software, San Diego, California, USA)
was used for the analysis. One-way analysis of variance was used
for multiple group analysis. The two-tailed unpaired t test was
used to analyse data from two groups. p Values of less than 0.05
were considered significant.

RESULTS
A γ-secretase inhibitor reduces the severity of CIA
We first determined whether a γ-secretase inhibitor would
impact the disease process in a mouse model of CIA that show
many clinical and histopathological features of RA.24 To avoid
researcher bias, the experimenter who scored the clinical condi-
tion of the mice and the histological sections for disease was
unaware of the treatment history of the mice. We found that
administering 10 mg/kg or 20 mg/kg of the γ-secretase inhibitor
DAPT (N-[N-(3,5-difluorophenacetyl-ι-alanyl)]-S-phenyl-glycine
t-butyl ester) starting at 21 days after primary immunisation sig-
nificantly and dose-dependently improved clinical outcomes,
including arthritis indices and paw thickness of CIA, compared
with the vehicle control group (figure 1A,B). Histologically, the
vehicle-treated CIA mice showed extensive synovitis, neutrophil
infiltration, destruction of articular cartilage and bone erosion.
In contrast, the joints of DAPT-treated CIA mice showed signifi-
cantly reduced synovitis, cartilage destruction, bone erosion and
neutrophil infiltration (figure 1C,D).

In vivo imaging and analysis of arthritis progression in
γ-secretase inhibitor-treated CIA mice
The accumulation of nanoparticles at sites of inflammation,
including arthritic joints,25–27 has been suggested to be due to
locally enhanced capillary permeability.28 The protective effect
of DAPTagainst inflammatory arthritis was confirmed by in vivo
non-invasive near-infrared fluorescence (NIRF) imaging, in
which NIRF dye (Cy5.5-labelled HGC) nanoparticles were used
to evaluate CIA induction.29 The increased and specific uptake
of fluorescent HGC nanoparticles in arthritic tissues results
from an enhanced permeation and retention effect.30–32 While

Figure 1 A γ-secretase inhibitor ameliorates symptoms of collagen-induced arthritis (CIA) and inhibits in vivo biological responses. (A, B) The
severity of arthritis was assessed using a visual arthritis scoring system (A) and calliper measurements (B) of paw thicknesses in CIA mice treated
with vehicle or DAPT. Values are means±SEM (n=8). ##p<0.01 versus control; **p<0.01 versus vehicle. (C) Representative sections of the knee
joints of CIA mice 42 days after primary immunisation. Paw sections were histologically evaluated after H&E staining. Original magnification, 200×.
(D) Histological scores of synovial inflammation, cartilage erosion and neutrophil infiltration. Values are means±SEM (n=4). **p<0.01, ***p<0.001.
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NIRF fluorescence was clearly detected in the arthritic joints of
CIA mice, it was significantly reduced in DAPT-treated CIA
mice (figure 2A,B). Matrix metalloproteinase-3 (MMP-3) is
thought to be particularly important in the pathogenesis of
RA.33 34 The MMP-3-specific polymeric probe was developed
by conjugating MMP-3-specific peptide probes, consisting of
NIRF dye (FPR-675), MMP substrate peptide and dark
quencher (BHQ-3), to self-assembled HGC nanoparticles; this
probe enables a clear early diagnosis and visualisation of the
arthritis progression using an NIRF imaging system.35 Next, we
examined MMP-3 activity in CIA mice. When a MMP-3-specific
polymeric probe was applied to the CIA mice, NIRF signal
intensity also significantly decreased in the joints of
DAPT-treated CIA mice indicating decreased MMP-3 activity
(figure 2C,D). Moreover, in reconstructed three-dimensional
micro-CT images of the joint tissues and hind limbs, loss of
bone integrity and damage were found to be reduced in CIA
mice by the administration of DAPT (figure 2E). These results
verify that the γ-secretase inhibitor DAPT has protective effects
against the propagation of arthritis in the CIA mice.

Involvement of Notch-mediated nuclear factor (NF)-κB
signalling in inflammatory arthritis in CIA mice
Next, we measured the activity of γ-secretase and the levels of
Notch, NICD and Notch downstream genes in joint samples
from mice that had been subjected to CIA. Increased level of
γ-secretase, activity in the joints of CIA mice was dose-
dependently decreased in the joints of mice treated with DAPT
(figure 3A). We also found significant increase in Notch, NICD

and Hes-1 (a gene downstream of Notch) protein levels in the
joints of CIA mice versus collagen-naïve controls (figure 3B,C).
The latter alterations were significantly suppressed in the joints
of mice treated with DAPT (figure 3B,C). In addition, there
were substantial increases in the expression of intercellular adhe-
sion molecule 1 (ICAM-1) and active NF-κB in inflamed joints
of CIA mice (figure 3B,C). The levels of ICAM-1 and active
NF-κB were significantly suppressed in joints of DAPT-treated
CIA mice (figure 3B,C). We also confirmed these results using
synoviocytes isolated from RA patients. Hes-1 and ICAM-1
mRNA expression were significantly reduced by treatments with
the selective γ-secretase inhibitors including DAPT and
L-685,458 in RA synovial fibroblasts (figure 3D).

In addition, we determined the levels of Notch ligands
Jagged-1 and DLL-4 in joint samples from mice that had been
subjected to CIA. We found significant increases in both
Jagged-1 and DLL-4 levels in the joints of CIA mice (see online
supplementary figure S1). However, these increments were not
affected by DAPT treatments. Lipopolysaccharide (LPS) stimula-
tion increased the levels of Jagged-1 and DLL-4 in RA synovio-
cytes, but this effect was not inhibited by γ-secretase inhibitors
(see online supplementary figure S1).

γ-secretase inhibitors reduce the production of
proinflammatory mediators in CIA mice and RA synovial
fibroblasts
All proinflammatory cytokines examined (TNF-α, IFN-γ, IL-6,
IL-12, IL-17 and MCP-1), with the exception of the anti-
inflammatory cytokine IL-10, were significantly elevated in CIA

Figure 2 In vivo imaging and quantitative analysis of the progression of rheumatoid arthritis (RA), and its modification by γ-secretase inhibition,
in collagen-induced arthritis (CIA) mice. (A) In vivo non-invasive near-infrared fluorescence (NIRF) images of CIA mice after intravenous injection of
fluorescent hydrophobically modified glycol chitosan (HGC) nanoparticles at 45 days after primary immunisation. (B) Quantitative analysis showed a
significant reduction in fluorescence intensity of HGC nanoparticles in DAPT-treated CIA mice. Values are means± SEM (n=3). ##p<0.01 versus
control; *p<0.05, **p<0.01 versus vehicle. (C) Evaluation of inflammatory arthritis in CIA mice using a fluorogenic matrix metalloproteinase-3
(MMP-3)-specific polymeric probe. Representative in vivo NIRF tomographic images of a CIA mouse after intravenously injection of the
MMP-3-specific polymeric probe on 30 days following first CII injection. (D) Quantitative analysis of fluorescence intensity in DAPT-treated CIA mice.
Values are means±SEM (n=3). ###p<0.001 versus control, ***p<0.001 versus vehicle. (E) Representative three-dimensional reconstructions of
micro-CT images of joint tissues and the hind limbs of collagen-naïve, CIA and DAPT-treated CIA mice at 35 days after the first CII immunisation.
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mouse serum, and DAPT significantly suppressed the levels of
these cytokines (figure 4A). In addition, DAPT or L-685,458
treatment substantially decreased mRNA expression of proin-
flammatory cytokines (TNF-α, IL-6, IL-12, IL-17 and MCP-1)
in RA synoviocytes isolated from RA patients, whereas IL-10
expression was not affected by γ-secretase inhibitors (figure 4B).
We also confirmed that the protein levels of MMP-3, TNF-α
and IL-6, key players in the pathogenesis of RA, were elevated
in LPS-stimulated RA synoviocytes. DAPT or L-685,458 treat-
ment significantly decreased MMP-3, TNF-α and IL-6 produc-
tion in LPS-activated RA synoviocytes (figure 4C–F).
Consistently, the productions of TNF-α and IFN-γ by spleno-
cytes were stimulated by Jagged-1 (a Notch ligand) and the
inductions of TNF-α and IFN-γ were blocked by DAPT (see
online supplementary figure S2). Furthermore, the administra-
tion of DAPT after the onset of CIA was also effective in redu-
cing the production of pathogenic antitype II collagen IgG1 and
IgG2a (see online supplementary figure S3).

CIA progression is attenuated in NAS transgenic mice
Encouraged by the efficacy of γ-secretase inhibitors in our
rodent model of RA, we examined mice transgenic for antisense
Notch (NAS)20 with CIA to determine whether a specific

reduction of Notch signalling attenuates the severity of inflam-
matory arthritis. NAS transgenic mice express 30–40% less
Notch protein than do wild-type (WT) mice.20 Arthritis indices,
paw thicknesses, synovitis, cartilage erosion and neutrophil infil-
tration resulting from CIA were significantly less in NAS mice
compared with WT mice (figure 5A–D). The reduced inflamma-
tion of arthritic joints observed in NAS CIA mice was confirmed
by in vivo NIRF imaging using Cy5.5-labelled HGC nanoparti-
cles (figure 5E,F). Serum proinflammatory cytokine (TNF-α,
IFN-γ, MCP-1, IL-12 and IL-17) levels were lower in NAS CIA
mice than in WT CIA (figure 5G).

Notch inhibition ameliorates established arthritis
We next evaluated whether Notch inhibition has therapeutic
effects when γ-secretase inhibitor treatment is initiated after the
disease is established in the CIA model. Measurable signs of
arthritis typically developed 1–7 days after the secondary
immunisation. After secondary immunisation, vehicle-treated
DBA1/J mice developed severe paw swelling and joint inflamma-
tion with cartilage erosion and neutrophil infiltration (figure
6A–D). In therapeutic studies, when treatment started 11 days
after secondary collagen immunisation (day 32), DAPT or
L-685,458 significantly reversed CIA compared with vehicle

Figure 3 Notch signalling mediates NF-κB signalling and inflammatory processes in experimental models of rheumatoid arthritis (RA). (A)
γ-secretase activity in the knee joints of control mice and of collagen-induced arthritis (CIA) mice treated with vehicle or DAPT at 42 days after
primary immunisation of CII, was determined. Values are means±SEM (n=5). #p<0.05 versus control; *p<0.05 versus vehicle. (B) Proteins in joint
tissue from control or CIA mice treated with vehicle or DAPT were immunoblotted using antibodies against Notch-1, Notch intracellular domain
(NICD), Hes-1, ICAM-1, phospho-p65 and GAPDH. Each lane is a sample from a different mouse. (C) Protein levels in immunoblots were normalised
versus GAPDH levels. Values are means±SEM (n=3), #p<0.05, ##p<0.01; *p<0.05, **p<0.01 versus vehicle. (D) Relative mRNA expression of Hes-1
and ICAM-1 was assessed by quantitative real-time PCR after 2 μM DAPT or 1 μM L-685,458 treatment for 24 h in synoviocytes of rheumatoid
arthritis (RA) patients. Values are means±SEM (n=6). *p<0.05, **p<0.01.
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treatment (figure 6A,B). Treatment with DAPT or L-685,458
inhibited synovial inflammation, cartilage erosion and neutro-
phil infiltration in mice with established disease (figure 6C,D).

DISCUSSION
RA is an autoimmune disease characterised by chronic inflam-
mation of joints and progressive destruction of cartilage and
bone. Despite extensive efforts, the molecular pathogenesis and
aetiology of RA is not yet fully understood, and effective treat-
ments with limited side effects are lacking. Here we demonstrate
that Notch signalling stimulates synoviocytes and accelerates
their production of proinflammatory cytokines and immune
responses involving the upregulation of IgG1 and IgG2a.
Prophylactic or therapeutic inhibition of γ-secretase, an enzyme
required for Notch activation, and antisense-mediated knock-
down of Notch attenuates the severity of inflammatory arthritis,
including arthritis indices, paw thickness, tissue damage and
neutrophil infiltration, reduced the levels of active NF-κB,
ICAM-1 and proinflammatory cytokines in the CIA model.
These results suggest that Notch is involved in the pathogenesis
of RA and that inhibition of Notch signalling is an approach for
treating RA.

γ-secretase is the enzyme complex responsible for cleavage of
Notch to release its active intracellular transactivator NICD.
Several γ-secretase inhibitors have been widely used to analyse
and examine Notch signalling. However, most of these inhibi-
tors are not specific for γ-secretase cleavage of Notch, and

equally inhibit the processing of many other γ-secretase sub-
strates.36 Therefore, we examined NAS transgenic mice in
which multiple cell types, including lymphocytes, exhibit
30–40% reduced levels of Notch protein.20 We found that inter-
ference with Notch expression reduced arthritis development as
well as neutrophil accumulation in the joints in the CIA model.

γ-secretase-mediated activation of the Notch pathway is
required for the full expression of NF-κB activation and produc-
tion of INF-γ in lymphocytes, suggesting that the crosstalk
between these signalling pathways participates in modulating the
responsiveness of immune cells to stimulation.37 38 Notch sig-
nalling can also enhance T cell proliferation and cytokine pro-
duction.39 Furthermore, the proinflammatory cytokines, IFN-γ,
TNF-α, IL-6, IL-12 and IL-17, are significant regulators of the
pathophysiology of autoimmune diseases, including RA. Several
previous studies have provided evidence that Notch signalling is
involved in the pathophysiology of RA. Notch is activated in
synovial membrane and synoviocytes from RA patients, and
Notch can promote TNFα-induced synoviocyte proliferation in
vitro.8–10 The Notch pathway also mediates VEGF/
Ang2-induced angiogenesis in inflammatory arthritis.13 14

Consistent with the findings of those studies, we have shown
that Notch signalling stimulates synoviocytes in vivo and acceler-
ates their production of proinflammatory cytokines and immune
responses involving the upregulation of IgG1 and IgG2a.
Genetic inhibition and treatment with the pharmacological
agents showed that blockage of Notch signalling reduced the

Figure 4 Suppression of proinflammatory cytokines by γ-secretase inhibitors in collagen-induced arthritis (CIA) mice and rheumatoid arthritis (RA)
synoviocytes. (A) Bead-based cytokine analysis of serum using the Luminex 100 system, 49 days after primary immunisation in CIA mice. Values are
means±SEM (n=6). #p<0.05, ##p<0.01, ###p<0.001 versus control; *p<0.05, **p<0.01 versus vehicle. (B) Relative mRNA expression of cytokines
was analysed by quantitative real-time PCR after synoviocytes obtained from RA patients were treated with 2 mM DAPT or 1 mM L-685,458 for
24 h. Values are means±SEM (n=6). *p<0.05, **p<0.01, ***p<0.001. (C, D) RA synoviocytes were pretreated with DAPT (2 μM) or L-685,458
(1μM) for 2 h. The cells were then exposed to LPS (2 μg/ml) for 24 h. Matrix metalloproteinase-3 (MMP-3) levels were determined by western blots.
Values are means±SEM (n=3) ###p<0.001 versus control; *p<0.05, **p<0.01 versus LPS. (E, ) Culture media were collected and analysed for
TNF-α (E) and IL-6 (F) by ELISA. Values are means±SEM (n=3). #p<0.05, ###p<0.001 versus control; *p<0.05 versus LPS.
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levels of active NF-κB, ICAM-1 and proinflammatory cytokines
in the CIA model. We also confirmed that γ-secretase inhibitors
reduced the relative mRNA levels of Hes-1, ICAM-1 and proin-
flammatory cytokines in human RA synoviocytes. These results
are consistent with previous reports on the relationship between
Notch/Hes-1, NF-κB and ICAM-1.37 40 Notch signalling can
sustain NF-κB activation,20 37 which is essential for ICAM-1
expression, and the upregulation of ICAM-1 enhances the adhe-
sion of leucocytes to synovial fibroblasts in RA.40 Collectively,
these results suggest that γ-secretase inhibitors have suppressive
effects against the propagation of arthritis by suppressing the
γ-secretase–Notch–NF-κB axis that induces the expression of
ICAM-1 in the CIA mice and primary human RA synoviocytes.

We found that the expression of Jagged-1 and DLL-4 is
increased in the inflamed joints and RA synoviocytes. It has also
been shown that there is a high level of expression of DLL-1,
Jagged-1, Notch-1, Notch-2 and Notch-3 in the synovium of
RA patients.9 41 However, the precise role of each Notch ligand
in autoimmune diseases remains unclear. The inhibition of
Notch signalling by a γ-secretase inhibitor suppressed the pro-
gression of experimental autoimmune encephalomyelitis
(EAE).15 In contrast, overexpression of Jagged-1 suppressed
CIA, and the blockade of Jagged-1 by an anti-Jagged-1 mono-
clonal antibody exacerbated CIA.11 Another report demon-
strated that the administration of anti-Jagged-1 mAb
exacerbated the clinical features of EAE, whereas DLL-1 mAb
reduced disease severity.42 Similarly, DLL-1 promotes

osteoclastogenesis, while Jagged-1 suppressed osteoclastogen-
esis.43 Also, it has been suggested that the Notch ligands
Jagged-1 and DLL-4 have distinct spatial expression pattern and
opposing effects on angiogenesis.44 45 In addition, Notch is a
positive regulator of DLL-4 but not of Jagged-1, while inflam-
matory factors such as TNFα induce Jagged-1 but decrease
DLL-4 expression.44 46–48 These data suggest complex context-
dependent roles of Notch ligands in regulating inflammation
and angiogenesis, and suggest the possibility that an endogenous
ligand other than Jagged-1 mediates the adverse effects of
Notch signalling in the CIA mouse model.

Our findings suggest that inhibition of Notch signalling in
immune cells of inflamed joints may have a therapeutic benefit
in RA. However, treatments that specifically target Notch in the
subpopulation of lymphocytes activated in RA will likely be
required to avoid unwanted side effects of γ-secretase inhibitors
that block cleavage of Notch in all cells, and also block cleavage
of other γ-secretase substrates. Similarly, agents that block inter-
action of some Notch ligands with Notch would be expected to
inhibit the proliferation of stem cells in many different tissues.49

Nevertheless, our findings suggest that even global inhibition of
Notch signalling markedly reduces the clinical signs of RA and
immune cell-mediated damage to joint tissue in an animal
model. Because the current treatments for RA do not prevent
the damage to joint tissues, our findings suggest that further
studies of treatment strategies that target Notch signalling in RA
are warranted.

Figure 5 Collagen-induced arthritis (CIA) progression is reduced in Notch-1-antisense (NAS) transgenic mice. (A, B) Severities of arthritis (A) and
paw thickness measurements (B) in NAS or non-transgenic (wild-type (WT)) CIA mice. Values are means±SEM (n=8). ***p<0.001. (C)
Representative photomicrographs of H&E-stained tissue sections of knee joints of WT and NAS CIA mice at 49 days after primary immunisation.
Original magnification, 200×. (D) Quantification of the histological findings of synovitis, erosion of bone and cartilage, and neutrophil infiltration.
Values are means±SEM (n=4). *p<0.05, **p<0.01. (E) In vivo non-invasive near-infrared fluorescence (NIRF) images of NAS or WT CIA mice. (F)
Quantitative analysis of fluorescence intensities in the joints of NAS CIA mice. Values are means±SEM (n=3). ***p<0.001. (G) Bead-based cytokine
serum analysis at 49 days after primary immunisation. Values are means±SEM (n=8). *p<0.05, ***p<0.001.
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Supplementary materials 

 

MATERIRAL AND METHODS 

Mice 

Mice overexpressing Notch antisense (NAS) under the control of a mouse mammary tumor 

virus long terminal repeat promoter were generated, backcrossed to C57BL/6 mice and 

characterized as previously described.[1] NAS and non transgenic control C57BL/6 mice 

were maintained under a 12 h light/12 h dark cycle with continuous access to food and water. 

Male non transgenic C57BL/6 and male NAS mice of 3 months old were used in the 

experiments. This study was reviewed and approved by the Institutional Animal Care and Use 

Committee (IACUC) of Sungkyunkwan University School of Medicine (SUSM). SUSM is 

an Association for Assessment and Accreditation of Laboratory Animal Care International 

(AAALAC International) accredited facility and abide by the Institute of Laboratory Animal 

Resources (ILAR) guide. 

 

γ-secretase inhibitors.  

We have used very potent and selective γ-secretase inhibitors including DAPT (N-[N-(3,5-

difluorophenacetyl-ι-alanyl)]-S-phenyl-glycine t-butyl ester) (Calbiochem), and L-685,458 

((5S)-(tert-Butoxy-carbonylamino)-6-phenyl-(4R)-hydroxy-(2R)-benzylhexanoyl)-L-leucy-L-

phenylani-namide) (Tocris). DAPT is a widely used cell permeable dipeptide inhibiting γ-

secretase (IC50 = 200 nM). L-685,458, an aspartyl protease transition state mimic, is a more 

potent and selective small molecule inhibitor of γ-secretase (IC50 = 17 nM) that displays > 

50-fold selectivity over a range of aspartyl, serine and cysteine proteases. 
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Collagen-induced arthritis (CIA)  

The collagen induced arthritis (CIA) was induced in C57BL/6 or NAS mice as previously 

described.[2]  Briefly, mice were injected intradermally at two sites at base of the tail with 

400 µg of chicken type II collagen (CII) (2 mg/ml, Chondrex, Redmond, WA ,USA) 

emulsified in 200 µl of Complete Freund’s Adjuvant (4 mg/ml, Chondrex). This was followed 

by a booster immunization 21 days later with CII emulsified in Incomplete Freund’s Adjuvant 

(Chondrex). Mice were monitored for the induction of arthritis by clinical scoring or by 

measuring hind paw swelling using callipers. Paw scores were allocated as follows; 0 = 

normal, 1 = slight swelling and/or erythema, 2 = pronounced swelling, 3 = ankylosis. These 

paw scores were summed for each mouse, giving maximum possible score of 12/mouse. 

Mice were treated with 10 or 20 mg/kg DAPT and vehicle (5% DMSO, 95% corn oil) 

intraperitoneally daily starting on the day of the booster injection.  

To induce CIA, DBA/1J mice were injected intradermally at the base of the tail with 200 µg 

of bovine type II collagen (CII) (2 mg/ml) emulsified in 100 µl of Complete Freund’s 

Adjuvant (4 mg/ml). This was followed by a booster immunization 21 days later. Mice were 

treated with 20mg/kg DAPT, 1 mg/kg L-685,458 and vehicle (10% DMSO) daily starting on 

the 32day of the booster injection. DBA/1J mice were monitored for the induction of arthritis 

by clinical scoring. Paws were scored individually as follows; 0 = normal, 1 = mild swelling 

and erythema confined to the midfoot and ankle joint, 2 = mild swelling and erythema 

extending to the midfoot and ankle joint, 3 = moderate swelling and erythema extending from 

the metatarsal joints to the ankle, 4 = severe swelling and erythema encompassing the foot, 

ankle and digits. These paw scores were summed for each mouse, giving maximum possible 

score of 16/mouse. 
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Histologic examination of joints 

Knee joints were fixed in 10% neutral buffed formalin, decalcified using Decalcified 

Solution-Lite (Sigma, St. Louis, MO, USA) for 6 h, embedded in paraffin, and sectioned. 

Tissue sections were stained with H&E, and evaluated by investigators unaware of 

experimental details. Extents of synovitis and bone/cartilage destruction were evaluated using 

on a five-point scale: grade 0 (no sign of inflammation), grade 1 (mild inflammation with 

minimal hyperplasia of the synovial lining layer without cartilage destruction), and grades 2 

through 4 (increasing degrees of inflammatory cell infiltration or cartilage and bone 

destruction). 

 

Synoviocyte culture 

Fibroblast-like synoviocytes were isolated from synovial tissues obtained during joint 

replacement surgery from patients with RA, defined according to the criteria of American 

College of Rheumatology.[3] Cells were passaged by replating at a 1:5 dilution when the 

cultures reached confluence. Fibroblast-like synoviocytes at the passage between 3 and 8 

were used for the experiments. 

 

Quantitative RT-PCR analysis 

Total RNAs were isolated using Trizol reagent (Invitrogen, Carlsbad, CA, USA) after 2 µM 

DAPT or 1 µM L-685,458 treatment of human FLS for 24 h. The concentration of RNA was 

determined using UV-Vis spectrophotometer (NanoDrop2000, Thermo Fisher Scientific Inc., 

Wilmington, DE, USA). RNAs (1 µg) were reverse-transcribed with iSCRIPT
TM

 cDNA 

Synthesis kit (Bio-rad, California, WC, USA), after which real-time PCR amplification with 

SYBR® Premix Ex Taq
TM

 II (Takara, Otsu, Shiga, Japan.) was performed using a 
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Mastercycler realplex thermalcylcer (Eppendorf, Hamburg, Germany) or Line-Gene K (Bioer, 

Hangzhou, China). The primer sequences are listed in Supplementary Table 1. Data were 

analyzed according to the comparative Ct method and were normalized to GAPDH 

expression. 

 

Non-invasive near-infrared fluorescence (NIRF) imaging 

For optical imaging of inflammation in arthritic joints, hydrophobically modified glycol 

chitosan (HGC) nanoparticles were used. Because of the leaky nature of the vasculatures in 

tissues affected by arthritis, fluorescent HGC nanoparticles are trapped and retained in tissues 

by the enhanced permeation and retention (EPR) effect.[4, 5] HGC nanoparticles were 

prepared by conjugating glycol chitosan with hydrophobic 5β-cholanic acid in the presence of 

EDAC and NHS, as previously described.[6] HGC was chemically labelled with Cy5.5 (a 

NIRF dye) and visualized using the eXplore Optix system (Advanced Research Technologies, 

Macungie, PA, USA).[7] 

 

In vivo NIRF imaging of MMP3-activity  

The MMP-3-specific polymeric probe provided a clear early diagnosis and visualization of 

the arthritis progression using an NIRF imaging system.[4] An MMP-3-specific polymeric 

probe was developed by conjugating NIRF dye (FPR-675, excitation and emission maxima at 

675nm and 695 nm, respectively), MMP-3 substrate peptide (Gly-Val-Pro-Leu-Ser-Leu-Thr-

Met-Gly-Lys-Gly-Gly, substrate site is italicized and cleavage site is between Ser and Leu), 

and dark quencher (black hole quencher-3, BHQ-3, absorbance maximum 650 nm), to self-

assembled chitosan nanoparticles (CNPs).[4] At 30 days after first immunization, 100 µl of 

the MMP-3-specific polymeric probe (1 mg/ml) was intravenously injected into control or 
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CIA mice to evaluate MMP-3 activity. NIRF tomographic images were captured with a FPR-

675 band pass emission filter (680-720 nm; Omega Optical), and the total NIRF intensity in 

hind limbs (360 mm
2
) was calculated using an eXplore Optix system (Advanced Research 

Technologies) at 1 h after injecting the polymeric probes.  

 

Micro-computed tomography (Micro-CT) 

At 35 days after first immunization of CII, CT images of the knee joints and hind limbs of 

control and CIA mice were obtained using a micro-CT (Skyscan 1076; SKYSCAN N.V., 

Kontich, Belgium) at a resolution of 18 µm using the following parameters: 60 kV X-ray 

voltage, 170 mA current, 2360 milliseconds exposure time, and rotation steps of 0.7°. For 

verification of bone destruction, three-dimensional models of knee joints were reconstructed 

using CT-AN 1.8 (SKYSCAN N.V.). The beam hardening errors were corrected to improve 

the quality of the micro-CT images. Plus, flat-field correction before scanning and beam 

hardening correction during reconstruction were performed to improve the quality of micro-

CT images. 

 

Bead-based cytokine assay 

Serum samples were obtained from 4 weeks after immunization. Serum levels of TNF-α, 

INF-γ, IL-6, -10, -12, -17, MCP-1 were determined using a Milliplex Mouse Cytokine panel 

1 (Millipore, Billerica, MA, USA) and the Luminex 100 system (Luminex, Georgetown, TX, 

USA), according to the manufacturer's instructions. 

 

Measurement of TNF-α and IL-6 

To determinate TNF-α and IL-6 levels in vitro, culture media was analyzed using ELISA kits 
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(Komabiotech, Seoul, Korea) for Human TNF-α and IL-6. 

 

Measurement of CII specific IgG1 and IgG2a 

To determinate collagen specific autoantibody levels in vivo, serum samples were analyzed 

using ELISA kits (Chondrex) for CII-specific IgG1 and IgG2a antibody levels. 

 

Immunoblotting 

Tissue protein was extracted using T-PER tissue protein extraction buffer and a protease 

inhibitor cocktail (Roche, Basel, Switzerland). Briefly, 20 µg of proteins were separated by 

SDS-PAGE, and transferred to PVDF membranes. Membranes were blocked in 5 % non-fat 

milk for 1 h at room temperature, and incubated overnight at 4 °C and analysed with 

antibodies raised against Notch1 (upstate, Lake Placid, NY, USA), activated Notch1 (NICD) 

(Abcam, Cambridge, UK), Hes-1 (Santacruz, Santa Cruz, CA, USA), ICAM-1 (Santacruz), 

Jagged-1 (santacruz), Dll4 (santacruz), phospho-p65 (Cell Signaling, Danvers, MA, USA), 

MMP-3 (R&D systems, Minneapolis, MN, USA) or GAPDH (Thermo, Walteham, WA, 

USA). 

 

γ-secretase activity assay  

The fluorometric detection of activity of γ-secretase in mouse joint tissues was performed as 

previously described.[8] The method is based on the γ-secretase-dependent cleavage of a γ-

secretase-specific peptide conjugated to the fluorescent reporter molecules EDANS and 

DABCYL, which can be detected using a fluorescent microplate reader with excitation 

wavelength 355 nm and emission at 510 nm.  Data are expressed as fold increases in 

fluorescence over background controls. 
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Supplementary Table 1 Sequence of PCR primers used in quantitative RT-PCR. 

 

 

 

Primer Sequences 

Gene 
Foward Reverse 

Annealing 

Temperature (℃℃℃℃) 

PCR product 

size (bp) 

Hes-1 cacggccttgctcttgtttt cggaggtgcttcactgtcat 60 200 

ICAM-1 cggaggtgcttcactgtcat ggggtctctatgcccaacaa 60 112 

IL-6 aattcggtacatcctcgacgg ttggaaggttcaggttgttttct 60 113 

IL-10 gtgatgccccaagctgaga cacggccttgctcttgtttt 60 138 

IL-12 tggagtgccaggaggacagt tcttgggtgggtcaggtttg 60 147 

IFN-γ tcagctctgcatcgttttgg gttccattatccgctacatctgaa 60 120 

GAPDH caacaattcctggcgatacct ggcatggactgtggtcatgag 60 87 

TNF-α cagagggcctgtacctcatc ggaagacccctcccagatag 55 219 

MCP-1 gtcacctgctgttataacttc tgctgctggtgattcttcta 55 79 

IL-17A actacaaccgatccacctcac actttgcctcccagatcacag 55 84 

GAPDH gacatcaagaaggtggtgaa tgtcataccaggaaatgagc 55 178 
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Supplementary Figure 1 Expression of Jagged-1 and DLL-4 in the joints of CIA and 

synoviocytes of RA patients. (A) Proteins in joint tissue samples (20 µg/lane) from control or 

CIA mice treated with vehicle or DAPT were immunoblotted using antibodies against 

Jagged-1, Dll4 and GAPDH. Values are means ± SEM (n = 3), 
*
p < 0.05, 

**
p < 0.01. (B) RA 

synoviocytes pretreated with 2µM DAPT or 1µM L-685,458 for 2h and stimulated with 

2µg/ml LPS for 24h. The expression of Dll4 was increased in RA synoviocyte treated with 

LPS. Values are means ± SEM (n = 3), 
**

p < 0.01. 
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Supplementary Figure 2 Notch ligand-mediated inductions of TNF-α and IFN-γ were 

blocked by DAPT. Splenocytes from naïve DBA1/J mice were stimulated with Jagged-1 in 

the presence or absence of DAPT. After 48 hr, culture supernatants were collected and 

analysed for TNF-α and IFN-γ by ELISA. TNF-α and IFN-γ levels were stimulated by 

Jagged-1 in the absence of DAPT but not in its presence. Values are means ± SEM (n = 3). 

###
P < 0.001 versus controls. 

***
P < 0.001 versus Jagged-1-treated controls. 
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Supplementary Figure 3 DAPT decreases autoantibody production. Serum samples were 

collected from CIA mice at 46 days after primary immunization. Circulating serum anti-CII 

antibody levels (IgG1 and IgG2a) were markedly elevated in CIA mice versus controls. 

Furthermore, the productions of anti-CII IgG1 and IgG2a were dose-dependently inhibited by 

DAPT. Concentrations of CII-specific antibodies (IgG1 and IgG2a) were measured by 

specific ELISA. Values are means ± SEM (n = 3). 
###

P < 0.001 versus controls; 
***

P < 0.001 

versus vehicle-treated controls. 
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