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Nherfl and Nherf2 overexpression

Abstract

The PDZ domain containing proteins Na+/H+ exchanger regulatory factor 1 (Nherfl) and
Nherf2 redirect type 1 Parathyroid Hormone (PTH)/PTH related Peptide (PTHrP) receptor
(PTHRI1) signalling in renal tubuli. Whether Nherfl and Nherf2 are also expressed during
endochondral bone formation and whether they play a role in osteoblast and chondrocyte
differentiation is not known. Furthermore, it is not known whether they modulate PTHR1
signalling in these cells.

We showed that Nherfl and Nherf2 are expressed by growth plate chondrocytes and by
osteoblasts in the bone collar using in situ hybridization. In addition, overexpression of Nherf1l
and Nherf2 in KS483 mesenchymal progenitor cells resulted in opposite effects on terminal
osteoblast differentiation. Nherfl overexpression inhibited, while Nherf2 overexpression
stimulated matrix mineralization. Cartilage matrix mineralization was increased in the
Nherf2, but not in the Nherfl overexpressing cell line. Overexpression of Nherfl or Nherf2
had no effect on the production of the early chondrocyte marker, the glycosaminoglycans.
PTHrP inhibited osteoblastic matrix mineralization and GAG production in chondrocytes.
Overexpression of Nherfl or Nherf2 did not change the effect of PTHrP treatment on
osteoblast and chondrocyte differentiation.

The distinct actions of Nherfl and Nherf2 are probably due to the recruitment of different
target molecules, like transcription factors, receptors and signalling molecules.

Introduction

The Na+/H+ exchanger regulatory factor 1 (Nherfl) and Nherf2 form a family of adaptor
proteins and are characterized by the presence of two tandem psd95, discs large protein,
Z0O1 (PDZ) protein interaction domains. They were first found in the apical membranes of
renal epithelial cells, where they are involved in regulating the sodium-hydrogen exchange®.
Other studies revealed that Nherf proteins also play a role in the regulation of phosphate and
calcium transport in kidney cells®?. Beside interaction with ion channels, Nherfl and Nherf2
also cooperate with transcription factors, signalling proteins, structural proteins, and with
G-protein coupled receptors, including the type 1 Parathyroid Hormone (PTH)/PTH related
Peptide (PTHrP) receptor (PTHR1)®%),

The interactions of Nherfl and Nherf2 with the PTHRI are best studied in kidney cells.
Immunohistochemical analysis suggests that the PTHR1 co-localizes with Nherfl and Nherf2
in the tubuli. Binding of PTHR1 to Nherfl occurs through the PDZ1 domain and binding
to Nherf2 through the PDZ2 domain“®”. Both adaptor proteins bind, beside to the PTHR1,
also to the intracellular signalling mediator phospholipase C beta (PLCP), which results in a
switch of PTHR1 signalling from the adenylate cyclase (AC)/protein kinase A (PKA) pathway
to the PLCp/protein kinase C (PKC) pathway“®. It is unclear whether Nherfl or Nherf2 are
also expressed in osteoblasts and chondrocytes, the other main targets of PTH and PTHrP
signalling, and whether they play a comparable role in redirecting PTHR1 signalling in these
cells.

In chondrocytes and osteoblasts PTHR1 signalling results in the activation of two main
pathways, the AC/PKA pathway via the Gas-protein and PLCB/ PKC pathway via the Gag-
protein. Activation of the Gas-protein results in phosphorylation of the plasma membrane
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bound enzyme AC, which synthesizes cyclic AMP (cAMP) from ATP. Subsequently, cAMP
exerts its effects by activating the enzyme PKA, which finally leads to the activation of
cAMP response element binding protein (CREB). In addition, Gaq-protein activates PLCp,
which in turn cleaves phosphatidylinositol 4,5-biphosphate (PIP2) to generate two products:
diacylglycerol (DAG) and inositol 1,4,5-triphosphate 3 (IP3). At this step the signalling pathway
splits in two branches. First, IP3 leaves the plasma membrane and diffuses rapidly through
the cytosol, to release Ca(2+) from the endoplasmatic reticulum. Second, DAG activates PKC,
which in turn activates downstream mediators, resulting in genomic responses.

Both pathways are essential in the regulation of chondrocyte proliferation and differentiation.
This can be deduced from comparing the bone phenotypes of transgenic mice. PTHRI1
knockout mice show a severe inhibition of chondrocyte proliferation and premature
maturation of chondrocytes®. A similar, but less severe phenotype is observed in PTHrP
knockout mice®. Chondrocyte specific knockout mice, carrying a mutation in the Gas-
protein, leading to disruption of the AC/PKA pathway, displayed a comparable phenotype
to the growth plate phenotype observed in PTHrP knockout mice®'?. The opposite was
found in mice carrying a mutant form of the PTHRI1, which specifically interrupts signalling
via the PLCB/PKC pathway and signals normally via the AC/PKA pathway!'". These mice
showed an increase in chondrocyte proliferation and a delay in chondrocyte hypertrophy and
vascular invasion. These data indicate that the PLCB/PKC pathway regulates the transition
from proliferating into hypertrophic chondrocytes. In addition, it suggest that the AC/PKA
pathway is the dominant pathway after PTHRI1 signalling in chondrogenesis and that PLCB/
PKC signalling opposes the effects of the AC/PKA pathway!".

Whether Nherfl and Nherf2 are involved in directing PTHR1 signalling towards the PLCp/
PKC pathway in chondrocytes and osteoblasts is unclear. Therefore, in this study we first
addressed whether Nherfl and Nherf2 are expressed during endochondral bone formation
in vivo. In addition, the actions of Nherfl and Nherf2 overexpression on chondrocyte and
osteoblast differentiation in vitro were examined. Finally, the influence of Nherfl and Nherf2
overexpression on the effect of PTHRI signalling in vitro was investigated.

Materials and Methods

In situ hybridization

Nherfl and Nherf2 full-length cDNA were obtained from Image Consortium and they were
sequence verified. For in situ hybridizations, plasmids were linearized with the appropriate
restriction enzymes and antisense and sense cRNA probes were generated using T7 or
Sp6 RNA polymerase, respectively. The probes were labelled and in situ hybridization was
performed as previously described?.

Generation of stable cell lines

Stable cell lines were generated using the Flp-In system (Invitrogen) according to the
manufacturer’s protocol. In short, first a KS483 Flp-in host cell line was generated by stable
introduction of a single copy of an Flp-Recombinase target (FRT) site as an integral part of
an antibiotic resistancy gene in the genome of KS483. One clone, KSfrt 4D3, was selected
that was comparable to the parental KS483 cells in differentiation characteristics and retained
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full capacity to differentiate into osteoblasts and chondrocytes. This clone was used for the
generation of isogenic stable cell lines by transient co-transfection of an FRT-targeting vector
and an Flp-recombinase expression vector. FRT-targeting vectors were a derivation of the
pEF5/FRT/V5-DEST vector (Invitrogen), containing either luciferase cDNA as a control or
full length human Nherfl or human Nherf2 cDNAs, under the control of the EF1a promoter.
Due to Flp-mediated recombination at the genomic FRT-site, this targeting vector was
incorporated in the genome. Simultaneously, a shift in antibiotic resistancy was introduced
allowing positive selection for integrants in the genomic FRT-site only and negative selection
for random integrants in one single step. This method allows the generation of isogenic stable
cell lines after a single transfection by eliminating variability of multiple integrated copies and
results in consistent long-term stable expression of the transgene!?.

Cell culture

For osteoblast differentiation KS483 cells were seeded at a density of 12000 cells/cm?* as
described previously!”. Medium was changed every 3 to 4 days. At confluence (from day 4 of
culture onward), ascorbic acid (50 pg/ml. Merck Inc., NY, USA) and when nodules appeared
(from day 11 of culture onward) B-glycerol phosphate (5mM, Sigma Chemical Co., St Louis,
MO, USA) were added. From day 11 the cells were cultured in the absence or presence of
107 M PTHrP (1-34) (Bachem, PA, USA), stained at day 18 for matrix mineralization with
alizarin and alizarin was subsequently measured as described before?.

For chondrocyte differentiation KS483 cells were cultured as pellets. For this, 300000 cells were
seeded in a 96 wells plate (Greiner, Alphen a/d Rijn, The Netherlands) in high glucose DMEM
(Invitrogen, Breda, The Netherlands), containing 40 pg/ml proline (Sigma, Zwijndrecht, The
Netherlands), 100 pg/ml pyruvate (Sigma), 50 mg/ml ITS + premix (BD Biosciences, San
Jose, USA), and 50 pg/ml ascorbic acid and centrifuged for 5 min at 1238 rpm. Medium
was changed every 3 to 4 days. From day 1 to 14 medium was supplemented with 107 M
dexamethasone (Sigma), and 10 ng/ml TGFB3 (R&D systems, Minneapolis, USA). From day
14 to 28 medium was supplemented with 5mM B-glycerol phosphate and 500 ng/ml BMP6
(kindly provided by dr. S. Vukicevic, University of Zagreb, Croatia). At day 28 pellets were
used for glycosaminoglycan (GAG) analysis or used for histology.

Glycosaminoglycan assay

After 28 days 3 to 4 pellets were washed with PBS and incubated overnight in 0.1 mM EDTA,
containing 40 pg/ml proteinase K (Invitrogen) at 56°C. From each sample 50 ul was used for
GAG analysis and 10 pl was used for DNA measurements. For GAG analysis, 50 pl sample was
calibrated against a GAG standard (0,1,2,3, and 5 pg) using the Blyscan sulphated GAG assay
(Biocolor, Krimpen a/d IJssel, The Netherlands) according to the manufacturers protocol,
with small modifications. In short, each sample was diluted 1:1 in 0.1 mM EDTA/40 ug/ml
proteinase K and 500 pl Blyscan dye reagent was added. Next, the samples were mixed for 30
minutes and centrifuged for 10 minutes at 13000 rpm. Then, pellets were dissolved in 200 pl
dye dissociation reagent and mixed for 15 minutes. Absorbance was measured at 650 nm. For
DNA measurements, 10 pl sample was calibrated against a DNA standard (0.5 - 10 pg) as
described before™.
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Von Kossa staining

At day 28, two pellets were fixed in 10% formalin for 1 hour and embedded in paraffin. Section
of 5 um were deparaffined and hydrated through graded ethanol steps and rinsed with bidest.
Subsequently, they were incubated in 1% AgNO, for 30 seconds and rinsed with bidest. Next,
sections were treated for 3 minutes in 0.01% pyrogallol and rinsed with bidest. Then, they
were incubated in 5% Nathiosulfate and rinsed with bidest. Sections were counterstained with
light green and afterwards rinsed three times with bidest. Finally, the sections were air dried
and embedded in histomount-diluted 1:1 in xylene.

RNA isolation

Cells were cultured under osteoblastic conditions as described before™¥, for 4, 7, 11, 14, 18
days and RNA was isolated using Trizol LS reagent (Invitrogen) and reverse transcribed into
cDNA using random hexamer primers (Amersham).

Quantitative PCR

Quantitative PCR (qPCR) was performed using the BioRad iCycler (Biorad, Veenendaal, The
Netherlands). For each gene a set of primers was designed (table 1), which spanned at least
1 intron-exon boundary and had an optimal annealing temperature of 60°C, using Beacon
designer (United Bioinformatica Inc., Calgary, Canada). cDNA (5 ng) wasamplified in triplicate
using the qPCR core kit for SYBR green 1 (Eurogentec, Maastricht, The Netherlands), under
the following conditions: cDNA was denatured for 10 minutes at 95°C, followed by 40 cycles,
consisting of 15 s at 95°C, 20 s at 60°C, and 40 s at 72°C. From each sample a melting curve
was generated to test for the absence of primer dimer formation and DNA contamination.
Each reaction contained 5 pl cDNA (1 ng/pl), 10x reaction buffer, 3 or 4 mM MgCl, (table 1),
40 uM dNTP's, 300 nM primer, 0,75 ul SYBR green, and 0,1 ul HotGoldStar polymerase in a
total volume of 25 pl. Fold changes, adjusted for the expression of f2m, were calculated and
log transformed using the comparative method®. Significant changes were calculated using
the Double Delta Model (DDM) (J. Hoogendam et al., Chapter 6).

Name F/R Primer MgCl

B2u F CACTGACCGGCCTGTATGC 3 mM
R GAATTCAGTGTGAGCCAGGATATAGA

mouse nherfl F CCAGCGATACCAGTGAGGAGC 3 mM
R GAGGAGGAGGAGGAGGTAGATGAG

mouse nherf2 F GCTCTCCTGCTTCTCACTCTGG 3 mM
R TCGTCCTCCTGTGCCTTGATTC

human nherfl F TACAGAAGGAGAACAGTCGTGAAGC 4 mM
R GCCAGGGAGATGTTGAAGTCTAGG

human nherf2 F CCGACAAGGACACTGAGGATGG 4 mM
R CGCTTGTTGACTCGCATGGC

Table 1: quantitative PCR primer sets.
F: forward primer, R: reverse primer.
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Statistics

Values represent mean + SEM. Differences were examined by analysis of variance (ANOVA)
followed by the post-hoc least significant difference test (LSD). Results were considered
significant at p<0.05.

Results

Nherfl and Nherf2 mRNA expression during endochondral bone formation
in vivo

In order to establish whether Nherfl and Nherf2 mRNAs are expressed by chondrocytes and
osteoblasts during endochondral bone formation, in situ hybridizations were performed on
18-days old mouse embryos and on hind paws of 17-days old mouse embryos. Nherfl (fig.
1 A-D) and Nherf2 (fig. 1 E-H) showed a similar expression pattern in kidney, vertebrae, as
well as in metatarsals. The negative controls are shown in figure 1A (Nherfl) and 1E (Nherf2).
In kidney Nherfl and Nherf2 mRNAs were expressed in the tubuli, whereas no expression
was found in the glomeruli (fig. 1B and 1F). Nherfl and Nherf2 mRNAs were expressed
by chondrocytes throughout the growth plate and by the osteoblasts in the bone collar (fig.
1C and 1G). In addition, the chondrocytes in vertebrae showed Nherfl and Nherf2 mRNA
expression as well (fig. 1D and 1H). Remarkably, the pre-chondrocytes in the intervertebrae
region and the pre-osteoblasts in the perichondrium showed no Nherfl and Nherf2 mRNA
expression. Taken together, Nherfl and Nherf2 mRNAs are co-expressed by chondrocytes
and osteoblasts during endochondral bone formation.

The effect of Nherfl and Nherf2 overexpression on chondrocyte and osteoblast

differentiation in vitro

Wesubsequentlystudied Nherfl and Nherf2mRNA expression duringosteoblast differentiation
in vitro using KS483 cells. In agreement with the results of the in situ hybridization, we found
stable Nherfl (fig. 2A) and Nherf2 (fig. 2B) mRNA expression during KS483 osteoblast
differentiation. In order to investigate the role of Nherfl and Nherf2 in osteoblast and
chondrocyte differentiation, we generated human Nherfl and Nherf2 overexpressing KS483
cell lines using the Flp-In system. As a control cell line, cells were stably transfected with the
luciferase gene.

The Nherfl and Nherf2 overexpressing cell lines showed stable overexpression of about 10-
fold of human Nherfl and human Nherf2 mRNA compared to endogenous (mouse) Nherfl
and endogenous (mouse) Nherf2 mRNA (fig. 3). In addition, the expression of endogenous
Nherfl and Nherf2 mRNA at the end of culture (day 18) was not different from the expression
at the beginning of culture (day 4) in both overexpressing cell lines, which is comparable to
Nherfl and Nherf2 mRNA expression in the control cell line.

To establish whether Nherfl and Nherf2 overexpression influences osteoblast differentiation
of KS483 cells, the cells were cultured in monolayer for 18 days under osteoblastic conditions.
At the end of culture the mineralized osteoblastic matrix was stained with alizarin red
(fig. 4A) and alizarin red was quantified (fig. 4B). Nherf2 overexpression stimulated the
production of a mineralized osteoblastic matrix. This result was in contrast to the production
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Nherf1
1A 1B
1C

Nherf2
1E AW 1F
1G

Figure 1: Nherf 1 and Nherf2 mRNA expression in mouse embryo

Nherfl and Nherf2 mRNA expression were established by performing in situ hybridizations on parasagital sections of 18-days

old mouse embryos and on hind paws of 17-days old mouse embryos. A) The negative control (sense probe) for Nherfl and E)

the control for Nherf2 were not stained. In the kidney B) Nherfl and F) Nherf2 mRNA were expressed in tubuli (t), but not in

the glomeruli (g). In the growth plate C) Nherfl and G) Nherf2 mRNA was expressed throughout the growth plate by resting (r),
proliferating (pr), and hypertrophic (h) chondrocytes. Both mRNAs were also expressed by osteoblasts in the bone collar (b) but
not by pre-osteoblasts in the perichondrium (p). In vertebrae D) Nherfl and H) Nherf2 were expressed throughout the growth
plate as well. Pre-chondrocytes (pc) in the intervertebrae did not express both Nherf mRNAs. r = Resting, pr = proliferating, and h
= hypertrophic chondrocytes.
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Figure 2: Expression Nherfl and Nherf2 during KS483 osteoblast differentiation

The mRNA expression of Nherfl and Nherf2 during KS483 osteoblast differentiation was established using qPCR analysis. Both
mRNAs were highly and continuously expressed during osteoblast differentiation. Ct-value B2j1: 29.4; Ct-value Nherfl: 28.5; Ct-value
Nherf2: 30.9.
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Figure 3: Overexpression of Nherfl and Nherf2 in KS483 cells

Full length human Nherfl and human Nherf2 cDNAs were stably transfected in the KS483 cell line. Using qPCR, the mRNA expres-
sions of mouse and human were measured at day 4 and day 18 of osteoblast culture. Mouse mRNAs were continuously expressed
during culture. Both human mRNAs showed a stable overexpression of about 10 fold compared to the mouse mRNA expression
during differentiation.
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of the mineralized matrix by Nherfl overexpressing cell line, in which the mineralization was
decreased, compared to the control cell line.

To examine whether Nherfl or Nherf2 overexpression affected chondrocyte differentiation
as well, cells were cultured as pellets for 4 weeks under chondrogenic conditions. At the end
of culture the GAG production was measured (fig. 5) and the mineralized cartilage matrix
was stained with von Kossa (fig. 6). While the production of GAGs in the Nherfl and Nherf2
overexpressing cell lines was comparable to the GAG production in the control cell line (fig. 5),

4A
PTHrP day 11-18
Control 10° 107
@
Control
5 :
4 ’
Nherfl s
Nherf2 ’g ‘ié
A
% 4

4B . 1.8 7
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Figure 4: The effects of Nherf overexpression and PTHrP treatment on osteoblastic matrix mineralization

Cells were cultured under osteoblastic conditions for 18 days. From day 11-18, cells were treated with a dose range of PTHrP (10-11,
10-9, 10-7 M). After 18 days the mineralized osteoblastic matrix was stained with alizarin Red (A) and the amount of alizarin Red
was measured (B). Nherfl overexpression inhibited, while Nherf2 overexpression stimulated matrix mineralization. In the control
cell line, PTHrP dose dependently inhibited matrix mineralization. The highest dose completely inhibited mineralization. In ad-
dition, the highest dose of PTHrP also completely inhibited mineralization of the Nherfl overexpressing cell line, this was, however,
not significant. Matrix mineralization of the Nherf2 cell line was inhibited, although not completely by 10-7 M PTHrP. *Significant
p<0.05 compared to untreated cultures.

62



Nherfl and Nherf2 overexpression

mineralization of the cartilage matrix was not similar (fig. 6). Nherf2 induced mineralization
of the cartilage matrix, whereas the Nherfl overexpressing cell line, like the control cell line,
had not produced a mineralized cartilage matrix.

Thus, Nherfl and Nherf2 overexpression have distinct effects on terminal chondrocyte and
osteoblast differentiation of KS483 cells.

The effect of PTHrP treatment in Nherfl and Nherf2 overexpressing cell

lines

In order to investigate whether Nherfl and Nherf2 overexpression changed the biological
response to PTHrP treatment in osteoblast differentiation, monolayer cultures were treated
with a dose range of PTHrP from day 11-18. The osteoblastic matrix was stained with alizarin
red (fig. 4A) and afterwardsalizarin red was measured (fig. 4B). PTHrP inhibited the production
of a mineralized matrix in the control cell line dose dependently. Nherf2 overexpression
partly reversed this inhibition. Only the highest concentration (107 M) inhibited matrix
mineralization in the Nherf2 overexpressing cell line, whereas all doses of PTHrP inhibited in
the control cell line. Treatment with the highest dose of PTHrP also inhibited mineralization
of the Nherfl cell line (fig. 4A), this was however not significant (fig. 4B).
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Figure 5: The effects of Nherf overexpression and PTHrP treatment on GAG production

Cells were cultured as pellets, to stimulate chondrocyte differentiation. Pellets were treated from week 2 to 4 with a dose range of
PTHrP (10-11, 10-9, 10-7 M). After 4 weeks the GAG production corrected for DNA was determined. The GAG production was
not affected by Nherf overexpression. In all cell lines PTHrP inhibited dose dependently the GAG production. *Significant p<0.05
compared to untreated pellets.
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To examine whether Nherfl and Nherf2 overexpression altered the biological response to
PTHrP treatment in chondrocyte differentiation, pellets were treated with a dose range
of PTHrP from week 2-4. After 4 weeks, the GAG production was measured and the
mineralized cartilage matrix was stained with von Kossa. In all cell lines, PTHrP treatment
resulted in a dose dependent decrease of GAG production (fig. 5). In the control and Nherfl
overexpressing cell lines, a dose of 10° M PTHrP inhibited GAG production, while in the
Nherf2 overexpressing cell line a dose of 10! M PTHrP already inhibited GAG production.
Only the Nherf2 overexpressing cell line had produced a mineralized cartilage matrix and the
highest dose of PTHrP (107 M) inhibited the production of mineral (fig. 6).

Thus, overexpression of Nherfl or Nherf2 had only minor consequences for the biological
actions of PTHrP.

6 PTHIP day 11-18
10 o
Control 10 107
Control
Nherfl
Nherf2

el

Figure 6: The effects of Nherf overexpression and PTHrP treatment on cartilage matrix mineralization

Cells were cultured as pellets, to stimulate chondrocyte differentiation. Pellets were treated from week 2 to 4 with a dose range of
PTHrP (10-11, 10-9, 10-7 M). After 4 weeks the matrix was coloured with von Kossa to stain the mineralized matrix. The control
and Nherfl overexpressing cell line had not produced a mineralized cartilage matrix after 4 weeks. Nherf2 overexpression induced
mineralization of the cartilage matrix. The highest dose of PTHrP inhibited the mineralization.

Discussion

Nherf has first been found in renal tubular cells as a regulator of the Na+/H+ exchanger®. The
two isoforms of Nherf, Nherfl and Nherf2, have not only been associated with the regulation
of ion channels, but they also bind to other proteins, like transcription factors, signalling
molecules and receptors, including the PTHR1“*. The interactions of the Nherf proteins
and PTHR1 are best studied in renal tubuli, where they redirect signalling from the AC/PKA
pathway to the PLCB/PKC pathway™. In this study we examined whether Nherf1 and Nherf2
mRNAs are also expressed by chondrocytes and osteoblasts i vivo. In addition, we investigated
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the effects of Nherfl and Nherf2 overexpression on chondrocyte and osteoblast differentiation
in vitro. Furthermore, we examined whether Nherfl and Nherf2 overexpression alters the
biological response to PTHR1 signalling in chondrocyte and osteoblast differentiation.

To address the first question, whether Nherfl and Nherf2 are expressed during endochondral
bone formation, we performed in situ hybridizations for Nherfl and Nherf2 on 18-days
old mouse embryos and hind paws of 17-days old mouse embryos. We found a widespread
expression of Nherf mRNAs, including expression in renal tubuli, which is line with other
studies"®!”. During endochondral bone formation, both Nherfl and Nherf2 mRNAs were
expressed by chondrocytes and by osteoblasts in the bone collar. However, no expression
was found in pre-chondrocytes and pre-osteoblasts, suggesting that Nherfl and Nherf2 exert
their actions during later stages of chondrocyte and osteoblast differentiation and have no
effect on progenitor cells. In line with the in vivo data, we detected Nherfl and Nherf2 mRNA
expression during osteoblast differentiation in vitro using KS483 progenitor cells.

The second question we addressed was whether Nherfl and Nherf2 overexpression altered
chondrocyte and osteoblast differentiation of KS483 progenitor cells. Generation of Nherfl
and Nherf2 overexpressing cell lines resulted in stable overexpression of Nherfl and Nherf2
mRNA of about 10 fold during culture. No data about overexpression of Nherfl and Nherf2
protein have been collected. Since overexpression of Nherfl and Nherf2 resulted in biological
responses, it is likely that Nherfl and Nherf2 protein are overexpressed as well. This needs to
be confirmed.

Overexpression of Nherfl and Nherf2 had distinct effects on osteoblast differentiation.
Overexpression of Nherf2 resulted in an increase in matrix mineralization. Probably,
Nherf2 overexpression results in the recruitment of signalling mediators, as receptors and
signalling molecules, involved in mineralization and thereby inducing the mineralization of
the osteoblastic matrix. Since Nherf2 overexpression induced cartilage matrix mineralization
as well, this mechanism is perhaps also operational in chondrocyte differentiation. In
contrast to overexpression of Nherf2, overexpression of Nherfl inhibited osteoblastic matrix
mineralization. The negative effect of Nherfl in bone formation has been demonstrated
before in Nherfl knockout mice”. Some, but not all female Nherfl knockout mice, showed
dwarfism and displayed severe osteoporosis and bone fractures. This is presumably a secondary
effect of the mild hypophosphatemia due to ablation of Nherfl, since Nherfl regulates the
phosphate transport by binding to the sodium/phosphate co-transporter type Ila (Npt2a).
However, our data suggests that the bone phenotype may also be explained partly by direct
effects on osteoblastic matrix mineralization. The effect of Nherfl overexpression on cartilage
matrix mineralization was less clear. However, the control cell line had not yet produced a
mineralized cartilage matrix after a culture period of 4 weeks as well.

Distinct functions for Nherfl and Nherf2 have been reported in the kidney, in the regulation
of ion channels"?. Our results also suggest diverse functions in osteoblast and chondrocyte
differentiation for Nherfl and Nherf2. This might be explained by their distinct construction,
which consists of several functional domains. Therefore, Nherfl and Nherf2 may have a
preference for binding to different sets of other PDZ proteins, like receptors, ion channels,
signalling proteins, transcription factors and cellular structural proteins®*!620),

The third aim was whether Nherf overexpression alters the biological effect of PTHR1 signalling
on osteoblast and chondrocyte differentiation. We have shown earlier that the PTHRI is
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expressed during KS483 osteoblastic differentiation and that PTHRI signalling inhibits the
mineralization of the osteoblastic matrix via various mechanisms?. Despite overexpression of
Nherfl and Nherf2, the highest dose of PTHrP inhibited matrix mineralization. Thus, Nherfl
and Nherf2 had only minor effects on the biological effects of PTHrP in this cell model.
Remarkably, while the lowest dose of PTHrP already inhibited osteoblastic matrix
mineralization in the control cell line, only a high dose of PTHrP inhibited osteoblastic
mineralization in Nherf2 overexpressing cell line. This discrepancy could be a direct effect of
Nherf2, but we hypothesize that it is an indirect effect, through the presumably larger amount
of mineralization at the time point of PTHrP treatment compared to the control cell line. For
complete inhibition of the mineralization of the osteoblastic matrix, PTHrP treatment should
start earlier during differentiation. Comparable to the control cell line, PTHrP treatment
completely inhibited osteoblastic matrix mineralization in the Nherfl overexpressing cell
line. This inhibition was, however, not significant, because of the already low amount of
mineralization in the untreated cells.

The effects of PTHrP on chondrocyte proliferation and differentiation in the growth plate
have been studied extensively®???. In agreement with these studies, we found an inhibition
of PTHrP treatment on cartilage matrix mineralization in the Nherf2 overexpressing cell line.
The effects of PTHrP treatment on cartilage matrix mineralization in the control and Nherfl
cell lines were less clear, due to the lack of mineralization in these pellets. Nherfl and Nherf2
overexpression did not alter the effect of PTHrP treatment on GAG production. PTHrP dose
dependently inhibited GAG production with only small differences, irrespective of Nherf
overexpression.

Despite overexpression of Nherfl or Nherf2 mRNA, overexpression did not result in major
changes on biological actions of PTHrP. This may be explained by a lack of translation from
Nherf mRNA into protein. However, it is likely that Nherf2 protein is overexpressed, since the
Nherf2 overexpressing cell line induced biological responses in osteoblast and chondrocyte
differentiation. In addition, the Nherfl overexpressing cell line altered the biological response
in osteoblast differentiation, indicating that Nherfl protein is overexpressed as well. Another
explanation could be the inefficient coupling of Nherfl and Nherf2 to the PTHRI in osteoblasts
and chondrocytes, in contrast to renal kidney cells. In addition, levels of PLCp could be too
low to affect the dominant AC/PKA pathway. The measurements of the activation of the AC/
PKA pathway and the PLCP/PKC pathway are currently underway.

In summary, we showed that Nherfl and Nherf2 are expressed during endochondral
bone formation by chondrocytes and osteoblasts. In addition, our data suggest that Nherf
predominantly alters the matrix mineralization of KS483 osteoblasts and chondrocytes.
Finally, in our study Nherf overexpressing did not alter the biological response to PTHR1
signalling.
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