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Abstract

Intervertebral disc (IVD) disorder is often caused by the defect of annulus fibrosus (AF),
especially that of the outer AF. Studies about the mechanisms governing the development of the
outer AF are needed for a better understanding of pathogenesis of 1VVD defects.
Glycosaminoglycans (GAGS) are essential components of extracellular matrix (ECM) in AF.
FAMZ20B is a newly identified xylose kinase that catalyzes the biosynthesis of GAGs. In this study,
we created FamZ20B conditional knockout (cKO) mice in which FAM20B was inactivated in type |
collagen-expressing cells, the main type of cells in the outer AF of IVVD. The cKO mice showed
severe spine deformity and remarkable 1VD defects associated with AF malformation. The AF of
cKO mice had a lower level of chondroitin sulfate and heparan sulfate, and the outer AF cells lost
their normal fibroblast-like morphology and acquired chondrocyte phenotypes, expressing a higher
level of Sox 9 and type Il collagen along with a reduced level of type | collagen. The level of
phospho-Smad 2 and phospho-Smad 3, and that of scleraxis, a downstream target molecule of
canonical TGF- signaling pathway were significantly lower in the AF of cKO mice. The AF in
cKO mice also manifested altered levels in the molecules associated with the activations of MAPK
pathway; the changes included the increase of phospho-P38 and phospho-ERK and a decrease of
phospho-JNK. These results indicate that FAM20B plays an essential role in the development of
AF by regulating the TGF-p signaling and MAPK signaling pathways.
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1. Introduction

Intervertebral disc (VD) disorder is a worldwide health problem causing serious social and
economic burden [1]. While I1\VVD lesion can be attributed to a broad spectrum of factors such
as aging, smoking, infection, abnormal mechanical stress, diabetes, trauma, and genetic
predisposition [2], its treatment options are quite limited, primarily aimed at relieving the
symptoms rather than complete eradication; these therapeutic limitations are, in part, due to
a relatively poor understanding of the mechanisms governing the development of 1VD and
the pathogenesis of its defects. The developmental defects of the three VD substructures,
the central nucleus pulposus (NP), the peripheral annulus fibrosus (AF), and the superior and
inferior endplates (EP), make the I\VVD prone to degeneration and destruction [3-5]. While
the relationship between NP/EP defects and IVVD degeneration/destruction has been well
studied [6-9], there has been very little information regarding the relationship between IVD
defects and AF development.

AF is a multi-lamellar collagen-rich fibrocartilage tissue surrounding NP [10]. The
extracellular matrix (ECM) of AF plays an important role in the development and
maintenance of AF [11,12]. The major components of AF ECM are collagens (60%—70% of
dry weight, mostly type | collagen) and proteoglycans (15%—-20% of dry weight) [13].
Glycosaminoglycans (GAGS), which are covalently linked to amino acids in proteins to form
proteoglycans, are important ECM components in AF [14]. GAGs are highly negatively-
charged molecules that attract cations and water molecules to sustain compressive and
tensile strength from the adjacent vertebral body [15]. As GAGs are vital for the normal
structure and functions of AF, the enzymes catalyzing the formation of GAGs are believed to
be essential to the development of AF [16].

FAM20B (family with sequence similarity 20, member B) is a recently identified xylose
kinase, which greatly facilitates the biosynthesis of chondroitin sulfate (CS) and heparan
sulfate (HS) [17,18]. FAM20B phosphorylates the initial xylose residue in the
tetrasaccharide linkage of CS and HS chains; the attachment of phosphates to this
five—carbon sugar is essential to the elongation of CS and HS chains [17-19]. Studies have
shown that the constitutive deletion of Fam20B in mice leads to embryonic lethality at E13.5
[20], and that the conditional ablation of FamZ20B in the dental epithelium of mice using
K14-Crerecombinase leads to supernumerary incisors, and inactivation of mouse Fam20B
by Osr2-Cre recombinase causes chondrosarcoma and postnatal ossification defects in the
joint cartilage via the alterations of the WNT, BMP, and PTHrP/IHH signaling pathways
[21,22]. These results suggest that FAM20B plays an important role in the development of
the organs and tissues via regulating the balanced networks of multiple signaling pathways.

Transforming growth factor B (TGF-p) signaling pathway is involved in many cellular
processes in both developing embryos and adult organs; they participate in the growth,
differentiation, apoptosis, and homeostasis of cells [23]. It has been well documented that
the TGF-B signaling pathways play important roles in the development of AF. Baffi et al.
reported that the nullification of the TGF-p signaling pathways led to a size reduction or
complete loss of AF [24,25]. Bashar et al. also illustrated that the TGF-p signaling pathways
are important for the development of AF [26,27]. Mitogen activated protein kinase (MAPK)
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signaling pathway can be activated by a variety of extracellular and intracellular stimuli [28]
and may regulate numerous cellular activities including proliferation, differentiation,
survival, and death [29]. Studies have shown that MAPK signaling pathway participates in
the development of AF in IVD and are important for the normal differentiation of AF cells
[30,31].

Proteoglycans are known to regulate organogenesis via the modulation of multiple signaling
pathways including TGF- and MAPK pathways [32-34]. FAM20B catalysis is essential to
the biosynthesis CS and HS [35], two key constituents of many proteoglycans [36,37].
Therefore, it is reasonable to envision that FAM20B may regulate the development and
maintenance of AF through these pathways; this is a research area to which no attention has
been given.

In this study, we inactivated FAMZ20B in type | collagen-expressing cells in mice; in AF, the
type | collagen-expressing cells are the main type of cells. Using these Fam20B conditional
knockout (cKO) mice, we analyzed the effects of FAM20B inactivation on the development
of AF and assessed the levels of molecules associated with the activation of TGF-p and
MAPK signaling pathways in the AF of the mouse I'VD. The cKO mice exhibited severe AF
malformation with abnormal differentiation and proliferation of AF cells, along with altered
levels of molecules associated with the activation of TGF-p and MAPK pathways. The
findings in this investigation indicate that FAM20B inactivation resulted in a transformation
of the normal fibroblast-like cells into chondrocytes in the outer AF and this cell fate
change, a major contributor to the 1D malformation, may be related to the alterations in
TGF-B and MAPK signaling pathways associated with the loss of FAM20B function in the
AF cells.

2. Materials and methods

2.1. Generation of 2.3 kb Col I-Cre;Fam20Bflox/flox (cKO) mice

The 2.3 kb Col | Cre;Fam20B0%/flox (cKO) mice were generated by mating 2.3 kb Col 1al-
Cre mice [38,39] with Fam20B0X/flox mice [21,22]. The age- and sex-matched
Fam20B0x/floX |ittermates were used as normal controls; these mice showed normal
development [22]. Tail biopsies were analyzed by polymerase chain reaction (PCR)
genotyping with primers specific for the Cre transgene and Fam20B-floxed allele, as
previously described [21]. We did not observe significant phenotypic differences in the spine
and IVDs between the male and female cKO mice. All animal procedures were approved by
the Institutional Animal Care and Use Committee (IACUC) of Texas A&M University
College of Dentistry (Dallas, TX, USA) and performed in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals.

2.2. Gross observation and X-ray radiography

12 male mice (6 from control group and 6 from cKO group) were photographed and
weighed at birth and at 1-, 2-, 3-, 6-and 12-weeks after birth to monitor the body sizes of the
animals. For plain X-ray radiography (Faxitron MX-20DC12 system; Faxitron Bioptics,
Tucson, Arizona, USA) analyses of the whole skeleton, 12-week-old male mice (6 from
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each group) were scanned and representative images were shown. For the X-ray analyses of
spines, the spines dissected from 3-week-old male mice (at least 3 mice for each group)
were imaged.

2.3. Histological analyses

The spines dissected from the embryonic 16.5 (E 16.5) days, newborn, 1-week-and 3-week-
old mice were immediately immersed in 4% paraformaldehyde in phosphate-buffered saline
(pH 7.4). After an overnight fixation at 4 °C, the samples were then decalcified in 15%
ethylenediaminetetraacetate (EDTA) solution (pH 7.4). The decalcification time varied from
2 to 7 days, depending on the age of mice. Then, the samples were processed for paraffin
embedding, and 5-um serial sections were prepared. The paraffin sections were used for
Hematoxylin and Eosin (H&E) staining, toluidine blue staining, picro-sirius red staining,
immunohistochemistry (IHC) staining, In situ hybridization (ISH), or bromodeoxyuridine
(5-bromo-2’-deoxyuridine,BrdU) staining as we previously described [22,40]. For H&E,
toluidine blue, picro-sirius red, IHC staining and ISH analyses, at least 3 mice from each
group were assessed and multiple sections from the specimen of each mouse were evaluated.
For BrdU analyses, 6 mice from each group were examined and multiple sections from each
mouse were assessed.

We measured the height of EP in the H&E stained sections from 1-week and 3-week-old
control and cKO mice (3 mice from each group at each time point). Twenty points of EP (10
for the upper EP and 10 for lower EP) in the mid-coronal sections from each of the mice (3
mice per group) were selected and the EP heights at each point were measured to calculate
the average value.

For toluidine blue staining, the spines dissected from 3-week-old mice were processed for
paraffin sections. The sections were incubated in 0.04% toluidine blue (pH 2.0-2.5) at 25°C
for 5 min the samples were washed with two changes of double distilled water and followed
by dehydration in gradient ethanol, cleared in xylene and mounted with permount mounting
medium for observation.

For picro-sirius red staining, the specimens same as those used for toluidine blue staining
were employed to make sections. The sections were stained with hematoxylin solution for 8
min and washed with double distilled water for 10 min, the samples were immersed in picro-
sirius red for 1 h followed by washing in two changes of acidified water. Then, the sections
were dehydrated in three changes of 100% ethanol, cleared in xylene and mounted. The
stained sections were observed under microscopy with polarized light to analyze the
structure and organization of collagen fibers in 1VD.

For BrdU staining, two doses of BrdU (100 pg/g mouse, SigmaAldrich) were administrated
via intraperitoneal injections; the first injection was 24 h and the second injection was 2 h
before sacrifice at postnatal 3 weeks. The spines were dissected and processed for paraffin
sectioning as described above. Then, the BrdU-labeled cells were detected using a BrdU
staining kit (Invitrogen) following the manufacturer’s instruction. Images of the AF areas
were captured under an Olympus BX51 digital camera system and BrdU positive nuclei and
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total nuclei in the AF area were counted. The ratios of BrdU-labeled cells to total AF cells
were calculated to serve as an index of the cell proliferation rate.

2.4. TUNEL staining

For terminal deoxynucleotidyl transferase-mediated dUTP nick end labelling (TUNEL)
staining, the spines from 3-week-old mice were fixed overnight at 4 °C with 4%
paraformaldehyde, then in 0.1% diethyl pyrocarbonate (DEPC)-treated 15% EDTA solution
at 4 °C for 7 days. Samples were dehydrated with 30% sucrose and embedded in optical
coherence tomography (OCT) compound (Sakura Finetek Inc., Torrance, USA). Sections
were cut at 5 um on a cryostat (2800 FRIGOCUT; Leica). The TUNEL analysis was
performed using an Apoptag®Plus Fluorescein In Situ Apoptosis Detection kit (EMD
Millipore Corporation, Billerica, USA) according to the manufacturer’s instructions. Briefly,
the sections were washed with PBS and placed in an equilibration buffer for 2 min at room
temperature. Subsequently, the slides were incubated with TUNEL reaction mixture that
contains the enzyme (TdT) and fluorescent label (tetramethlyrhodamineconjugated
nucleotides) in a humidified chamber for 1 h at 37 °C in the dark. After washing with PBS,
the slides were mounted with DAPI (Sigma, California, USA). SP5 Leica confocal
microscope was used to capture the fluorescent cell images. The positive signals for the cell
apoptosis staining was in green color and DAPI staining was in blue color. The experiments
were performed with at least three biological replicates (3 mice) and 3 sections per replicate.

2.5. Alizarin red/alcian blue staining

The 3-week-old control and cKO mice (at least 3 mice from each group) were sacrificed,
skinned, eviscerated and fixed in 95% ethanol. Alizarin red/alcian blue staining was
performed as in our previous studies to visualize the 1\VD and the adjacent vertebral body
[22].

2.6. Immunohistochemistry (IHC) and immunofluorescence (IF) staining

The IHC experiments on paraffin-embedded sections were carried out using ABC kit and
DAB kit (Vector Laboratories, Burlingame, California, USA) according to the
manufacturer’s instructions, and as previously described [40]. Briefly, paraffin sections from
3-week-old mice were dewaxed and rehydrated and then treated with 3% H,0O» to block
endogenous peroxidase activity followed by heat-induced antigen retrieval in citrate buffer.
Then, sections were incubated with 3% bovine serum albumin and 10% normal goat or
normal rabbit serum to block nonspecific reactions. Sections were then incubated with
primary antibodies overnight at 4 °C. Next, sections were incubated with biotinylated
secondary antibodies at room temperature for 1 h. Finally, sections were treated with ABC
kit (Vector, PK-6100), and the immunoreactivity was visualized by adding 3, 3’-
diaminobenzidine tetrahydrochloride (DAB) solution (Vector, SK-4100), with positive
signals being in brown color. Sections were counterstained with methyl green solution.
Primary antibodies used for IHC included anti-CS (Abcam, ab11570, at 1:400 dilution),
anti-Phospho-Smad 2 (Abcam, ab188334, at 1:100 dilution), anti-Phospho-Smad 3 (Abcam,
ab52903, at 1:100 dilution), anti-Sox 9 (Abcam, ab185230, at 1:400 dilution), anti-SCX
(Biorbyt, orb306386, at 1:50 dilution), anti-Phospho-JNK (Santa Cruz, sc-12882, at 1:200
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dilution), anti-Phospho-ERK (Santa Cruz, sc-23759-R, at 1:200 dilution), anti-Phospho-P38
(Abcam, ab4822, at 1:200 dilution).

Due to the relatively lower amount of HS in the AF and the lack of high-sensitivity anti-HS
antibodies, we employed the more sensitive immunofluorescence (IF) approach, instead of
chromogenic IHC, to visualize HS in the AF. For the IF analyses, the spines dissected from
the 3-week-old control and cKO mice (3 mice from each group) were fixed overnight at 4 °C
with 4% paraformaldehyde, and then decalcified in 0.1% DEPC-treated 15% EDTA solution
at 4 °C for 7 days. Samples were dehydrated with 30% sucrose and embedded in OCT
compound (Sakura Finetek Inc., Torrance, USA). Sections were cut at 5 um on a cryostat
(2800 FRIGOCUT,; Leica). The sections were incubated at 37 °C for 1 h, rinsed in PBS and
treated with 3% H»05 to block endogenous peroxidase activity. After antigen retrieval
treatment with hyaluronidase (SIGMA, H4272), the sections were incubated with 3% bovine
serum albumin and 10% normal goat serum to block nonspecific reactions. Sections were
then incubated with the anti-HS antibodies (Amsbio, clone F58-10E4, 370255-1, at 1:25
dilution) overnight at 4 °C. Next, sections were incubated with Goat Anti-Mouse IgM mu
chain secondary antibodies (ab150121, at 1:200 dilution) at room temperature for 1 h. After
washing with PBS, the slides were mounted with DAPI (Sigma, California, USA). SP5
Leica confocal microscope was used to capture the images. The positive signal for HS was
in green; DAPI staining was in blue.

2.7. Western immunoblotting

Under stereo microscope (Nikon, MK 1), the AF from the IVDs of 3-week-old cKO and
normal control mice (3 mice from each group) were dissected. The AF tissues from each
mouse were collected separately; i.e., the tissues from the 3 mice of each group were not
pooled but were placed in 3 different containers and the proteins from the AF of each mouse
were extracted independently. The dissected AF tissues were ground into powder in liquid
nitrogen and lysed by RIPA buffer (ThermoFisher Scientific, NY, USA) supplemented with
a mixture of protease inhibitors (Roche). Bicinchoninic Acid (BCA) assay (Pierce
Biotechnology) was used to measure the protein concentrations of the samples for the
normalization of sample loading sizes. The protein extracts from the AF of each mouse were
independently analyzed by sodium dodecy! sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and Western immunoblotting as we described previously [41]. We did multiple
Western immunoblotting analyses on the protein extracts from the AF of each mouse.
Primary antibodies used for Western immunoblotting were anti-Phospho-Smad 2 (Abcam,
ab188334, at 1:1000 dilution), anti-Phospho-Smad 3 (Abcam, ab52903, at 1:1000 dilution),
anti-Total-Smad 2/3 (Cell Signaling Technology, #8685, at 1:1000 dilution), anti-Sox 9
(Abcam, ab185230, at 1:1000 dilution), anti-SCX (Biorbyt, orb306386, at 1:500 dilution),
anti-Phospho-JNK (Santa Cruz, sc-12882, 1:1000 at dilution), anti-Total-JINK (Abcam,
ab179461, at 1:1000 dilution), anti-Phospho-ERK (Cell Signaling Technology, #9101, at
1:1000 dilution), anti-Total-ERK (Cell Signaling Technology, #4695, at 1:1000 dilution),
anti-Phospho-P38 (Cell Signaling Technology, #4511, at 1:1000 dilution), and anti-Total-
P38 (Cell Signaling Technology, #8690, at 1:1000 dilution). The goat-derived anti-rabbit
IgG conjugated with horseradish peroxidase (sc-2030, Santa Cruz Biotechnology, Dallas,
TX; 1: 2000) was used as the secondary antibody. The immunoreactive bands were detected
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with an enhanced chemiluminescence (ECL) detection system (Pierce Biotechnology),
according to the manufacturer’s instructions, and the signals were visualized with CL-
XPosure film (Pierce Biotechnology Inc., Rockford, Ill., USA). The chemiluminescence
protein bands of interest were assessed using the NIH Image J software (National Institutes
of Health, Bethesda, MD, USA) to measure the overall signal strength, which integrated the
area and intensity of a protein band; if a protein appeared as doublet bands, both bands were
assessed. Western immunoblotting was performed independently on the protein extracts
from each of the 6 mice (3 from each group) and same conditions were applied to the
immunoblotting processes for assessing the same protein. The average signal strength of
each target protein was calculated from 3 independent assessments for each group and the
value was expressed as the signal strength of the individual protein in relativity (ratio) to that
of B-actin in the quantitative analyses.

2.8. RNA isolation and quantitative real-time PCR (QRT-PCR) analysis

Under stereo microscope (Nikon, MK 1), the AF from the IVDs of 3-week-old cKO and
normal control mice (6 mice from each group) were dissected. As in the Western
immunoblotting analyses, we collected the AF tissues from each mouse separately and used
RNeasy mini Kit (Qiagen, Inc., Valencia, CA) to extract total RNA independently (without
pooling) from the samples of each mouse. The extracted total RNA was treated with DNase
I (Promega, Madison, WI) to remove genomic DNA. The RNA purity and concentration
were assessed with a NanoDrop spectrophotometer (DeNovix, DS-11+). The integrity of
RNA was verified on ethidium bromide stained agarose gels. The RNA (1 ug/ml per sample)
was transcribed into cDNA using QuantiTect Reverse Transcription Kit (Qiagen) according
to the protocol provided by the manufacturer. Then, GoTag® gPCR Master Mix (Promega)
was used for SYBR green real-time RT-PCR technique to assess the mRNA levels of Col I,
Col Il and SCX. Samples, in which no reverse transcriptase was added, were set as the
negative control. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a
housekeeping gene and all the samples were normalized to the GAPDH level and fold
changes were calculated by relative quantification (2- A ACt). The experiments for each
group were performed with six biological replicates. The primers used for the amplification
of the indicated genes were listed as below: Col | (Forward)
CTGCTGGCAAAGATGGAGA, (Reverse) ACCAGGAAGACCCTGGAATC [42]; Col 1l
(Forward) GGAA AGTCTGGGGAAAGAGG, (Reverse) CAGTCCCTGGGTTACCAGAA
[43]; SCX (Forward) CCTTCTGCCTCAGCAACCAG, (Reverse) GGTCCAAAGT
GGGGCTCTCCGTGACT [44]; GAPDH (Forward) CAAAGTTGTCATGG ATGACC,
(Reverse) CCATGGAGAAGGCTGGGG [45];

2.9. In situ hybridization (ISH)

ISH was performed on the paraffin sections made of the spine specimens from 3-week-old
mice. The RNA probes for Col | and Col Il were the same as we used in our previous studies
[22]. The probes were labeled with digoxigenin (DIG) using a RNA labeling kit (Roche Life
Science, IN, USA), according to the manufacturer’s instructions. Anti-DIG-AP antibody
(Roche Life Science) and alkaline phosphatase chromogen (BCIP/NBT) substrate (\Vector
Laboratories) were used to detect the DIG-labeled RNA probes. The positive signals were
stained blue.
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2.10. Statistical analysis

All quantitative data were analyzed by SPSS 13.0 software and presented as mean + SD
from 3 to 6 biological independent experiments. All data were tested for and confirmed to
present normal distribution using Shapiro-Wilk test. The Student’s #test was used to
compare the means between two groups. A value of p < 0.05 was considered statistically
significant.

3. Results

3.1. Inactivation of FAM20B causes growth retardation and spine deformity

By crossbreeding the Fam20B0X/floX mice with the transgenic mice expressing Cre-
recombinase driven by the 2.3kb Col 1al promoter, we generated the 2.3kb Col 1al-
Cre;Fam20B0X/flox mice (referred to as “cKO mice” in this report), in which FAM20B was
inactivated in the cells expressing Type I collagen. We characterized cKO mice, in
comparison with the Fam20B70X/flox |ittermates that served as normal controls (Ctrl). The
cKO mice showed apparent postnatal growth retardation compared to the age-and gender-
matched normal controls (Fig. 1). At birth, the body mass of cKO mice was similar to that of
the normal control mice, and at postnatal two weeks, the body mass in cKO mice became
significantly lower than in the normal controls. As the mice further aged, the difference in
body weight became more prominent. At postnatal three weeks, body mass of cKO mice
was approximately 70% of the normal ones (Fig. 1B). At postnatal 12 weeks, the body mass
of cKO mice was approximately 50% of the normal controls (Fig. 1B). X-ray radiographic
examinations showed that the tails and the spines of cKO mice were remarkably shorter than
those of the controls and the curvature of spine in cKO mice was changed showing severe
kyphosis (Fig. 1C).

3.2. Inactivation of FAM20B causes abnormalities in IVD

For morphological analyses, we first performed H&E staining to assess the effects of
FAM20B inactivation on the development of mouse IVD. In the IVD from 3-week-old mice,
the sagittal sections (sections created by cutting the IVD in a front-back direction) revealed
mildmoderate abnormalities in EP and NP, with the EP being thinner and the NP becoming
smaller; the anterior and posterior AF of cKO mice appeared slightly different from the
controls in the sagittal sections (Fig. S1).

In the coronal sections (i.e., sectioning the IVD in a left-right direction), cKO mice at E 16.5
and at birth showed mildly malformed IVD, with the AF cells becoming larger and rounder,
compared to the AF cells in the normal controls (Fig. 2A, B, C, D). At postnatal 1 and 3
weeks, the VD of cKO mice demonstrated remarkable deformities and the phenotypic
differences of IVD became much more apparent between cKO and control mice (Fig. 2E, F,
G, H,I). From postnatal 1 week, the outer AF cells in cKO mice started to exhibit
morphological change; unlike the fibroblast-like cells observed in the outer AF of control
mice, the outer AF cells in cKO mice became rounder and took a chondrocyte-like
appearance. Due to the morphological change of the outer AF cells, the boundary between
the inner AF and the outer AF became less clear. This morphological alteration of the outer
AF cells became more apparent in the cKO mice at postnatal 3 weeks at which point the
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entire outer AF was replaced by disorganized chondrocytes. Additionally, the NP of 1-and 3-
week-old cKO mice showed dramatic shrinkage in size, allowing the majority areas of IVD
being replaced by the malformed AF. EP deformities were also obvious in the coronal
sections; the average EP heights in 1-and 3-week-old control mice were 85.2 + 4.5 um and
65.7 = 5.7 um, respectively, while those of cKO mice were 27.3 + 4.3 ym and 8.5+ 7.6 um,
respectively. In some areas of VD in the 3-week-old cKO mice, EP was even lost, which
allowed the NP to invade into the adjacent growth plate. It was apparent that the functional
loss of FAM20B had more significant effects on the development of the lateral parts of the
IVD than on the anterior and posterior regions. In the following sections, we will use the
coronal sections of IVD tissues to illustrate our findings in the lateral parts of the I\VD.

We stained the spines of 3-week-old mice with alcian blue and alizarin red; in this
assessment, chondrocytes and cartilage-like tissues are stained blue, while bone and
mineralized tissues stained red. The area of NP was significantly smaller and the integrity of
EP was lost (Fig. 3A,B) in cKO mice. X-ray radiographic analyses of the spines showed
severely malformed EP in cKO mice (Fig. 3C, C1). These observations further confirmed
the results of H&E staining that inactivation of FAM20B disrupted the development of IVD.

No significant phenotypic differences in IVDs were observed between the male and female
cKO mice in any of the above described analyses.

3.3. Inactivation of FAM20B led to the formation of ectopic cartilage-like tissue in the

outer AF

AF is a fibrocartilage structure located around the NP. AF is subdivided into inner AF and
outer AF. Under physiological conditions, the inner AF cells are round, resembling
chondrocytes, while the outer AF cells have a spindle-shaped morphology looking like
fibroblasts [46]. As shown in Fig. S2, type I-expressing cells in this embryonic stage were
mainly located in AF but not in NP and EP, consistent with our observation that the most
remarkable abnormalities in the IVD of cKO mice were the phenotypic changes of AF that
expressed the 2.3 kb Col 1al1-Cre recombinase [38,39]. In the following section, we will
describe and discuss in details of our findings about the malformed AF in cKO mice.

Toluidine blue staining, in which cartilaginous tissues are stained purple, revealed that in the
control mice the toluidine blue was primarily restricted to the inner AF, while in the cKO
mice, most of the AF areas including a major portion of the presumptive outer AF in cKO
mice was stained purple, indicating that the fibrous tissues in the outer AF of the cKO mice
was replaced by cartilage-like tissue (Fig. 4A, B). The IHC analyses for Sox 9, a specific
marker of chondrocyte [47], revealed that the AF tissue in cKO mice had more Sox 9-
positive cells than in the control mice. The Sox 9-positive cells were distributed across the
whole AF in the cKO mice, while in the AF of control mice the Sox 9-positive cells were
mainly located in the inner AF (Fig. 4C, D). Western immunoblotting analyses of total
proteins extracted from the dissected AF tissue of 1\VD further confirmed the elevation of
Sox 9 protein in the AF of the cKO mice (Fig. 4E, F).

As cartilaginous change is usually associated with alterations in collagen structure, we
analyzed the collagen fibers in AF by sirius red staining. The AF in cKO mice displayed a
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severe disruption of the collagen structure; the collagen fibers in the AF of cKO mice
became thinner and more irregular, along with a total loss of the normal AF lamellae, the
thin plate-like collagen structure, which is present in the normal control mice (Fig. 5C, D).

Our in situ hybridization (ISH) analyses showed that in the normal control mice, cells
positive for Col | transcripts were mainly located in the outer AF while Col Il-positive cells
were predominantly present in the inner AF (Fig. 6). In cKO mice, the Col I-positive cells in
the periphery of the AF were fewer than in the normal controls. On the contrary, the number
of Col ll-positive cells was significantly increased and distributed nearly across the entire
AF in the cKO mice. Quantitative real-time PCR (QRT-PCR) analyses revealed a remarkable
elevation of Col 11 mRNA (235% of control) and a significant reduction of Col | mMRNA
(43% of control) in the AF of cKO mice (Fig. 6E, F). Taken together, these results indicate
that the outer AF in the cKO mice was transformed from fibrous tissue to cartilage-like
tissue.

As the AF in cKO mice was thicker than that of the control mice (Fig. 2), we suspected that
the proliferation rate of AF cells might have been elevated. To determine the proliferation
rate of the AF cells, we performed intraperitoneal injection of BrdU in the mice. Antibodies
against BrdU were used to detect the proliferating cells that were actively replicating their
DNA [35]. As shown in Fig. 7A, B, E, the AF in the cKO mice had more (approximately 9.5
folds over the control group) BrdU-positive cells than in the control mice. However, TUNEL
staining analyses showed that there was no significant apoptosis in the AF cells of either
control or cKO mice (Fig. 7C, D).

3.4. Inactivation of FAM20B caused a reduction of chondroitin sulfate in AF

FAMZ20B is a xylose kinase that catalyzes the assembly of CS, the most abundant GAG in
the AF tissue and critical for the development and maintenance of AF [16]. Our anti-CS IHC
analyses revealed that the AF of IVD in cKO mice had remarkably less CS than in the
control mice (Fig. 8). In some areas of the AF of cKO mice, CS was even completely lost.
The NP in cKO mice also had less CS than in control mice although the quantitative change
of CS in the NP was not as dramatic as that in the AF. Immunofluorescence analyses showed
that the AF of cKO mice also had less HS than that of the normal control mice (Fig. S3).

3.5. The functional loss of FAM20B in AF altered the levels of molecules in the TGF@
signaling pathway

TGFp signaling pathway is known to be essential for the development and maintenance of
AF in IVD [24-26]. The activation of TGFp signaling pathway depends on the
phosphorylation of Smad 2 and Smad 3. The phosphorylated forms of Smad 2 and Smad 3
bind to Smad4 to form a complex, which then enters the nucleus to activate the
transcriptions of target genes [48]. In this study, we examined the levels of phospho-Smad 2
and phospho-Smad 3 in the AF of the control and cKO mice by immunohistochemistry and
Western immunoblotting analyses. As shown in Fig. 9, the numbers of cells positive for
phospho-Smad 2 and phospho-Smad 3 were much fewer in the AF of cKO mice than in the
control mice. Western immunoblotting analyses of total proteins extracted from the AF
revealed that the levels of phospho-Smad 2 and phospho-Smad 3 were significantly lowered
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in the AF of cKO mice, with those of total Smad 2 (T-Samd 2) and Smad 3 (T-Smad 3)
unchanged; the ratio of phospho-Smad 2 to T-Smad 2 in cKO mice was 8.1% of the control
mice and the that of phospho-Smad 3 to T-Smad 3 in cKO mice was 30.7% of the control.
These results indicate that in the AF of cKO mice the activation of Smad-dependent TGFp
signaling pathway may be inhibited.

Scleraxis (SCX), an AF marker, is a downstream target molecule of TGFp signaling
pathway [49]. IHC analyses showed that the number of SCX-positive cells was lower in the
AF of cKO mice than in the control mice (Fig. 10). Anti-SCX Western immunoblotting
analyses of proteins extracted from the AF confirmed that the AF of cKO mice had reduced
level of SCX protein (43.8% of control). Additionally, we extracted the total RNAs from AF
and observed that the AF of cKO mice showed a reduced SCX mRNA level (32.5% of
control).

3.6. The functional loss of FAM20B in AF altered the levels of molecules in the MAPK
signaling pathways

MAPK signaling pathways includes MAPK-INK, MAPK-ERK and MAPK-P38 pathways.
The activation of MAPK signaling pathways are mediated via the phosphorylation of JNK,
ERK and P38 by their corresponding kinases [50]. To study whether ablation of FAM20B
also had eFFects on the activation of MAPK signaling pathways, we examined the levels of
phospho-JNK, phospho-ERK and phospho-P38 in the AF of control and cKO mice by
immunohistochemistry (IHC) and Western immunoblotting. IHC analyses showed that
compared to the control mice, the AF of cKO mice contained fewer phospho-JNK-positive
cells, and had more phospho-ERK-and phospho-P38-positive cells (Fig. 11), Western
immunoblotting analyses of proteins extracted from the AF confirmed that the level of
phospho-JNK was lower and those of phospho-P38 and phospho-ERK were higher in the
AF of cKO mice than in the control mice, while the levels of total INK, total P38 and total
ERK were similar between the cKO and control mice (Fig. 11). The ratio of phospho-JNK to
T-JNK in cKO mice was 7.5% of control mice, while the ratio of phospho-P38 to T-P38 and
that of phospho-ERK to T-ERK in cKO mice were 621.5% and 1211.2% of the control,
respectively (The uncropped bands of western immunoblotting were shown in Fig. S4).

4. Discussion

Studies have shown that the constitutive ablation of Fam20B in mice results in embryonic
lethality and that the functional loss of the FAM20B in zebrafish causes aberrant cartilage
formation and severe skeletal defects, which are linked to abnormal proteoglycan (PG)
biosynthesis [35]. In this study, we inactivated FAM20B in the type I collagen-expressing
cells by mating the Fam20B-floxed mice with the transgenic mice expressing a transgenic
Cre-recombinase driven by the 2.3 Col | promoter. We observed a dramatic growth
retardation in these FamZ20B conditional knockout (cKO) mice. After postnatal 2 weeks, the
body weight of cKO mice was significantly smaller than the control mice and the spines of
the cKO mice were obviously malformed with remarkably shorter spine and severe
kyphosis. In particular, the IVD of cKO mice showed defects. These results have confirmed
the critical role of FAM20B in spine development.
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In the vertebrates, proper development and maintenance of 1VD are essential to the
structural integrity of spine, and a normal structure of spine ensures the appropriate
functions of this organ, which include bearing the body weight and supporting movements.
The three components of VD, nucleus pulposus (NP), endplates (EP) and annulus fibrosus
(AF) are interdependent to one another in structure and function in exerting the
physiological functions of the IVD and spine.

In cKO mice, both the NP and EP were defective; NP was smaller than that in the normal
mice and the integrity of EP was lost. It is reported that the excessive mechanical loading of
IVD will destroy the normal functions and structures of VD [51,52]. The defective changes
of NP and EP in our study were probably attributed to the abnormal mechanical stress
distribution of VD associated with the structural and functional deficiency of AF due to the
inactivation of FAM20B in AF that expresses type | collagen and in which the cre-
recombinase was active in cKO mice. The matrix synthesis of the disc cells are closely
related to the mechanical stress and acute mechanical injury or accumulated overloading
could inhibit disc cell metabolism and accelerate matrix degradation of VD [53,54]. In this
study, the abnormal distributions of disc stress caused by malformed AF might reduce the
metabolism of disc cell and accelerate matrix degradation of NP and EP, which may have
collectively caused the severe malformation of entire IVD in cKO mice.

AF derives from sclerotome [55]. The developing AF is further differentiated into inner AF
and outer AF. Inner AF is fibrocartilage that exhibits characteristics of both fibrous tissues
and cartilaginous tissue while outer AF is more fibrous and resembles ligament and tendon
[56]. Traumatic injuries or developmental defects of AF are major causes of IVD herniation
in humans, leading to serious clinical symptoms, such as lower back pain, leg pain and
disability, which severely affect the patients’ quality of life [57]. The normal structure and
function of AF is closely related to the integrity of ECM. A decrease in ECM content or the
component alteration may affect the structure of AF and cause loss of its function [11,12].
GAGs, as a major component of ECM of AF, play an important role in the development of
AF [14,16,58]. Therefore, FAM20B, as an enzyme essential for the synthesis of GAGs, may
play an important role in the normal development of AF.

In this study, we inactivated FAMZ20B in the type I-expressing cells. While in the embryonic
stage, the type I-expressing cells distribute throughout the entire AF with higher number in
the outer AF and relatively lower number in the inner AF. Our in situ hybridization analyses
did not show the presence of type I collagen-expressing cells in the NP and EP; indicating
that in the IVD of cKO mice FAM20B was inactivated in the AF, but may not be in NP and
EP. We observed that the cells in the AF of cKO mice lost their normal spindle-shape, and
became rounder and enlarged resembling chondrocytes. The findings of altered proteoglycan
distribution detected by toluidine blue staining and increased expression of Sox 9, along
with the morphologic change indicate that the cells of outer AF in the IVD of cKO mice
have undergone a cell fate change; they were transformed from fibroblast-like cells to
chondrocyte-like cells. The cell proliferation rate of AF cells in cKO mice was markedly
higher than that of control mice. The increased proliferating cells in AF occupied the
position of NP, which might have hastened the shrinkage of NP tissues and accelerated the
destruction of IVD in cKO mice.
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ECM components play an important role in the differentiation of AF cells [59]. The ECM of
AF is mainly comprised of GAG-rich proteoglycans including Aggrecan, Versican, Decorin,
Biglycan and Fibromodulin [15,60] and collagen fibers primarily consisting of type | and
type Il collagens. FAM20B is a xylose kinase essential to the elongation of CS and HS
chains. CS is the most abundant GAG located in AF [16]. In young human AF tissue, CS
accounts for 90% of total GAGs while the content of HS is below 2% [58]. In this study, we
observed reduced levels and/or altered distribution of CS and HS in the AF of cKO mice,
suggesting that loss of FAM20B affected the biosynthesis and distribution of CS and HS in
AF. The strong staining of toluidine blue in some areas of the outer AF in cKO mice may be
attributed to the fact that the majority of the outer layer of AF was transformed from fibrous
tissue to cartilaginous tissue; the latter synthesizes much more GAGs than the former.
Another reason for the increased staining of toluidine blue may be that the deletion of
FAMZ20B cannot abolish all kinds of GAG chains [35]; in addition to CS and HS, cartilage
also contains keratin sulfate (KS) and hyaluronic acid (HA) [60], the synthesis of which
does not need FAM20B. It is possible that the reduction of CS was compensated to a certain
extent by the production of GAGs such as KS and HA, which do not need the catalysis by
FAMZ20B. Sirius red staining revealed a dramatic disorganization of the collagen fibers while
in situ hybridization and QRT-PCR revealed a decreased level of Col | mMRNA and an
increase of Col Il mMRNA in the AF of cKO mice. A reduction of Type | collagen, a marker
of fibroblasts in AF, may weaken the tensile of disc and make the AF tissue not strong
enough to sustain the expansion pressure from NP. This may eventually lead to the collapse
of IVD tissue. The increased expression of type Il collagen, a marker of chondrocyte,
together with the results of enhanced toluidine blue staining and increased Sox 9 expression,
suggests that the inactivation of FAM20B leads to cell fate changes in AF tissue with the
outer AF cells undergoing a transformation from fibroblast-like cells to cartilaginous cells.

TGF-p signaling pathway is involved in the development and morphogenesis of many
tissues. It is reported that TGF- signaling participates in the development of AF. Sohn et al.
demonstrated that TGF-f signaling pathway regulates the differentiation of AF cells and
prevents chondrocyte differentiation in the presumptive AF tissue [61]. Nakamichi et al.
constructed an Mkx~"~ mouse model and discovered that TGF-B signaling pathway plays an
important role in the development of outer AF [57]. In this study, we observed a malformed
AF along with the transformation of fibroblast-like cells to chondrocyte-like cells in the AF
of FamZ20B-deficient mice. Taken together, we speculated that FAM20B may play an
important role in the development of AF via the regulation of TGF-B signaling pathways. To
test these postulates, we assessed the TGF-p signaling pathways in the AF of cKO mice
versus normal control mice.

In the AF of cKO mice, the levels of phospho-Smad 2 and phospho-Smad 3, two main
participants of the canonical TGF- signaling pathway, were significantly lower, indicating
that the Smad-dependent TGF- signaling pathway was inhibited in the AF of FamZ20B-
deficient mice. Furthermore, we examined SCX, a marker of AF tissue and a downstream
target of canonical TGF-p signaling pathway, which is regulated positively by Smad 2 and
Smad 3 [62]. We observed that both the protein and the mRNA levels of SCX were
significantly reduced in AF of cKO mice. These results indicate that the functional loss of
FAM20B strongly inhibits the activation of TGF-f signaling pathway.
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We also examined the levels of INK, P38 and ERK, the key players of MAPK signaling
pathways [63]. In the AF of cKO mice, we observed a remarkably down-regulated activation
of the MAPK-JNK pathway. Ulici et al. constructed a JMK1/2 double knockout mouse
model and found that MAPK-JINK signaling pathway plays an important role in the
development of AF [64]; the malformed AF in cKO mice may be, in part, due to the
downregulation of INK/MAPK pathway caused by inactivation of FAM20B. Studies have
also shown that MAPK-JNK pathway inhibits the expressions of chondrocyte markers, such
as Sox 9 and type Il collagen [65,66]. In this study, the inhibition of MAPK-JNK pathway
associated with the inactivation of FAM20B may be one of the factors that increased the
expression levels of Sox 9 and type Il collagen, contributing to cartilage metaplasia of outer
AF. The levels of phosphorylated P38 and ERK were significantly elevated in the AF of
cKO mice, suggesting that the inactivation of FAM20B may have activated the MAPK-P38/
MAPK-ERK pathways in AF. As the altered activation of MAPK signaling pathways may
induce improper differentiation of AF cells into chondrocytes [31,67], it is possible that
changes in the levels of phosphorylated P38 and ERK may also contribute to the cell fate
change in the AF of cKO mice.

5. Conclusion

This is the first report regarding the roles of FAM20B in the development of AF. Our
findings show that FAM20B is essential to the development of AF in IVD and this enzyme
may regulate the development of AF in IVD via TGF-p and MAPK signaling pathways. The
FamZ20B knock out mouse model may serve as a useful animal model to study the molecular
mechanisms of AF development.
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Fig. 1.
Inactivation of FAM20B caused growth retardation and spine deformity. (A) Gross pictures

of 12-week-old control and cKO male mice (representative photographs out of 6 mice for
each group). The cKO mouse was significantly smaller than the control mouse (Bar = 1 cm).
(B) The body mass of cKO mice was compared to the normal mice; at each time point, the
average body weights were calculated from the measurements of 6 mice (n =6, *, p < 0.05;
** p <0.01). There were no significant differences in the body weights of newly born and
1-weel-old control mice versus cKO mice. Since postnatal two weeks, the body weights of
the cKO mice were significantly lower than the age-matched control mice. (C) Skeletal
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radiography of whole body of 12-week-old control and cKO mice (representative X-ray
images out of 6 mice for each group). The spine of the cKO mice is shorter than that of
control mouse and the curvature of spine in cKO mice is changed showing kyphosis.
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Fig. 2.

Ingctivation of FAM20B caused abnormalities in IVD. H&E staining of mid-coronal (A, B,
C, D, E, F, G, H) sections of L3 lumber 1\VVDs of control mice and cKO mice (representative
images of at least 3 mice for each group). A1, B1, C1, D1, E1,F1, G1 and H1 were the
higher magnification views of larger (left) boxes in A, B, C, D, E,F, G, and H, respectively;
A2, B2, C2,D2, E2,F2, G2, and H2 were the higher magnification views of smaller (right)
boxes in panels A, B, C, D, E, F, G and H, respectively (Bars in the A, B, C, D, E1, F1, G1,
H1, E2, F2, G2, H2 = 50 um, Bars in the E, F, G, H = 200 um). (1) Average EP heights in the
1VDs of 1-week-old and 3-week-old mice (n = 3). The cKO mice at E 16.5 days and at birth
showed mildly malformed VD, with the AF cells became bigger and rounder. In the 1-and
3-week-old cKO mice, the size of the NP was remarkably smaller and the EP (blue bar) was
apparently thinner than the age-matched control mice; in some areas the EP was completely
lost (red arrow in H2). The AF cells in 1-and 3-week-old cKO mice lost their normal
morphology of spindle shaped cells (white arrows) and were replaced by the rounder
chondrocyte-like cells (black arrows).
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Fig. 3.

Ingctivation of FAM20B led to the shrinkage of NP and malformation of EP. (A, B) Alcian
blue and alizarin red staining of the spines from 3-week-old control and cKO mice; the
representative images (of at least 3 mice for each group) were the anterior views of the L3-
L5 region of the spines. Al and B1 were the higher magnification views of the black boxes
in A and B, respectively. The size of NP (the area surrounded by red dashed lines) was
reduced in cKO mice and the integrity of EP (the area surrounded by yellow dashed lines)
was lost in cKO mice (Bars in the A, B, A1, B1 =1 mm). (C) Plain X-ray images of the
spines from 3-week-old control and cKO mice. C1 was the higher magnification view of
white box in panel C. The white arrows indicated the malformed EP in cKO mice (Bars in
the C, C1 =1 mm).
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Fig. 4.

Inactivation of FAM20B led to the formation of ectopic cartilage-like tissue in the outer AF.
(A, B) Toluidine blue staining of 1VVDs in 3-week-old control and cKO mice (representative
images of at least 3 mice for each group). Al and B1 were the higher magnification views of
the black boxes in A and B, respectively. The majority of AF in cKO mice was stained
purple, while in the control mice, the toluidine blue dye was mainly located in the inner AF
(Bars in the A, B =200 um, Bars in the A1, B1 = 50 pm). (C, D) IHC detection of Sox 9 in
the IVD of 3-week-old control and cKO mice (representative images of at least 3 mice for
each group, positive signals in brown). C1 and D1 were the higher magnification views of
the black boxes in C and D, respectively. Note that the AF of cKO mice had more Sox 9-
positive cells (Bars in the C, D =200 ym, Bars in the C1, D1 = 50 um). (E) Anti-Sox 9
Western immunoblotting of total proteins extracted from the AF of 3-week-old control and
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cKO mice. (F) The relative levels of Sox 9 protein as assessed by the protein band strengths
in the Western immunoblotting analyses (n = 3, * = P < 0.05).
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Fig. 5.
Inactivation of FAM20B caused collagen structure changes in AF. (A, B) H&E staining of
IVD from 3-week-old control and cKO mice (Bars in the A, B =200 um). (C, D) Sirius red
staining of VD in 3-week-old control and cKO mice (Bars in the C, D = 200 pm). A-D was
the representative images of at least 3 mice for each group. Note the severe disruption of the
collagen structure and thinner and more irregular fibers in the AF of cKO mice. Also note
the loss of lamellae in AF of cKO mice.
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Fig. 6.

Ingctivation of FAM20B altered the collagen composition of AF. (A, B) In situ hybridization
analyses of Col | mMRNA in the IVD of 3-week-old control and cKO mice. Al and B1 were
the higher magnification views of the black boxes in A and B, respectively (Bars in the A, B
=200 pm, Bars in the A1, B1 =50 um). (C, D) In situ hybridization analyses of Col Il
mRNA in the IVD of 3-week-old control and cKO mice. C1 and D1 were the higher
magnification views of the black boxes in C and D, respectively (Bars in the C, D = 200 pm,
Bars in the C1, D1 = 50 pm). A-D was the representative images of at least 3 mice for each
group. (E, F) QRT-PCR analyses of Col | and Col Il mRNA in 3-week-old mice showed that
the Col I mRNA level was significantly lower and Col Il level was much higher in the AF of
cKO mice than in the control mice (h =6, * = p < 0.05).
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Inactivation of FAM20B increased the proliferation of AF cells. (A, B) Anti-BrdU staining
of IVDs in 3-week-old control and cKO mice (representative images of 6 mice from each
group). Al and B1 were the higher magnification views of the black boxes in A and B,
respectively. The number of BrdU-positive AF cells (indicated by black arrows) in cKO
mice was greater than in the control mice (Bars in the A, B =200 ym, Bars in the Al, B1 =
50 pm). (C, D) TUNEL staining of 1VDs in 3-week-old control and cKO mice
(representative images of 3 mice from each group). C1 and D1 were the higher
magnification views of the white boxes in C and D, respectively. No apoptosis cells were
found in the AF of control and cKO mice while positive signals of TUNEL (green) were
observed in the growth plates of these mice (Bars in the C, D = 200 um, Bars in the C1, D1
=50 um). (E) Quantitative comparison of cell proliferation rates between AF cells of cKO
mice versus the control mice as measured by the BrdU-positive cells. (n = 6; * = p < 0.05).
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Fig. 8.
Inactivation of FAM20B caused a reduction of chondroitin sulfate (CS) in AF. IHC detection

of CS in the IVDs of E16.5 (A, B), PO (C, D), 1-week-old (E, F) and 3-week-old (G, H)
control and cKO mice (representative images from at least 3 mice for each group at each
time point). A1, B1, C1, D1, E1, F1, G1 and H1 were the higher magnification views of the
black boxes in A, B, C, D, E, F, G and H respectively (Bars in the A, B, C, D, E1, F1, G1,
H1 =50 pm, Bars in the A1, B1, C1, D1 = 20 ym, Bars in the E, F, G, H = 100 um). Note
the reduction of CS in the 1VVDs of cKO mice. CS was even completely lost in some areas of
AF in cKO mice.
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Inactivation of FAM20B inhibited the activation of TGFp signaling pathway in AF. (A, B, C,
D) IHC Detection of P-Smad 2 and P-Smad 3 in 1\VVDs of 3-week-old control and cKO mice
(representative images of at least 3 mice for each group). Al, B1, C1, D1 were the higher
magnification views of the black boxes in A, B, C, D, respectively. A2, B2, C2, D2 were the
higher magnification views of the black boxes in A1, B1, C1, D1, respectively. The numbers
of P-Smad 2 or P-Smad 3 positive cells were reduced in the AF of cKO mice (Bars in the A,
B, C, D =200 um, Bars in the A1, B1, C1, D1 =50 ym, Bars in the A2, B2, C2, D2 =10
um). (E) Protein levels of P-Smad 2 and P-Smad 3 in AF as revealed by Western

immunoblotting. (F) Relative levels of P-Smad 2 and P-Smad 3 to total P-Smad 2/3
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determined by Western immunoblotting (n = 3; * = p < 0.05). The protein levels of both P-
Smad 2 and P-Smad 3 were significantly lower in the AF of cKO mice. For Western
immunoblotting analyses, the total proteins were extracted from AF of 3-week-old control
and cKO mice.
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Fig. 10.
Inactivation of Fam20B reduced the expression of SCX in AF. (A, B) IHC detection of SCX

in the IVD of 3-week-old control and cKO mice (representative images of at least 3 mice for
each group). Al and B1 were the higher magnification views of the black boxes in A and B,
respectively. A2 and B2 were the higher magnification views of the black boxes in Al and
B1, respectively (Bars in the A, B =200 um, Bars in the Al, B1 =50 ym, Bars in the A2, B2
=10 pum). Note the reduced number of SCX-positive cells in the AF of cKO mice. (C) Anti-
SCX Western immunoblotting. (D) Relative levels of SCX protein illustrated in Western
immunoblotting analyses (n = 3, * = p < 0.05). The protein level of SCX was markedly
lower in AF of cKO mice than in the control. The total proteins were extracted from the AF
of 3-week-old mice. (E) SCX mRNA levels detected by QRT-PCR analyses of total mRNASs
extracted from the AF of 3-week-old mice; note the reduced level of SCX mRNA level in
the AF of cKO mice (n =6, * =p <0.05).
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Fig. 11.
Inactivation of FAM20B altered the levels of molecules in MAPK signaling pathway in AF.

(A, B, C, D, E, F) IHC analyses of P-JNK, PeP38 and P-ERK in the 1VVDs of 3-week-old
control and cKO mice (representative images of at least 3 mice for each group). Al, B1, C1,
D1, E1, F1 were the higher magnification views of the black boxes in A, B, C, D, E, F,
respectively. A2, B2, C2, D2, E2, F2 were the higher magnification views of the black boxes
in Al, B1, C1, D1, E1, F1, respectively. The numbers of P-JNK positive cells were reduced
in the AF of cKO mice, while the numbers of PeP38 and P-ERK positive cells were
significantly increased in the AF of cKO mice (Bars in the A, B, C, D, E, F = 200 um, Bars
in the A1, B1, C1, D1, E1, F1 =50 um, Bars in the A2, B2, C2, D2, E2, F2 = 10 um). (G, H,
I) Protein levels of P-JNK, PeP38 and P-ERK in the AF of 3-week-old mice as detected by
Western immunoblotting. (J, K, L) Relative levels of P-JNK, PeP38 and P-ERK to total
JNK, P38 and ERK illustrated in Western immunoblotting analyses. The protein level of P-
JNK was lower while those of PeP38 and P-ERK were significantly higher in AF of cKO
mice than in the control (n = 3, * = p < 0.05).
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