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Summary

Pleiotrophin (PTN) is a peptide involved in the development and maintenance of bone tissue with important func-
tions in inflammatory processes. However, the deletion of PTN in murine models does not produce a significant
bone deterioration, but the mechanisms that compensate for its loss have not been studied to date. Our study was
aimed at verifying how the deletion of PTN and acute inflammation affect the expression of bone factors. To this
end, we used three-month-old female mice deficient for PTN (PTN*°) to which we induced acute inflammation by
administration of lipopolysaccharide (LPS). Vertebrae and tibiae were isolated to measure gene expression and
carry out an osteocyte count. In cell cultures, we checked whether PTN could protect MC3T3 (osteoblast) and
MLOY4 (osteocyte) cells from the induction of cell death caused by etoposide. Our results show that the expression
of osteocalcin is increased in the vertebrae of PTN*® mice, and that inflammation increased the expression of pod-
halanin (E11), connexin 43 (Cox43) and the parathormone-related peptide (PTHrP) in the PTN¥° mice treated
with LPS. Administering PTN significantly reduced etoposide-induced death in MC3T3 and MLOY4 cell cultures.
Thus, PTN deficiency induced increased expression of OCN, and acute inflammation produced overexpression of
E11, PTHrP, and Cox43 in PTN¥° mice. PTN increased the viability of osteoblastic cells and osteocytes compared
to etoposide treatment.
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INTRODUCTION

Pleitropin (PTN) is a cytokine secreted by multiple tissues
during embryonic development, and which in adulthood
is abundantly expressed in the brain and bone®2. PTN is
composed of 136 amino acids and its sequence is very
rich in lysine and cysteine. Together with midkine
(Mdk), with which it shares 50% homology, this cyto-
kine constitutes the heparin-binding family of growth
and differentiation factors, both having affinity for bone
extracellular matrix®>. PTN is also known as osteoblast
stimulating factor 1 (OSF-1) or heparin-linked growth
factor (HB-GAM)®. This cytokine was initially isolated

»

from the bone and neuronal tissues of newborn rats?”#
and subsequently its homologues have been found in
many species including humans, with 90% homology
between the different species®1°.

PTN reportedly exerts its effects through its binding
to glucosamin-glucans of several receptors such as N-
syndecan, also called syndecan 3!}, syndecans 1 and 42,
integrin a,3;'* and the receptor protein tyrosine phos-
phatase beta/zeta (PTRPB/)'*. It has also been sugges-
ted that nucleolin may be a low-affinity receptor for
PTN' and that anaplastic lymphoma kinase (ALK) may
play a role in PTN signaling?®.
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Probably the best-studied receptor for PTN is PTRP(3/¢
that has also been shown to be expressed in osteo-
blasts?’. This receptor is a protein tyrosine phosphatase
whose activation by PTN produces its destabilization
and, therefore, the cessation of its phosphatase activity.
This triggers the increased phosphorylation of its subs-
trates (e.g. fyn kinase) leading, among other effects, to
the activation of the nuclear factor that enhances the
kappa light chains of activated B cells (NFkf3)'. The pre-
sence of this receptor in bone tissue and its activation
through PTN and another ligand, such as insulin-like
growth factor binding protein 2 (IGFBP-2)'° has recently
been confirmed. Conversely, the expression of N-synde-
cane in osteoblasts and its relationship with bone rege-
neration have also been demonstrated®. In this case, the
binding of PTN to N-syndecane would produce the phos-
phorylation of src, which in turn would lead to reorga-
nizations in the cell cytoskeleton that would allow an
increase in cell migration?’.

Among PTN’s most prominent functions is its role as
a promoter of angiogenesis and endothelial cell migra-
tion'*21, the growth of neurites?? and its role as a modu-
lator of inflammatory processes governed by microglia
in the central nervous system?3. The functions of PTN in
bone tissue are diverse. Thus, PTN has been described
as capable of inducing the proliferation of osteblastic
cells in a manner dependent on its concentration and
the expression of its receptors?*. It promotes the diffe-
rentiation of mesenchymal cells to chondrocytes during
bone development? and increases migration and adhe-
sion to the extracellular matrix of bone cells®?°. In fact,
the role of PTN in relation to bone mass has been inves-
tigated by carrying out gene deletion or overexpression
experiments in murine models. In the first case, the absence of
the gene reportedly did not produce a decrease in bone
mass or significant changes in the biomechanical pro-
perties of these bones?”. Later studies also found that the
bone structure of mice without PTN was not altered, but
that there was a delay in bone maturation in 2-month-
old mice?s.

The role of PTN in osteocyte mechanotransduction
has also been studied with different results. In in vitro
studies, mechanical loading was found to lead to a de-
crease in PTN expression in SaOs-2 bone cells and in pri-
mary osteoblasts subjected to this stimulus?’. However,
Imai et al. demonstrated that MLOY-4 cells (osteocyte
cell line), treated with mechanical loading, increased
their production of PTN?8. These data are consistent with
those found in an animal model of female C57BL/6] mice
subjected to mechanical loading, in which there was an
increase in the expression of this cytokine?’. Furthermore,
in the same study, the absence of PTN (using a mouse
with the deleted PTN gene) did not influence the increase
in bone mass produced by mechanical loading.

Additionally, the effects of overexpression of PTN in
bone tissue do seem to have a protective effect in situations
of loss of bone mass, such as weightlessness. Mice transge-
nic for PTN are partially protected against the loss of mass
produced by the state of weightlessness when subjected to
a stay in the international space station, this protection
being related to an increase in osteoblastic activity®C.

As has been commented, the absence of PTN in bone
does not seem to significantly influence the skeletal
structure of murine models, in this work we endeavored
to ascertain how the expression of factors associated
with the correct maintenance of bone metabolism was

altered in the absence of PTN. Furthermore, we wanted
to investigate how the expression of these genes was re-
gulated in a situation of acute inflammation produced
by injection of LPS, both in the presence and in the ab-
sence of PTN. Finally, we verify the protective effect of
PTN on osteoblasts and osteocytes in the presence of a
death stimulus such as etoposide.

MATERIAL AND METHODS

Animal model

Three-month-old female mice deficient in PTN (PTNX)
and with normal genotype (WT) were used, 9 mice for
WT and 9 for PTN¥° per group. All the mice came from
our animal facility, where they are routinely raised. To
induce a state of acute inflammation, a dose of 7.5 mg/kg
of lipopolysaccharide was injected intraperitoneally 16
hours before sacrifice in 6 WT mice and 5 PTN¥® mice.
The animal protocols were approved by the Animal Wel-
fare Committee of the CEU-San Pablo University and the
Ministry of the Environment of the Community of Ma-
drid, in accordance with Royal Decree R.D.53/2013 and
European guideline 2010/63/EU.

Processing of bone samples and RNA purification

Total RNA was extracted from the vertebrae after removing
non-bony tissues from the lumbar vertebrae 1 to 3, by
means of a tissue spray and by dissolving this spray in trizol
(Invitrogen, Groningen, The Netherlands). RNA was extrac-
ted by means of purifications by the chloroform: isoamyl
method (Sigma-Aldrich), followed by precipitation with
isopropanol, subsequent washes with 70% ethanol and re-
suspension in sterile RNAase-free water. RNA reverse
transcription to obtain complementary DNA was carried
out from 2 pg of RNA using the cDNA High capacity cDNA
reverse transcription kit (Applied Biosystems, Foster City,
California, USA) in an Eppendorf mastercycler thermocy-
cler, following the following sequential protocol: 10 minu-
tes at 252C, 120 minutes at 372 C and 5 minutes at 85°C.

Quantitative PCR
Quantitative PCR was carried out in an AB 7500 HD ther-
mal cycler (Applied Biosystems). Using TagMan MGB pro-
bes (Assay-by-Design™ System, Applied Biosystems) to
measure the expression of the following genes: osteopro-
tegerin (OPG), activator receptor ligand for nuclear factor
kB (RANKL), osteocalcin (OCN), related peptide parathy-
roid hormone (PTHrP), podoplanin (E11), connexin 43
(Cox43), vascular endothelial growth factor receptor 2
(VEGFR2) and dickkopf-1 (Dkk1). To produce the PCR
reaction, the polymerase included in the Tagman master-
mix kit (Applied Biosystems) was used applying the fo-
llowing protocol of 1 minute at 959C, followed by 40
cycles of 15 seconds at 952C and 1 minute at 60°C, collec-
ting the fluorescence data in each step of 602C. Expression
of the 18S ribosomal gene was used as a reference gene
to normalize expression. The variation of expression of
each of the genes in the various groups was calculated
in relation to the expression obtained in the WT mice fo-
llowing the following formula:

Expression of the gene of interest = 2-24¢¢
where AACt = ACt treatment - ACt baseline®'%2. All deter-
minations were made in duplicate.

Osteocyte count
The tibiae of the mice were also extracted at the time of
sacrifice and preserved in 10% formalin for later histo-
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logical processing. Once processed and stained with he-
matoxylin-eosin, the osteocytes embedded in the trabe-
culae were counted in 2 to 4 non-serial sections
corresponding to the region immediately below the
epiphyseal plate of each of the tibiae. The number of os-
teocytes was normalized by their corresponding area of
bone tissue calculated using the Image ] program (Ima-
ge] 15.3a, National Institutes of Health, USA), and follo-
wing the recommendations of the American Society for
Bone and Mineral Research3? . The number of resulting
osteocytes was calculated by taking the mean of each
count per mouse, and was expressed as the mean * stan-
dard error of the mean (SEM).

In vitro cell cultures and viability assay

MC3T3-E1 murine osteoblast cells were cultured in alpha
MEM medium supplemented with 10% fetal bovine
serum (FBS) (Sigma-Aldrich) and 1% penicillin-strep-
tomycin. The stable line of murine MLOY-4 osteocytes was
maintained in culture plates previously collagenized and
with alpha MEM medium with 2.5% calf serum (Sigma-
Aldrich), 2.5% FBS and 1% penicillin-streptomycin. Both
cell lines were incubated at 17°C in a 5% CO, atmosphere.
For viability assays, both cell lines were incubated in 75%
subconfluence in 6-well plates and were pre-treated or
not for one hour with PTN (5.5 nM), and subsequently in-
cubated in the presence of 50 uM etoposide (apoptotic
agent) in 1% fetal bovine serum for 48 hours. At 48 hours,
the cells were counted, including those in the supernatant
of the wells and the trypsin from each well, and a cell
count was made with Trypan Blue 0.4% in PBS in the
Neubauer chamber, distinguishing the living cells from
the dead. The percentage of dead cells from each of the
experiments was calculated. Three experiments were ca-
rried out with each condition in triplicate and the result
was expressed as the mean # standard error of the mean
(SEM).

Statistics

The results were expressed as mean * standard error of the
mean (SEM). The comparison between various groups was
made using the non-parametric Kruskall-Wallis test with a
posteriori U Mann-Whitney test, if appropriate. A p<0.05
was considered significant. Analyzes were carried out with
the Graphpad InStat software (San Diego, California, USA).

REesuLts

Gene expression in bone tissue in the absence of PTN
In the first place, we wanted to verify how the expression
of genes related to bone metabolism varied in the absence
of PTN and in the presence of inflammatory conditions
after the administration of LPS. Among the expression of
all the genes analyzed, we found that OCN was highly ove-
rexpressed in PTN¥ mice (Figure 1A). However, the ex-
pression of an early osteocyte differentiation marker such
as podoplanin (E11) did not undergo significant changes
(Figure 1B). In the same way, the expression of the mo-
dulators of osteoblast and osteoclastic activity OPG and
RANKL did not undergo significant changes in the mouse
PTN¥ (Figures 1C, 1D); the Wnt pathway inhibitor, Dkk1
(Figure 1E); VEGFR2 (Figure 1F); and the levels of PTHrP
(Figure 1G) and Cox43 (Figure 1H). On the other hand,
when normal WT mice were treated with LPS, we found
that the levels of OCN, Dkk-1 and VEGFR2 were signifi-
cantly decreased (Figures 14, 1D, 1F). With respect to the
PTNX° mice treated with LPS, we found a significant in-
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crease in the expression of E11 (Figure 1B), PTHrP (Fi-
gure 1G) and Cox43 (Figure 1H) with respect to the WT
mice treated with LPS.

The number of osteocytes was unchanged in PTNKe,
WT+LPS and PTN*°+LPS mice

After observing that the only gene whose expression was
regulated was OCN, a gene related to very advanced sta-
ges of osteoblastic maturation®+. As this was upregulated,
we thought that this expression could reflect an increase
in the number of osteocytes in PTN*® mice. (We also ex-
tend this count to the WT and PTN*° groups treated with
LPS). To do this, we stained the tibiae isolated from the
mice and performed an exhaustive count of the osteocy-
tes found in the tibial bone sections. As can be seen in Fi-
gures 24, 2B, the number of osteocytes was similar in all
groups of mice, not finding significant differences in any
case.

Protective effect of PTN against the induction of death
in bone cells

Given that the proliferative effect of PTN on MC3T3 os-
teoblasts has been previously described?*, we wanted to
verify the protective effect of PTN against the induction
of death by etoposide in two murine cell lines, one of os-
teoblasts (MC3T3) and the other of osteocytes (MLOY-4),
in vitro. The administration of PTN prior to treatment
with etoposide produced a protective effect, since the cell
death induced by this agent was significantly reduced in
the MC3T3 line from 20.8% to 11.5% and in the MLOY4
line from 27, 5% to 18.1% (Figures 34, 3B).

Discussion

Itis noteworthy that deleting a gene as important for the
development and maintenance of bone tissue as PTN
does not produce a phenotype marked by bone altera-
tions. First of all, one might think that since PTN and
Mdk have parallel expressions and similar functions, the
lack of PTN could be compensated by the increase in
Mdk. However, this does not appear to be the case, since
it has been shown that Mdk-deficient mice have an in-
crease in bone mass?’, indicating that both cytokines do
not share the same functions fully in bone tissue. In our
study, we wanted to verify the expression of genes rela-
ted to bone metabolism and whether this variation
could explain, at least in part, the lack of bone effects in
PTN¥ mice.

Recent research indicates that OCN is a protein that
acts by regulating the correct alignment of hydroxyapa-
tite crystals with collagen, which is directly related to
bone quality?®, although it is also used as a marker of os-
teoblastic maturation®®, and its current role as a bone-
produced hormone is under debate®”-3°. The fact that it
is increased in PTNX° mice led us to think that perhaps
the number of osteocytes in parallel could be increased
in these mice, as it is a marker of late maturation of the
osteoblasts just before they become osteocytes. This
may be one of the cellular mechanisms of compensation
for the lack of PTN. However, our results (Figure 24, 2B)
show that the number of osteocytes does not vary sig-
nificantly in the PTN¥° mice compared to the WT mice,
nor in the rest of the experimental groups. These results
are consistent with those shown by Lehman et al, where
an increase in OCN expression was observed in primary
cultures from PTN¥° mice and with an equivalent num-
ber of osteocytes between normal mice and PTNX° 27,
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Figure 1. Expression of different genes in the vertebrae of WT or PTNX? mice treated or not with injection of LPS
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A) Osteocalcin (OCN) vs. WT, **p<0.05; B) Podoplanin (E11) vs. WT+LPS, tp<0.05; C) Osteoprotegerin (OPG); D) Activating receptor ligand
for nuclear factor kB (RANKL); E) Dickoppf1 (Dkk1) vs. WT, **p<0.01; Dkk1 vs. WT+LPS, t*p<0.01; F) Vascular endothelial growth factor re-
ceptor 2 (VEGFR2) vs. WT, *p<0.05; G) Parathormone-related peptide (PTHrP) vs. WT+LPS, fp<0.05; H) Conexin43 (Cox43) vs. WT+LPS,
p<0.05. The qPCR results are expressed in arbitrary units (A.U.) once normalized with the 18 S ribosomal control gene.

The increase in osteocalcin probably has other effects
on bone and the bone matrix of these mice presents an
altered composition. To verify this, subsequent nuclear
magnetic resonance studies would be necessary to
analyze the quality and composition of the bone of the
PTNX° mice. In contrast, and given the importance of
PTN in certain inflammatory processes, we also wanted
to investigate its role in the expression of these genes in
the face of acute inflammation caused by injection of
LPS. In this case, we discovered that the expression of
E11, PTHrP and Cox43 was increased in the PTN*° mice
compared to the WT mice treated with LPS. PTHrP is a
cytokine that modulates bone remodeling, locally re-
sembling the actions of parathormone?*’. This cytokine
is involved in the inflammatory processes that occur in
the bone marrow, promoting inflammatory factor MCP-1
expression in endothelial cells and osteoblasts*'. E11
governs the first steps of the osteoblast-osteocyte tran-
sition*?, its overexpression is a marker of bone tumors*
and of inflammation in other tissues and various tu-
mors*. On the other hand, Cox43 is part of the commu-
nications established by osteocytes among themselves
to form the osteocyte network. The role of connexins in
inflammatory processes is diverse and variable depen-
ding on the different tissues*. Increases in the expression
of Cox43 have been described that are related to disea-
ses such as osteoarthritis*, and a greater expression in
synoviocytes in response to stimuli such as LPS*’. The
decrease in Cox43 levels could be related to a decrease
in arthritic inflammatory processes*’. In our study, the
absence of PTN, at least in the bone compartment,
would have a detrimental role from an inflammatory
point of view, since it would allow the overexpression of
the three genes mentioned (Figures 1B, 1G, 1H) contrary
to what occurs in the LPS-treated WT mouse, and thus
would lead to undesired effects. Obviously, the ultimate
verification of these observations requires subsequent
studies both in vivo and in vitro to unravel the molecular
mechanisms triggered by the absence of PTN in this con-
text.

One of the limitations of this study is that the age of the
mice (3 months), rather far from the 5 months in which a
mature mouse can be considered from the skeletal point
of view. It must be taken into account that murine models
do not suffer from closure of the growth plates or estro-
gen depletion, which means that they always have little
bone growth throughout their life. In this regard, it should
be noted that severe bone defects have not been descri-
bed in 50-week-old PTN-deficient mice?’, although other
authors have found small growth delays in 4-month-old
mice?®. In addition, in this latest study, it has been shown
that the biomechanical characteristics of long bones are
altered by having decreased the parameters of stiffness,
resistance to breakage, and bone hardness?®. Since PTN
contributes to the correct alignment of the crystals of
hydroxyapatite, future studies in the bones of adult or
even aged mice with absence of PTN should include
analysis of these bones by means of nuclear magnetic re-
sonance to determine if the absence of PTN can cause
brittle bone in advanced ages. Another study limitation is
that, given that cortical areas have not been included
when counting osteocytes, we cannot establish whether
there are differences between the cortical and cancellous
compartments, so this type of analysis must be carried
out in subsequent studies.

Notably, it has been previously verified that PTN ad-
ministration in vitro promotes the proliferation and
differentiation of osteoblast cells?*. Therefore, we wan-
ted to verify, as far as we know for the first time, the
protective effect of PTN against a pro-apoptotic stimu-
lus such as etoposide in osteoblastic cells (MC3T3) and
osteocytes (MLOY4), observing that PTN has a protec-
tive action. This result points to a possible additional
role of PTN in situations of fracture or chronic inflam-
mation in which it could protect, at least partially, bone
cells. It is true that in this study the protective role that
PTN can play in terms of death measured by LPS has not
been proven. In this sense, previous studies have shown
that this agent produces a senescent phenotype in os-
teocytes and an increase in bone resorption mediated
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Figure 2. Number of osteocytes in the trabecular section of the tibiae of the WT and PTN*° mice
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A) Representative images of the tibia sections where the osteocyte count was carried out under the epiphyseal plate of the tibiae of the different
experimental groups. B) Quantification of the number of osteocytes per mm? of bone tissue in the WT, PTN*, WT+LPS and PTN¥°+LPS mice.

Figure 3. Protective effect of PTN against the induction of death with etoposide in bone cells
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by the production of IL-6 and RANKL by osteocytes, ra-
ther than death in a short period of time. as is the LPS
administration time that has been carried out in this
study. However, it would be interesting to study the role
of PTN in these contexts in subsequent studies and in
suitable models*®4°.

Based on our findings, we can conclude that PTN defi-
ciency is accompanied by an increase in OCN expression
and that the induction of acute inflammation by means of
LPS in PTN-deficient mice produces the overexpression
of E11, PTHrP, and Cox43. Similarly, we have demonstra-

ted the protective role of PTN in osteoblastic cells and os-
teocytes in the face of a cell death stimulus.
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