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Sharpin is a key regulator of skeletal homeostasis
in a TNF-dependent manner

H.W. McGowan!, J.A. Schuijers!, B.L. Grills!, S.J. McDonald!,
J.A. Rickard?, J. Silke'2, A.C. McDonald!

'La Trobe University, Department of Human Biosciences, La Trobe University, Bundoora, Australia;
2The Walter and Eliza Hall Institute, 1G Royal Parade, Parkville, Victoria 3052, Melbourne, Australia

Abstract

Objectives: SHARPIN is a subunit of LUBAC and regulates activation of NF-xB, a pivotal transcription factor in skeletal
homeostasis. Mutated SHARPIN gene (cpdm) mice develop chronic proliferative dermatitis and systemic inflammation. Cpdm
mice have an osteopaenic phenotype characterised by decreased cortical and trabecular bone volume, but whether this is a con-
sequence of the hyper-inflammatory phenotype is unknown. The inflammatory phenotype of cpdm mice is prevented by Tnf de-
ficiency so we examined cpdm.Tnf - mice to examine the role of SHARPIN in skeletal development. Methods: This research
determined the extent to which SHARPIN and TNF interact within the skeleton through analyses of gene expression, uCT and
biomechanical properties of bones of control (CTRL), cpdm, Tnf - (TNF KO) and cpdm.Tnf - (cpdm/TNF KO) mice. Results:
Gene expression of IL-1, TNF and caspase-3 increased in cpdm mice but was comparable to control values in cpdm/TNF KO
mice. Decreased cortical and trabecular bone in cpdm mice translated to a loss in bone strength (ultimate stress and peak force).
Cpdm/TNF KO mice developed bones similar to, or stronger than, control bones. Conclusions: Our results suggest that SHARPIN
plays a significant role in skeletal homeostasis and that this role is strongly regulated through TNF pathways.
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Introduction

Nuclear Factor kappa-light-chain-enhancer of activated B
cells (NF-»B) is a family of transcription factors essential for
bone cell differentiation, function and survival'. These tran-
scription factors are hetero- or homodimers constructed from
5 monomers: RelA (p65), RelB, cRel, p50 (p105) and p52
(p100)*°. The two known pathways mediating the activation
of NF-uB are the canonical (classical) pathway and non-
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canonical (alternative) pathway. Although the non-canonical
pathway has been shown to be important in bone cell function
(e.g osteoclastic differentiation') SHARPIN, the protein of in-
terest in this study, is involved in the canonical pathway and
hence this pathway will be the focus of our discussion.
SHARPIN is a component of the Linear Ubiquitin Chain As-
sembly Complex (LUBAC) and is essential in the regulation
of normal transcription via the canonical pathway*”, allowing
NF-«B to enter the nucleus and induce transcription of numer-
ous inflammatory, developmental and survival genes®. Activa-
tion of the canonical pathway can be triggered by physical
stress (e.g. ultraviolet light), the interleukin-1 (IL-1) receptor,
the lipopolysaccharide receptor, T and B cell receptors and tu-
mour necrosis factor (TNF) type 1 receptor (TNFR1)**°. Stim-
ulation of TNFR1 by TNF activates both pro-survival
(complex I) and pro-apoptotic (complex II) signalling'® (Figure
1A). In the absence of SHARPIN, the TNF-mediated apoptosis
via complex II is upregulated'®"" (Figure 1B). SHARPIN-de-
ficient splenic B cells, macrophages, mouse embryonic fibrob-
lasts and hepatocytes have all shown impaired NF-zB
activation following treatment with TNF*'2,

Mice with loss-of-function SHARPIN (cpdm) develop
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Figure 1. TNFR1 canonical pathway. (A) Upon TNFRI1 activation linear ubiquitin chain assembly complex (LUBAC) linearly ubiquitylates
(Ub) RIPK1 and NEMO/IKKY leading to activation of the, NEMO containing, inhibitor of kappaB-kinase (IKK) complex. The IKK complex
phosphorylates inhibitor of kappaB (IxB) to release NF-»B for translocation into the nucleus (Complex I). This results in both gene transcription
and inhibition of apoptosis (Complex II). (B) Loss-of-function sharpin (X) in LUBAC decreases the sequence of events outlined in (A) leading
to impaired translocation (| ) of NF-xB via Complex I and increased TNF-induced apoptosis (1) via Complex II.

chronic proliferative dermatitis, multiple organ inflammation
(including oesophagus, lung and liver), absence of Peyer’s
patches, splenomegaly and abnormal lymphoid architecture®"”.
The cpdm phenotype is initially recognized as erythematous,
scaly areas of alopecia at 3-4 weeks of age. Recently cpdm
mice have also been identified as having skeletal abnormali-
ties'. Specifically, Xia and associates found that the metaph-
ysis of cpdm mice femora showed a decrease in gene
expression for the osteoblastic markers Runt-related transcrip-
tion factor 2 (Runx?2), osteocalcin, osterix and collagen type
I'*. When bone marrow stromal cells of ¢pdm mice were cul-
tured ex vivo, there was no difference in osteoblastic prolifer-
ation however bone mineral formation and osteoclastic
formation and function decreased compared with wild-type'*.
TNF is a known regulator of both osteoclasts and osteoblasts,
and TNFR1 is the functional form of the receptor for both these
cells types'”. TNF, acting via TNFR 1, promotes osteoclastogen-
esis'® and several studies identify the capacity of TNF to directly
stimulate osteoclastogenesis, even in the absence of receptor ac-
tivator of nuclear factor-kappa B ligand (RANKL)"".
Osteoblastogenesis, on the other hand, is inhibited by TNF**2,
It may therefore be predicted that SHARPIN might play a
downstream role in TNFR1 activation to stimulate osteoclas-
togenesis, inhibit osteoblastogenesis or both. While TNF alters
the activity and differentiation of osseous cells, the skeletal phe-
notypes of TnfrrI-- and Tnfr2"- mice are grossly normal'**,
Although SHARPIN mRNA is present in mouse osteoblasts
and osteoclasts (http://biogps.org) the pathway(s) in which
SHARPIN is involved in regulation of osseous cells has yet to
be determined. The hyper-inflammatory phenotype of cpdm
mice is corrected by crossing with Tnf - mice'®?*. It was there-

fore of interest to determine if the TNF — LUBAC — NF-zB
pathway plays a role in osseous cell formation and function or
if the skeletal abnormalities seen in cpdm mice were due to an
alternative pathway.

Materials and methods
Genetically modified mice and tissue processing

Tnf - mice were a gift from H. Korner”, while cpdm mice
were obtained from The Jackson Laboratory (CA, USA).
Colonies were kept under conventional conditions. Cpdm mice
were crossed with 7nf - mice and typed by PCR and sequenc-
ing’. All mice were male between the ages of 12-16 weeks.

All bones were collected following cervical dislocation. The
right femur was stored in RNAlater (Sigma-Aldrich) at -80°C
prior to RT-qPCR analysis. The left femur was fixed 4%
paraformaldehyde and stored in ethanol at 4°C prior to micro-
computed tomography analysis. The right humerus was stored
in silicone oil, at -20°C prior to biomechanical analysis.

RT-gPCR

Approximately 200 pg of proximal whole femur was snap-
frozen in liquid nitrogen, homogenised with PureZOL and RNA
extracted using the Bio-Rad Aurum™ Total RNA Fatty and Fi-
brous Tissue Kit using the supplied protocol (Bio-Rad Labora-
tories), with purity of RNA validated with A5, ratios using a
NanoDrop 2000 (Thermo Scientific). Resulting samples were re-
verse transcribed to cDNA using the iScript Select cDNA Syn-
thesis Kit (Bio-Rad Laboratories). qPCR was run over 55 cycles
using the iCycler iQ Multi-Colour Real Time PCR detection sys-
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Gene Forward Sequence Reverse Sequence

TNF-0 5’TTGCTTCTTCCCTGTTCC 3’ 5’CTGGGCAGCGTTTATTCT3’

IL-1p3% 5’CATTGTGGCTGTGGAGAAG3’ 5’ATCATCCCACGAGTCACAGA3’

OPG®» 5’GCCAACACTGATGGAGCAGAT3’ 5’TCTTCATTCCCACCAACTGATG3
RANKL?» 5’GCTCACCTCACCATCAATGCT3’ 5’GGTACCAAGAGGACAGACTGACTTTA3’
Cathepsin K 5’CCATATGTGGGCCAGGATG3’ 5’AGGAATCTCTCTGTACCCTCTGCA3’
Collagen I (COLIal) 5’CCTGGTCCTCACGGTTCTG3’ 5’TGTCACCTCGGATGCCTTG3’

Caspase-3 5’TCTGACTGGAAAGCCGAAACTC3’ 5’TCCCACTGTCTGTCTCAATGCCAC3’

Reference Gene

[-actin?’ 5’ATTGTAACCAACTGGGACG3’

5"TCTCCAGGGAGGAAGAGG3’

Table 1. Primer sequences.

tem (using SsoFast EvaGreen) with melt-curve analysis per-
formed post-cycling to establish specificity of DNA products.
The primer sequences for genes of interest are shown in Table 1.
Primer sequences were prepared commercially by GeneWorks
Pty Ltd (Adelaide, Australia) from previous publications or de-
termined using the PubMed genome sequence search (GenBank)
and primers designed using the Beacon Designer 2.0 software
(Biosoft International, PaloAlto, CA, USA). B-actin was used as
an internal reference for each sample. Using the Pfaffl method®,
gene expression was normalised to the [3-actin mRNA level and
presented as relative expression.

The volume of reagents in each well-plate consisted of: Sso-
Fast Eva Green Supermix (10 pL), forward primer (1.5 pL),
reverse primer (1.5 pL), RNase-free H20 (5 pL), cDNA (5
pL) (total 23.0 pL). PCR was run over 55 cycles using the
CFX-96 Multi-Colour Real Time PCR detection system with
melt-curve analysis performed post-cycling to confirm speci-
ficity of DNA products.

Microcomputed tomography analysis (uCT)

Three-dimensional (3D) bone images of femora from all
groups were generated. This was performed using the micro-
computed tomography (micro-CT) scanner SkyScan 1076
(Kontich, Belgium). Both trabecular and cortical bone were
investigated with 1373 slices (9.06 pm thick). Scanning was
conducted at 50kV and 100 pA (using a 0.5 mm aluminium
filter and rotation step of 0.5 degrees) with a spatial resolution
of approximately 9 um/pixel. Images were reconstructed using
NRecon, aligned with DataViewer software and calculation of
structural indices performed using a 3D image analysis system,
CTAn software. Analysis included trabecular bone volume
fraction (BV/TV %), trabecular thickness (Tb.Th, mm), tra-
becular separation (Tb.Sp, mm), trabecular number (Tb,N.
1/mm), cortical thickness (mm), cortical volume (mm3) and
mean polar moment of inertia (mm?).

Bone biomechanics

Bone samples, stored in silicone oil, at -20°C were thawed
1 h prior to experimentation. The cortical bone strength of the
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mid-shaft mouse humerus was tested using a three-point bend-
ing apparatus attached to a PC with the Crusher 3-point bend-
ing software installed (La Trobe University Technical Support,
Australia). The apparatus consisted of a transducer set at 50 1b
sampling at a rate of 100 samples/sec, with calibration per-
formed using a series of masses up to 600 g. Bones were indi-
vidually removed from silicon oil and cleaned with paper
towel. Humeri were centrally placed over the testing platform
consisting of two posts separated by 5.6 mm, with the deltoid
tuberosity placed between the platforms and facing inferiorly.
Bones were loaded at a rate of 1 mm/sec until fracture occurred
or the force lever reached its maximum displacement. Dis-
placement (mm) and force (N) data were recorded continu-
ously. Fractured surfaces of both ends of biomechanically
tested bones were imprinted into dental wax. Wax sections
were viewed under a Leica Microsystems DM-RBE micro-
scope at 25x magnification attached to a Leica DFC490 cam-
era, with cortical bone measured by analysis of outer (A,),
inner (A,;), and total (A,) bone areas under Leica Image Man-
ager software. These values were then used to determine
Young’s Modulus (the intrinsic stiffness), determined by
E=(F/Y) x (nL%12(A2-A?); and ultimate tensile stress (the
maximum stress which can be applied to the bone prior to frac-
ture), determined by o=(F.L.A?)/(t">(A,2-A?)), where F is
the peak force applied to the bone, F/Y is the slope of the
force/displacement curve, L is the distance between the testing
platforms (.0056 m), A, is the outside cross-sectional area (m?),
A, is the total cortical bone volume (m?), A, is the internal
cross-sectional area of the bone (m?) and o is the ultimate ten-
sile stress (N/m2)™.

Statistical analysis

All values have been expressed as mean + standard error of
the mean (S.E.). Statistical analyses were undertaken using
GraphPad Prism 5 software. A one-way ANOVA was performed
with post-hoc Neuman-Keuls analysis to determine statistical
significance between all 4 groups. A Students’ t-test was per-
formed between CTRL and cpdm groups for TNF gene expres-
sion. Values of p<0.05 were considered statistically significant.
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Figure 2. RT-qPCR analysis of proximal femur of control (CTRL), loss-of-function SHARPIN (cpdm), Tnf -~ (TNF KO) and cpdm/TNF KO
mice. There was no significant change in RANKL expression (A) OPG expression (B) or the OPG/RANKL expression ratio (C). Collagen I
expression (D) increased significantly in TNF KO mice compared with CTRL (*#*p<0.005), cpdm (***p<0.005) and cpdm/TNF KO (**p<0.01)

groups. (means+S.E.) (n=6).

Results
RT-gPCR

Figure 2 shows the results of the qPCR analysis of CTRL,
cpdm, TNF KO and cpdm/TNF KO mice for RANKL, osteo-
protegerin (OPG), RANKL/OPG RNA expression ratio and
collagen type I expression. Although there was no significant
change in either RANKL expression (Figure 2A) or OPG ex-
pression (Figure 2B) our results indicated a trend toward a de-
crease in both genes in cpdm versus CTRL mice. Expression
of both of these genes also indicated a trend toward normal
CTRL values in both the TNF KO and cpdm/TNF KO groups.
As indicated, there was no significant difference in the
RANKL/OPG RNA expression ratio between groups (Figure
2C). There was again a trend toward a decrease in collagen I
expression in cpdm versus CTRL mice (Figure 2D). Collagen
I expression was significantly higher in TNF KO mice com-
pared with cpdm (p<0.005), cpdm/TNF KO (p<0.01) and the
CTRL group (p<0.005).

Figure 3 shows the results of the qPCR analysis of CTRL,

¢pdm, TNF KO and cpdm/TNF KO mice for IL-1p, cathepsin K,
caspase-3 expression and results of the qPCR analysis of CTRL
compared with cpdm mice for TNF expression (no TNF PCR
products were detected in both the TNF KO and the cpdm/TNF
KO groups). Cpdm and TNF KO mice showed an almost two-
fold increase in IL-1P expression compared with CTRL mice
(p<0.05 for both) and cpdm/TNF mice (p<0.01 for both) (Figure
3A). Figure 3B shows a significant increase in TNF expression
in the cpdm group compared with CRTL (p<0.05). Figure 3C
shows a trend toward a decrease in cathepsin K expression in
cpdm mice compared with CTRL mice. Cathepsin K expression
increased in both TNF KO and cpdm/TNF mice versus cpdm mice
(p<0.05 for both). These results indicated a return to normal
cathepsin K expression values in both the TNF KO and
cpdm/TNF KO groups. There was a significant (p<0.01) increase
in caspase-3 expression in cpdm mice compared with CTRL mice
(p<0.01; Figure 3D). Caspase-3 expression also showed a return
to normal values as expression had decreased significantly in both
TNF KO and c¢pdm/TNF KO mice compared with cpdm mice
(p<0.05 and p<0.01 respectively; Figure 3D).
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Figure 3. RT-qPCR analysis of proximal femur of control (CTRL), loss-of-function sharpin (cpdm), TNF knockout (TNF KO) and cpdm/TNF
KO mice. (A) Increased IL-1f expression in cpdm and TNF KO mice compared with CTRL (*p<0.05) and cpdm/TNF KO mice (**p<0.01).
(B) TNF expression in cpdm mice increased relative to the CTRL group (*p<0.05). N/A indicating no TNF products detected in either TNF KO
or cpdm/TNF KO mice. (C) Increased cathepsin K expression in TNF KO and cpdm/TNF KO compared with cpdm mice (*p<0.05). (D) A sig-
nificant increase in caspase-3 expression in cpdm mice compared with the CTRL (**p<0.01), TNF KO (*p<0.05) and cpdm/TNF KO (¥*p<0.01)

groups (¥*p<0.01). (means+S.E.) (n=5).

uCT

Figure 4 shows the results of the uCT trabecular analysis of
the distal femur of CTRL, cpdm, TNF KO and cpdm/TNF KO
mice. There was a significant (p<0.01) decrease in trabecular
bone volume in cpdm mice (10.97+0.56 %BV/TV) compared
with  CTRL mice (23.87£3.66% BV/TV). TNF KO
(25.33+3.07% BV/TV) and cpdm/TNF KO (23.88+1.5%
BV/TV) mice showed a significantly increased BV/TV
(p<0.01 for both) compared with cpdm mice, showing a bone
volume comparable to control bones. Trabecular thickness
(Tb.Th) was decreased in cpdm mice (0.06+0.001 mm) com-
pared with CTRL animals (0.07+0.002 mm) (p<0.05) while
TNF KO (0.07+0.003 mm) and cpdm/TNF KO mice
(0.07+£0.001 mm) showed a significantly increased Tb.Th
compared with cpdm mice (p<0.01 for both). There was a sig-
nificant (p<0.05) decrease in trabecular number in cpdm mice
(1.89+£0.08 1/mm) compared with CTRL mice (3.52+0.52
1/mm) while TNF KO (3.58+0.35 1/mm) and cpdm/TNF KO
mice (3.43+0.22 1/mm) showed a significantly increased Tb.N
compared with cpdm mice (p<0.01 for both). Furthermore, tra-
becular separation (Tb.Sp) was also increased (p<0.01) in
cpdm animals (0.24+0.01 mm) compared with CTRL animals
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(0.16£0.02 mm) while TNF KO (0.17+0.02 mm) and
cpdm/TNF KO mice (0.16+0.01 mm) showed a significantly
decreased Tb.Sp compared with cpdm mice (p<0.01 for both).
All of these results indicated that trabecular bone was affected
in mice with a loss-of-function sharpin gene but not in mice
lacking TNF or both SHARPIN and TNF.

Figure 5 shows the cortical results of the uCT analysis of the
mid-femur of CTRL, cpdm, TNF KO and cpdm/TNF KO mice.
There was a significant (p<0.01) decrease in cortical bone vol-
ume in cpdm mice (0.12+0.02 mm?3) compared with CTRL
(0.37£0.08 mm?®) while TNF KO (0.30+0.05 mm?®) and
cpdm/TNF KO animals (0.28+0.02 mm?) showed increased
cortical volume compared with cpdm mice (p<0.05 for both)
(Figure 5A). No significant difference in periosteal circumfer-
ence was recorded between the groups (Figure 5B). Mean polar
moment of inertia, which relates to the distribution of material
around the centre of a specimen, and detects the resistance of
long bones to torque® (Figure 5C) decreased (p<0.005) in cpdm
mice (0.29+0.02 mm*) compared with CTRL (0.53+0.06 mm?),
while increases in mean polar moment of inertia were seen in
TNF KO (0.42+0.04 mm?*) (p<0.05) and cpdm/TNF KO
(0.44+0.03 mm*) (p<0.01 and p<0.005 respectively) compared



g

Trabecular BV/TV %
o 3 8
4 .' |

TO.N (mm™")
5 » -
- ¥
L

H.W. McGowan et al.: TNF stimulates bone loss in cpdm mice

B

Tb.Sp (mm)
-

TNF KO

cpdm/TNF KO

Figure 4. pCT analysis of distal femur of control (CTRL), loss-of-function sharpin (cpdm), TNF knockout (TNF KO) and cpdm/TNF KO mice.
Results indicate a decrease in (A) trabecular bone volume/total volume (trabecular BV/TV %), (B) trabecular thickness (Tb.Th) and (C) trabecular
number (Tb.N) for cpdm mice compared with CTRL mice. Trabecular BV/TV %, Tb.Th. and TB.N significantly increased in TNF KO and
cpdm/TNF KO groups compared with cpdm mice (¥p<0.05; **p<0.01) (n=4). There was a significant increase in (D) trabecular separation
(Tb.Sp) in cpdm mice compared with CTRL, TNF and c¢pdm/TNF KO groups (**p<0.01). (means+S.E.) (n=4). (E) representative photos of

trabecular bone of all 4 groups.

with cpdm mice. These results again indicated that mice with a
loss-of-function SHARPIN gene had inferior structural and me-
chanical integrity compared with CTRL mice and mice lacking
TNF or both SHARPIN and TNF.

Biomechanics

Figure 6 shows the results of biomechanical testing of the
humerus of CTRL, cpdm, TNF KO and cpdm/TNF KO mice.
As indicated in Figure 6A, there was a significant (p<0.05) de-
crease in ultimate stress in cpdm mice (112.9+13.0 MPa) com-

pared with CTRL (235.2+16.3 MPa). The ultimate stress of
the TNF KO group (332.3+29.7 MPa) and cpdm/TNF KO
group (239.3+51.1 MPa) was significantly higher than the
cpdm group (p<0.01 and p<0.05 respectively).

The cpdm group had a lower peak force to failure (9.6+1.6
N) than all other groups: CTRL (21.4+1.0 N; p<0.005); TNF
KO (29.1£1.9 N; p<0.005); cpdm/TNF KO (31.5+1.5 N;
p<0.005) (Figure 6B). Both the TNF KO and cpdm/TNF KO
groups were also significantly higher than the CTRL group
(p<0.01 & p<0.005 respectively).

Young’s modulus results (Figure 6C) showed TNF KO

459



H.W. McGowan et al.: TNF stimulates bone loss in cpdm mice

A B
- 3 81
A~ 0.6 n £
H . 3T [—
—_— §
E 0.4+ I s
3 -
2 0.2 =
3
2
0.0 + go

CTRL cpdm

(]

.-

4

o
Y
h

e
o

TNF KO

Mean Polar Moment of Inertia (mm 9
=)
-~

cpdm/TNF KO

Figure 5. uCT analysis of mid-femur of control (CTRL), loss-of-function sharpin (cpdm), TNF knockout (TNF KO) and cpdm/TNF KO mice.
Results indicated a decrease in (A) cortical volume and (C) mean polar moment of inertia for cpdm mice compared with CTRL, TNF KO and
cpdm/TNF KO mice (*p<0.05, **p<0.01, ***p<0.005). (B) indicated no significant difference in periosteal circumference between the groups.
(means+S.E.) (n=4). (D) Representative pCT photos of cortical bone of all groups.
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Figure 6. Biomechanical analysis of humerus of control (CTRL), loss-of-function SHARPIN (cpdm), TNF knockout (TNF KO) and cpdm/TNF
KO mice. Results indicate a decrease in (A) ultimate stress, (B) peak force and (D) cortical area for cpdm mice compared with CTRL. These
values returned to CTRL values (or higher) in the TNF KO and cpdm/TNF KO groups (*p<0.05, **p<0.01, ***p<0.005). Young’s modulus (C)
was significantly lower in TNF and cpdm/TNF groups compared with both CTRL and cpdm groups (¥p<0.05, **p<0.01). (means+S .E.) (n=5).
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(5.4+1.4 GPa) and cpdm/TNF KO (5.3+1.6 GPa) had de-
creased intrinsic stiffness compared with the CTRL group
(13.0+1.7 GPa; p<0.01 and p<0.05 respectively) and the cpdm
group (13.9+£2.2 GPa; p<0.05 for both).

Results for measurements of the cortical area (Figure 6D)
of the humerus showed a similar distribution to the uCT analy-
sis of the mid-femur (Figure 5A), however there was only a
significant difference recorded between the cpdm (0.15 mm?
+ 0.01 mm?) and cpdm/TNF KO (0.34 mm? + 0.07 mm?)
groups (p<0.05). CTRL (0.28 mm? + 0.04 mm?) and TNF KO
(0.28 mm? + 0.04 mm?) did not significantly differ.

Discussion

Cpdm mice homozygous for the cpdm spontaneous muta-
tion (loss-of-function SHARPIN) develop a severe, chronic,
inflammatory skin disease beginning at 3-5 weeks of age. Mice
have a runted appearance and life span is shortened. In addition
to dermatitis, homozygote mutants exhibit multi-organ inflam-
mation with eosinophilia, splenomegaly, diminished serum im-
munoglobulins, and an absence of B cell follicles, follicular
dendritic cells, and germinal centres in secondary lymph or-
gans*>**. A comparative study by Xia and colleagues in 2011"
found that cpdm animals exhibited osteopaenia including re-
duced cortical and trabecular bone volume and density com-
pared with wild-type littermates. PCR and histochemical
analyses also indicated functionally defective osteoblasts and
osteoclasts. Our results support the work of Xia and col-
leagues, with both trabecular bone measurements and cortical
bone volume decreasing in cpdm mice compared with controls.
Our additional research of TNF KO and cpdm/TNF KO mice
suggests that this decrease in bone may be due to the presence
of TNF, as both groups lacking the TNF gene had a skeletal
morphology similar to that of control mice.

Bone remodelling is tightly controlled by inflammatory and
anti-inflammatory cytokines, which influence the differentia-
tion of mononuclear cells into bone-resorbing osteoclasts™.
The cpdm mutation is associated with increased inflammation
and this is reflected in our study by the heightened gene ex-
pression levels of inflammatory cytokines IL-1[3 and TNF. Os-
teoclastogenesis is predominantly regulated via receptor
activator of NF-x«B ligand (RANKL). TNF closely regulates
RANK/RANKL-induced osteoclastogenesis via TNFR1*, Es-
sential for the survival and differentiation of the osteoclast,
NF-»B activity is one of the first signs of osteoclastic differ-
entiation following RANKL binding®®. As SHARPIN is a
known downstream regulator of TNFR1 activation, and our
results indicate a trend toward a decrease in RANKL expres-
sion in cpdm mice, we postulate that SHARPIN is involved in
the TNF-induced expression of RANKL and thus osteoclasto-
genesis. There was also a trend indicating a decrease in ex-
pression of cathepsin K, a marker for osteoclastic maturation,
in cpdm mice compared with CTRL mice, and also a signifi-
cant decrease compared with TNF and cpdm/TNF KO mouse
groups. This suggests a role of SHARPIN in TNF-regulated,
RANKL-induced osteoclastogenesis. Although osteoclastic

H.W. McGowan et al.: TNF stimulates bone loss in cpdm mice

gene expression in cpdm mice was not investigated by Xia and
colleagues', our results support their previous findings pro-
posing a decrease in osteoclastic formation and function in
cpdm mice. The loss of TNF in our knockout animals dis-
played a normal bone phenotype as seen in both pCT and bio-
mechanical analyses. This correlates to previous findings,
which showed that the skeletal phenotypes of Tnfr/” and
Tnfr2-- mice are normal'>#. This indicates that SHARPIN
seems to have a role in regulating the effects of TNF on osteo-
clastic activity, most likely via the transcription factor NF-»B.
Recent research has brought to light the complex nature of
NF-«B’s relationship with bone cells. NF-»xB has been shown
to stimulate osteoclastic activity®’ and inhibit osteoblasts®. In
contrast, NF-»B has also been reported to have a pro-survival
role in osteoblasts and its inhibition induced apoptosis in these
cells®. As analysis of this data was performed between all four
groups there was no statistically significant decrease in
RANKL, OPG and collagen I expression between CTRL and
cpdm groups. The results do, however, indicate a trend which
should not be disregarded. The above three genes are all ex-
pressed by osteoblasts, which indicates that osteoblastic activity
has possibly decreased (which is supported by decreased tra-
becular and cortical bone volume data) in cpdm mice. This may
be due to possible increases in TNF levels in cpdm mice, as in-
dicated through TNF gene expression levels. TNF is a known
inhibitor of osteoblastic differentiation*’ and it may be postu-
lated that in the absence of SHARPIN, the inhibitory effects on
osteoblasts increases. Collagen I expression levels also in-
creased significantly in TNF KO mice, but not cpdm/TNF KO
mice, which further suggests that TNF plays an important part
in negative regulation of osteoblasts, most likely controlled
along the SHARPIN pathway. An alternate or additional con-
sideration for the decrease in bone formation in cpdm mice is
that these effects may be due to apoptosis of osteoblasts. Cas-
pase-3 expression levels were significantly higher in cpdm mice
compared with all other groups. As proposed in Figure 1, TNF
may have stimulated the apoptotic pathway in cpdm os-
teoblasts. Our findings, in addition to those of Xia and col-
leagues', support the role of SHARPIN in osteoblastic survival
and suggest further research must be performed to determine
the role of the TNF-LUBAC-NF-«B pathway in both os-
teoblastic and osteoclastic function and survival.
Osteopetrosis occurs when osteoblastic activity exceeds os-
teoclastic activity*', while osteopaenia and osteoporosis result
when osteoclastic activity outweighs osteoblastic activity**. The
loss of both cortical and trabecular bone show that cpdm ani-
mals display an osteopaenic phenotype. Besides bone size,
bone strength depends upon bone mineral density (BMD), cor-
tical porosity and accumulated microcracks, although geomet-
rical measures such as bone size, cross-sectional area or area
moment of inertia have frequently shown to predict up to 70—
80% of whole bone strength®. This is reflected in the decreased
peak force that cpdm humeri were able to withstand. Peak force
is an extrinsic property of bone, and is reliant on the trabecular
and cortical bone volume*. As such, peak force can be used to
determine the overall effect of a treatment regimen or pheno-
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type, but is unable to predict the overall quality of the bone mi-
croarchitecture. To determine bone quality, it is necessary to
look at the intrinsic qualities of bone, such as ultimate stress.
Ultimate stress is decreased in cpdm mice, which indicates that
not only is SHARPIN responsible for causing a normal bone
volume, but that SHARPIN-deficient mice have poor bone tis-
sue quality and microarchitecture. Both TNF KO and
cpdm/TNF KO groups had ultimate stress levels similar to con-
trols and peak force values significantly higher. This indicates
that the decrease in biomechanical properties of cpdm bones is
due to TNF. Young’s Modulus is an intrinsic measure of a
bone’s stiffness. Control and cpdm mice showed the same stiff-
ness, while both TNF KO and ¢pdm/TNF KO groups showed
a decreased stiffness. This is inconsistent with other findings
in our study, which demonstrated that cpdm bones were greatly
inferior to control bones, although it is important to distinguish
stiffness, the load needed to cause minor deformation, from
strength, the ability to resist fracture®. We hypothesised that
the loss of bone in cpdm mice was TNF-dependent. This was
supported as mice lacking the TNF gene had biomechanical
properties similar to those of control mice.

Conclusion

These experiments indicated that the osteopaenia displayed
in SHARPIN-deficient cpdm mice was alleviated by the loss
of functional TNF. Removal of the TNF gene restored os-
teoblastic and osteoclastic gene expression to control levels,
and also prevented cortical and trabecular bone loss. Despite
data suggesting a potential role for TNF in skeletal develop-
ment, 7nf /- mice had bones with normal physical properties.
Because systemic inflammation was prevented in cpdm.Tnf -
mice, this strongly suggested that defects in skeletal develop-
ment observed in cpdm mice were driven by the inflammatory
cytokine milieu rather than due to a direct disruption of bone
development in cpdm mice.
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