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NG2/CSPG4 regulates cartilage
degeneration during TMJ
osteoarthritis
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Changes in the mechanical homeostasis of the temporomandibular joint (TMJ)
can lead to the initiation and progression of degenerative arthropathies
such as osteoarthritis (OA). Cells sense and engage with their mechanical
microenvironment through interactions with the extracellular matrix. In the
mandibular condylar cartilage, the pericellular microenvironment is composed
of type VI collagen. NG2/CSPG4 is a transmembrane proteoglycan that binds
with type VI collagen and has been implicated in the cell stress response
through mechanical loading-sensitive signaling networks including ERK 1/2. The
objective of this study is to define the role of NG2/CSPG4 in the initiation and
progression of TMJ OA and to determine if NG2/CSPG4 engages ERK 1/2 in a
mechanical loading-dependent manner. In vivo, we induced TMJ OA in control
and NG2/CSPG4 knockout mice using a surgical destabilization approach. In
control mice, NG2/CSPG4 is depleted during the early stages of TMJ OA and
NG2/CSPG4 knockout mice have more severe cartilage degeneration, elevated
expression of key OA proteases, and suppression of OA matrix synthesis genes.
In vitro, we characterized the transcriptome and protein from control and NG2/
CSPG4 knockout cells and found significant dysregulation of the ERK 1/2
signaling axis. To characterize the mechanobiological response of NG2/CSPG4,
we applied mechanical loads on cell-agarose-collagen scaffolds using a
compression bioreactor and illustrated that NG2/CSPG4 knockout cells fail to
mechanically activate ERK 1/2 and are associated with changes in the expression
of the same key OA biomarkers measured in vivo. Together, these findings
implicate NG2/CSPG4 in the mechanical homeostasis of TMJ cartilage and in
the progression of degenerative arthropathies including OA.

KEYWORDS

temporomandibular joint, mechanotransduction, cartilage, cell-matrix interactions,
NG2/CSPG4, ERK signaling, chondrocyte, arthropathy

Introduction

Osteoarthritis (OA) is the most common pathology affecting the temporomandibular
joint (TM]J) and is characterized by extracellular matrix and cartilage degradation that is
associated with limited joint mobility, pain, and diminished quality of life (1). While the
etiopathogenesis of TMJ OA has yet to be fully resolved, there is consensus that a change
in mechanical homeostasis is a strong initiating condition of cartilage degeneration.
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Mechanical forces on a tissue are transduced to the cell through
the extracellular matrix (2). The pericellular matrix is a division
of the extracellular matrix that encompasses the cell In
mandibular cartilage, the pericellular matrix is composed of
collagen IV, laminin, perlecan, and collagen VI (3). Collagen VI
is a micro-fibrillar collagen that regulates the material properties
of the pericellular matrix (4). During TMJ OA, there are
changes in the distribution, organization, and quantity of
collagen VI, indicating that the mechanical microenvironment of
the cell may be affected during the progression of TMJ OA (5-7).

Neuron-Glial antigen 2 (AN2 in mice; chondroitin sulfate
proteoglycan 4 in humans, NG2/CSPG4) is an N-linked type I
with sulfate
proteoglycan components on the ectodomain. NG2/CSPG4
binds with collagen VI (8, 9). The full-length core protein
without chondroitin sulfate chains is represented by a 300 kDa

transmembrane  glycoprotein chondroitin

band. Ectodomain shedding occurs through proteolytic
processing by MMP13 (10), MMP14 (11), MMP9 (12), and/or
ADAMI0 (13), generating a truncated, cell-associated/
membrane-tethered fragment between 260 and 275kDa (11,
13, 14). MMP13 is significantly elevated after mechanical
loading on mandibular fibrochondrocytes (15, 16), suggesting
that NG2/CSPG4 ectodomain shedding is contextually linked
with NG2/CSPG4
ectodomain shedding is believed to initiate the release of the

changes in mechanical homeostasis.
intercellular domain through an a-secretase-mediated process
of regulated intramembrane proteolysis (17). This extracellular
surface shedding and intracellular processing potentiates both
inside-out and outside-in signaling (18, 19).

In mandibular condylar cartilage, NG2/CSPG4 binds with
pericellular type VI collagen in articular/superficial layer cells.
During the progression of TMJ OA, NG2/CSPG4 translocates
from the cell membrane to the cytosol (20). In other cell
types, NG2/CSPG4 internalization occurs at focal adhesions
and is associated with cell-matrix dynamics and motility (19,
21). The mechanism and role of NG2/CSPG4 internalization
and proteolytic processing in cartilage homeostasis have not
been mechanistically resolved. However, NG2/CSPG4 has
been implicated in collagen binding in limb OA chondrocytes
(22) and chondrosarcomas (23). Together, these data indicate
that NG2/CSPG4 signaling may be important for regulating
the health and disease of cartilage in the TMJ and elsewhere.

NG2/CSPG4 regulates a wide variety of cellular processes
including migration, survival, apoptosis, and differentiation, due
in part to the multivalent nature of the inside-out and outside-in
signaling modalities of the molecule (18, 19). The intracellular
C-terminal domain has acceptor sites for the extracellular signal-
regulated kinases (ERK) 1/2 and protein kinase C-alpha (PKC-o)
(24), binding domains for multi-PZD domain protein 1
(MUPP-1) (25), interactions with integrins (9), and regulates
mTORCI (18, 19). NG2/CSPG4-mediated regulation of the ERK
1/2 signaling cascade is particularly important for studies on
mechanotransduction. The ERK 1/2 signaling axis is a critical

Frontiers in Dental Medicine

02

10.3389/fdmed.2022.1004942

regulator of the mechanobiological response in chondrocytes
(26-31). Impact injury to cartilage activates the ERK 1/2 signaling
axis through MAPK, promoting key OA proteases including
MMP13 and ADAMTS5 (32). ERK 1/2 signaling is activated
by the release of FGF2 from the pericellular matrix (33), a
growth factor that binds to NG2/CSPG4 (34). ERK 1/2 is further
implicated in the progression of OA by regulating the
differentiation cascade of chondrocytes (35, 36), hypertrophy (37),
osteoblast differentiation (38), and regulating the fate of
mesenchymal stem cells in response to mechanical loading (39).
Together, these studies illustrate that NG2/CSPG4 may be a
key mechanotransductive signaling hub in mandibular
fibrochondrocytes during TMJ health and disease. NG2/CSPG4
influences ERK 1/2 signaling in a wide range of cells and
chondrocyte differentiation pathways in particular. ERK 1/2
can modulate key OA proteases in a mechanical loading-
dependent manner in mandibular and limb chondrocytes. Here
we address a key gap in knowledge regarding if NG2/CSPG4 is
a significant regulator of TM]J health and disease in vivo and if
mechanical activation of ERK 1/2 signaling occurs in an NG2/
CSPG4-dependent manner. We hypothesize that NG2/CSPG4
regulates cartilage degeneration during degenerative arthropathy
and the mechanobiological activation of ERK 1/2. Here we
mechanistically interrogate the role of NG2/CSPG4 in the
homeostasis of mandibular condylar cartilage using an in vivo
preclinical surgical instability murine model of TMJ OA and
an in vitro compression bioreactor mechanical loading model.

Results

TMJ OA is associated with loss of the
NG2/CSGP4 ectodomain and an
internalized intracellular domain

To characterize how NG2/CSPG4 is altered during the
progression of TMJ OA in vivo, we analyzed mandibular
condyles from wild-type (c57 BL/6]) mice at 2 and 4 weeks
after discectomy and compared them with age-matched non-
surgical controls with immunofluorescence using an antibody
against the NG2/CSPG4 ectodomain. These data illustrate that
NG2/CSPG4 levels are decreased in the mandibular condylar
cartilage following discectomy (Figures 1A-C). The NG2/
CSGP4 ectodomain can be present as a 300 kDa full-length
protein, or a 260/275kDa shed, membrane-tethered fragment
that lacks the intracellular domain. To confirm that the 260/
275 kDa fragment lacks the intracellular domain, we performed
western blot analysis on protein samples from primary
mandibular  fibrochondrocytes
polyclonal antibody labeled against the ectodomain and a

immunolabeled using a

monoclonal antibody labeled against the intracellular domain.

These data illustrate that the monoclonal antibody only labeled
the 300 kDa full-length fragment, confirming that the 260/
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FIGURE 1

Early-stage TMJ OA is associated with a loss of the NG2/CSPG4 ectodomain and internalization of the intercellular domain. (A) NG2/CSPG4
immunofluorescent staining from TMJ tissue in a non-surgical control mouse. (B) NG2/CSPG4 immunofluorescent staining from TMJ OA tissue 2-
weeks after discectomy. (C) NG2/CSPG4 immunofluorescent staining from TMJ OA tissue 4-weeks after discectomy. (D) Western blot analysis from
protein lysate extracted from primary mandibular fibrochondrocytes, separated on a 12% SDS PAGE gel, and immunolabeled using a polyclonal
antibody raised against the NG2/CSPG4 ectodomain. (E) Western blot analysis from the same protein sample, run on the same gel, and
immunolabeled using a monoclonal antibody raised against the NG2/CSPG4 intracellular domain. Note two distinct bands at 300-260 kDa with the
polyclonal antibody and only one band representing the full-length protein on the monoclonal intracellular domain antibody. (F) Western blot from
mouse tissue 2, 4, and 8 weeks after discectomy compared to non-surgical and sham controls immunolabeled with antibodies against NG2/
CSPG4. (G,H) Quantification of the western blots from the full-length 300 kDa (G) and 260/275 kDa shed, membrane-tethered (H) NG2/CSPG4
fragments. Note a significant reduction in the shed, membrane-tethered fragment at 4-weeks post-operative compared to the non-surgical control
and a significant increase in full-length and shed, membrane-tethered NG2 in the sham. N = 4/experimental group. (I) RT-gPCR on mRNA isolated
from murine mandibular condylar cartilage illustrating that the expression level of NG2/CSPG4 is significantly elevated 2-weeks post-operative but is
not significantly different from the non-surgical control through the rest of the progression of TMJ OA. N = 6/experimental group. (J) The spatial
distribution of the NG2/CSPG4 intracellular domain (NG2icd) in an articular/superficial layer mandibular fibrochondrocyte from non-surgical control
TMJ tissue. (K) The spatial distribution of NG2icd in articular/superficial layer mandibular fibrochondrocytes 8 weeks after discectomy. (L) The spatial
distribution of the NG2icd in an articular/superficial layer mandibular fibrochondrocyte from a human patient with TMJ OA. *p < 0.05.
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275 kDa fragment lacks the intracellular domain (Figures 1D,E).
To characterize NG2/CSPG4 during the progression of TMJ
OA, we analyzed isolated mandibular condyles by western blot
from 2-, 4-, and 8-week TMJ OA samples and compared them
with non-surgical and sham controls. Western blot analysis
illustrates that the sham controls have significantly more
full-length shed, membrane-tethered NG2/CSPG4
fragments than the non-surgical control. In the TMJ OA

and

samples, there is a non-significant reduction in full-length NG2/
CSPG4 at all stages and a significant reduction in the shed,
membrane-tethered fragment at 4 weeks after discectomy
(Figures 1F-H). RT-qPCR illustrates that NG2/CSPG4 gene
expression is significantly increased at 2 weeks after discectomy
but returns to the level of the non-surgical control shortly after
(Figure 1I). We had previously illustrated TMJ OA is associated
with elevated levels of cytosolic NG2/CSPG4 in articular layer
cells of the mandibular condylar cartilage using a polyclonal
antibody raised against the full-length protein (20). Using
immunohistochemistry with an antibody specific to the NG2/
CSPG4 intracellular domain, we illustrate that TMJ] OA is
associated with high levels of the NG2/CSPG4 intracellular
domain in the cytosol in both a preclinical murine model
(Figures 1J,K) and in a sample from a human TMJ OA patient
undergoing total joint replacement (Figure 1L). Together, these
data illustrate that in vivo TMJ OA is associated with loss of
NG2/CSPG4 ectodomain fragments and an increase in the
presence of the NG2/CSPG4 intracellular domain in the cytosol.
These data also indicate that NG2/CSPG4 localized to the
cytosol is characteristic of clinical TMJ dysfunction.

NG2/CSPG4 knockout mice have higher
levels of cartilage degeneration during
early-stage TMJ OA and have increased
levels of key OA biomarkers

This study uses NG2/CSPG4 global knockout mice
backcrossed to a ¢57 BL6/] line (Figure 2A). Global
expression of NG2/CSPG4 was assessed by whole mount
staining for a LacZ reporter inserted in a promoter driven
cassette. This staining illustrates that NG2/CSPG4 is present
in both primary and secondary cartilages in the craniofacial
skeleton, including Meckel's and mandibular condylar
cartilage respectively (Figures 2B,C). NG2/CSGP4 knockout
mice are viable through skeletal maturity. Loss of NG2/
CSPG4 protein in LacZ-positive tissues was confirmed in both
TMJ tissue and primary cells at the gene, mRNA, and protein
level (Figures 2D-I). To determine if NG2/CSPG4 regulates
the rate of cartilage degeneration, TMJ OA was induced in
wild-type control and NG2/CSPG4 knockout mice and the
tissue was stained by safranin-o/fast green. Cartilage
degeneration was graded using a modified Mankin scoring

matrix [see references (15, 16)]. NG2/CSPG4 knockout mice
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score significantly higher on degeneration scores than the
wild-type controls for the non-surgical control mice and at 4
discectomy. This in the
degeneration score is due to abnormal spatial distribution of

and 8 weeks after increase
proteoglycans, higher levels of hypocellularity in the articular
layer cartilage, and a loss of cartilage integrity. There is no
significant difference in the 12- and 16-week samples when
there is high hypocellularity (Figures 3A-Y). To determine if
NG2/CSPG4 knockout mice had an increase in key OA
biomarkers compared to wild-type controls, we screened
control and TMJ OA mandibular condylar cartilage samples
using RT-qPCR. In 16-week post-operative sham controls,
NG2/CSPG4 knockout tissue was associated with a significant
suppression of ADAMTS5, COL6al, MCP1, PDGFrf, and
TGFB. A moderate tissue response in the sham controls is
expected in this mouse model since the joint cavity is opened,
and there is an inflammatory response of the tissue to the
surgery (5, 16, 20). At 4 weeks after discectomy, the NG2/
CSPG4 knockout tissue was associated with significant
elevation of key OA proteases ADAMTS5, and MMP13 and
the chemokine CCL2/MCP1. At 8 and 16 weeks after
discectomy, the NG2/CSPG4 knockout tissue has significant
suppression of matrix synthesis genes Col6al, PDFGrf, and
TGFp (Figure 4). Together, these data implicate NG2/CSPG4
as a key regulator of cartilage homeostasis during TMJ health
and disease.

Constrained static compression promotes
the loss of the NG2/CSPG4 ectodomain
and clathrin-mediated internalization of
the intracellular domain

To evaluate if NG2/CSPG4 internalization can be induced
through primary
fibrochondrocytes were embedded in a three-dimensional

mechanical  stress, mandibular
agarose-collagen scaffold, loaded in a compression bioreactor,
and evaluated by western blot and immunohistochemistry
(Figure 5A). Western blot analysis of NG2/CSPG4 illustrates
that unloaded cells contain a full-length 300 kDa fragment
and a 260/275 kDa fragment indicating separation from the
intracellular domain and retention of the shed, membrane-
tethered ectodomain (11, 13). After mechanical loading, there
are significantly lower levels of the 260/275kDa band and
retention of the full-length protein (Figures 5B,C), matching
the pattern measured during the early stages of TMJ OA in
vivo. To determine if mechanical loading is associated with an
increase in intracellular NG2/CSPG4, we conducted confocal
immunostaining on unloaded and loaded primary mandibular
fibrochondrocytes using both the intracellular and ectodomain
antibodies against NG2/CSPG4. The distribution of these
antigens within the cell were visualized using a three-
dimensional z-stack (Figures 5D-S). To quantify if these
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FIGURE 2

Validation of the NG2/CSPG4 knockout mice and primary cells. (A) Flow diagram illustrating the generation of the NG2/CSPG4 mouse line. The ES
cell cryorecovery, genotyping, and Cre breeding were carried out by the KOMP repository. The TM1b-6N line was provided for the study. This line
was backcrossed to a c57BL/6J line for three generations so that the data from the knockout mouse could be compared with control c57BL/6J mice.
After three generations of backcrossing, a homozygous knockout-breeding colony of the Tmlb-6J was established. (B) LacZ reporter staining
illustrating the activation of the transgenic construct in the TMJ. (C) Zoomed region of interest near the TMJ illustrating positive LacZ staining in
secondary cartilage like the mandibular condylar cartilage (MCC) and primary cartilages including Meckel's cartilage (MC) and the malleus (M). (D)
RT-gPRC from the TMJ of WT and NG2/CSPG4 knockout mice illustrating the loss of NG2/CSPG4 expression in the transgenic mice. Data were
normalized to GAPDH using the 44Cq method. (E) Western blot analysis of the TMJ from WT c57 BL/6J and NG2/CSPG4 knockout mice
illustrating the loss of both the 300 and 260/275 kDa fragments of NG2/CSPG4 in the knockout tissue. (F) Immunostaining of NG2/CSPG4 from
primary cells from mandibular condylar cartilage of wild-type c57 BL/6J mice. (G) Immunostaining of NG2/CSPG4 from primary cells from
mandibular condylar cartilage of NG2/CSPG4 knockout mice illustrating loss of the protein. (H) Immunostaining of NG2/CSPG4 from the TMJ of
WT c57 BL/6J mice. (I) Immunostaining of NG2/CSPG4 from the NG2/CSPG4 knockout mice illustrating loss of the protein in the LacZ-positive
tissues. N = 4/experimental group. *p < 0.05.

NG2/CSPG4 fragments were being actively transported into the
cell, we calculated colocalization coefficients of NG2/CSPG4
with a marker for endocytosis, clathrin heavy chain (CHC),
using three methods: the Mander’s overlap coefficient, the
Pearson’s overlap coefficient, and the Costes Colocalization
method. All three methods illustrate a high level of agreement
that the NG2/CSPG4 domain and CHC
significantly colocalize inside of the cell following mechanical
all
significant compared to randomized noise (N=5; P>0.95).

intracellular

loading, with observed Costes colocalization values
Conversely, there is less support for colocalization between
the NG2/CSPG4 and CHC, with

colocalization values than the intracellular domain in all cases

ectodomain lower
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(Figures 5T-V). These findings illustrate that the NG2/
CSPG4 ectodomain is altered in response to mechanical
loading, losing the shed, membrane-tethered fragment and
increasing the amount of cytosolic NG2/CSPG4 intracellular
domain through clathrin-mediated endocytic pathways.

NG2/CSPG4 knockout cells are
transcriptionally distinct from control
cells

To screen for transcriptional changes related to the loss of
NG2/CSPG4, isolated mRNA was evaluated by total RNAseq.
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FIGURE 3

NG2/CSPG4 knockout tissues have higher rates of cartilage degeneration. Safranin-o/fast green staining of skeletally mature wild-type (WT) and
NG2/CSPG4 knockout (NG2 -/-) TMJ tissues illustrating the progression of cartilage degeneration at several experimental time points. All images
are from the surgical side of the animals (right joint) and are representative images from a sample size of four. Images were taken at two
magnifications for each sample. Each experimental time point is color-coded. (A—D) non-surgical control mice (NSC) is in black. (E-H) 4-week
post-discectomy (4w) is in blue. (I-L) 8-week post-discectomy (8w) is in green. (M—P) 12-week post-discectomy (12w) is in yellow. (Q-T) 16-
week post-discectomy (16w) is in red. (U-X) 16-week sham control (sham) is in purple. (Y) Quantification of cartilage degeneration using a
modified Mankin score comparing wild-type and NG2/CSPG4 knockout TMJ's at each stage of cartilage degeneration illustrating significantly
increased degeneration scores in the NG2/CSPG4 knockout tissues in the early stages OA progression. The color code on the graph
corresponds to the color-coded experimental time points. N = 4/genotype and experimental group. *p < 0.05.
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FIGURE 4
NG2/CSPG4 knockout tissues have elevated OA proteases and suppressed matrix synthesis gene expression during TMJ OA. (A—F) RT-gPCR from
mRNA isolated from the mandibular condylar cartilage of wild-type and NG2/CSPG4 knockout mice in non-surgical and sham controls and in 4-, 8-,
12-, and 16-week discectomy mice illustrating changes in the expression of ADAMTSS5 (A), Col6al (B), MCP-1/CCL2 (C), MMP13 (D), NG2/CSPG4 (E),
PDGFr (F), and TGFB (G). Data are standardized to the NSC sample for each genetic background and normalized to GAPDH using the AACq method.
N = 6/genotype and experimental group. *p < 0.05.

Differential gene expression was characterized by a heat map
and yielded robust and significant differences in gene
expression with the five most upregulated genes being Eif2s3y,
Uty, Ddx3y, Kdm5d, and Clecl2a. Other notable upregulated
genes include MMP9, Coll4al, Fgfl0, Alpl, and Col2al
(Figure 6A). Twenty significant gene ontology enrichment
groups were identified including a number of enriched
pathways related to the extracellular region/space and
“positive regulation of the ERK1 and ERK2 cascade”. This
gene ontology enrichment group can indicate that ERK 1/2
either is suppressed or enriched (Figure 6B). Further analysis
of the expression data using a KEGG enrichment analysis
identified engagement with the focal adhesion pathway, the
hippo pathway, and the Wnt pathway (Figure 6C). GO
enrichment analysis identifying significant changes in the ERK
1/2 pathway is of note since ERK 1/2 is a mechanical loading-
sensitive signaling network implicated in the progression of
OA and chondrocyte differentiation.
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NG2/CSPG4 knockout cells are

associated with suppressed of p44/p42
MAPK (ERK 1/2)

To further characterize how ERK 1/2 signaling was altered
in the NG2/CSPG4 knockout mice, we screened protein
samples from wild-type and NG2/CSPG4 knockout primary
cells by western blot for upstream regulators of the ERK 1/2
pathway including cRaf and MEK 1/2, for ERK 1/2, and the
downstream target p90RSK. Cells were cultured in both
normal media and serum starvation conditions. NG2/CSPG4
knockout increased phosphorylation of cRaf in a serum-
independent manner. Phosphorylation of MEK 1/2 was
suppressed in an NG2/CSPG4 and serum-dependent manner.
ERK 1/2 and phosphorylated ERK 1/2 were both suppressed
in an NG2/CSPG4-dependent manner but were not impacted
by the presence of serum. Phosphorylation of p90RSK, a
downstream target of ERK 1/2, was elevated in an NG2/
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FIGURE 5

Mechanical loading promotes loss of the NG2/CSPG4 ectodomain and clathrin-mediated internalization of the intracellular domain. (A) A compression
bioreactor used to apply constrained static compression in mandibular fibrochondrocytes in vitro. (B) Western blot analysis of unloaded (UL) and loaded
(L) wild-type primary mandibular fibrochondrocytes illustrating loss of the 260/275 kDa shed, membrane-tethered NG2/CSPG4 fragment after
compression. (C) Quantification of NG2/CSPG4 protein illustrating a significant reduction in the 260/275 kDa fragment after compression. N = 4/
experimental group. *p<0.05. (D) The spatial distribution of the NG2/CSPG4 intracellular domain (NG2icd) in an unloaded mandibular
fibrochondrocyte. (E) The spatial distribution of clathrin heavy chain in an unloaded mandibular fibrochondrocyte. (F) The overlap of NG2icd/CHC in
an unloaded mandibular fibrochondrocyte using the product of the difference from the mean illustrating overlap near the cell membrane. (G) Z-
stack three-dimensional reconstruction of NG2icd/CHC/DAPI in an unloaded mandibular fibrochondrocyte. (H) The spatial distribution of the
NG2icd in a mandibular fibrochondrocyte loaded under constrained compression. () The spatial distribution of CHC in a mandibular
fibrochondrocyte loaded under constrained compression. (J) The overlap of NG2icd/CHC in a mandibular fibrochondrocyte loaded under
constrained static compression using the product of the difference from the mean illustrating colocalization inside of the cell. (K) Z-stack three-
dimensional reconstruction of NG2icd/CHC/DAPI in a mandibular fibrochondrocyte loaded under constrained static compression. (L) The spatial
distribution of the NG2/CSPG4 ectodomain (NG2ed) in an unloaded mandibular fibrochondrocyte. (M) The spatial distribution of clathrin heavy
chain (CHC) in an unloaded mandibular fibrochondrocyte. (N) The overlap of NG2ed/CHC in an unloaded mandibular fibrochondrocyte using the
product of the difference from the mean illustrating limited overlap near the cell membrane. (O) Z-stack three-dimensional reconstruction of
NG2ed/CHC/DAPI in an unloaded mandibular fibrochondrocyte. (P) The spatial distribution of the NG2ed in a mandibular fibrochondrocyte loaded
under constrained compression. (Q) The spatial distribution of CHC in a mandibular fibrochondrocyte loaded under constrained compression. (R)
The overlap of NG2ed/CHC in a mandibular fibrochondrocyte loaded under constrained static compression using the product of the difference
from the mean illustrating limited overlap near the cell membrane. (S) Z-stack three-dimensional reconstruction of NG2ed/CHC/DAPI in a
mandibular fibrochondrocyte loaded under constrained static compression. (T) Mander's overlap coefficient between NG2/CSPG4 and CHC using
the NG2icd and NG2ed antibody in loaded and unloaded cells. (U) Pearson's overlap coefficient between NG2/CSPG4 and CHC using the NG2icd
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FIGURE 6
NG2/CSPG4 knockout mandibular fibrochondrocytes have a unique transcriptional profile. (A) Heat map of differentially expressed genes and
transcripts in wild-type (WT) and NG2/CSPG4 knockout (NG2ko) cells from a total RNA seq analysis. (B) A gene ontology enrichment analysis
from the total RNA-seq data illustrating significant upregulation of the gene ontology network “positive regulation of ERK1 and ERK2 cascade” as
well as a number of other cell adhesion and protein binding families. (C) A KEGG pathway enrichment analysis from the total RNA-seq data. N =
4/genotype group.

CSPG4-dependent manner only in the presence of serum
(Figures 7A-G). Together, these data illustrate that knocking
out NG2/CSPG4 in mandibular fibrochondrocytes alters the
transcriptional profile of the cell and impacts the regulation of
ERK 1/2 signaling, consistent with findings in other cell types
(18, 24). Since ERK 1/2 is a key mechanotransductive
molecule and since the NG2/CSPG4 intracellular domain
contains an ERK 1/2 acceptor site, we performed western blot
analysis of ERK 1/2 and phosphorylated ERK 1/2 in loaded
and unloaded wild-type and NG2/CSPG4 knockout cells.
These data illustrate that mechanical loading activates ERK 1/
2 signaling in mandibular fibrochondrocytes and that NG2/
CSPG4 knockout cells have a significant reduction total ERK
1/2 and in phosphorylated ERK 1/2 (Figures 7H-J).
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Mechanical loading promotes the
expression of key OA biomarkers in an
NG2/CSPG4 and ERK 1/2-dependent
manner

To evaluate if mechanical loading can alter the expression of
key OA and matrix synthesis genes in an ERK 1/2- and/or NG2/
CSPG4-dependent manner, wild-type and NG2/CSPG4 knockout
primary cells were seeded in a collagen-agarose scaffold, loaded in
the compression bioreactor with or without the ERK 1/2
inhibitor U0126, and evaluated by RT-qPCR. NG2/CSPG4
knockout resulted in an increase in the expression of the OA
ADAMTS5 and MMPI13, with ADAMTS5
responding in a mechanical loading-dependent manner. Further,

biomarkers
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FIGURE 7
NG2/CSPG4 knockout mandibular fibrochondrocytes have suppressed p44/p42 MAPK (ERK 1/2) signaling and deficiencies in the mechanical activation
of ERK 1/2. (A) Western blot analysis of the ERK 1/2 signaling axis in wild-type and NG2/CSPG4 knockout (NG2ko) primary cells cultured in normal and
low serum conditions. (B) Quantification of the phosphorylated cRaf western blot. (C) Quantification of the phosphorylated MEK 1/2 western blot. (D)
Quantification of the total ERK 1/2 western blot. (E) Quantification of the phosphorylated ERK 1/2 western blot. (F) Quantification of the ratio of
phosphorylated ERK/total ERK. (G) Quantification of the phosphorylated p90ORSK western blot. (H) Western blot analysis of unloaded and loaded
wild-type and NG2/CSPG4 knockout primary mandibular illustrating protein levels of ERK 1/2 and phosphorylated ERK 1/2 (I-J) Quantification of
western blot analysis illustrating that NG2ko cells have significantly lower levels of total ERK 1/2 and fail to phosphorylate ERK 1/2 in response to
constrained static compressive loading. N = 4/genotype and experimental group. *p < 0.05; **p < 0.01.

NG2/CSPG4 knockout resulted in an overall increase in matrix
synthesis markers Col6al, PDGFr, and TGFB compared to the
wild-type  controls and  mechanical loading-dependent
suppression. When ERK 1/2 was inhibited using U0126, a small
molecule functionally antagonizing AP-1 transcriptional activity,
ADAMTSS5 expression was rescued, while MMP13 expression of
the wild-type controls was elevated to the levels of the NG2/
CSPG4 knockout cells. Similarly, inhibiting ERK 1/2 with U0126
elevated the expression of matrix synthesis biomarkers Col6al,
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PDGFr, and TGFp in wild-type controls to levels matching the
NG2/CSPG4 knockout cells. The U0126 treatment significantly
elevated the expression of the chemokine MCP1/CCL2 in NG2/
CSPG4 knockout cells in a mechanical loading-dependent
manner (Figure 8; N=4; p < 0.05; significance provided in
Supplementary Materials). Taken together, these data illustrate
that NG2/CSPG4 knockout cells and the inhibition of ERK
increase the expression of key OA proteases and suppress the
expression of key matrix synthesis genes.
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Discussion

Here we illustrate that NG2/CSPG4 has an important role in
the initiation and progression of TMJ OA, displaying subcellular
dynamics in response to mechanical loading and engaging the
mechanical loading-sensitive signaling network, ERK 1/2. Our
data illustrate, using both in vivo and in vitro approaches, that
changes in mechanical homeostasis and OA are associated
with the loss of the shed, membrane-tethered NG2/CSPG4
the NG2/CSPG4
intracellular domain. Using transgenic knockout mice, we
illustrate that the mechanical activation of the ERK 1/2
pathway is dependent on NG2/CSPG4 and that NG2/CSPG4
is a critical regulator of TM] OA cartilage degeneration and

fragment and internalization of the

pathophysiology. We also demonstrate that key OA proteases
and matrix synthesis genes are dependent on NG2/CSPG4
and ERK 1/2 signaling.

Loss of NG2/CSPG4 ectodomain fragments is contextually
linked with high levels of MMP13 expression in 4-week post-
discectomy mice. The presence of this protease in the
pericellular microenvironment may promote shedding and
enzymatic processing of the NG2/CSPG4 ectodomain (15, 16).
The concomitant increase in NG2/CSPG4 gene expression is
likely a transient compensatory mechanism by the cell to
replenish the loss of the extracellular protein following
shedding, potentially
cytokines and hypoxic stress-mediated transcription factors
Spl, Egrl, and Pax3 (18). The
significantly higher levels of both the full-length and the shed,
membrane-tethered fragment of NG2/CSPG4. In the sham
control, the joint capsule is accessed surgically generating a

through promoter activation by

sham controls have

moderate inflammatory/injury response from the tissue. We
hypothesize that the increase in both NG2/CSGP4 fragments
in the sham controls reflects transient inflammatory-mediated
promoter activation leading to the accumulation of
membrane-associated NG2/CSPG4 in  the
proteases. This elevated inflammatory response in the sham

absence of

controls may also explain the slightly elevated levels of
cartilage degeneration, with Mankin Scores elevated due
primarily to an increase in cell clustering and a slight
reduction in proteoglycan (16, 20).

TMJ OA and mechanical loading are also associated with
the NG2/CSPG4
intracellular domain. This subcellular pattern matches the
vivo both
preclinically and clinically. The clathrin association with the
NG2/CSPG4 intracellular domain, and not the ectodomain,
supports the hypothesis that NG2/CSPG4 is released from the
cell membrane through regulated intramembrane proteolysis.

clathrin-mediated internalization  of

distribution observed in diseased tissue in

This regulatory process involves enzymatic processing of the
ectodomain, followed by y-secretase mediated release of the
intracellular domain (17). In monolayer, shedding of the
NG2/CSPG4 ectodomain is disassociated from a pericellular
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microenvironment. Our data were collected from a three-
dimensional cell culture system, where the shed NG2/CSPG4
ectodomain is restricted to a pericellular microenvironment
that  has this
microenvironment, enzymatic cleavage and processing of the

an enriched proteolytic milien. In
shed, membrane-tethered ectodomain could generate even
smaller fragments. An alternative explanation of the results is
that the intracellular domain is being internalized along with
some or all of the ectodomain through receptor-mediated
endocytic processing. Colocalization of the NG2/CSPG4
ectodomain with CHC was significantly lower than the
intracellular domain, but not absent. There was limited
overlap near the cell membrane. Post-translational changes
and endocytic processing of NG2/CSPG4 could be occurring
through multiple distinct processes. One important variable
for mechanistically defining these processes is to characterize
the

chondroitin sulfate chains at the time of injury. Chondroitin

presence and function of ectodomain associated
sulfate chains have a potentially important biological role in
NG2/CSPG4 functionality, promoting fragment retention near
the membrane and/or serving as a mechanism for modulating
the cell surface microdomain. NG2/CSPG4 could directly
modulate cell surface microdomain-mediated signaling due to
the proteoglycan’s high affinity for FGF2 and PDGFaa, two
growth factors implicated in OA pathophysiology (34, 40, 41).

Internalization and/or activation of the NG2/CSPG4
intracellular domain can further regulate key pathways
implicated in OA progression through a PDZ binding motif
(25), mTORCI1 activation (17), and/or ERK 1/2 activation
(24). This study focuses on NG2/CSPG4 engagement with
ERK 1/2 through a putative D-domain docking site that acts
as a substrate for ERK 1/2-mediated phosphorylation (24). In
mandibular fibrochondrocytes, we demonstrate that NG2/
CSPG4 knockout cells are associated with lower levels of total
ERK 1/2 independent of mitogen activation through serum.
Upstream of ERK 1/2, cRaf phosphorylation is elevated while
MEK 1/2 phosphorylation is suppressed. Downstream of ERK
1/2, p90RSK phosphorylation was elevated in NG2/CSPG4
knockout P9O0RSK  regulates mTOR
signaling, consistent with other reports linking NG2/CSPG4
with cell cycle kinetics through mTORCI (17). Additional
studies are needed to determine the role of ERK 1/2 and

cells. Interestingly,

MEK 1/2 feedback loops and/or the coregulatory influence of
protein kinase C signaling (24).

Activation of the ERK 1/2 signaling pathway can be achieved
through multiple overlapping mechanisms including growth
factors, cytokines, integrin engagement, and/or oxidative stress.
Here we evaluated the role of NG2/CSPG4 in the mechanical
activation of ERK 1/2. Following static compression, NG2/
CSPG4 knockout cells had suppressed total and
phosphorylated ERK 1/2. NG2/CSPG4 knockout cells were also
associated with mechanical loading-dependent increases in key
OA proteases and suppression of matrix synthesis genes when
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FIGURE 8
Mechanical loading alters the expression of key OA biomarkers in an NG2 and ERK 1/2 dependent manner. (A—G) RT-gPCR of WT and NG2ko cells
treated in a compression bioreactor with and without the ERK 1/2 small molecule inhibitor U0126 illustrating NG2/CSPG4, loading, and ERK 1/2
dependent changes in key OA biomarkers including ADAMTS5 (A), Col6al (B), MCP-1/CCL2 (C), MMP13 (D), NG2/CSPG4 (E), PDGFr (F), and TGFB
(G). Data standardized to the unloaded wild-type sample and normalized to GAPDH using the AACq method. N = 4/genotype and experimental
group. Significance values from multi-group comparisons are reported in the Supplementary Materials.

compared to loading in the wild-type controls. Small molecule
inhibition of ERK 1/2 through U0126 in wild-type cells
resulted in elevated levels of matrix synthesis genes, matching
the levels expressed in NG2/CSPG4 knockout cells. U0126
treatment of wild-type cells also resulted in a 60% reduction in
the expression of NG2/CSPG4. U0126 treatment in NG2/
CSPG4 knockout cells suppressed the aggrecanase ADAMTS5
and elevated the chemokine MCP1/CCL2 and collagenase
MMP13. A similar pattern is found for protein levels of MCP-1
and MMP13, but not ADAMTS5. We hypothesize that this
finding is related to U0126 functionally antagonizing the AP-1
transcription factor, upstream of MEK 1/2, which has a
multifaceted role in regulating cell behavior. Taken together, these
findings demonstrate that NG2/CSPG4 displays a complex and
multifaceted intracellular processing mechanism resulting from
the generation of fragments that potentiate variant-specific
functions, including inside-out and outside-in signal transduction
of mechanical loading in mandibular condylar cartilage.

The ERK 1/2 signaling pathway is a critical and well-defined
regulator of mechanical loading in all cell types, controlling
(42).
cartilage, ERK 1/2 inhibits early chondrocyte differentiation

proliferation, differentiation, and cell survival In
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and hypertrophy, regulates osteo-chondroprogenitor cells and
osteoclast formation (36), and is implicated in the progression
of osteoarthritis (35, 43). ERK 1/2 activation during cartilage
injury is hypothesized to be related to the release of growth
factors from the pericellular matrix (33, 34) and mechanical
engagement with the substrate (44). Our data are the first, to
knowledge, NG2/CSPG4 the
mechanobiological ERK 1/2 response, providing a mechanistic

our to  implicate in
link from the extracellular microenvironment, through cell
surface receptors, to transcription factors that promote
discrete cell fate decisions affecting cartilage homeostasis. The
regulation of ERK 1/2 following injury is a dynamic and
complex network response. In limb cartilage impact models,
ERK 1/2 phosphorylation was not detected 3 h after injury
but was significantly elevated 24 h after injury (32). During
the injury response of stromal cells, there is a strong initial
wave of ERK 1/2 activation, cessation, then a second wave of
ERK 1/2 activation that is maintained until wound closure
(42). Tt is unknown if similar ERK 1/2 pulsations occur in the
injury response of mandibular cartilage and if quantitative
information modulating cell fate decisions are transduced to

the cell through variations in the amplitude, frequency, and
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duration of the response. The complex temporal separation
between NG2/CSPG4 expression, NG2/CSPG4 ectodomain
shedding, and ERK 1/2 activation may obscure the signal-
response relationship because of the multimodal nature of the
initial ERK 1/2 signaling dynamics, including signal delay,
amplitude, frequency, or duration.

While this study has focused on the TM]J, there is limited, but
supporting, evidence that NG2/CSPG4 has an important role in
arthropathies in primary cartilages such as the knee and hip.
NG2/CSPG#4 is present in the pre-cartilaginous mesenchyme of
the developing rat limb, with expression decreasing in post-
natal development (45). In post-natal tissues, NG2/CSPG4 is
strongly upregulated at ossification fronts during both
endochondral and intramembranous ossification (46). NG2/
CSPG4 is also present in human adult osteoarthritic articular
cartilage (47), impacting the ability of these cells to adhere to
type VI collagen (22). Together, these studies support the
hypothesis that NG2/CSPG4 functionality is conserved in both
primary and secondary cartilages.

This study demonstrates that NG2/CSPG4 is an important
regulator of cartilage health and disease in the TM],
influencing mechanical loading-sensitive pathways such as
ERK 1/2,

degeneration during OA. These findings underscore that

and regulating the progression of cartilage
NG2/CSPG4 is a novel and underappreciated potential
therapeutic target for degenerative arthropathies in the TM]J,
potentially serving as an extracellular target of the ERK 1/2
signaling pathway. In cancer, NG2/CSPG4 has been proposed
as an oncotarget for monoclonal antibodies (48) and for
theranostics (49). Future studies will focus on how NG2/
CSPG4 regulates other MAP kinases including MEK1/2, JNK,
and p38 and evaluate NG2/CSPG4-ERK 1/2 signaling in a
that the
frequency, or duration of both molecules after following injury.

manner characterizes changes in amplitude,

Material and methods

Control and NG2/CSPG4 knockout mice

Control mice from a C57 BL/6] background were purchased
from Jackson Laboratory. Knockout mice were acquired from
the KOMP repository [Cspg4tmla(KOMP)Wtsi/Bcm] and
were generated using the Knockout-first allele: Promoter
driven section kit. The knockout mice used in this study were
generated by cross-breeding with a Cre-expressing line to
generate a reporter-tagged deletion allele. Mice heterogeneous
for the reporter-tagged deletion allele were backcrossed to a
C57 BL/6] line and then mated to generate a homozygous
reporter-tagged deletion allele for NG2/CSPG4 (Figure 2A).
All animals were housed together to minimize confounding
conditions. To confirm LacZ reporter expression in target
mount histochemical detection of -

tissues, whole
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galactosidase was performed in 10-day-old heads for control
and NG2/CSPG4 knockout mice. NG2/CSPG4 knockout mice
were viable through skeletal maturity with no strong
developmental phenotype aside from those reported including
increased lean body mass (Mousephenotype.org). A mild but
significant phenotype in the TMJ cartilage is reported here.
The use of all animal tissues followed an approved animal use

protocol (UIC ACC #20-068).

Primary mandibular fibrochondrocyte
isolation

The isolation of primary mandibular fibrochondrocytes
followed published methods (15, 20) using a protocol for
isolating primary chondrocytes (50, 51). In short, mandibular
condyles from 10- to 14-day-old mice were isolated in CO2
(18045-088, Gibco,
Gaithersburg, MD) supplemented with 25 mg/ml Plasmocin

independent  collection ~ medium
(ant-mmp, InvivoGen, San Diego, CA), 50 U/ml penicillin and
0.05 mg/ml streptomycin (P0781, Sigma, St. Louis, MO).
Condyles were then washed in 1x sterile PBS and transferred to
a digestion DMEM (11966-025, Gibco, Gaithersburg, MD) with
type 1II (S004174,  Worthington

Biochemical, Lakewood, NJ) sterilized using a 0.2 um filtered

3 mg/ml collagenase
syringe. After 45 min, this digestion media was replaced with a
1.5 mg/ml collagenase solution and placed in an incubator at
5% CO, at 37 °C for overnight digestion. After the digestion,
cells were dispersed by gentle agitation, filtered through a 40 pm
cell strainer, and centrifuged at 1000 g for 5min at room
temperature. The resulting pellet was re-suspended and then
cultured in FBS-supplemented advanced DMEM until confluent
(12492-013, Gibco, Gaithersburg, MD). All experiments were
carried out within the first 6 passages of the cells. For all serum
starvation experiments, cells were cultured in Opti-MEM
reduced serum media for 24 h (31985, Gibco, Gaithersburg, MD).

Generating cell-agarose-collagen
scaffolds and mechanical loading

To define the role of mechanical loading on NG2/CSPG4
functionality, primary mandibular fibrochondrocytes were
seeded scaffold and loaded
compression bioreactor as previously described (15). In short,

in agarose-collagen in a
cell-agarose-collagen scaffolds were generated from a 5% low-
gelling temperature agarose (A0701, Sigma, Burlington, MA)
mixed in 5ml 1x PBS. Once cooled to 45 °C, the 5% agarose
solution was combined with 0.25mg/ml rat tail collagen
(A1048301, Thermo Fisher Scientific, Waltham, MA) and a cell
suspension in 1 ml FBS supplemented DMEM to create a 4%
agarose/collagen solution. A cell density of 4 x 10°/mm’ was
used for all experiments (50). For casting, the cell-agarose/
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collagen solution was poured on a 1 mm glass spacer plate and
covered to generate a uniform 1 mm thickness sheet (1653311,
Bio-Rad, Des Plaines, IL). A punch was used to generate plugs
measuring 17 mm in radius. The cell-agarose/collagen scaffold
plugs were cultured for 72 h in supplemented advanced DMEM
(12492-013, Gibco, Gaithersburg, MD) at 37 °C and 5% CO..
For loading, all cell-agarose-collagen scaffolds were put in a
compression bioreactor housed inside of a cell incubator and
loaded in constrained, uniaxial compression at 2.5 N for 2 h. All
loaded samples were compared to unloaded controls.

Preclinical surgical instability model of
TMJ OA

TMJ OA was induced by unilateral partial discectomy
according to the methods in Xu et al. (16) and our previous
publications (5, 15, 20, 52). In short, skeletally mature 16-
week-old male and female mice from an NG2/CSPG4
knockout (c57 BL/6]) background were
anesthetized with ketamine (100 mg/kg, Henry Schein,
Dublin, Ohio) and xylazine (5 mg/kg, Akorn, Lake Forest, IL).
The articular disc was excised on the right side of the animal.

and control

For excision of the articular disc, a 3-5mm incision was
made over TM]J, the lateral capsule was exposed, the articular
disc excised using a posterior approach, and the joint was
irrigated with sterile 1x PBS. Sham control surgeries were
identical except the disc remained intact. For the sham
control, the joint capsule is opened, and a moderate
inflammatory response is expected (16, 20). Tissues were
collected at 4, 8, 12, and 16 weeks after discectomy. Only
joints on the surgical side of the animal were analyzed for
this study. Only the right side was used for non-surgical
control tissues. No randomization was used for this study. All
in vivo data were compared with age-matched non-surgical
controls and 16-week sham controls. A sample size of 10 was
used for each experimental time point, for a total of 120
control and NG2/CSPG4 knockout in the study. Sample size
for each method of assessment was calculated using a sample
size and power analysis. Each animal was considered an
experimental unit. Experiments using vertebrate animals were
approved by the University of Illinois at Chicago Animal Care
Committee and performed in accordance with the relevant
guidelines and regulations (UIC ACC #20-068). The study
conforms to ARRIVE guidelines.

Clinical human samples for comparison
with preclinical data

Peri-articular tissue samples were collected intraoperatively

from the clinical practice of the UIC Department of Oral and
Maxillofacial Surgery during total TMJ replacement surgery.
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Tissue was collected from a confirmed case of advanced/end-
stage TM] OA where inflammatory or rheumatoid conditions
were not the primary cause. All tissue was collected in the
operating suite, placed in ice-cold 1x PBS, and prepared for
histological analysis. All tissue collection was approved by the
institutional review board of the University of Illinois at
Chicago (IRB Protocol No. 2017-0033).

Histomorphometry and
immunohistological grading of cartilage
degeneration

For histomorphometric grading of cartilage degeneration, tissue
samples were fixed in 4% PFA overnight, decalcified with 4.5%
EDTA for 28 days, paraffin embedded, and sectioned at 8 pm.
Sections were stained using safranin-o/fast green and cartilage
degeneration was staged using a Modified Mankin score
(15, 16, 20, 52).
immunohistochemistry, sections were deparaffinized, treated with

according to published methods For
132.2 mM sodium borohydride, permeabilized with methanol and
0.5% Triton (v/v), blocked in 5% donkey serum (D9663, Sigma,
St. Louis, MO) for 2 h, and incubated with primary antibodies
against NG2/CSPG4 (1:200, AB5320, Sigma-Millipore, Santa
Cruz, CA). All secondary labeling was with Alexa Fluor donkey
anti-mouse 488 and donkey anti-rabbit 568 (1:500, Invitrogen,
Invitrogen, Carlsbad, CA). Nuclei were labeled with DAPI
(D9542-1MG, 1 pg/ul, Sigma, St. Louis, MO). Sections were
imaged using an inverted fluorescent microscope using a 10x
objective (DMI6000B, Leica, Buffalo Grove, IL). Laser intensity,
gain, and magnification was standardized for all acquisitions.
Brightness and contrast settings were standardized for all images
during post-processing. All data were compared to a no primary
antibody control and isotype control. Images were quantified by
personnel blind to the study design, outcome assessment, and
analysis. Control staining was carried out for the NG2/CSPG4
antibodies using NG2/CSGP4 knockout tissue (Figures 2F-G),
staining without primary antibodies, and IgG controls [see
(20)]. detectable in the
subchondral vasculature but negligible in the mandibular condylar

reference Autofluorescence  was
cartilage for the brightness and contrast settings used during data
acquisition. Four biological replicates for each experimental group
were used for the Modified Mankin scoring analysis. Modified
Mankin Scoring method replicates previous published results (15,
16) and is provided in Supplementary Materials.

Immunocytochemistry and colocalization
analysis

Cell-agarose-collagen scaffolds were fixed overnight using

HistoChoice Tissue Fixative (VWRVH102, VWR, Radnor, PA),
cryo-embedded using O.C.T. compound, and cryo-sectioned at
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20 um (CM1950, Leica, Buffalo Grove, IL). Immunostaining of the
sample follows the methods described in the previous section
using primary antibodies including a custom monoclonal
antibody raised against the NG2/CSPG4 intracellular domain
(1:200, GGQPDPELLQFCRTPNPALRNGQYWYV, UIC Protein
Core, Chicago, IL), and clathrin heavy chain (1:200, MA1-065,
Thermo Fisher Scientific, Waltham, MA). All samples were
imaged using a laser scanning confocal microscope with 63x oil
immersion objective (LSM 710, Zeiss) using identical laser
intensity, brightness, and gain standardized for all image
acquisitions. Colocalization coefficients and fluorescence/channel
intensity were calculated using Image] (53). Colocalization values
using the Pearson’s overlap coefficient were compared (54).
Colocalization was statistically validated using the Costes method.
There were four biological replicates for each experimental group.

RT-qPCR

For quantifying gene expression changes from homogenized
TM]J tissues, samples were placed in QIAzol (79306, Qiagen,
Germantown, MD) and mRNA was isolated following
manufacture protocol. To extract and purify mRNA from
agarose samples, lysate was processed using the RNeasy Plant
Mini Kit (74903, Qiagen, Germantown, MD). The plant kit
was recommended for high-integrity extraction from cell-
agarose constructs due to the high levels of polysaccharides
(55). From both samples, cDNA was generated from 500 ng-
1 ug total RNA using a High Capacity Reverse Transcription
Kit (4368814, Applied Biosystems, Waltham, MA), lysate was
processed using the RNeasy Mini Kit (74104, Qiagen,
Germantown, MD), and target genes were amplified using
SYBR® Select Master Mix (4385610, Applied Biosystems,
Waltham, MA) in a Bio-Rad iQ5 (Bio-Rad, Des Plaines, IL).
All primer sequences are listed in Supplementary Table SI.
Gene expression changes were calculated by comparative
threshold cycle method with data standardized to a sample
control and normalized to GAPDH using the AACq method.
Four biological replicates were used for each experimental
group. Full the
Supplementary  Data. substituting

descriptive ~statistics are located in

Negative  controls
molecular grade water for cDNA were carried out for each

primer for standard quality control.

Total RNA-seq with GO and KEGG
enrichment analyses

RNA-seq was performed by LC Sciences from RNA isolated
from primary cells collected from 14-day-old wild-type and
NG2/CSPG4 knockout mice at passage four. RNA was
isolated using the Qiagen RNeasy Mini Kit (79216 Qiagen,
Germantown, MD). In short, a Poly(A) RNA sequencing
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library was prepared following Illumina’s TruSeq-stranded-
mRNA sample preparation protocol. RNA integrity was
checked with Agilent Technologies 2100 Bioanalyzer. Poly(A)
tail-containing mRNAs were purified using oligo-(dT)
magnetic beads with two rounds of purification. After
purification, poly(A) RNA was fragmented using divalent
cation buffer at an elevated temperature. The DNA library
construction is shown in the following workflow. Quality
control analysis and quantification of the sequencing library
were performed using Agilent Technologies 2100 Bioanalyzer
High Sensitivity DNA Chip. Paired-ended sequencing was
performed on Illumina’s NovaSeq 6000 sequencing system.
For bioinformatics analysis, in-house scripts were used to
remove the reads that contained adaptor contamination, low-
quality bases and undetermined bases (56). Then sequence
quality was verified using FastQC (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/). HISAT2 (57) was used to
map reads to the genome of ftp:/ftp.ensembl.org/pub/release-
101/fasta/mus_musculus/dna/. The mapped reads of each
sample were assembled using StringTie (58). Then, all
transcriptomes were merged to reconstruct a comprehensive
transcriptome using perl scripts and gffcompare. After the
final transcriptome was generated, StringTie (58) and edgeR
(59) was used to estimate the expression levels of all
transcripts. StringTie (58) was used to perform expression
level for mRNAs by calculating FPKM. The differentially
expressed mRNAs were selected with log2 (fold change) > 1 or
log2 (fold change) <—1 and with statistical significance (p
value <0.05) by R package edgeR (59). Four biological
replicates were used for the analysis.

Western blot analysis

For in vitro and in vivo protein isolation of cultured cells,
plates were washed with 1x PBS, lysed using an extraction
reagent (M-PER, 78501, Thermo Fisher Scientific, Waltham,
MA) with protease (cOmplete, 4693116001, Sigma, St. Louis,
MO) and phosphatase (PhosSTOP, 4906845001,
St. Louis, MQ) inhibitors. For in vivo tissues, tissue was

Sigma,

homogenized in the lysis buffer. For in vitro protein isolation
of the cell-agarose scaffolds, samples were rinsed in 1x PBS
for 20 min, placed in Laemmli Buffer, boiled for 10 min,
cooled on ice, and spun down for 2h using a mini-spin
column (Pierce Spin Cups, 69700, Thermo Fisher Scientific,
Waltham, MA). For all samples, lysate insolubles were
removed by centrifugation at 14,000¢ for 15 min at 4 °C. For
monolayer cell and tissue samples tested for NG2/CSPG4,
supernatant was incubated with chondroitinase ABC (100330-
1, AMSBio, Cambridge, MA) added at 0.05 units/ml for 2 h at
37 °C. For all samples, lysates were adjusted to a 1x protein
sample loading buffer (928-40004, Licor, Lincoln, NE), heated
at 99 °C for 10 min, separated on a 4%-15% sodium dodecyl
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sulfate polyacrylamide gel (SDS-PAGE), and analyzed by
western blot with antibodies against NG2/CSPG4 (1:500,
AB5320, Sigma-Millipore, Santa Cruz, CA), ERK (1:500,
9101S, Cell Signaling Technology, Danvers, MA), ERK
phosphorylation at Thr202/Tyr204 and Thr185/Tyr187 (1:500,
4695T, Cell Signaling Technology, Danvers, MA), MEK
phosphorylation at Thr202/Tyr204 (1:500, 4370T, Cell
Signaling Technology, Danvers, MA), cRaf phosphorylation at
ser338 (1:500, 56A6, Cell Signaling Technology, Danvers,
MA), p90RSK phosphorylation at ser380 (1:500, D3H11, Cell
Signaling Technology, Danvers, MA), and a B-actin mouse
monoclonal control (1:1000, 926-42210, Licor, Lincoln, NE).
Blots were imaged using a LI-COR Fluorescence Quantitative
western blot. Fluorescence values were normalized to B-actin
and standardized to experimental control samples. Four
biological replicates were used for all western blots.

Statistics

Statistical significance was assessed by one-way ANOVA.
For multi-group comparisons, post hoc Bonferroni test were
carried out (SPSS, Chicago, IL). A statistically significant
difference was considered as p < 0.05.
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