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Abstract

Background Skeletal Stem Cells (SSCs) are required for skeletal development, homeostasis, and repair. The
perspective of their wide application in regenerative medicine approaches has supported research in this field, even
though so far results in the clinic have not reached expectations, possibly due also to partial knowledge of intrinsic,
potentially actionable SSC regulatory factors. Among them, the pleiotropic cytokine RANKL, with essential roles also in
bone biology, is a candidate deserving deep investigation.

Methods To dissect the role of the RANKL cytokine in SSC biology, we performed ex vivo characterization of SSCs
and downstream progenitors (SSPCs) in mice lacking Rankl (Rank/™") by means of cytofluorimetric sorting and
analysis of SSC populations from different skeletal compartments, gene expression analysis, and in vitro osteogenic
differentiation. In addition, we assessed the effect of the pharmacological treatment with the anti-RANKL blocking
antibody Denosumab (approved for therapy in patients with pathological bone loss) on the osteogenic potential of
bone marrow-derived stromal cells from human healthy subjects (nBMSCs).

Results We found that, regardless of the ossification type of bone, osteochondral SSCs had a higher frequency and
impaired differentiation along the osteochondrogenic lineage in Rankl™~ mice as compared to wild-type. Rankl™~
mice also had increased frequency of committed osteochondrogenic and adipogenic progenitor cells deriving from
perivascular SSCs. These changes were not due to the peculiar bone phenotype of increased density caused by lack
of osteoclast resorption (defined osteopetrosis); indeed, they were not found in another osteopetrotic mouse model,
i.e. the oc/oc mouse, and were therefore not due to osteopetrosis per se. In addition, Rankl”~ SSCs and primary
osteoblasts showed reduced mineralization capacity. Of note, hBMSCs treated in vitro with Denosumab had reduced
osteogenic capacity compared to control cultures.

Conclusions We provide for the first time the characterization of SSPCs from mouse models of severe recessive
osteopetrosis. We demonstrate that Rankl genetic deficiency in murine SSCs and functional blockade in hBMSCs
reduce their osteogenic potential. Therefore, we propose that RANKL is an important regulatory factor of SSC features
with translational relevance.
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Background

Skeletal stem cells (SSCs) are a bone-specific subtype of
somatic stem cells crucial for bone physiology [1]. They
are endowed with self-renewal and multipotency capac-
ity, and give rise to osteoblasts, chondrocytes, marrow
stromal cells, and adipocytes in different proportions,
depending on the compartment of origin (i.e., bone mar-
row, periosteum, growth plate) [2-6]. Gene expression
analysis of SSCs and downstream progenitor popula-
tions identified ligands and receptors of signaling path-
ways that may modulate the activity of the SSCs and their
progeny, and suggested a control based also on paracrine
and/or autocrine molecular cues [7, 8]. Intrinsic regula-
tory factors may represent a means to tune the regen-
erative potential of mesenchymal progenitors, which is
a highly pursued (but poorly achieved) goal due to the
expected broad application in the field of regenerative
medicine [9].

The Receptor Activator of NF-kB Ligand (RANKL)
cytokine is recognized as a pleiotropic factor since its
discovery; in fact, it was originally cloned by three inde-
pendent groups and classified as a dendritic cell sur-
vival factor [10], a regulator of T cell function [11] and
an essential osteoclast differentiation factor [12]. In line
with this key function in the bone microenvironment,
Rankl deficient (Rankl™~) mice as well as patients bear-
ing mutations in the TNFSF11 gene (encoding RANKL)
display severe osteopetrosis owing to lack of osteoclast
formation [13, 14]. Several additional roles have been
recognized for RANKL in pathophysiological condi-
tions, making this cytokine an interesting target for
therapy [15-19]. Of note, we previously reported that
murine bone marrow-derived mesenchymal stromal
cells (BMSCs) lacking Rankl (Rankl™") displayed a par-
tial osteogenic defect that was corrected by restoring
Rankl production through a lentiviral vector expressing
the human soluble cytokine, thus pointing to a Rankl-
mediated autocrine-paracrine loop in BMSCs [20]. In
the context of that former paper, Rankl™~ BMSCs were
isolated by plastic adherence to cell culture plates, which
likely resulted in a heterogeneous cell population. Driven
by our earlier discovery, in the present study we sought to
dig more deeply into the origin of the defect observed in
Rankl~~ BMSCs by analyzing a more homogeneous pop-
ulation. To this end, we took advantage of cytofluorimet-
ric-based isolation protocols that allow the enrichment
of skeletal stem and progenitor cell (SSPC) populations
through specific surface markers. We applied these pro-
tocols in the Rankl™”~ mouse and in another model of
severe recessive osteopetrosis, the oc/oc mouse, thereby
providing for the first time a characterization of SSPCs

in this pathological context. Phenotypic and functional
evaluations established a clinically relevant crucial role
for the RANKL cytokine in SSPC maintenance and dif-
ferentiation. This conclusion was strengthened by the
results of in vitro treatment of human BMSCs with the
anti-RANKL blocking antibody Denosumab, which is a
drug used in patients with pathological bone loss.

Methods

Animal models

Rankl*’~ mice were a kind gift of Prof. Yongwon Choi
(University of Pennsylvania, Philadelphia, PA) [13]. Oc/+
mice fully backcrossed on the C57BL/6] background had
been previously generated from the B6C3Fe a/a Tcirgl
oc/J-Ly5.2 mice originally purchased from Jackson Labo-
ratory (Bar Harbor, ME) [21].

Both mouse colonies were maintained in heterozy-
gosis in the specific pathogen-free facility of Humani-
tas Research Hospital; the litters were genotyped as
described [13, 22]. Ranki™~ and oc/oc mice and their
respective wild-type (WT) littermates were euthanized
by CO, asphyxiation at the different post-natal ages indi-
cated in the text; both males and females were included
in the experimentation.

Rankl™~ are indicated as knock-out (KO) in the Fig-
ures, for the sake of brevity.

Animal care and experimental procedures were per-
formed in accordance with ethical rules of the Institu-
tional Animal Care and Use Committee of Humanitas
Research Hospital and with international laws (authori-
zation n.11/2019-PR).

Osteochondral skeletal stem and progenitor cell (0cSSPC)
isolation and analysis

At necropsy, long bones (femurs and tibiae), hips and rib
cage of Rankl™~, oc/oc and age-matched C57BL6/] WT
mice were cleaned from soft tissues, manually crushed,
then subjected to enzymatic digestion in Hank’s Balanced
Salt solution (HBSS) containing 1 mg/ml collagenase type
IV, 4 mg/ml dispase, DNase 5 mg/ml (all from Sigma-
Aldrich) and 0.025% trypsin (EuroClone SpA) for 30 min
at 37 °C; the procedure was repeated 4 times. The diges-
tion was then blocked using Fetal Bovine Serum (FBS;
Lonza) and 0.5 M EDTA. The cells from all digests were
pooled and stained with monoclonal anti-mouse CD45,
Ter119, Tie2, AlphaV integrin (CD51), CD105, Thyl
(CD90), 6C3/BP-1 and CD200 fluorescent-conjugated
antibodies, for fractionation by fluorescence activated-
cell sorting (all the antibodies used in this staining are
listed in Table S1). OcSSCs and downstream progenitors
were defined as described by Chan and colleagues [7].
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OcSSCs were sorted using a FACS Aria II cell sorter or
analyzed using an LSR Fortessa flow cytometer (BD Bio-
sciences) equipped with BD FACSDIVA™ software (BD
Biosciences) and analyzed with FlowJo software v10.9
(FlowJo LLC, BD Biosciences).

In dedicated experiments, cells were sorted in
PureZOL™ Reagent (Bio-Rad) for RNA isolation or in
aMEM (Sigma-Aldrich) for subsequent culture.

The same procedure was applied for the analysis of
0cSSPCs in the skull bone.

Perivascular skeletal stem and progenitor cell (pvSSPC)
isolation and analysis

The cell suspension for pvSSPC analysis was prepared as
above described. After digestion the cells were stained
using fluorochrome-conjugated antibodies against mouse
CD45, CD31, CD140a (PDGFRa), Scal, and CD24 for
fractionation by FACS (all the antibodies used in this
staining are listed in Table S2). PvSSCs and downstream
progenitors were defined as described by Ambrosi and
colleagues [8]. PvSSCs were isolated and analyzed with
the same instruments and tools above described.

Mineralization assay in clonogenic culture

Sorted 0cSSCs were plated at clonal density in 6-well-
plate, cultured for 7 days in a-MEM supplemented
with 20% FBS and 1% Penicillin/Streptomycin (P/S),
then put in osteogenic induction medium (OIM) made
of a-MEM, 15% FBS, 50 puM ascorbic acid, 10 mM
[-glycerophosphate, and 100 nM dexamethasone, and
1% P/S for 21 days. Finally, mineralizing clones were fixed
with 70% EtOH for 1 h at RT, and stained with Alizarin
Red (ARS) for 30 min at RT. The stain was extracted with
acetic acid 10% and absorbance was measured at 405 nm
on a Promega™ GloMax"® Plate Reader.

Primary calvarial osteoblast culture

The calvarial bone was dissected from WT and Rankl™'~
newborn mice (postnatal day 3—4), cleaned from adher-
ent soft tissue, and sequentially digested in 1x HBSS
(EuroClone SpA) containing 1 mg/ml collagenase type
IV, 0.025% trypsin and 1% P/S at 37 °C. The cells from
digests 2—4 were collected, pooled, and washed, then
plated in a-MEM supplemented with 15% FBS and 1%
P/S.

For the evaluation of the mineralization capacity, cells
were plated in 24-well plates (4 x 10* cells/well); OIM was
added when cultures reached 80% confluence. After 7
and 14 days of osteogenic induction, cells were fixed and
stained as above.

Gene expression analysis
Total RNA was extracted from sorted ocSSCs as well as
from primary osteoblasts cultured in basal condition and
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after 7 and 14 days of osteogenic induction, using the
PureZOL™ Reagent (Bio-Rad) according to the manu-
facturer’s instructions. Reverse transcription was car-
ried out using 1.0 pg total RNA and the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems).
Quantitative PCR (qPCR) was performed using the
SsoAdvanced™ SYBR® Green Supermix (Bio-Rad) and
gene-specific primers (Table S3). The amplification was
performed using the ViiA7 Real-Time PCR Detection
System (Applied Biosystems) with the following cycling
conditions: cDNA denaturation and polymerase activa-
tion at 95 °C for 20 seconds (s); 40 cycles of denaturation
at 95 °C for 10 s and annealing at 60 °C for 20 s; extension
for 60 cycles at 65 °C for 30 s and melting curve analysis
step at 65 °C to 95 °C with 0.5 °C increment of 2 s/step.
The relative gene expression analysis of target genes was
conducted following the comparative 272" method and
the normalized expression was calculated as arbitrary
units (AU).

Human bone marrow stromal cells (hBMSCs)

Human BMSCs from young healthy individuals of both
sexes were purchased from Stem Cell Technologies (cat.
#70,071).

Denosumab (Xgeva 150 mg, injectable, Amgen) was
purchased through IRCCS Humanitas Research Hos-
pital pharmacy. To assess Denosumab effect on BMSC
viability, 20,000 cells were plated in 96-well-plate in
DMEM low glucose medium and treated with 5 pg/
ml Denosumab or isotype control (human IgG2, R&D)
every 48 h. Viability was evaluated with the MTT assay
(VWR international srl), according to the manufacturer’s
instructions.

To assess Denosumab effect on BMSC osteogenic
potential, 40,000 cells were plated in 48-well-plate in
OIM added with 5 pg/ml Denosumab or isotype control;
culture medium was changed twice a week. After two
weeks, ARS was performed according to standard proto-
cols. In dedicated wells, RNA isolation and gene expres-
sion analysis were carried out as above described; the
gene-specific primers used are listed in Table S4.

Statistical analysis

Statistical analysis was carried out using GraphPad Prism
version 9.0 (GraphPad Software). Data were expressed as
meanzstandard error of the mean (SEM). Mann-Whit-
ney test for single comparison or Kruskall-Wallis and
Friedmann for multiple comparison were used to cal-
culate p-values. Significance is represented as follows: *
p<0.05, ** p<0.01, *** p<0.001.
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Results

Dissection of SSPC populations unveils alterations in their
hierarchy in Rankl~"~ mice

To assess whether Rankl expression is relevant to SSC
hierarchy, we assessed in vivo the frequency of SSCs
and downstream progenitors in mice with Rankl con-
stitutive genetic deficiency [13]. In detail, we produced
cell suspensions by mechanical dissociation and enzy-
matic digestion of bones (including hindlimbs, ribs and
sternum) of 5-week-old Rankl™~ and WT mice. We
obtained 20+10 millions and 50+10 millions of total
cells from Rankl~”~ and WT mice, respectively, in line
with the mean 2.5-fold difference in body weight for the
two genetic backgrounds. The cells were stained with a
mix of specific antibodies for FACS analysis previously
reported to allow the isolation of highly pure, postnatal
SSCs and downstream progenitors of bone, cartilage, and
stromal tissue [7]. The abundance of the different sub-
sets of skeletal progenitors was expressed as frequency
of CD51% cells, since CD51 is the earlier positive marker
among those used for the dissection of the SSC hierar-
chy and is common to all the subpopulations (Fig. 1a);
importantly, the percentage of CD51% cells within the
CD45 Ter1197Tie2™ non-hematopoietic cells was the
same in Rankl”~ and WT mice. FACS analysis revealed
that the more immature population (osteochondral
SSCs, 0cSSCs, identified as CD45 Ter119 Tie2 CD51
*Thy 6C3-CD105"CD200%) as well as the downstream
pre-bone, cartilage and stromal progenitors (preBCSPs,
identified as CD45 Ter119 Tie2~CD51"Thy 6C3CD10
5-CD2007) and BCSPs (CD45 Ter119 Tie2 CD51" Thy
~6C37CD105") were significantly increased in Rankl™~
compared to WT mice, while the opposite was observed
for the Thy subpopulation (CD45 Ter119 Tie2 CD51*T
hy*6C3~CD105"), which was more abundant in the WT
(Fig. 1b).

In parallel, we found that CD51 expression was lower
in Rankl~~ BCSPs and Thy cells compared to the cor-
responding subpopulations in the WT, and similarly
CD105 and Thy/CD90 expression was lower in Rankl™~
BCSPs and Thy cells, respectively, than in the same sub-
populations in the WT (Fig. 1c).

In our previous work, we proposed that the absence of
Rankl resulted in the impairment of an autocrine/para-
crine signaling in BMSCs [20]. In line with this hypoth-
esis, we found that the isolated SSCs expressed both
Rankl receptors Rank and Lgr4, and that the former was
significantly higher in Rankl~~ SSCs compared to W'T
(Fig. 1d), possibly as an attempt to compensate defective
signaling due to absence of the ligand.
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The altered frequency of skeletal stem and progenitor cells
(SSPCs) in Rankl~~ mice does derive from the absence of
RANKL

The Rankl™~ mouse is a well-known model of autosomal
recessive osteopetrosis, a rare skeletal genetic disease
characterized by extremely dense bone and reduced mar-
row space. The skeletal defects worsen with age [23, 24];
therefore, to establish whether the phenotype observed
in the SSPCs was a distinctive characteristic of Rankl™~
SSPCs or was secondary to progressive alteration of the
bone microenvironment, we analyzed the SSC hierarchy
in WT and Rankl~'~ mice at younger age, when the bone
pathology is less severe.

At 3 weeks of age, tissue processing following the pro-
tocol above described yielded 15+5 millions and 20+5
millions of total cells in Rankl~~ and WT mice, respec-
tively; also at this age, the ratio of total cell number was in
line with the 1.5-fold difference in body weight between
the two genotypes. FACS analysis highlighted again
higher SSC and lower Thy* subpopulation frequency in
Rankl™'~ mice compared to WT (Fig. 2a), while no differ-
ence was observed in the intermediate subpopulations.
At a younger age (1 week), the same number of cells were
collected from mice of the two genotypes (10 million),
which in fact had similar body size and weight. Of note,
the frequency of SSCs did not differ between Rankl™~
and WT mice at 1 week of age, while preBCSPs were sig-
nificantly increased and BCSPs significantly decreased in
the knock-out compared to controls (Fig. 2b). We could
not reliably detect the Thy* subpopulation at this stage
owing to the very low number of cells in this gate. These
results demonstrated that altered proportions in the SSC
hierarchy were present since early life in Rankl~~ mice,
thus arguably inherent to a differentiation defect of SSCs
in the framework of Rankl deficiency.

To assess whether these observations were related to
the developmental origin of the bones analyzed, we char-
acterized SSPCs in the skull of Rankl”~ and WT mice.
Indeed, the skull bones originate through intramembra-
nous ossification, at variance with the long bones which
derive from endochondral ossification. Importantly,
the presence in the skull of cells with the immunophe-
notype adopted here to define SSPCs has been recently
demonstrated [4]. Based on this, we processed the skull
of 5-week-old Rankl™”~ and WT mice with the same
protocol as described above for long bones. Again, we
found that SSCs and preBCSPs were more and Thy™" less
abundant in Ranki™~ than in WT mice (Fig. 2c), and that
preBCSP and Thy* had a lower expression of the CD51
marker as compared to WT (Fig. S1); on the contrary,
CD200, CD105 and CD90 surface markers had similar
expression level in WT and Rankl™~ SSPCs. These data
indicated that changes in the frequency of the different
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SSPC populations were not biased by the developmental
origin of bones.
In Rankl™~ osteopetrosis the skeletal pathology is
caused by absent osteoclast formation owing to lack of
RANKL [25]. Both in mice and in patients several osteo-
petrosis subtypes exist, with different etiopathogenetic
mechanisms based on the specific affected gene [26]. So,
we asked whether the altered frequency of SSPCs found
in Rankl™~ mice was due to the osteopetrotic environ-
ment per se, and thus might be a feature present also
in other murine models of the disease. To answer this
question, we analyzed SSCs and downstream progeni-
tors from oc/oc mice, as the animal model of the most
frequent subset of human recessive osteoclast-rich osteo-
petrosis associated with mutations in the TCIRGI gene
[27]. After bone digestion, we obtained 10%3 millions
and 512 millions of total cells from WT and oc/oc mice,
respectively, and the ratio between the two groups in
terms of cellular yield was the same as their ratio in body
weight. Interestingly, we did not find any change in the
frequency of the diverse cell populations in oc/oc mice as
compared to age-matched (i.e., 2-week-old) WT controls
(Fig. 2d). This demonstrated that the defect observed in
the Rankl~~ mouse was specifically associated with the
lack of the RANKL cytokine.

Rankl genetic deficiency also impairs the perivascular SSC
progeny in Rankl~'~ mice

SSCs are indeed a more pure and defined cell popula-
tion as compared to BMSC:s; still, specific SSC popula-
tions can be distinguished, particularly based on their
location [28]. Perivascular (pv)SSCs have recently been
described as an SSC subtype distinct from the 0cSSCs
described above. Specifically, pvSSCs arise later dur-
ing skeletal development and display a different local-
ization, a separate gene expression profile and panel of
surface markers, a pronounced adipogenic potential
and capacity to support hematopoiesis [8]. Therefore,
we wondered whether lack of RANKL also affected this
cell population. To answer this question, we sorted and
analyzed pvSSCs in 5-week-old WT and Rankl™~ mice.
In detail, we stained the cell suspension deriving from
the same digestion procedure described for the 0cSSCs,
with a different mix of antibodies that allows identi-
fying pvSSCs as CD45 CD31 CD140a*Scal*CD247"
cells; osteochondrogenic progenitor cells
(OPCs) as CD45-CD31~CD140a"Scal cells;
and adipogenic  progenitor cells (APCs) as
CD45-CD31"CD140a*Scal*CD24~ [8] (Fig. 3a). In
general, pvSSCs constituted a very rare cell popula-
tion in both WT and Ranki™~ mice at 5 weeks of age.
The frequency of pvSSCs showed a trend to increase
in Rankl™~ compared to WT mice, while OPCs and
APCs were frankly significantly higher in knock-out
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mice (Fig. 3b). Of note, the expansion of APCs could be
interpreted in line with our previous observation of a
trend towards increased in vitro adipogenic potential in
Rankl™~ BMSCs compared to WT [20]. On the other
hand, no alteration of the pvSSC hierarchy was detected
in Rankl™~ mice at 3 weeks of age (Fig. 3c) or in oc/oc
mice compared to age-matched controls (Fig. 3d).

Overall, these results strengthened the conclusion that
the alterations found in SSPC populations in Rankl™~
mice were specifically dependent on the absence of
RANKL.

Rankl deficiency impairs the osteogenic potential of
0cSSCs and osteoblasts

To assess whether the reduced frequency of the Thy*
population in Rankl™~ mice was accompanied by a
functional defect, we tested the mineralization capac-
ity of Rankl™= vs. WT 0cSSCs at bona fide single cell
level. In detail, immediately after sorting, Rankl~~ and
WT 0cSSCs were plated at clonal density and cultured
for 7 days in basal medium, then shifted in osteogenic
induction medium (OIM) for 3 weeks. At the end of the
culture, mineralization was evaluated by Alizarin Red
Staining (ARS) and quantization, according to stan-
dard procedures (Fig. 4a); values were normalized to
the number of colonies obtained. This experimental set-
ting showed a significantly reduced osteogenic capacity
in Rankl™~ compared to WT 0cSSCs (Fig. 4b and Fig.
S2a). We then repeated the experiment using SSC lines
established in culture after sorting (Fig. 4c). In this case,
cells were exposed to osteogenic induction medium fol-
lowing standard protocols [20]. Also in this condition,
we observed significantly reduced mineral deposition
(Fig. 4d and Fig. S2b). Finally, we performed the miner-
alization assay using primary osteoblasts isolated from
single calvariae of 3-day-old Rankl™”~ and WT mice
(Fig. 4e). These cells are generally regarded as pre-osteo-
blasts, i.e.,, committed cells falling in between osteo-
progenitors and mature osteoblasts, and their terminal
differentiation is achieved by culture in OIM [29]. We
observed a significant reduction in the mineralization
capacity of Rankl™~ vs. WT osteoblasts after 2 weeks of
osteogenic induction (Fig. 4f and Fig. S2c), as well as at
an earlier time point (i.e., 7 days; Fig. S3a), in line with
our previous report in Rankl~~ BMSCs compared to W'T
[20]. We did not find significant difference between WT
and KO in the expression of the osteoblast marker genes
investigated in basal condition and after 7 and 14 days of
osteogenic induction; however, it was noticeable that in
the KO they did not undergo a clear upregulation upon
osteogenic induction (Fig. 4g and Fig. S3b). At both time
points, Western blot analysis showed the expression of
Lgr4 and Rank proteins in WT and Rankl™~ osteoblasts
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(See figure on previous page.)

Fig.4 Characterization of the osteogenic potential of WT and Rank/™~ ocSSCs and primary osteoblasts. a Schematic representation of the experimental
protocol for the assessment of the osteogenic potential of 0ocSSCs in clonogenic conditions. Briefly, Rankl”~ and WT 0cSSCs were plated immediately after
sorting at clonal density in basal medium. After 7 days, the cultures were exposed to OIM for 3 weeks. b Representative images of Alizarin Red Staining
(ARS) at the end of osteogenic induction of the cultures described in a. The stain was chemically extracted, quantified by absorbance (Abs) reading at
405 nm and normalized on the number of colonies formed. ¢ Schematic representation of the experimental protocol for the assessment of the osteo-
genic potential of WT and Rankl”~ ocSSC lines. Briefly, after in vitro expansion of sorted Rankl/™~ and WT ocSSCs, the cell lines obtained were treated with
OIM for 3 weeks. d Representative images of ARS at the end of osteogenic induction of the cultures described in c and quantization of the extracted stain
by Abs reading at 405 nm. e Schematic representation of the experimental protocol for the assessment of the osteogenic potential of WT and Rankl™~
osteoblasts. Briefly, Rankl”~ and WT primary osteoblast cultures were established and induced to mineralize according to standard protocols. f Repre-
sentative images of ARS at the end of osteogenic induction of the cultures described in e and quantization as in d. Scale bar in b, d and f: 500 um. Higher
magnifications of this panels are provided in Figure S2. g Gene expression analysis of representative osteogenic genes in WT and Rankl~ pre- and mature
osteoblasts, normalized on Gapdh and expressed as Arbitrary Units (A.U.). All the data are expressed as mean+SEM. * p<0.05; b, d, f: Mann-Whitney test;

g: Kruskal-Wallis test. OIM: Osteogenic Induction Medium. pOBs: primary osteoblasts. KO: knockout, Rankl”~

(Fig. S3c), supporting the hypothesis of Rankl signaling
through its receptors in cells of the osteogenic lineage.

Altogether, these results confirmed our previous obser-
vation of a significant reduction of the osteogenic poten-
tial of Rankl~'~ BMSCs compared to WT, in vivo and in
vitro [20].

Of note, an earlier work had shown no change in extra-
cellular matrix mineralization, alkaline phosphatase
activity and osteocalcin production in primary osteo-
blasts isolated from oc/oc mice compared to WT, thus
ruling out the presence of an intrinsic osteoblast defect in
oc/oc mice [30]. This discrepancy between the Rankl™~
and the oc/oc model further confirm that the cell phe-
notype in the former is specifically related to absence of
RANKL and strengthen the hypothesis of a non-dispens-
able role of this cytokine in the osteogenic lineage.

The reduced osteogenic potential in the Rankl™~
mouse might result from the defective differentiation
capacity of SSCs along the osteogenic lineage, lead-
ing to the expansion of the more immature populations
upstream of the bottleneck at the transition from BCSPs
to Thy* cells (previously shown in Fig. 1b). To verify this
hypothesis, we assessed the expression of the markers
used for FACS sorting of the SSCs after long term cul-
ture. It is extensively documented that, despite optimized
culture conditions, adult stem cells gradually lose their
stem cell properties with in vitro passaging and tend to
differentiate [31]. So, it was not surprising to see that in
WT cultures, in basal condition (i.e., in the absence of
osteogenic induction), a percentage of cells acquired the
expression of CD105 and 6C3 markers (which were not
expressed by the SSCs originally sorted), likely proceed-
ing towards a more differentiation-prone status (Fig. 5a).
Interestingly, the original immunophenotype was bet-
ter preserved and the percentage of SSCs on total cells
in culture higher in Rankl™~ compared to WT cultures
(Fig. 5a, b). Also, Ranki”~ SSC lines showed higher
expression of the stemness marker genes Oct4, Nanog
and Sox2 compared to WT ones (Fig. 5¢c). These results
indicated that WT SSC cultures were more heteroge-
neous than Rankl™~ ones and contained a fraction of
less undifferentiated cells ready to promptly respond to

osteogenic induction, which in fact resulted in greater
mineralization upon stimulation (previously shown in
Fig. 4). On the contrary, Ranki~~ SSCs were restrained
in their differentiation, and this was due to a cell-autono-
mous defect related to Rankl deficiency and not second-
ary to a pathological environment.

Treatment of human BMSCs with the anti-RANKL antibody
reduces their osteogenic capacity

RANKL is a target of therapy in patients with diseases
characterized by excessive bone loss, such as osteoporo-
sis. This occurs more frequently in the elderly, which is
physiologically accompanied by altered stem cell behav-
ior in the SSC (and hematopoietic stem cells, as well)
compartment. Therefore, we sought to confirm RANKL
involvement in these cellular mechanisms also by eval-
uating the impact of prolonged RANKL blockade in
human BMSCs.

In detail, BMSCs from healthy donors were cultured in
OIM in the presence of Denosumab (Dmab), the mono-
clonal antibody specifically targeting human RANKL
used in the clinical setting, for 2 weeks; in concurrent
osteogenic cultures, BMSCs were treated with the iso-
type antibody, as a control. We used a drug concentration
(5 pg/ml twice a week) comparable to that administered
in previous preclinical studies [32] and to the maxi-
mum plasmatic concentration (Cmax) value determined
through pharmacokinetic studies in healthy individuals
(i.e., 6.75 pg/ml when 60 mg of Dmab were subcutane-
ously administered to healthy subjects after fasting for
12 h [33]). Importantly, this treatment regimen did not
affect BMSC viability, determined through MTT assay at
different timepoints during osteogenic induction in the
presence/absence of Dmab or in the presence of the iso-
type control (Fig. S4a). After 2 weeks of osteogenic induc-
tion in these conditions, mineralization was assessed
with ARS staining and spectrophotometric evaluation, as
above. We found that BMSCs treated with Dmab during
osteogenic induction produced significantly less mineral-
ized matrix than BMSCs in standard osteogenic condi-
tions (Fig. 6a and Fig. S4b); on the contrary, the isotype
antibody did not impact on the mineralization potential,
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Fig. 5 Expression profile of WT and Rank/™~ ocSSC lines. a Representative contour plots of the gating strategy for FACS analysis of WT and Rank/™~
0cSSC lines, using the same surface markers exploited for their isolation from bone cell suspensions. Cell populations were gated on CD45/Ter1197; as
expected, all cells were negative for these markers. b Frequency of cells displaying the immunophenotype of SSCs (as defined by Chan et al., 2015 and
adopted in this work) after the establishment of WT and Rankl”~ ocSSC lines. ¢ Gene expression analysis of representative stemness markers in WT and
Rankl™~ ocSSC lines, normalized on Gapdh and expressed as Arbitrary Units (A.U.). All the data are expressed as mean + SEM. * p <0.05; Kruskal-Wallis test.

KO: knockout, Rankl™~

indicating that the effect observed in the presence of
Dmab was specifically due to RANKL blockade. Accord-
ingly, the expression level of osteogenic genes was lower
in BMSCs treated with Dmab (Fig. 6b). These results
demonstrated that in this experimental setting RANKL
blockade was detrimental to the osteogenic function of
human BMSCs.

Discussion

Skeletal stem and progenitor cell (SSPC) populations
are crucial for bone physiology [1]. Possibly owing to the
peculiarities of the bone microenvironment, their charac-
terization has remained very limited for a long time [34].
Lineage tracing [2, 6, 35-37], single cell RNA sequencing
[38—41] and FACS sorting of cells by means of extended
panels of surface markers [7, 8, 42] have recently shed
some light in the field. Nowadays, different SSC subtypes

are recognized but molecular mechanisms are only par-
tially dissected [43], consistently with the involvement of
novel players [44].

In this framework, we propose that RANKL, known
for its role as essential osteoclastogenic factor, besides
those in immunity, mammary gland development and
central thermoregulation (just to mention a few; [19]), is
involved also in the maintenance of stemness features of
SSCs, comprising self-renewal and multilineage differen-
tiation capacity. This concept, initially essentially based
on in vitro results using Rankl™~ and WT BMSCs [20],
is corroborated here by the ex vivo evidence on freshly
sorted, pure SSPCs which provide a snapshot of cell pop-
ulations occurring in vivo in the bone microenvironment.
Indeed, here we demonstrated significant increase in the
frequency of SSCs and reduction in the Thy* population
in Rankl™~ mice compared to WT counterparts. The
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Fig. 6 Impact of Denosumab treatment on the mineralization capacity of human BMSCs. a Representative image of ARS-stained cultures of human
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indicated by Abs reading at 405 nm. Scale bar: 500 um. Higher magnifications are provided in Figure S2. b Gene expression analysis of representative
osteogenic genes in human BMSCs in the different treatment conditions indicated; normalization on 18 S. Results are expressed as Arbitrary Units (A.U.).
All the data are represented as mean £ SEM. * p < 0.05; a: Friedman test; b: Kruskal-Wallis test. CTR: control. OIM: Osteogenic Induction Medium. ISO: isotype
control. Dmab: Denosumab
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altered composition of the SSC lineage was documented
in Rankl™~ mice as early as in neonatal life (7 days after
birth) and was not found in the oc/oc mouse model of
osteopetrosis; thus, it was not a generic outcome of the
osteopetrotic environment, rather an inherent character-
istic of Rankl™~ SSPCs. The expression of both RANKL
receptors Rank and Lgr4 by ocSSCs indicate that RANKL
may modulate SSC properties acting directly through its
receptor(s) in an autocrine-paracrine loop. In this sce-
nario, upregulation of Rank in Rankl™~ SSCs might be a
compensatory mechanism due to lack of the ligand.

To dissect the complexity of SSC subsets in the frame-
work of RANKL deficiency, we also characterized
pvSSCs and their progeny, which comprises osteochon-
drogenic and adipogenic progenitors (OPC and APC,
respectively). Both these populations were significantly
increased in Rankl~'~ mice, and this was at variance with
the reduction of the most differentiated cell population
(Thy*) analyzed downstream ocSSCs. These opposite
findings might be due to the different molecular pro-
grams activated in the 0cSSC and pvSSC lineages [8], and
indicate that Rankl role is context-dependent, in line with
the concept of distinct niches and niche-specific factors
in the bone microenvironment [45, 46]. The higher abun-
dance of OPC in Rankl~~ mice might be an attempt to
compensate for the reduction of Thy* progenitors along
a distinct differentiation path. Indeed, not only is the
differentiation potential of 0cSSCs defective; their func-
tion is flawed too, and we demonstrated a reduced min-
eralization capacity in Rankl™~ 0cSSCs plated at clonal
density or as a bulk population, after the establishment of
SSC lines, as well as in Rankl™’~ primary osteoblasts. One
might argue that this osteogenic defect is not apparent
in vivo; in fact, Rankl™”~ mice have markedly increased,
not reduced, bone mass. On the other hand, Rankl~'~
mice do not have osteoclasts in their bones (which in
fact causes the osteopetrotic phenotype); it is reason-
ably expected that the complete absence of the unique
cell type able to resorb bone largely prevails over a partial
defect in the bone-forming function. Based on the gene
expression data of Rankl™~ versus WT osteoblasts, it
may also be expected that not only the amount, but also
the composition of the bone matrix produced by osteo-
genic cells lacking Rank differs from the WT, resulting in
lower bone quality.

Our results also show that Rankl deficiency impacts on
the transcriptional profile of SSPCs, indeed we observed
lower expression of CD51, CD105 and CD90/Thy in the
subpopulations expressing these markers in Rankl™~
mice. In diverse contexts, CD51 expression has been cor-
related with the acquisition/maintenance of stemness
features [47, 48]. With respect to osteoprogenitor cells,
CD51 expression has been associated with prolifera-
tive and migratory potential [49], and with regenerative
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capacity [50]. On our hand, we did not have evidence of
differences in proliferation between Rankl™”~ and WT
SSCs, while other functions still must be investigated.

CD105 and CD90 have been included in the panel of
surface markers distinctive of human MSCs since early
studies in the field [51]. Of note, a reduction in CD90
expression has been reported to result in increased dif-
ferentiation of in vitro expanded human MSCs [52].
The different species and cell population analyzed may
be responsible for the discrepancy between our results
and those described by Lv and colleagues. Moreover, we
may speculate that in Rankl™”~ 0cSSCs the differentia-
tion defect arises at an early stage in the ocSSC hierarchy.
Indeed, CD51, which is upstream of CD90 in the panel
of markers used for FACS sorting and population dissec-
tion, was reduced in all the subsets where it is expressed;
this might determine a defect hard to overcome.

Overall, our study is relevant from diverse points of
view. First, it investigated the role of RANKL with respect
to SSC stemness features, which was unprecedented, to
the best of our knowledge. Indeed, the Rankl gene has
been inactivated at several levels through the Cre-loxP
technology driven by diverse stage-specific promoters,
including also the PrrxI gene promoter, in the framework
of studies aimed at defining the contribution of different
populations along the osteogenic lineage to the regula-
tion of osteoclast formation through RANKL production,
so studies having a different purpose as compared to our
own [53]. Prx1 was originally demonstrated to regulate
the development of specific skeletal elements (i.e., the
limbs and parts of the skull) since very early stages in the
embryo, so deemed to be an early mesenchymal lineage
marker [54]. On the other hand, Prx1 was later found
to be required in a different compartment, i.e., vascular
development in the lung [55]. In addition, Ambrosi and
colleagues showed that, in the PrxI-Cre: mTm@ reporter
mouse, the labeling of inguinal white adipose tissue and
skeletal muscle-resident CD45-CD31 Scal*t cells was
comparable to that in bone, indicating that Prx1 was
indeed an MSC marker, though likely not specific for
SSCs [56]. Finally, Prx1 has recently been found to act as
a master transcription factor in the myofibroblastic lin-
eage progression of stromal fibroblasts [57]. Based on
these data, the Prrxl promoter does not selectively mark
SSCs, a function that in fact is accomplished by no single
genetic lineage driver [43].

We sorted SSPCs in the constitutive Rankl KO mouse
model available in our lab by means of established large
panels of cell surface markers defining two specific sub-
sets of stem cells [7, 8]. In this way, we unveiled the role
of RANKL with respect to SSPC frequency and func-
tions and propose a new player in SSPC biology; future
research will aim at the characterization of the signaling
pathway downstream RANKL in this specific context.
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In addition, to the best of our knowledge, our research
provides for the first time the characterization of SSPC
populations in two murine models of severe recessive
osteopetrosis, where the drastic alteration of bone tis-
sue microarchitecture and composition challenges the
application of protocols established in WT animals.
Taking advantage of our experience in the manipula-
tion of murine models with extreme skeletal phenotypes,
through this work we contribute to advance knowledge
on RANKL-deficient osteopetrosis, which is a very rare
subtype of the disease, even though it is not trivial trans-
lating this knowledge into benefit for these patients. In a
different perspective, we envisage the significance of our
results extends to the diverse pathological contexts with
excessive bone loss where RANKL is a target of therapy
as the main driver of bone resorption. The reduced min-
eralization capacity of human BMSCs treated in vitro
with Denosumab during osteogenic induction raise
some concerns about a putative effect on SSC functions
in patients receiving this therapy, especially in the case
of elderly individuals, which for physiological reasons
already have lower SSC fitness. Indeed, also in the skel-
etal system, the natural process of aging is accompanied
by a decline in the capacity of adult stem cells to maintain
tissue integrity, owing to mechanisms only partially elu-
cidated and comprising downregulation of Wnt signaling
and of negative regulators of cellular senescence, skewed
differentiation towards stroma, reduced transcriptomic
diversity and epigenetic mechanisms [58]. Based on our
results, the defective regenerative potential of SSCs in
the elderlies might be further reduced by RANKL phar-
macological blockade. According to this hypothesis, the
reduction of osteoblast numbers recently reported in
humanized RANKL mice treated with Denosumab [59]
might be explained not only as consequence of the loss
of crosstalk with osteoclasts, but also as a brake to SSC
differentiation along the osteogenic lineage, in the pres-
ence of anti-RANKL treatment; in fact, the authors found
also reduced formation of new osteocytes. Furthermore,
the mechanism herein proposed borne by SSC might add
to a direct effect on terminally differentiated cells and
contribute to explain rebound bone loss and increased
fractures upon Denosumab discontinuation. Indeed,
Jahn-Rickert and colleagues recently showed that the
density of empty osteocyte lacunae was higher in iliac
crest bone biopsies of patients treated with Denosumab
compared to treatment-naive individuals and remained
high in trabecular bone after drug discontinuation, thus
indicating that RANKL blockade led to sustained reduc-
tion of osteocyte viability [60].
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Conclusions

In conclusion, our work sheds light on a novel function
of RANKL in the bone microenvironment and further
confirms the importance of fine tuning the levels of this
cytokine. Its role in the maintenance of SSC properties is
relevant to the treatment of common bone pathologies
such as osteoporosis and to the implementation of regen-
erative medicine approaches to skeletal disorders and
deserves further investigation.
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