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Abstract

Parathyroid hormone-related protein (PTHrP) and hedgehog signaling play an important
role in chondrocyte development, (hypertrophic) differentiation, and/or calcification, but
their role in intervertebral disc (IVD) degeneration is unknown. Better understanding their
involvement may provide therapeutic clues for low back pain due to IVD degeneration.
Therefore, this study aimed to explore the role of PTHrP and hedgehog proteins in post-
natal canine and human IVDs during the aging/degenerative process. The expression of
PTHrP, hedgehog proteins and related receptors was studied during the natural loss of
the notochordal cell (NC) phenotype during IVD maturation using tissue samples and de-
differentiation in vitro and degeneration by real-time quantitative polymerase chain reac-
tion (RT-gPCR) and immunohistochemistry. Correlations between their expression and
calcification levels (Alizarin Red S staining) were determined. In addition, the effect of
PTHrP and hedgehog proteins on canine and human chondrocyte-like cells (CLCs) was
determined in vitro focusing on the propensity to induce calcification. The expression of
PTHrP, its receptor (PTHR1) and hedgehog receptors decreased during loss of the NC
phenotype. N-terminal (active) hedgehog (Indian hedgehog/Sonic hedgehog) protein
expression did not change during maturation or degeneration, whereas expression of
PTHrP, PTHR1 and hedgehog receptors increased during IVD degeneration. Hedgehog
and PTHR1 immunopositivity were increased in nucleus pulposus tissue with abundant vs
no/low calcification. In vitro, hedgehog proteins facilitated calcification in CLCs, whereas
PTHrP did not affect calcification levels. In conclusion, hedgehog and PTHrP expression is
present in healthy and degenerated IVDs. Hedgehog proteins had the propensity to
induce calcification in CLCs from degenerated IVDs, indicating that in the future, inhibiting

hedgehog signaling could be an approach to inhibit calcification during IVD degeneration.
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1 | INTRODUCTION

Over 80% of the human population experiences low back pain during
their lifetime.* An important cause for low back pain is degeneration of
the intervertebral disc (IVD).2 The IVD consists of an inner gelatinous
nucleus pulposus (NP) and outer fibrous annulus fibrosus. During IVD
maturation, large, vacuolated notochordal cells (NCs) are replaced by
smaller, non-vacuolated chondrocyte-like cells (CLCs), a process that in
the human NP has come to near completion already at birth.2 Thus, a
“healthy” human NP from a child or young adult contains CLCs, and
often no NCs, implying that the NC transition towards a CLC cellular
phenotype is initially part of a maturation process. The healthy NP con-
tains a high glycosaminoglycan (GAG) content that attracts water,
whereas during IVD degeneration, the NP GAG and water content
decreases and denatured collagen content increases,* resulting in NP
dehydration and more rigid extracellular matrix (ECM). The avascular
IVD exhibits inadequate repair, leading to a vicious circle: the IVD
weakens and is more vulnerable to damage by physiologic loading. Con-
sequently, loss of mechanical function, traumatic damage, and pain
develop.®> Current treatments for IVD disease are primarily aimed at
relieving symptoms. Therefore, there is an urgent need for agents stim-
ulating biological IVD repair.® To develop such treatments, further
knowledge of the pathogenesis of IVD degeneration is required.
Numerous signaling pathways have been proposed to play a role
in IVD degeneration, including Wnt/p-catenin, Sonic hedgehog (SHH),
and hypoxia-inducible factor signaling.”? SHH and Indian hedgehog
(IHH) morphogens belong to the hedgehog family, which plays a cru-
cial role in embryonic development. Hedgehog proteins undergo intra-
molecular cleavage catalyzed by their C-terminal domain, yielding an
N-terminal product that represents the mature and biologically active
hedgehog form and a C-terminal product with no known signaling-
related function.!® SHH has been related to IVD formation and main-
tenance®! and based on this precedence, it is thought to be primarily
involved in (patho)physiology of the IVD. In contrast, IHH is consid-
ered to primarily have a biologic role at the growth plate and joint car-

tilage level.'?

While the regulation of hedgehog signaling is well
described at the postnatal growth plate and to some extent at the
joint cartilage level, the role of these two hedgehogs in postnatal IVDs
of species that can suffer from clinical IVD disease remains largely
elusive.

At the growth plate level, IHH and PTHrP form a growth-
restraining feedback loop regulating chondrocyte differentiation dur-
ing endochondral ossification.* 15 IHH, produced by prehypertrophic
growth plate chondrocytes, promotes proliferation and differentiation,
and stimulates calcification independently from PTHrP.® In the
absence of hedgehogs, their receptor: Patched (PTCH1) interacts with
transmembrane protein Smoothened (SMO), thereby inhibiting down-
stream hedgehog signaling. In the presence of hedgehog ligands,
PTCH1 interacts with the ligand and is internalized. Upon this, SMO
translocates to the cell membrane and activates downstream canoni-
cal hedgehog signaling, including activated target gene expression
through three GLI transcription factors. GLI1 functions as transcrip-

tional activator, whereas GLI2 and GLI3 act as either positive or

negative regulators, depending on posttranscriptional and transla-
tional processing.1®1416-1® PTHP, produced by periarticular cho-
ndrocytes, prevents proliferative cells from leaving the proliferating
growth plate zone. Moreover, targeted overexpression of PTHrP
delays the appearance of hypertrophic chondrocytes.'? When cho-
ndrocytes are no longer sufficiently stimulated by PTHrP, they stop
proliferating and synthesize IHH.2°

Hedgehogs have been studied to some extent in joint cartilage
degeneration.?* Considering the high homology of the biologically
active N-terminus of IHH and SHH (ie, 88% at the amino acid level)
and the fact that these ligands share downstream signaling pathways,
the reported studies are not always able to discern which of the
hedgehog ligands are involved. A positive correlation between IHH or
SHH expression and osteoarthritis (OA) has been described.??72° Fur-
thermore, activated hedgehog signaling aggravated the OA phenotype
in genetically modified mice.?® In line with this, disrupted (Indian)
hedgehog signaling prevented hypertrophic chondrocyte differentia-
tion and osteophyte formation in OA cartilage.z"'27 Furthermore, SHH
may be involved in redifferentiation of transplanted chondrocytes, as
de-differentiated chondrocytes transfected with SHH showed
improved cartilage repair in a rat articular cartilage defect model.2®
Notably, PTHR1 expression was decreased in OA chondrocytes?® and
PTHrP suppressed chondrocyte mineralization and hypertrophy,®©
indicating that PTH(rP) signaling might prevent the development and
progression of OA.3!

Previous work indicated that IVD degeneration resembles OA, for
example, hypertrophic differentiation and calcification are phenomena
that can occur in both tissues during degeneration.3? Although hedge-
hog and PTHrP are extensively studied in (OA) joint cartilage, limited
information is available regarding their role in the postnatal IVD. Pre-
vious work indicated that hedgehog”3*%* and PTCH1%%® are
expressed in the postnatal murine IVD, whereas PTHrP was absent.”
PTH partially recovered NC numbers in the NPs of ovariectomized
rat® and suppressed calcification in degenerated human CLCs.%”
Thus, results from limited work conducted thus far imply that hedge-
hog proteins and PTHrP could potentially be targets for IVD repair. To
take this a step further, in the present study, the expression of PTHrP
and hedgehog proteins was determined in IVD maturation and degen-
eration by employing postnatal IVDs that can suffer from clinical IVD
disease. The setup of the study is presented in Figure 1, and a sche-

matic overview of the results is given in Table 1.

2 | MATERIALS AND METHODS

2.1 | Study design

In this study, hedgehog, PTHrP, and related receptor expression and
function were determined in two different phases: during the loss of
the NC phenotype (maturation phase) and in maturated until severely
degenerated IVDs (degeneration phase) (Figure 1). Canine tissues and
cells were employed considering the fact that they are readily avail-

able, and that dogs experience back pain and IVD degeneration with
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FIGURE 1 Schematic setup of the study. The role of hedgehog proteins (Indian and Sonic hedgehog; IHH and SHH, respectively) and
parathyroid hormone-related protein (PTHrP) in the intervertebral disc (IVD) was determined in two different phases: during loss of the
notochordal (NC) phenotype (maturation phase) and in maturated until severely degenerated IVDs (degeneration phase). Hedgehog- and PTHrP-
related protein expression was determined using immunohistochemistry in canine and human NPs from healthy until severely degenerated IVDs,
for example, natural IVD maturation and degeneration. To further elucidate the expression of hedgehog proteins and PTHrP during loss of the NC
phenotype, IHH- and PTHrP-related gene expression was studied in NCs from healthy canine IVDs that lost their specific phenotype and marker
(brachyury, cytokeratin 8) expression during monolayer culture. To determine the role of hedgehog proteins and PTHrP in IVD degeneration, the
correlation between PTHrP and hedgehog (receptor) expression and calcification was furthermore determined in surgically removed human NP
samples across the range of histological IVD degeneration. Lastly, the effect of hedgehog proteins and PTHrP was determined on calcification of
canine and human CLCs in vitro

TABLE 1 Hedgehog, PTHrP, and related receptor expression during IVD maturation, degeneration and calcification

Hedgehog PTCH1 SMO PTHrP PTHR1
IVD maturation
IHC on canine NP tissue Not available l l + +
Canine NC de-differentiation 1 + + 1 1

(IHH and SHH mRNA)
IVD degeneration

IHC on canine NP tissue Not available 12 10 T ™

I+

IHC on human NP tissue + 7 T 1
IVD calcification

IHC on human NP tissue T + + + i

Note: Hedgehog, PTHrP, and related receptor expression was studied during intervertebral disc (IVD) maturation (loss of the notochordal (NC) phenotype)
using different models as given in Figure 1. Hedgehog signaling and PTHrP-related protein expression was determined using immunohistochemistry (IHC)
in nucleus pulposus (NP) tissue from healthy (Thompson score I) until maturated (Thompson score Il) canine 1VDs, for example, natural IVD maturation.
Additionally, hedgehog- and PTHrP-related mRNA expression was studied in NCs from healthy canine IVDs that de-differentiated and lost their typical
vacuolated phenotype and characteristics during monolayer culture. Furthermore, hedgehog, PTHrP and related receptor expression was studied during
IVD degeneration using immunohistochemistry in NPs from maturated (Thompson score II) until severely degenerated (Thompson score V) canine and
human IVDs collected during standard postmortem diagnostics. Lastly, the correlation between IVD calcification levels and hedgehog, PTHrP and related
receptor expression was studied in surgically removed human NP tissue.

Abbreviations: CD, chondrodystrophic; NCD, non-chondrodystrophic; PTCH1, patched, PTHrP, parathyroid hormone-related protein, PTHR1, PTHrP
receptor; SMO, smoothened; #, not significantly affected.

2Only in NCD dogs.

bOnly in CD dogs.

similar characteristics as humans and are a suitable translational animal In NCD dogs, NCs can remain the predominant cell type during life and
model 3840 Dog breeds can be classified as chondrodystrophic (CD) or if low back pain develops, it occurs around 6 to 8 years of age.*!

non-chondrodystrophic (NCD).** CD and NCD dogs demonstrate dis- To determine the expression of possible relevant hedgehogs (ie,
tinct differences in clinical IVD disease which correlate with their physi- IHH and SHH) and PTHrP during loss of the NC phenotype, hedgehog-
cal appearance and are defined by their genetic background. In CD and PTHrP-related gene and protein expression was studied in healthy-

dogs, NCs are replaced by CLCs around 1 year of age and back pain maturated canine IVDs and NCs from healthy NCD canine IVDs. To
due to IVD degeneration usually develops around 3 to 7 years of age. determine the role of hedgehog and PTHrP in IVD degeneration,
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hedgehog- and PTHrP-related protein expression was studied in matu-
rated until severely degenerated canine and human IVDs. Additionally,
the correlation between hedgehog, PTHrP and related receptor expres-
sion and calcification was determined in surgically removed human NP
tissue across the range of histological IVD degeneration. Lastly, the
effect of IHH, SHH, and PTHrP was determined on calcification of

canine and human CLCs from degenerated IVDs in vitro.

22 |
clusters

Hedgehog-PTHrP expression in cultured NC

To study hedgehog and PTHrP expression during loss of the NC pheno-
type, hedgehog, and PTHrP related gene expression was studied in NCs
from healthy NCD canine IVDs that lost their typical vacuolated pheno-
type and marker (brachyury, cytokeratin 8) expression during monolayer
culture.*? This model represents NC de-differentiation in vitro rather
than the transition towards the CLC phenotype. The cervical and
thoracolumbar IVDs were collected from eight NCD dogs (mixed breed,
13-60 months) euthanized in unrelated experiments, approved by the
Utrecht University Animal Ethics Committee. NC clusters were
obtained as described previously*? and cultured in their original cluster-
like formation. Briefly, to imitate NC de-differentiation, the NC clusters
from each donor were plated in 6-wells and cultured for 4 days at
37°C, 5% CO,, 21% O, in DMEM-F12 (10 565 018, Gibco), 10% fetal
bovine serum (FBS, 16000-044, Life Technologies) and 1% penicillin/
streptomycin (P/S, P11-010, PAA Laboratories). Samples for RT-gPCR
were collected at day O, 2, and 4. RNA was isolated and cDNA was gen-
erated from the cultured NCs (n = 8) and native NPs (n = 6) as described
previously.*? RT-qPCR for IHH, SHH, patched (PTCH1), smoothened
(SMO), parathyroid hormone-related protein (PTHrP), parathyroid hor-
mone receptor-1 (PTHR1), and transcription factors GLI1, GLI2, and GLI3
was performed and analyzed as described previously® (Supporting infor-
mation 1). For determination of relative quantitative gene expression,
the Normfirst (E*2% method was used. For each target gene, the C,-
value of the test sample was normalized to the mean C;-value of four
stably expressed reference genes (GAPDH, HPRT, RPS19, and SDHA):
ACq = Cq mean ref — Cq target- Secondly, the E*%-value for the test and
calibrator sample was calculated. In this formula, E indicates the amplifi-
cation efficiency of the target/reference gene and the mean C;-value of
all tested samples was used as calibrator. EA2? was calculated by nor-
malizing the E*%-value of the test sample to one of the calibrators:
EAACA = pACa test/pACq calibrator £ each target gene, the relative expres-

sion and standard deviations in gene expression were calculated.

2.3 | Hedgehog-PTHrP expression in healthy until
severely degenerated canine and human NPs

Hedgehog- and PTHrP-related immunopositivity was determined in
canine and human NPs from healthy until severely degenerated
(Thompson scores I-V) IVDs. All dogs had been euthanized in unrelated
experiments, approved by the Utrecht University Animal Ethics

Committee, or were client-owned dogs that were submitted for nec-
ropsy to the Faculty of Veterinary Medicine, Utrecht University. Thirty-
seven thoracolumbar or lumbosacral IVDs from dogs of various breeds
(5 CD, 11 NCD), age (1-16 years) and gender (11 female, 5 male) were
studied (Supporting information 2). The samples were divided into five
different grades of degeneration based on gross morphology of midsag-
ittal sections (Thompson grading): score | is healthy and score V repre-

4344 1D donors were chosen based on

sents end-stage degeneration.
equal representation of all Thompson scores (n = 8-7-8-7-7 for grades
I-V, respectively). Tissue was obtained <24 hours after death, and IVD
slices were decalcified in 0.5 M EDTA (pH 7.0) for 3 months as previ-
ously described.*®> Sections were dehydrated and rinsed in xylene
before being embedded in paraffin wax.

Human IVDs were obtained during standard postmortem diag-
nostics. The L2-L5 part of the spine was collected (<48 hours after
death), as approved by the scientific committee of the Pathology
department (University Medical Centre Utrecht [UMCU]). Anonymous
use of redundant tissue for research purposes is a standard treatment
agreement with UMCU patients (Local Medical Ethical Committee
number 12-364). IVDs were used in line with the code “Proper Sec-
ondary Use of Human Tissue,” installed by the Federation of Biomedi-
cal Scientific Societies. Also, the human IVDs were chosen based on
approximately equal representation of all Thompson scores
(n = 5-4-4-5-4 for grades |-V, respectively, Supporting information 2).
IVD tissues were decalcified in Kristensen's solution (50% formic acid
and 68 g/L sodium formate) in a microwave oven at 150 W and 50°C
for 6 hours as previously described.*®*” Sections were dehydrated
and rinsed in xylene before embedding in paraffin wax and after
hematoxylin and eosin (H&E) staining histologically graded.*®4°
Briefly, sections were scored numerically between 0 and 12 based on
the presence of cell clusters, fissures, loss of demarcation and
hematoxophilia (indicating reduced proteoglycan content).

For both canine and human samples, 5-pm midsagittal sections
were mounted on Microscope KP+ slides (KP-3056, Klinipath) and
immunohistochemically stained for N-terminal hedgehog (IHH/SHH),
PTCH1, SMO, PTHrP, and PTHR1 (Table 2). Negative control sections
stained with blocking peptides for the specific target proteins did not
show staining. End plates of each section served as internal positive
control. Hedgehog proteins undergo intramolecular cleavage cata-
lyzed by their C-terminal domain, yielding an N-terminal product,
which represents the mature and biologically active hedgehog form
and a C-terminal product with no known signaling-related function.*®
The hedgehog antibody employed in the present study most probably
recognizes both hedgehogs as the N-terminus of SHH and IHH dem-
onstrates 88% homology (pairwise alignment) up to splicing at AA
202 (IHH) or AA 198 (SHH).

For all staining, raw images were captured with a Leica DFC420C
digital camera (Leica Microsystems) mounted to a BX60 microscope
(Olympus) and Leica Application Suite (V4.2) software package.
(Positively stained) cell numbers in each NP were manually counted.
Adobe Photoshop CS6 was used to manually count (positively stained)
cell numbers in four (canine) or six (human) randomly selected NP

areas per IVD section as described previously.’® The mean percentage
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of cells that stained positive over the total number of cells present
(ratio) was determined per Thompson score for every target protein.
Immunopositivity thus indicates the ratio of positive cells, not inten-
sity of the staining. Notably, PTHrP was highly expressed only in
young canine donors with healthy (Thompson score 1) IVDs and its
expression was considerably lower in older canine donors with
healthy IVDs. To further explore the effect of age on PTHrP expres-
sion, Thompson score | IVDs of younger canine and human donors
were also studied. NPs from eight canine (1 day and 6 weeks of age)
and 12 human (21 weeks of gestation and 3 months of age, postnatal)
donors were fixed in 4% neutral buffered formaldehyde, embedded in
paraffin, and 5-um sections were stained for PTHrP as described pre-
viously (Table 2).

24 | Correlation between PTHrP/hedgehog
expression and calcification in human NPs

Surgically removed NP tissue (ethical approval was granted from Shef-
field Research Ethics Committee [09/H1308/70]) was fixed in 10%
v/v neutral buffered formalin and processed to paraffin wax. Follow-
ing embedding, 4-pm sections were cut and histologically graded using
the previously published criteria.*®*° To determine the frequency of
calcium deposition in the NP of human IVDs, initial work investigated
Alizarin Red S staining on 113 human NP samples with different
grades of degeneration (Supporting information 2). Calcium deposition
was then manually scored on a grade of O to 3, where O was no cal-
cium deposits present and 3 was intense calcium (Figure 5A). Histo-
logical grading was performed by two independent blinded
investigators (C.L.M. and J.S.), whereas immunohistochemistry (IHC)
was analyzed by one blinded observer (C.L.M.). To enable comparison
of low vs high calcium deposition, percentage of samples from non-
degenerate, mid-grade degenerate, and high-grade degenerate discs
were then determined for those scoring <1 (low) and > 1 (high) cal-
cium staining intensity. Thereafter, the correlation between PTHrP,

hedgehog and related receptor expression (ratio) and calcification

TABLE 2 Details of the immunohistochemistry protocols

Concentration
first Ab canine

Target protein Manufacturer (ng/mL)

N-terminal Abcam, ab52919/ ND
hedgehog® [EP1192Y]

PTCH Santa cruz, sc-6149

SMO Santa cruz, sc-6366

PTHrP Santa cruz, sc-9680

PTHR1 Santa cruz, sc-12 777 10

JOR SPit1€uec MMkl

staining intensity was determined in a smaller subset of 30 surgically
removed human NP samples with different degeneration grades and
calcium deposition (Supporting information 2). N-terminal hedgehog,
PTCH1, SMO, PTHrP, and PTHR1 IHC and Alizarin Red S staining51
were performed as described previously.

2.5 | The effects of hedgehog and PTHrP on
calcification in CLC monolayers

Passage 2 CLCs from four canine donors (three Beagles [male], one
Cocker Spaniél [female], 2-6 years of age) and four human donors
(three male, one female, 50-63 years of age) were plated at a density
of 10 000 cells/well in 12-wells plates (665 180, Greiner) in expansion
medium (hgDMEM+Glutamax [31 966, Invitrogen] with 10% FBS, 1%
P/S, 0.1 mM Ascorbic acid 2-phosphate [Asap, A8960, Sigma-Aldrich],
1077 M dexamethasone [AD1756, Sigma-Aldrich] and 1 ng/mL bFGF
[PHP105, AbD Serotec]) at 21% O,, 5% CO,, 37°C. All canine and
human IVDs were mildly degenerated (Thompson grade II/11l). After
1 week, expansion medium was replaced by hypertrophic induction
medium (hgDMEM+Glutamax, 1% P/S, 1% ITS+ premix, 0.1 mM Asap,
10~ M dexamethasone, 10 mM p-glycerolphosphate [G9422, Sigma-
Aldrich], and 1 nM 3,3 ,5-triiodo-L-thyronine [T3, T6397, Sigma-
Aldrich])*? supplemented with/without 10~ M PTHrP (PTH-Related
Protein [1-34] amide, H-9095, Bachem), 1 pg/mL N-terminal IHH
(1705-HH, R&D Systems) or 1 pg/mL N-terminal SHH (1845-SH,
R&D Systems). Concentrations for PTHrP,>® SHH,>* and IHH>> were
chosen based on previous research. In order to facilitate hypertrophic
CLC differentiation and calcification, CLCs from the same canine
donors were also seeded in osteogenic culture medium (consisting of
hgDMEM+Glutamax, 10% FBS, 1% P/S, 0.1 mM Asap, 1077 M dexa-
methasone and 10 mM [3-g|ycero|phosphate)51 supplemented with/
without 1 pg/mL IHH/SHH or 1077 M PTHrP. After 14 days, mono-
layers were fixed in 4% neutral buffered formaldehyde for 2 hours.
Alizarin Red S staining®* was performed as described previously. On
the canine CLCs, also RT-gPCR was performed as described

Concentration
first Ab human

(ng/mL) Antibody retrieval

4 0.1% trypsin (30 min, 37°C).

4 Citrate buffer (10 mM, pH 6, 30 min, 70°C)
Citrate buffer (10 mM, pH 6, 30 min, 70°C)

8 Citrate buffer (10 mM, pH 6, 30 min, 70°C)

10 Citrate buffer (10 mM, pH 6, 30 min, 70°C)

Note: For all Santa Cruz antibodies the ImmunoCruz goat LSAB Staining System (sc-2053, Santa Cruz) with was used. For N-terminal hedgehog expression,
EnVision+ System-HRP Goat Anti-Rabbit (DAKO, K4003) secondary antibody and 5% BSA/PBS (30 min) blocking was used.
Abbreviations: ND, not done, lack of reactivity to canine samples; PTCH, patched, PTHrP, parathyroid hormone-related protein, PTHR1, PTHrP receptor;

SMO, smoothened.
?Detects both N-terminal IHH and SHH.
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previously® for PTHR1, RUNX2, and ALP (Supporting information 1).
Due to limited availability, this was not possible for human CLCs.

2.6 | Statistical analysis

Statistical analysis was performed using IBM SPSS (version 22). All data
were examined for normal distribution (Shapiro-Wilks test). Kruskal-Wallis
and Mann-Whitney U tests were performed on nonnormally distributed
data, whereas general linear regression models based on ANOVAs were
used for normally distributed data. To find correlations between protein
immunopositivity and VD degeneration score, partial correlations
(corrected for donor) were determined. Benjamini & Hochberg False Dis-
covery Rate post-hoc corrections for multiple comparisons were per-

formed. A P-value <.05 was considered significant. A x* test was

performed to determine whether calcium deposition (<1 and > 1 inten-
sity) increased per histologic degeneration grade (<4, 4.1-7, and > 7).

3 | RESULTS
3.1 | Expression of hedgehog proteins and PTHrP
during IVD maturation

To study the IVD maturation phase (defined by loss of the NC pheno-
type), hedgehog and PTHrP signaling-related expression was studied
in vitro in NCD canine NC-rich NP tissue and O to 4 day cultured NC
clusters described to de-differentiate and lose their specific pheno-
type and marker (brachyury, cytokeratin 8) expression by gene expres-

sion analysis*2 and by immunohistochemistry of the NP.

(@A) IHH (B) SHH © PTCH1
2.5 140
s W NPtissue
2 =3 NCclusters | 120 1
2 20 1 15 ] %
g —_— 100 1 [
X 15 *
(0] 80 4
e 10 1 I
g 1.0 60 1 I
] 40 4
= 5
T 05
g 20 1
0 . 0 - - — 0
NCD NP TO T2 T4 NCD NP TO T2 T4 NCD NP TO T2 T4
(D) GLI1 (E) GLI2 (F) GLI3
1.0E-4 8 40
c n.s.
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o
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)
Z02E-4] 2 10 1
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FIGURE 2 Hedgehog and PTHrP signaling-related mRNA expression in canine nucleus pulposus (NP) tissue and cultured notochordal cell

(NC) clusters. The NC clusters de-differentiate, that is, lose their typical vacuolated phenotype and characteristics (eg, brachyury and cytokeratin
8 mRNA expression) during 4-day monolayer culture. mRNA expression of both the hedgehog and PTHrP signaling pathway decreases with NC
de-differentiation. IHH, Indian hedgehog; NCD, non-chondrodystrophic; n.s., not significant; PTCH1, patched, PTHrP, parathyroid hormone-

related protein, PTHR1, PTHrP receptor; SHH, Sonic hedgehog; SMO, smoothened. n = 6 (NP tissue) - 8 (NC clusters). TO, T2, T4: NC clusters at

culture day O, 2, and 4, respectively. *P < .05 and **P < .01
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Gene expression of canine NC cluster

IHH messenger RNA (mRNA) expression was significantly higher in NCD
canine NP tissue than in O- to 4-day cultured NCs (P < 0.05), where it
was hardly detectable (Figure 2A). SHH mRNA expression was signifi-
cantly higher in non-cultured NCs (culture day 0) and decreased rapidly
during culture (P < .05, Figure 2B). PTCH1 mRNA expression was signifi-
cantly lower in NCD NP tissue than in O- to4-day cultured NCs (P < .01,
Figure 2C). SMO mRNA expression decreased from day O until day 2 and
thereafter increased again, and was significantly higher in 4-day cultured
NCs than in NCD NP tissue (P < .05, Figure 2G). mRNA of transcription
factor GLI1, target gene of hedgehog signaling, was hardly detectable at
TO and T2, and was not differentially expressed between groups
(Figure 2D). GLI2 mRNA was expressed at significantly higher levels in
NCD NP tissue than in O- to 4-day cultured NCs (P < .01), where it was
hardly detectable (Figure 2E). mRNA expression of GLI3 was significantly
lower in NCD NP tissue than in O- to -4 -day cultured NCs (P < .05,
Figure 2F). Taken together, although PTCH1 and SMO mRNA was
expressed, mRNA of IHH, SHH (both hedgehog ligands) and their tran-
scription factors GLI1 and GLI2 was hardly detectable (C,-values > 35) in
canine NCs that lost their typical vacuolated morphology during culture.

PTHrP mRNA expression was significantly higher in freshly iso-
lated NCs than in native tissue (P < .05) and decreased rapidly during
NC culture (P<.05, Figure 2H). Also, PTHR1 mRNA expression
decreased from day O to days 2 and 4 in culture (P < .01, Figure 2I).
Furthermore, it was significantly lower in 2- and 4-day cultured NCs
than in NCD NP tissue (P < .05).

3.1.2 | Histology of canine and human IVD
maturation and degeneration

In healthy, Thompson score | canine NPs, only NC clusters were
detected (Figure 3E). In maturated, Thompson score Il canine NPs,
mainly CLCs were present; only one NCD canine NP also contained
some NCs. In Thompson scores lll to V canine NPs, only CLCs were
encountered in single cells and clusters. In NPs from healthy, Thomp-
son score | human IVDs, mainly CLCs and only some NCs were
detected, mainly as single cells, but also in clusters (Figure 4G). In NPs
from Thompson scores Il to V human IVDs, only CLCs were encoun-
tered in single cells and clusters. In both species, CLC clusters were
more abundant and larger in NPs from Thompson score IV and V
IVDs. Immunopositivity, regardless of the proteins and species, was
identified in both single cells and clusters without an evident spatial

distribution pattern in both species.
3.1.3 | Hedgehog signaling and PTHrP
immunopositivity in canine IVD maturation

The N-terminal hedgehog antibody demonstrating active hedgehog
(IHH, SHH) signaling did not render specific staining in the canine

samples and therefore, this antibody was only studied in human tis-
sues. Immunopositivity (ratio of positive cells) for PTCH1 and SMO
was significantly higher in canine NP tissues from healthy, Thompson
score | NC-rich IVDs than in NP tissue from maturated, Thompson
score |l CLC-rich IVDs (P < .05, Figure 3A,B), suggesting higher
expression in NCs than CLCs. PTHrP and PTHR1 immunopositivity
did not differ between NPs from healthy and maturated canine IVDs
(Figure 3C,D). Notably, PTHrP immunopositivity in healthy canine
IVDs seemed to depend on age: PTHrP was detected in more than
10% of the NCs of 7- and 16-month-old canine donors, whereas this
was 0% to 5% in older (17- until 96-month-old) canine donors
(Figure 3C,E). This indicates that PTHrP was present in NCs from
young, healthy canine IVDs, but that its expression decreased during
aging (in contrast to the expression of PTHR1, PTCH1, and SMO). To
confirm this, Thompson score | IVDs of younger canines (1 day and
6 weeks of age) were also investigated together with human
(21 weeks of gestation and 3 months of age) donors as comparators.
These canine NPs contained approximately 100% NCs, mainly present
in clusters (Supporting information 3). In contrast, the human NPs also
contained, smaller fibroblast- and chondrocyte-like cells in clusters
and single cells, in addition to the typical NCs (Supporting information
3). All young canine NPs showed abundant PTHrP immunopositivity
in their NCs, with no clear pattern in spatial distribution. In contrast,
only seven out of 12 NPs from young human donors showed PTHrP
immunopositivity in both NC and CLC clusters and single cells
(no spatial distribution; Supporting information 3). Taken together,
this indicates that PTHrP expression is present in young, healthy NPs,
but that its expression considerably decreases in older, healthy NPs,
in line with results obtained using equine chondrocytes.>®

Taken together, the mRNA expression pattern of both hedgehog
and PTHrP-signaling related genes in de-differentiated NCs (Figure 2)
were confirmed by the protein expression pattern of maturing canine
IVDs (Figure 3), that is, reduced mRNA levels and immunopositivity
coincided with the loss of the NC phenotype.

3.2 | Hedgehogand PTHrP in canine and human
degenerating IVDs

Regardless the species, hedgehog and PTHrP staining was cytoplas-
mic, while for PTCH1, SMO, and PTHR1, both the cell membrane and
the cytoplasm demonstrated immunopositivity (Figures 3E and 4G).
The latter seems to be counterintuitive considering the fact that
PTCH1, SMO, and PTHR1 are transmembrane proteins. Nonetheless,
cytoplasmic immunopositivity can be well explained for all these three
proteins. Hedgehog ligands bind to their transmembrane receptor
PTCH1 and cause PTCH1 inactivation, internationalization, and fur-
ther degradation. Inhibition of PTCH1 is followed by SMO activation
(located intracellularly) and translocation to the cell membrane, which
initiates the canonical hedgehog signal transduction.’” As such,
dependent on its localization, different forms of PTCH1 can be distin-
guished: (a) unliganded PTCH1, which is active and localized to the
cell membrane and (b) PTCH1 bound to the ligand that is further
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FIGURE 3 Hedgehog and PTHrP signaling-related immunopositivity in canine intervertebral discs with different degeneration grades. Both
signaling pathways are activated in healthy IVDs and increase with degeneration. The N-terminal hedgehog antibody demonstrating active
hedgehog signaling did not render specific staining in the canine samples and was therefore not included. CD, chondrodystrophic; NCD, non-
chondrodystrophic; PTCH1, patched; PTHrP, parathyroid hormone-related protein, PTHR1, PTHrP receptor 1; SMO, smoothened. n = 7-8 per
Thompson score. *P < .05, **P < .01 and ***P < .001
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internalized and may be further degraded.®® Internalization of PTCH1
is postulated to also contribute to modulation of hedgehog signaling,
which remains to be further resolved. The epitope of the PTHR1 anti-
body maps near the N-terminus which has been demonstrated to
remain associated with its ligand within endosomes, challenging the
classical paradigm of G protein-coupled receptor signaling.>’ Consid-
ering the semi-quantitative nature of immunostainings and technical
challenges concerning quantification, follow-up analysis of
immunostainings did not distinguish between the different patterns of

immunopositivity.

3.2.1 | Degenerating canine IVDs

Considering the differential clinical representation of IVD disease
among dog breeds,*! the canine IVDs were separately analyzed for
CD and NCD dogs. PTCH1 immunopositivity, a direct target of active
hedgehog signaling, was significantly higher in NPs from Thompson
scores IV to V canine IVDs than in NPs from Thompson score Il to Il
IVDs (P < .05, Figure 3A). Only NCD dogs showed a positive correla-
tion between PTCH1 immunopositivity and macroscopic IVD degen-
eration grade (Thompson scores II-V, P < .05, r:0.552), whereas only
CD dogs between SMO
immunopositivity and macroscopic IVD degeneration grade (P < .05,

showed a positive correlation
r:0.621). PTHrP immunopositivity significantly increased during canine
IVD degeneration (P < .01, Figure 3C). In both CD and NCD dogs, a
positive correlation between PTHrP immunopositivity and macro-
scopic IVD degeneration grade was observed (P < .05, r:0.627
[CD] and P<.01, r:0.748 [NCD]). Immunopositivity for PTHR1
increased from NPs of maturated, Thompson scores Il to Il IVDs to
severely degenerated, Thompson score V IVDs (P < .05, Figure 3D).
Only CD dogs showed a positive correlation between PTHR1
immunopositivity and macroscopic IVD degeneration grade (P < .01,
r:0.696). Although the current study demonstrates some differences
in hedgehog-PTHrP (related) expression between CD and NCD dogs,
which may be related with their differential genetic background, the
direction of the correlation between protein expression and IVD

degeneration grade was similar.

3.22 | Human degenerating IVDs

As expected, a strong, positive correlation was found between the
macroscopic Thompson and the histologic IVD degeneration
4849 of the human samples collected postmortem (r:0.907,
P < .001; Figure 4F). To be able to relate these results to the follow-

score

up analysis (e, the relationship between PTHrP/hedgehog
immunopositivity and calcification in surgically removed human NP
samples), correlation are given in relation to the histological IVD
degeneration grade. A significant positive correlation between
PTCH1, SMO, and PTHrP immunopositivity and histologic IVD degen-
eration grade was encountered (P < .05, r:0.679, 0.577, 0.502, and
0.848, respectively; Figure 4B-D). There was, however, no significant
PTHR1

grade

correlation between N-terminal hedgehog  or

immunopositivity and  histologic  IVD

(Figure 4A, E).

degeneration

3.3 | Hedgehogand PTHrP in IVD calcification

To further explore the role of hedgehog and PTHrP in more clinically
relevant material, immunopositivity was correlated to calcification in
surgically removed human NP samples across the range of histological
IVD degeneration.*®*? Lastly, the effect of IHH and SHH was deter-
mined on calcification of canine and human CLCs in vitro. Initial exper-
iments in canine CLCs (n = 4 Beagles) demonstrated that PTHrP did
not induce calcifications under the conditions studied (Supporting
information 5) and was further disregarded for follow-up culture
experiments.

The morphological assessment of the calcium staining intensity
was divided into two groups (<1 and > 1 staining intensity;
Figure 5A). The percentage of human NP tissue samples with high
calcium deposition significantly increased with the histologic VD
degeneration grade (Figure 5B; P < .05). Moreover, the number of
cells with PTHR1 and N-terminal hedgehog immunopositivity was
significantly higher in the NP tissues associated with high calcium
deposition (P < .01; Figure 5C,D). In contrast, no difference in num-
ber of immunopositive cells for PTHrP (Figure 5C,D), PTCH1 and
SMO (data not shown) was observed between the NPs with low or
high calcium deposition.

Short-term CLC monolayer culture has previously been employed
as a model to study calcium deposition.®”° Interestingly, the canine
CLCs seeded in osteogenic culture medium did not thrive; they failed
to attach to culture plastic and died within 24 hours. Canine CLCs
treated with hypertrophic induction medium + SHH demonstrated
increased gene expression of (pre)hypertrophic differentiation
markers PTHR1, RUNX2, and ALP compared with hypertrophic induc-
tion medium alone and hypertrophic induction medium + IHH
(Figure 6A). Affirmatively, hypertrophic induction medium alone
induced calcification in canine and human CLC monolayers, while the
supplementation of SHH exerted a more pronounced effect in this

respect compared to IHH (Figure 6B,C and Supporting information 4).

FIGURE 4 Hedgehog and PTHrP signaling-related immunopositivity in human intervertebral discs with different degeneration grades. The
samples were graded according to the macroscopic Thompson score and histologic degeneration score, which strongly correlated with each
other. Both signaling pathways are increasingly activated with progress of degeneration. Hedgehog: N-terminal active hedgehog expression,
PTCH1, patched, PTHrP, parathyroid hormone-related protein, PTHR1, PTHrP receptor 1; SMO, smoothened. n = 4-5 per Thompson score.

*P < .05 and ***P < .001
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4 | DISCUSSION

Treatment strategies leading to functional IVD restoration can benefit
from in-depth knowledge of the pathways involved in IVD degeneration.
Therefore, this study focused on the largely unexplored role of PTHrP
and hedgehog proteins in the postnatal IVD of species that can suffer
from clinical IVD disease. The current manuscript provides the first step
towards a better understanding of the possible involvement of PTHrP
and hedgehog proteins in IVD maturation, degeneration, and calcification.

3

Indian and Sonic hedgehog facilitate calcification in human and canine chondrocyte-like cells in vitro. (A) Hedgehog and PTHrP
signaling-related mRNA expression in canine CLC monolayers treated with hypertrophic induction medium supplemented with/without 1 pg/mL
IHH or SHH for 7 days. n = 4. ##P < ,01. ALP, alkaline phosphatase; IHH, Indian hedgehog; PTHR1, PTHrP receptor 1, RUNX2, Runt-related
transcription factor 2; SHH, Sonic hedgehog. Alizarin Red S staining on one representative canine (B) and human (C) CLC donor. CLC monolayers
were treated with hypertrophic induction medium supplemented with/without 1 pg/mL IHH or SHH for 7 days. n = 4 per species

4.1 | Hedgehog and PTHrP expression decreases
during IVD maturation

To study hedgehog- and PTHrP-related mRNA and protein expression
during loss of the NC phenotype, NC-rich healthy and CLC-rich matu-
rated canine IVDs as well as canine NCs that de-differentiated during
monolayer culture’ were studied. The results from those two models
indicate that the expression of SHH/IHH, PTHrP and their receptors
was high in healthy, NC-containing NPs, but decreased with the

FIGURE 5

PTHrP, PTHR1, and N-terminal hedgehog immunopositivity and calcium deposition in surgically removed human nucleus pulposus

tissue across the range of histological IVD degeneration. The degree of histologic IVD degeneration was divided into three groups (<4, 4.1-7,

and > 7), while calcium deposition was divided into low (<1) and high (1) intensity. (A) Alizarin Red S staining of representative samples with
different calcium staining intensity (0-3). (B) Calcium deposition increases with the degree of histologic IVD degeneration. n = 133 (C) PTHrP,
PTHR1, and N-terminal hedgehog immunopositivity (ratio) vs calcium deposition (low (<1) and high (21) intensity). Bars indicate median. n = 30
(D) Alizarin Red S staining (AR; left) and immunohistochemistry (IHC; right) for PTHrP, PTHR1, and N-terminal hedgehog of representative human
NP samples with low (<1) and high (21) calcium deposition. Hedgehog: N-terminal active hedgehog expression, PTHrP, parathyroid hormone-

related protein, PTHR1, PTHrP receptor 1, **P < .01
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transition towards maturated, CLC-containing NPs. Whether the
observed changes in expression are a cause or consequence of the
maturation process; play a role in preservation of NCs; or are related
to NP differentiation, remains to be determined with the aid of antag-

onists or functional knock-out/in models.

4.2 | Hedgehog and PTHrP expression increases
from maturated towards severely degenerated IVDs

PTCH1, SMO (both direct targets of active hedgehog signaling) and
PTHrP expression increased during the IVD degeneration process in
the studied species. This result is in line with the positive correlation

between IHH expression and OAZ2%2°25

a process resembling VD
degeneration.®2 PTHR1 immunopositivity increased from maturated
to severely degenerated canine, but not human IVDs. While a species-
specific difference cannot be excluded, the different decalcification
procedures of the IVD segments may have affected the results.®? This
plausible explanation is further underscored by the observation that
non-decalcified human NP samples collected during surgery demon-
strated increased PTHR1 immunopositivity in direct relation to cal-
cium deposition levels seen in higher frequencies in degenerated NPs.
Altogether, the descriptive results from the present study indicate
that activated hedgehog and PTHrP signaling are involved in IVD
degeneration. Therefore, functional in vitro studies were performed
to explore the role of PTHrP and hedgehogs in degenerated IVDs.

4.3 | Calcium levels increase in the human NP
during IVD degeneration

Based on their well-described role in chondrocytes,??72430 hedgehog
proteins and PTHrP could be involved in hypertrophic CLC differenti-
ation and calcification, processes that are known to occur during the
later stages of IVD degeneration.>?427%* The present study confirmed
a positive correlation between human NP calcification levels and IVD
degeneration grade. A significant, positive correlation between N-
terminal hedgehog immunopositivity and calcification was detected in
human NP tissue collected during therapeutic surgical procedures. In
line with this, previous work displayed a significant association
IHH and calcification in OA samples.??2* PTHR1
immunopositivity was also significantly higher in NPs with abundant

between

calcification vs those with no/low calcification, which can be
explained by the cellular phenotype: PTHR1 is mainly expressed in
prehypertrophic cells®® and calcium is most likely deposited in
severely degenerated IVDs®24%% with (pre)hypertrophically differen-
tiated CLCs. Previous work showed that PTH inhibits terminal differ-
entiation of chondrocytes®! and calcification in CLCs®” and that
PTHrP inhibits calcification in chondrocytes.*° In contrast, in the pre-
sent study, PTHrP immunopositivity was similar between NPs with
low or abundant calcification and PTHrP did not affect calcification of
CLCs in vitro. However, assuming that PTHrP inhibits the IVD calcifi-
cation process in vivo, the absence of PTHrP upregulation in later
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stages of degeneration even in the presence of high PTHR1 levels

may allow for NP calcification in the process of degeneration.

44 | SHH and IHH induce calcification in canine
and human CLCs

In contrast to PTHrP, IHH is known to promote chondrocyte hyper-
trophy and calcification in OA.2272* To the best of our knowledge, this
is the first study to demonstrate that IHH and especially SHH also
have the propensity to induce calcification in human and canine CLCs
from degenerated IVDs in vitro. Interestingly, SHH was even more
potent in inducing calcification in human and canine CLCs than IHH.
Together with the increased hedgehog expression in IVDs with high
levels of calcium, this may suggest a possible role for SHH and/or IHH
in calcification during IVD degeneration. In line with this thought,
disrupted IHH signaling prevented hypertrophic chondrocyte differen-
tiation and osteophyte formation in OA cartilage.z("27 Possibly, this
could also be a therapeutic approach to prevent or retard these pro-
cesses during IVD degeneration. From a clinical perspective, however,
additional considerations need to be acknowledged, including possible
side effects of inhibited hedgehog signaling, for example, on the car-

diovascular®® and central nervous®” system.

5 | CONCLUSIONS

Expression of hedgehogs, PTHrP and their receptors were high in NCs
from young, healthy IVDs, decreased together with the loss of the NC
phenotype, and increased again in the advanced stages of IVD degen-
eration. While PTHrP did not affect calcification, IHH and mainly SHH
had the propensity to facilitate calcification in human and canine CLCs
in vitro. Taken together with the increased N-terminal hedgehog
immunopositivity in IVDs with high levels of calcium deposition, this
may indicate that inhibition of hedgehog signaling could be a thera-
peutic approach to inhibit CLC calcification in IVD degeneration.

ACKNOWLEDGMENTS
The authors would like to thank Maxine Lourenburg and Anneleen

Tuinman for help with the execution of experiments.

CONFLICT OF INTEREST

The authors declare no potential conflict of interest.

AUTHOR CONTRIBUTIONS

The manuscript has been read and approved by all authors. There are
no other persons who satisfied the criteria for authorship. Each author
has contributed to a minimum of two of the four major parts of the
submitted work and there are no “Gift Authorships.” Given the extent
of the study, nine authors have been listed. They contributed as fol-
lows: F.C.B. collected material, performed most of the experiments,
mined, and analyzed the data, participated in the design of the study,
and drafted the manuscript. KM.R., FM.R,, JW.S., CLM.,, WAM.J,,



BACH ET AL.

14015 | [JISYRY szne

and Y.Z. assisted in performance of experiments and mining the data.
L.B.C. and C.LM. provided human IVDs. LB.C, CLM., and
D.C. contributed to the study design and data

M.A.T. conceived the study, mined and analyzed data, assisted in

analysis.

drafting the manuscript and coordinated the process. All authors read
and approved the final manuscript.

ORCID
Christine Le Maitre

Marianna A. Tryfonidou

https://orcid.org/0000-0003-4489-7107
https://orcid.org/0000-0002-2333-7162

REFERENCES

1. Walker BF. The prevalence of low back pain: a systematic review of
the literature from 1966 to 1998. J Spinal Disord. 2000;13:205-217.

2. Mok FP, Samartzis D, Karppinen J, et al. Modic changes of the lumbar
spine: prevalence, risk factors, and association with disc degeneration
and low back pain in a large-scale population-based cohort. Spine J.
2016;16:32-41.

3. Bach FC, de Vries SA, Krouwels A, et al. 2015. The species-specific
regenerative effects of notochordal cell-conditioned medium on
chondrocyte-like cells derived from degenerated human inter-
vertebral discs. Eur Cell Mater 30: 132-146; discussion 146-7.

4. Bergknut N, Smolders LA, Grinwis GC, et al. Intervertebral disc degen-
eration in the dog. Part 1: anatomy and physiology of the inter-
vertebral disc and characteristics of intervertebral disc degeneration.
Vet J. 2013;195:282-291.

5. Colombini A, Lombardi G, Corsi MM, Banfi G. Pathophysiology of the
human intervertebral disc. Int J Biochem Cell Biol. 2008;40:837-842.

6. Bach FC, Willems N, Penning LC, Ito K, Meij BP, Tryfonidou MA.
Potential regenerative treatment strategies for intervertebral disc
degeneration in dogs. BMC Vet Res. 2014;10:3.

7. Smolders LA, Meij BP, Onis D, et al. Gene expression profiling of early
intervertebral disc degeneration reveals a down-regulation of canoni-
cal wnt signaling and caveolin-1 expression: implications for develop-
ment of regenerative strategies. Arthritis Res Ther. 2013;15:R23.

8. Hiyama A, Sakai D, Mochida J. Cell signaling pathways related to pain
receptors in the degenerated disk. Global Spine J. 2013;3:165-174.

9. Dahia CL, Mahoney EJ, Durrani AA, Wylie C. Intercellular signaling
pathways active during intervertebral disc growth, differentiation, and
aging. Spine (Phila Pa 1976). 2009;34:456-462.

10. Mimeault M, Batra SK. Frequent deregulations in the hedgehog sig-
naling network and cross-talks with the epidermal growth factor
receptor pathway involved in cancer progression and targeted thera-
pies. Pharmacol Rev. 2010;62:497-524.

11. Rajesh D, Dahia CL. Role of sonic hedgehog signaling pathway in
intervertebral disc formation and maintenance. Curr Mol Biol Rep.
2018;4:173-179.

12. Nishimura R, Hata K, Nakamura E, Murakami T, Takahata Y. Tran-
scriptional network systems in cartilage development and disease.
Histochem Cell Biol. 2018;149:353-363.

13. van der Eerden BC, Karperien M, Wit JM. Systemic and local regula-
tion of the growth plate. Endocr Rev. 2003;24:782-801.

14. Kronenberg HM. PTHrP and skeletal development. Ann N Y Acad Sci.
2006;1068:1-13.

15. Chau M, Forcinito P, Andrade AC, et al. Organization of the indian
hedgehog—parathyroid hormone-related protein system in the post-
natal growth plate. J Mol Endocrinol. 2011;47:99-107.

16. Kobayashi T, Soegiarto DW, Yang Y, et al. Indian hedgehog stimulates
periarticular chondrocyte differentiation to regulate growth plate
length independently of PTHrP. J Clin Invest. 2005;115:1734-1742.

17. Rohatgi R, Scott MP. Patching the gaps in hedgehog signalling. Nat
Cell Biol. 2007;9:1005-1009.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Rimkus TK, Carpenter RL, Qasem S, Chan M, Lo HW. Targeting the
sonic hedgehog signaling pathway: review of smoothened and GLI
inhibitors. Cancers (Basel). 2016;8:1-23. https://doi.org/10.3390/
cancers8020022.

Weir EC, Philbrick WM, Amling M, Neff LA, Baron R, Broadus AE.
Targeted overexpression of parathyroid hormone-related peptide in
chondrocytes causes chondrodysplasia and delayed endochondral
bone formation. Proc Natl Acad Sci U S A. 1996;93:10240-10245.
Kronenberg HM. Developmental regulation of the growth plate.
Nature. 2003;423:332-336.

Akhtar N, Haggi TM. Microrna-453 regulates IL-1p-induced sonic
hedgehog (SHH) gene expression in osteoarthritis. Osteoarthritis and
Cartilage/ OARS, Osteoarthritis Research Society. 2012;20:5138-5139.
Wei F, Zhou J, Wei X, et al. Activation of indian hedgehog promotes
chondrocyte hypertrophy and upregulation of MMP-13 in human
osteoarthritic cartilage. Osteoarthr Cartil. 2012;20:755-763.

Lin AC, Seeto BL, Bartoszko JM, et al. Modulating hedgehog signaling
can attenuate the severity of osteoarthritis. Nat Med. 2009;15:1421-
1425.

Zhou J, Wei X, Wei L. Indian hedgehog, a critical modulator in osteo-
arthritis, could be a potential therapeutic target for attenuating carti-
lage degeneration disease. Connect Tissue Res. 2014;55:257-261.
Shuang F, Zhou Y, Hou SX, et al. Indian hedgehog signaling pathway
members are associated with magnetic resonance imaging manifesta-
tions and pathological scores in lumbar facet joint osteoarthritis. Sci
Rep. 2015;5:10290.

Ruiz-Heiland G, Horn A, Zerr P, et al. Blockade of the hedgehog path-
way inhibits osteophyte formation in arthritis. Ann Rheum Dis. 2012;
71:400-407.

Zhou J, Chen Q, Lanske B, et al. Disrupting the indian hedgehog sig-
naling pathway in vivo attenuates surgically induced osteoarthritis
progression in Col2al-CreERT2; ihhfl/fl mice. Arthritis Res Ther. 2014;
16:R11.

Lin L, Shen Q, Xue T, Duan X, Fu X, Yu C. Sonic hedgehog improves
redifferentiation of dedifferentiated chondrocytes for articular carti-
lage repair. PLoS One. 2014;9:€88550.

Becher C, Szuwart T, Ronstedt P, et al. Decrease in the expression of
the type 1 PTH/PTHTrP receptor (PTH1R) on chondrocytes in animals
with osteoarthritis. J Orthop Surg Res. 2010;5:28.

Jiang J, Leong NL, Mung JC, Hidaka C, Lu HH. Interaction between
zonal populations of articular chondrocytes suppresses chondrocyte
mineralization and this process is mediated by PTHrP. Osteoarthr
Cartil. 2008;16:70-82.

Chang JK, Chang LH, Hung SH, et al. Parathyroid hormone 1-34
inhibits terminal differentiation of human articular chondrocytes and
osteoarthritis progression in rats. Arthritis Rheum. 2009;60:3049-
3060.

Rutges JP, Duit RA, Kummer JA, et al. Hypertrophic differentiation
and calcification during intervertebral disc degeneration. Osteoarthr
Cartil. 2010;18:1487-1495.

Dahia CL, Mahoney E, Wylie C. 2012. Shh signaling from the nucleus
pulposus is required for the postnatal growth and differentiation of
the mouse intervertebral disc. PLoS One 7:1-15.

Winkler T, Mahoney EJ, Sinner D, Wylie CC, Dahia CL. 2014. Wnt
signaling activates shh signaling in early postnatal intervertebral discs,
and re-activates shh signaling in old discs in the mouse. PLoS One 9:
1-12.

DiPaola CP, Farmer JC, Manova K, Niswander LA. Molecular signaling
in intervertebral disk development. J Orthop Res. 2005;23:1112-1119.
Jia H, Ma J, Lv J, et al. Oestrogen and parathyroid hormone alleviate
lumbar intervertebral disc degeneration in ovariectomized rats and
enhance wnt/beta-catenin pathway activity. Sci Rep. 2016;6:27521.
Madiraju P, Gawri R, Wang H, Antoniou J, Mwale F. Mechanism of
parathyroid hormone-mediated suppression of calcification markers
in human intervertebral disc cells. Eur Cell Mater. 2013;25:268-283.


https://orcid.org/0000-0003-4489-7107
https://orcid.org/0000-0003-4489-7107
https://orcid.org/0000-0002-2333-7162
https://orcid.org/0000-0002-2333-7162
https://doi.org/10.3390/cancers8020022
https://doi.org/10.3390/cancers8020022

BACH ET AL.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Bergknut N, Rutges JP, Kranenburg HJ, et al. The dog as an animal
model for intervertebral disc degeneration? Spine (Phila Pa 1976).
2012;37:351-358.

Tellegen AR, Willems N, Beukers M, et al. Intradiscal application of a
PCLA-PEG-PCLA hydrogel loaded with celecoxib for the treatment of
back pain in canines: What's in it for humans? J Tissue Eng Regen Med.
2018;12(3):642-652.

Thompson K, Moore S, Tang S, Wiet M, Purmessur D. The
chondrodystrophic dog: a clinically relevant intermediate-sized animal
model for the study of intervertebral disc-associated spinal pain. JOR
Spine. 2018;1:e1011.

Smolders LA, Bergknut N, Grinwis GC, et al. Intervertebral disc
degeneration in the dog. Part 2: Chondrodystrophic and non-
chondrodystrophic breeds. Vet J. 2013;195:292-299.

Smolders LA, Meij BP, Riemers FM, et al. Canonical wnt signaling in
the notochordal cell is upregulated in early intervertebral disk degen-
eration. J Orthop Res. 2012;30:950-957.

Bergknut N, Meij BP, Hagman R, et al. Intervertebral disc disease in
dogs - part 1: a new histological grading scheme for classification
of intervertebral disc degeneration in dogs. Vet J. 2013;195:
156-163.

Bergknut N, Grinwis G, Pickee E, et al. Reliability of macroscopic
grading of intervertebral disk degeneration in dogs by use of the
Thompson system and comparison with low-field magnetic resonance
imaging findings. Am J Vet Res. 2011;72:899-904.

Willems N, Bach FC, Plomp SG, et al. Intradiscal application of
rhBMP-7 does not induce regeneration in a canine model of sponta-
neous intervertebral disc degeneration. Arthritis Res Ther. 2015;
17:137.

Kristensen HK. An improved method of decalcification. Stain Technol.
1948;23:151-154.

Rutges JP, Duit RA, Kummer JA, et al. A validated new histological
classification for intervertebral disc degeneration. Osteoarthr Cartil.
2013;21:2039-2047.

Binch AL, Cole AA, Breakwell LM, et al. Expression and regulation of
neurotrophic and angiogenic factors during human intervertebral disc
degeneration. Arthritis Res Ther. 2014;16:416.

Le Maitre CL, Freemont AJ, Hoyland JA. The role of interleukin-1 in
the pathogenesis of human intervertebral disc degeneration. Arthritis
Res Ther. 2005;7:R732-R745.

Bach FC, Zhang Y, Miranda-Bedate A, et al. Increased caveolin-1 in
intervertebral disc degeneration facilitates repair. Arthritis Res Ther.
2016;18:59.

Malagola E, Teunissen M, van der Laan LJ, et al. Characterization and
comparison of canine multipotent stromal cells derived from liver and
bone marrow. Stem Cells Dev. 2015;25(2):139-150.

Gawlitta D, van Rijen MH, Schrijver EJ, Alblas J, Dhert WJ. Hypoxia
impedes hypertrophic chondrogenesis of human multipotent stromal
cells. Tissue Eng Part A. 2012;18:1957-1966.

Bach FC, Rutten K, Hendriks K, et al. The paracrine feedback loop
between vitamin D(3) (1,25(0H)22)D(3)) and PTHrP in
prehypertrophic chondrocytes. J Cell Physiol. 2014;229:1999-2014.
Asai J, Takenaka H, Kusano KF, et al. Topical sonic hedgehog gene
therapy accelerates wound healing in diabetes by enhancing endothe-
lial progenitor cell-mediated microvascular remodeling. Circulation.
2006;113:2413-2424.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

JOR SPittee... M Rk

Handorf AM, Chamberlain CS, Li WJ. Endogenously produced indian
hedgehog regulates TGFbeta-driven chondrogenesis of human bone
marrow stromal/stem cells. Stem Cells Dev. 2015;24:995-1007.
Semevolos SA, Nixon AJ, Fortier LA, Strassheim ML, Haupt J. Age-
related expression of molecular regulators of hypertrophy and matu-
ration in articular cartilage. J Orthop Res. 2006;24:1773-1781.

Wang Y, Zhou Z, Walsh CT, McMahon AP. Selective translocation of
intracellular smoothened to the primary cilium in response to hedge-
hog pathway modulation. Proc Natl Acad Sci U S A. 2009;106:2623-
2628.

Tukachinsky H, Petrov K, Watanabe M, Salic A. Mechanism of inhibi-
tion of the tumor suppressor patched by sonic hedgehog. Proc Natl
Acad Sci U S A. 2016;113:E5866-E5875.

Cheloha RW, Gellman SH, Vilardaga JP, Gardella TJ. PTH receptor-1
signalling-mechanistic insights and therapeutic prospects. Nat Rev
Endocrinol. 2015;11:712-724.

Illien-Junger S, Torre OM, Kindschuh WF, et al. AGEs induce ectopic
endochondral ossification in intervertebral discs. Eur Cell Mater. 2016;
32:257-270.

Binch AL, Cole AA, Breakwell LM, et al. Nerves are more abundant
than blood vessels in the degenerate human intervertebral disc.
Arthritis Res Ther. 2015;17:370.

Melrose J, Burkhardt D, Taylor TK, et al. Calcification in the ovine
intervertebral disc: a model of hydroxyapatite deposition disease. Eur
Spine J. 2009;18:479-489.

Hristova Gl, Jarzem P, Ouellet JA, et al. Calcification in human inter-
vertebral disc degeneration and scoliosis. J Orthop Res. 2011;29:
1888-1895.

Grant MP, Epure LM, Bokhari R, et al. Human cartilaginous endplate
degeneration is induced by calcium and the extracellular calcium-
sensing receptor in the intervertebral disc. Eur Cell Mater. 2016;32:
137-151.

Lee K, Deeds JD, Segre GV. Expression of parathyroid hormone-
related peptide and its receptor messenger ribonucleic acids during
fetal development of rats. Endocrinology. 1995;136:453-463.

Hildreth V, Webb S, Chaudhry B, et al. Left cardiac isomerism in the
sonic hedgehog null mouse. J Anat. 2009;214:894-904.

Lipinski RJ, Song C, Sulik KK, et al. Cleft lip and palate results from
hedgehog signaling antagonism in the mouse: phenotypic characteri-
zation and clinical implications. Birth Defects Res A Clin Mol Teratol.
2010;88:232-240.

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section at the end of this article.

How to cite this article: Bach FC, de Rooij KM, Riemers FM,
et al. Hedgehog proteins and parathyroid hormone-related
protein are involved in intervertebral disc maturation,
degeneration, and calcification. JOR Spine. 2019;2:e1071.
https://doi.org/10.1002/jsp2.1071



https://doi.org/10.1002/jsp2.1071

	Hedgehog proteins and parathyroid hormone-related protein are involved in intervertebral disc maturation, degeneration, and...
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Study design
	2.2  Hedgehog-PTHrP expression in cultured NC clusters
	2.3  Hedgehog-PTHrP expression in healthy until severely degenerated canine and human NPs
	2.4  Correlation between PTHrP/hedgehog expression and calcification in human NPs
	2.5  The effects of hedgehog and PTHrP on calcification in CLC monolayers
	2.6  Statistical analysis

	3  RESULTS
	3.1  Expression of hedgehog proteins and PTHrP during IVD maturation
	3.1.1  Gene expression of canine NC cluster culture
	3.1.2  Histology of canine and human IVD maturation and degeneration
	3.1.3  Hedgehog signaling and PTHrP immunopositivity in canine IVD maturation

	3.2  Hedgehog and PTHrP in canine and human degenerating IVDs
	3.2.1  Degenerating canine IVDs
	3.2.2  Human degenerating IVDs

	3.3  Hedgehog and PTHrP in IVD calcification

	4  DISCUSSION
	4.1  Hedgehog and PTHrP expression decreases during IVD maturation
	4.2  Hedgehog and PTHrP expression increases from maturated towards severely degenerated IVDs
	4.3  Calcium levels increase in the human NP during IVD degeneration
	4.4  SHH and IHH induce calcification in canine and human CLCs

	5  CONCLUSIONS
	ACKNOWLEDGMENTS
	  CONFLICT OF INTEREST
	  AUTHOR CONTRIBUTIONS
	REFERENCES


